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Abstract. Hydroxyapatite (HAp), an important bio-ceramic was successfully synthesized by combustion in
the aqueous system containing calcium nitrate-di-ammonium hydrogen orthophosphate-urea. The combustion
flame temperature of solution combustion reaction depends on various process parameters, and it plays a signi-
ficant role in the phase formation, phase stability and physical characteristics of calcium hydroxyapatite pow-
der. In this work, an attempt has been made to evaluate the influence of each selected process parameters on
the flame temperature as well as physical characteristics of powder, and to select an optimal parameters set-
ting using Taguchi method. A regression model has also been developed to correlate the input parameters, viz.
batch size, diluents, fuel to oxidizer ratio and initial furnace temperature, with flame temperature of the solu-
tion combustion reaction. The adequacy of the developed model has been checked using analysis of variance

technique.
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1. Introduction

Calcium phosphate-based bioceramics have been in use
in medicine and dentistry for last 40 years (Hench 1991).
With the growth in medical science and advancements in
surgical techniques, there is an increasing demand for
artificial bone implants. This happens due, on one hand,
to a limited supply of auto-graft material and, on the
other, the health risks associated with the use of allograft
(Hing et al 1999). The most used calcium phosphate
materials in medical field is hydroxyapatite (HAp),
Ca;o(PO,)s(OH),, since it is the most similar material to
the mineral component of biological bones. It shows
excellent biocompatibility with hard tissues, and also
with skin and muscle tissues (Nandi et a/ 2008a). Forma-
tion of chemical bond with the host tissue offers HAp a
greater advantage in clinical applications over most other
bone substitutes, such as allografts or metallic implants
(Raemdonck et al 1984). Unfortunately, its low fracture
toughness (0-8-1-2 MPam'?) and flexural strength
(<130 MPa) (Willman 1996) currently restrict its use to
small unloaded implants, powders, coatings, and low-
loaded porous implants (Kanazawa 1989; Hench 1998).
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According to its chemical formula, stoichiometric HAp
should have the Ca/P atom ratio of 1-67. The stability
limit of the apatitic structure in HAp has been the subject
of a number of studies, covering a rather wide range of
compositions (Wang and Chaki 1993). The apatitic crys-
tal structure can be preserved with Ca/P ratios as low as
1-5, and are called calcium-deficient or non-stoichiometric.
These materials exhibit thermal instabilities at characteristic
temperatures (Fanovich et al 2001). So the processing
temperature is carefully controlled to retain the phase
stability of HAp crystal.

Various routes to synthesize HAp powders have been
developed. Frequently used technique is the wet chemical
precipitation (Sung et al 2004). Others include hydro-
thermal reaction (Liu et al 1997), mechanochemical-
hydrothermal synthesis (Suchanek et al 2002) and sol-gel
synthesis (Liu ef al 2001, 2002). However, these methods
have several disadvantages including difficulty to main-
tain the pH value above 9 during the initial solution,
formation of calcium deficient HAp, which after further
heat treatment easily decomposes to f-TCP.

Recently, solution combustion method is widely used
to synthesize various nanocrystalline oxide ceramic pow-
ders (Kingsley and Patil 1988; Manoharan and Patil
1992; Balmer et al 1995; Fumo et al 1996). The key
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features of this method are its ability to produce exact
stoichiometric phases with high purity, better homogene-
ity and ultra fine powders in a single step. Tas (2000)
successfully synthesized calcium phosphate powders by
using novel synthetic body fluid solutions via the self-
propagating combustion synthesis method. Varma et al
(1998) also synthesized calcium phosphate powders by a
polymeric combustion method via a solution of calcium
nitrate and ethyl phosphate. Synthesis of HAp and f-TCP
powders and their composites through aqueous solution
combustion technique are also done (Ghosh et al 2004,
2008; Nandi et a/ 2008b).

The basis of combustion synthesis technique comes
from the thermo-chemical concepts used in the field of
propellants and explosives chemistry. In this field, calcu-
lation of effective constituents of a fuel to oxidizer mix-
ture is of paramount importance. The total oxidizing and
reducing valences of the oxidizer and fuel were deter-
mined as proposed by Jain ef al (1981). According to him
the maximum heat is released when the oxidizer to fuel
ratio is stoichiometric (x« = 1). Stoichiometric composition
of oxidizer to fuel is calculated using the total oxidizing
and reducing valences of the reactants, which serve as
numerical coefficient for stoichiometric balance so that
equivalent ratio is unity (#=1) and energy released in
the combustion reaction is maximum.

In the solution combustion process molecular level
mixing of the reactants occurred and the combustion
reaction was so fast that it was assumed to be adiabatic.
The maximum temperature generated theoretically in a
combustion reaction is called adiabatic flame temperature
(T¢). But in practice, the combustion reaction of HAp syn-
thesis was not perfectly adiabatic because external oxygen
supply was essential to phase formation of the HAp pow-
der (Ghosh et al 2004). For this reason, the measured
flame temperature of the combustion reaction was
observed to be significantly lower than that of the actual
adiabatic flame temperature. From previous work (Ghosh
et al 2004), it was found that some process parameters,
viz. batch size (B), diluents (D), fuel to oxidizer ratio ()
and initial furnace temperature () significantly con-
trolled the measured combustion flame temperature (7%)
(Hong et al 1994; Venkatachari et al 1995; Schafer et al
1997; Mukasyan et al 2001; Purohit et a/ 2001a, b; Ghosh
et al 2004). This measured combustion flame temperature
has a significant effect on the phase formation and phase
stability as well as product characteristics (Segadges et al
1998; Feng et al 2005). It was also found that a better
result was obtained when the measured combustion flame
temperature was near about 780°C (Ghosh et al 2004).
For this reason this temperature was chosen as target
flame temperature in this work. Higher combustion flame
temperature may lead to sintering effect of the powder
particles. Several researchers have investigated the
effects of u (Schafer et al 1997, Mukasyan et al 2001;
Purohit ef a/ 2001a, b) and initial furnace temperature
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and precursor batch size (Hong ef al 1994; Venkatachari
et al 1995) on the combustion flame temperature as well
as product characteristics of the solution combustion
process. Most of the reports have shown that combustion
flame temperature increases with increasing initial fur-
nace temperature and batch size which leads to the sinter-
ing effects of the particles resulting in reduction of the
powder surface area. Investigations of x on the combus-
tion flame temperature have shown that both fuel lean
(1 < w) and fuel rich (x> 1) systems produce combustion
flame with lower temperature than that of stoichiometric
fuel (u=1). Investigation reports (Schafer et al 1997
Mukasyan et al 2001) suggested fuel rich combustion
system to synthesize nanocrystalline ceramic powders
due to low flame temperature and large volume gas gene-
ration. But no work has been reported on the effects and
relations of all process parameters on the measured com-
bustion flame temperature as well as product characteris-
tics at a time.

In this work, two types of design of experimental (DOE)
technique, such as Taguchi and response surface method
(RSM) have been applied to perform the experiments.
Taguchi L,s orthogonal array was used to evaluate the
influence of different process parameters, viz. batch size,
diluents, fuel to oxidizer ratio and initial furnace tempera-
ture, on the measured combustion flame temperature, and
optimization of the selected process parameters in terms
of target flame temperature (7, = 780°C) has also been
done. Analysis of variance (ANOVA) technique was
applied to investigate the influence of different solution
combustion process parameters on the 7, as well as pow-
der characteristics. Response surface methodology was
used to explore the relationships between several explana-
tory variables and response variable. Three different
types of regression models, viz. first degree liner model,
second degree surface model, and power model, were
developed for prediction of the flame temperature by
using different process parameters. The adequacy of the
developed models has been checked using ANOVA tech-
nique.

2. Experimental

The choice of an experimental design depends on the
objectives of the experiment and the number of factors to
be investigated. The objective of the present work was (i)
to optimize the process parameters and to study the para-
metric influence on response, and (ii) to determine and
represent the cause and effect relationship between true
mean response and input control variables. To fulfill the
above mentioned criteria, we used Taguchi’s technique
and response surface methodology, respectively. Taguchi’s
technique was mainly used for solving optimization pro-
blem and to study the parametric influence on responses
(Roy 2001). RSM is a technique to represent the cause



Synthesis of hydroxyapatite by combustion

and effect relationship between true mean response and
input control variables influencing the response as a two
or three dimensional hyper surface (Myers and Mont-
gomery 1995; Pal et al 2007). Taguchi’s and RSM tech-
nique have been discussed in §§2.1 and 2.2, respectively.

2.1 Taguchi’s technique for parametric optimization

Dr Genichi Taguchi is a Japanese scientist who deve-
loped a technique based on orthogonal array of experi-
ments, which provide much reduced variance for the
experiment with optimum setting of process control para-
meters. This technique has been widely used in different
fields of engineering to optimize the process parameters,
and to determine the impacts of different parameters
within the combination of design parameters. Thus the
integration of design of experiment with parametric
optimization of process is achieved in the Taguchi
method (This will provide desired results). In this case
the desired result refers to the target flame temperature of
solution combustion reaction.

An orthogonal array provides a set of well balanced
experiments and Taguchi’s signal-to-noise (S/N) ratios,
which are logarithmic functions of the desired output,
serve as objective functions for optimization. It helps to
learn the whole parameters space with a small number
(minimum experimental runs) of experiments only. These
are used to study the effects of control factors and noise

Determine the quality characteristic

\ 4

Identification of control factors and their levels
of solution combustion process

4

Design of an appropriate orthogonal array
matrix experiment and define the data analysis

A 4

Conduct the matrix experiment

Y

Analyze the data and determine optimum
levels for control factors

h 4

Perform the verification experiment and plan
the future action

Figure 1. Flow chart showing the steps of Taguchi approach.
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factors, and to determine the best quality characteristics
for particular applications (Roy 2001). In order to apply
the Taguchi method for the present investigation, the fol-
lowing five phases have been planned, which is shown in
figure 1.

2.1a Identification of control factors and their levels:
A controlled factor is a characteristic that can be con-
trolled in the product or process subjected to designing.
From the available literature (Hong ef al 1994;
Venkatachari et al 1995; Schafer et al/ 1997, Mukasyan
et al 2001; Purohit et al 2001a, b) and previous works
(Ghosh et al 2004, 2008; Nandi et a/ 2009), the predo-
minant factors that are having greater influence on the
measured combustion flame temperature (7;) are used in
this work. Such factors are fuel to oxidizer ratio, initial
furnace temperature, precursor batch size or quantity and
percentage of preformed HAp powder addition or dilu-
ents. Adequate numbers of trial experiments have been
carried out in the laboratory. For each trial run, combus-
tion flame temperature has been measured and inspected
to identify the working limits of the control factors or
process parameters. From the above investigations, the
following observations have been made:

(i) It has been observed that below and above a certain
limit of fuel to oxidizer ratio (x) incomplete combustion
reactions occurred. The lower value of x4 was identified
as 0-8 and for the upper value of x as 3-2.

(i) The initial furnace temperature was found to be a
very important reaction parameter. The lower value of
furnace temperature was selected as 400°C and the upper
value as 700°C.

(iii) The precursor batch size was also identified as an
important parameter in this method. If the reaction con-
tainer having the capacity, 150 ml, contain below 10 ml
(3-:00 g of HAp) of experimental solution, then it does not
produce the spontancous combustion reaction and above
15 g of HAp the reaction tends to be explosive in nature.
So, for controlled and stable combustion reaction lower
and upper values selected in this experiment are 3:26 g
and 13-17 g, respectively.

(vi) Alteration of combustion temperature was also
observed with addition of different quantity of fine pre-
formed HAp powder in the precursor batch. The HAp
powder acts as a diluent and it takes the reaction heat
from the system, resulting in the reduction in combustion
temperature. The lower and upper limits of diluent
selected in this experiment are 0 and 30% of theoretical
yield of HAp powder, respectively; because above 30%
of the value leads to unstable combustion flame. The con-
trol factors or process parameters and their different levels
with their notations are shown in table 1.

2.1b  Design of an appropriate orthogonal array matrix:
Taguchi’s orthogonal arrays are experimental designs that
usually require only a fraction of the full factorial combi-
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Table 1. Process parameters and their different levels for calcium nitrate-DAP-urea system.
Taguchi RSM (levels)
S1. no. Parameter Notation Level 1  Level 2 Level 3 Level4 -1 0 1
1 Batch size (g) B 3-26 6-82 9-74 13-17 4.9 7-32 9-74
2 Diluents (%) D 0 10 20 30 10 20 30
3 Fuel to oxidizer ratio y7i 0-80 1-00 1-90 3-20 0-60 0-90 1-20
4 Initial furnace temperature (°C) F 400 500 600 700 400 500 600
Table 2. Design matrix L5 with corresponding responses (7,) and S/N ratio.
Measured combustion
Experimental run B D y7i F flame temperature, 7, (°C)  S/Nratio (dB)
1 1 1 1 1 678 20-0928
2 1 2 2 2 702 22-5648
3 1 3 3 3 681 20-3700
4 1 4 4 4 647 17-6011
5 2 1 2 3 793 38-6454
6 2 2 1 4 777 51-2930
7 2 3 4 1 722 252545
8 2 4 3 2 727 26-0664
9 3 1 3 4 803 33-7448
10 3 2 4 3 783 51-3265
11 3 3 1 2 766 37-8513
12 3 4 2 1 755 32-7531
13 4 1 4 2 807 32-3740
14 4 2 3 1 797 36-3374
15 4 3 2 4 852 24-0975
16 4 4 1 3 801 34-5240

nations. The columns of the arrays are balanced and
orthogonal. This means that in each pair of columns, all
factor combinations occur at the same number of times.
Orthogonal designs allow estimating the effect of each
factor on the response independently of all other factors.
In this work, an L,s orthogonal array was used which
composed of four process parameters with four levels
of each. The design matrix, in coded form, is shown in
table 2.

2.1c Experiment conducted. The experiments were
conducted based on Taguchi’s orthogonal array design,
which has been mentioned in the previous section. The
analytical grade raw materials used in these experiments
were calcium nitrate tetrahydrate (Ca(NOs),-4H-O) (S.D.
Fine-Chem. Ltd., India) and di-ammonium hydrogen
ortho-phosphate (DAP), [(NH,4)-HPO,] (S.D. Fine-Chem.
Ltd., India) for preparation of calcium hydroxyapatite
(HAp) powders. Analytical grade urea [CO(NH,).]
(Glaxo, Qualigens, India) was used as the fuel. For syn-
thesizing HAp, aqueous stock solutions of calcium nitrate
tetrahydrate (2-72 M) and DAP (2-09 M) were first mixed
slowly and a value of 1.67 Ca/P atomic ratio was main-
tained strictly with continuous stirring, subsequently con-
centrated nitric acid was added dropwise to dissolve the
resulting white precipitate. A predetermined amount of

solid fuel was added to the clear solution and homoge-
nized by stirring with a magnetic stirrer for 30 min at
room temperature. Phase pure synthesized submicron
grade preformed HAp powder was used as diluent. Addi-
tion of percentage of diluent was calculated on the basis
of theoretical yield product of HAp powder and was
mixed with the precursor solution.

One glass of ceramic-coated half sphere mild steel (dia.
~80 mm, volume 130 c.c.) container containing the solu-
tion was introduced into a muffle furnace preheated to the
desired temperature (400-700°C). Flame temperatures of
different experimental batches were recorded by using a
Z-trend paperless chart recorder (Honeywell, USA) with
the help of chromel-alumel (k-type) thermocouple. The
output flame temperatures obtained from various para-
metric conditions is shown in table 2. The heat evolved
during the reaction sustained itself and proceed to com-
pletion without requiring any further heat from an exter-
nal source.

2.2 Application of response surface methodology for
developing response models

Response surface methodology is a collection of mathe-
matical and statistical techniques in design or data analysis
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that enhance the exploration of a region of design vari-
ables in one or more responses. The experimental stra-
tegy and analysis in RSM revolves around the assumption
that a response is a function of a set of design variables
and that the function can be approximated in some region
of the design variables by a polynomial model. Detailed
description of RSM is out of the scope of this article;
interested readers may refer to the relevant technical
book (Myers and Montgomery1995).

In this investigation, RSM was also used to understand
the effect of different solution combustion synthesis of
calcium hydroxyapatite process parameters on the flame
temperature and to develop a model for the flame tempe-
rature prediction. A three-level, four-factor, central com-
posite, rotatable design matrix with seven centre points
was used to optimize the required number of experiments.
This design requires thirtyone experimental runs. A
commercially available software package, MINITAB™,
USA, 2000, was used to setup the design matrix. Table 1
presents the range of factors considered and table 3
shows 31 sets of coded conditions of the design matrix.

2.3 Powder characterization

The crystallinity and phase identification of the powders
were carried out by using Philips X-ray diffractometer
(XRD) (Philips Analytical, X’Pert, 1830, The Nether-
lands) with Cu-K, radiation and Ni-filter. The average
crystallite size of the powders was determined by the
line-broadening method by using the Scherrer formula, as
given below:

D= M , 6))

pcosb
where D is the average crystallite size in nm, A
(~0-154056 A nm) the wavelength of the X-ray radiation,
6 the Bragg’s angle and /£ the full width at half maximum
(FWHM) of the strongest diffraction peak of HAp (211)
observed.

Scanning electron microscope (SEM) (Leo 430i, UK)
and field emission scanning electron microscope (FESEM)
(Supra-35 VP, Carl Zeiss, Germany) of a few selected
samples were used to investigate the particles size, shape
and morphology of as synthesized powders.

3. Results and discussion

3.1 Analysis of data and determination of optimum
levels using S/N ratio

In order to evaluate the influence of each selected factor
on the response and to evaluate optimal parameters set-
ting, the Taguchi method uses a statistical measure of
performance, called signal-to-noise (S/N) ratio. The S/N
ratio is a performance measure to select control levels

W
.
S)

that best cope with noise. The signals have indicated that
the effect on the average responses and the noises were
measured by the influence on the deviations from the
average responses, which would indicate the sensitive-
ness of the experiment output to the noise factors. The
ratio depends on the quality characteristics of the pro-
duct/process to be optimized (Roy 2001). The standard S/N
ratios generally used are nominal-is-best (NB), lower-the-
better (LB) and higher-the-better (HB). The appropriate
S/N ratio must be chosen using previous knowledge and
understanding of the process. In this research, the charac-
teristic value of the process is chosen as combustion
flame temperature. Since a good result is obtained when
response is nearer to the target because proper phase for-
mation of HAp takes place when the flame temperature is
between 750 and 800°C (Schafer ef al 1997; Zahid 1998).
In the present research, we used 780°C flame temperature
as the target 7.. Hence, NB criterion has been chosen.
The values of S/N ratio for NB criteria were calculated as
follows:

2
SIN = 10log;, [y nE0) J @

i

where, yav,(i) is the average of ith experimental output and
target value and o; the standard deviation of ith response.

Table 3. Design matrix and experimental results.

Exp. no. B D Y7 F T,
1 -1 -1 -1 -1 727
2 0 -1 0 0 747
3 -1 1 -1 1 697
4 1 0 0 0 817
5 0 0 0 -1 724
6 1 -1 -1 1 803
7 0 0 -1 0 723
8 -1 1 1 1 723
9 -1 -1 1 1 756

10 0 0 0 0 734

11 1 1 -1 1 767

12 0 0 0 0 729

13 0 0 0 0 737

14 0 0 0 0 739

15 -1 0 0 0 719

16 1 -1 1 -1 833

17 -1 -1 1 -1 737

18 0 1 0 0 714

19 0 0 0 0 731

20 1 -1 -1 -1 781

21 1 1 1 -1 787

22 0 0 1 0 727

23 0 0 0 1 744

24 1 1 -1 -1 743

25 0 0 0 0 733

26 1 -1 1 1 857

27 0 0 0 0 739

28 -1 1 1 -1 712

29 -1 1 -1 -1 683

30 1 1 1 1 802

31 -1 -1 -1 1 729
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Figure 2. Main effects plot of S/N ratio for measured combustion flame temperature.
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Figure 3. Main effects plot of process parameters on the
measured combustion flame temperature.

3.1a Signal-to-noise ratio analysis: Utilizing the
experimental data (table 2), and with the help of (2), the
S/N ratios for measured combustion flame temperature of
each experimental run have been calculated and are dis-
played in table 2. For the orthogonal experimental design,
it is possible to separate out the effect of each process
parameter at different levels. For example, the mean S/NV
ratio for the batch size at levels 1, 2, 3 and 4 can be cal-
culated by averaging the S/N ratios for the experiments
1-4, 5-8, 9-12 and 13-16, respectively. The mean S/N
ratio for each level of the other parameters can also be
computed in a similar manner. The mean S/N ratio for
combustion flame temperature of different selected pro-

cess parameters at different levels is shown in table 4.

The S/N response plot for combustion flame temperature

is shown in figure 2. The main/direct effect plot for the

factors on the response is shown in figure 3. Irrespective

of the quality characteristic chosen for a particular res-
ponse, a greater S/N ratio corresponds to better quality
characteristics. Therefore, the optimal level of the process
parameters is the level which ensures greatest S/N ratio.

Based on the S/N ratio analysis, the optimal parametric
combination for combustion flame temperature becomes
BsDouyFjsie. at levels 3, 2, 1 and 3 of factors batch size,
diluent, fuel to oxidizer ratio and initial furnace tempera-
ture, respectively. It is clear from the S/N ratio analysis
(table 4) and effect of process parameters on combustion
flame temperature plot (figure 3) that the most influenc-
ing factor is the batch size followed by diluent, initial
furnace temperature and fuel to oxidizer ratio. Batch size
and initial furnace temperature have positive effects.
With the increase of diluent, the response decreases and
for fuel to oxidizer ratio first increases and then follows a
decreasing trend.

3.1b  Analysis of variance: The purpose of the analysis
of variance is to investigate which process parameters
have a significant effect on the quality characteristics. In
addition, the F-test can also be used to determine which
process parameters have a significant effect on the meas-
ured combustion flame temperature. The result of ANOVA
(Roy 2001) is shown in table 5. The percentage contribu-
tion of variance, P, is calculated as follows:

_ss'

S, 3

P

where SS' is pure sum of square and St the total sum of
square. F' ratio of a factor is the ratio of variance of that
factor and variance of error.
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Table 4. The mean S/N ratio of process parameters at different levels.
Mean S/N ratio
Factor Level 1 Level 2 Level 3 Level 4 Delta Rank
B 20-157 35315 38919 31-833 18-762 1
D 31214 40-380 26-893 27-736 13-487 2
U 35-940 29:515 29-129 31-639 6-810 4
F 28:609 29-714 36216 31-684 7-607 3
Table 5. Result of ANOVA for measured combustion flame temperature.
Sum of Mean Pure sum Percent
Source DF square (SS) square (MS) Fratio  of square (SS') influence
B 3 793-406 264-469 12:512 729-993 46-60
D 3 457-276 152-425 7211 393-864 25-14
U 3 117-123 39041 1-847 53.711 3:43
F 3 135-244 45.081 2-133 71-832 4-59
Error 3 63-413 21-138 20-24
Total 15 1566-462 100-00
Results of ANOVA (table 5) indicate that the most y2 o
. . . . . . avgl(1
influential factor is batch size and its percentage contri- SIN predictea =10108) g2 . 5
bution is 46-6%. This result supports the S/N ratio analysis. i

The contribution of diluent, 7/O ratio and initial furnace
temperature are 25-14, 3-43 and 4-59 percent, respec-
tively. The calculated F' ratio value has to be compared
with Fp.05 (from standard F' tables (Roy 2001) for investi-
gating whether a factor imposes a significant effect on
selected response at 95% confidence levels. A factor is
said to have significant effect on a response if the tabu-
lated F' value becomes less than the calculated F* value.
From the F distribution tables (Roy 2001), in relation to
the present case, Fy.os.3.3 is 10-13 at 95% confidence
level. It is evident from table 5 that the effect of batch
size becomes significant at both 95% confidence levels
(F tabulated become less than F calculated). The effect of
diluent, fuel to oxidizer ratio and initial furnace tempera-
ture are insignificant at 95% confidence level.

3.1c Verification of results of optimal levels: Once the
optimal levels of the design parameters have been selected,
the final step of the Taguchi approach is to predict and
verify the improvement of the quality characteristic using
the optimal parameters combination. The predicted S/N
ratio, using the optimal level of the design parameters can
be calculated as:

S/Npredicted :S/Nm+Z(S/Nz_S/Nm)> (4)

i=0

where S/N,, is the mean S/N ratio of all the experimental
runs, S/N; the mean S/N ratio at the optimal level of ith
parameter and n the number of design parameters. There-
fore, the predicted S/N ratio can be used to calculate the
combustion flame temperature by using following equa-
tion:

Table 6 shows comparison of the predicted combustion
flame temperature with the experimental result by using
the optimal design parameter. The predicted values match
well with the experimentally achieved data. The increase
of the S/N ratio from the experiment number 10 (51:33)
to the optimal actual data (56-35) is about 5-02 dB. This
proves the utility of the Taguchi approach in relation to
product/process optimization.

3.2 Mathematical modelling

The relation between the aqueous solution combustion
process parameters, viz. batch size, diluent, fuel to oxidizer
ratio and initial furnace temperature, and the process out-
put specified as flame temperature was examined because
flame temperature directly controls the phase stability
and physical properties of as-formed powder. Three
regression models have been developed, such as (i) first
degree liner model, (ii) second degree surface model, and
(iii) power model. The expressions of these three models
are shown in (6), (7), and (8), respectively

I, =a,+aB+a,D+ayu+a,F, ©)
where a; (i = 0...4) are constants.
T, =by+bB~+b,D+bu+b,F+b,BD
+b; By +b  BF +b,; Du+b,, DI
+by VE +b,B* +byyD* +byspt” +by 2 (7)

where b; (i=1..4), b; (i=1..4,j=i+0..3 and j <4)
are constants.
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Table 6. Result of the confirmation test.
Optimal process parameters
Initial process

parameters Prediction Experiment
Level B3DypuyF3 B3DypFs B3DyuFs
Combustion flame temperature (7;) 783 782132 782
S/N ratio (dB) 51-3265 56-7884 56-3479
Improvement in S/N ratio = 5-0214

T, =c,B D% p* F, (8) 3.2a Adequacy of developed mathematical models:

where ¢; (i = 0...4) are constants.

The regression equations given in (6—8) were solved by
using the least square method (Gunaraj and Murugan
1999; Takeshita 2000; Pal et a/ 2007). The 31 experimen-
tal data sets, which were obtained from response surface
analysis, were used to develop the models. After evalua-
tion of the coefficients in the regression equations, they
are inserted in (6-8), and the final form of the regression
model equations are given in (9-11), respectively.

1, =653+7768B —1-33D—-12-64+0-122F, ©)

1, =746 +163B-0-43D +4-3u—0-515F

—0-147BD —1-1B 1 —0-00904BF +0-255D i

+0-00056DF —0-0297 uF +0-112B*

—0-0184D% +0-114* +0-000766 F* (10)

Tc — 2.6230-0753D—0-0338#—0-0405F0-0830 ] (1 l)
Out of the 15 coefficients (10), the magnitude of coeffi-
cients of the second order interaction term is negligible
compared to those of the process variables viz. batch size
(B), diluents (D), fuel to oxidizer ratio () and initial fur-
nace temperature (/). Thus the major contribution to the
flame temperature of combustion reaction comes from
these variables. Secondly the sign of coefficient of batch
size and fuel to oxidizer ratio is positive whereas sign of
coefficient of initial furnace temperature and diluents is
negative. It means, with the increase of B and g, the
flame temperature becomes more and with the increase of
F and D, the flame temperature becomes less and that is
what is expected. Flame temperature of the process
directly controls the phase formation and physical proper-
ties of the as-formed HAp powder. According to (10), it
is clear that higher values of B and /' may increase the
crystallite size whereas higher values of ¢ and D may
reduce the crystallite size of as-formed HAp powder. The
experimental results were verified in terms of phase for-
mation and crystallite size of HAp powder with flame
temperature and the result was quite expected.

The adequacy of the developed models was tested using
the ANOVA technique. ANOVA has been performed in
the statistical software package MINITAB (MINITAB™,
USA, 2000). It uses the P-value, termed as probability of
significance. P-value is calculated based on calculated F-
value. P-value thus obtained is then compared with the
Alpha-level. The presumed Alpha-level depends on the
confidence level (say 95%) chosen. If the P-value appears
<0-05, then it can be concluded that the model is ade-
quate within the confidence limit. ANOVA test results
are presented in tables 7-9 for linear, surface and power
models, respectively. From the tables, it can be under-
stood that the developed mathematical model is found to
be adequate to predict the flame temperature of aqueous
solution combustion process at 95% confidence level.
Coefficient of correlation ‘R*’ is used to find how close
the predicted and experimental values lie. The values of
R* for the above developed models are shown in their
corresponding ANOVA table. The correlation graph (scat-
ter diagram of experimental vs model predicted values) of
flame temperature for linear, surface and power models
are shown in figures 4-6, respectively. Among these
three models, R* value of second degree surface equation
is near to unity, which indicates high correlation between
the experimental values and predicted values, and this is
further supported by correlation graph. Therefore, this
model is considered best for representing input-output
relationship of aqueous solution combustion process.

3.3 Product characteristics

3.3a  Phase analysis of as-synthesized powder: Typical
X-ray diffraction patterns of combustion synthesized
powders obtained from different experimental conditions
are shown in figure 7. The as-synthesized powders were
found to be well crystalline in most of the cases and iden-
tified as pure hydroxyapatite phase (by JCPDS file 09-
0432). These experimental results indicate that the well
crystalline HAp may be directly formed if the combustion
flame temperature exceeds above 750°C.

Below that temperature as synthesized powders are
amorphous in nature which is shown in figure 7(e). The
crystallite size of as-synthesized powder was measured
from the X-ray peak broadening of the (211) diffraction
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Table 7. Analysis of variance tests for linear model.
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Sum of Mean Pure sum of
Source DF square (SS) square (MS) square (SS") F ratio P
Eq. 9 4 163497 4087-42 163497 48.61  <0-001
Linear 4 163497 4087-42 163497 48.61  <0-001
Residual error 26 2186-0 84.08 2186-0
Lack-of-fit 20 2077-2 103-86 2077-2 572 0-091
Pure error 6 108-9 18-14 108-9
Total 30 185357
R? = 88-2%, R* (adj) = 86-4% and model is adequate
Table 8. Analysis of variance tests for surface model.
Sum of Mean Pure sum
Source DF square (SS) square (MS) of square (SS’)  F'ratio P
Eq. 10 14 175193 1251-38 175193 197 <0-001
Linear 4 163497 34-48 1379 0-54 0-707
Square 4 369-2 92-31 369-2 1-45 0-262
Interaction 6 800-4 1334 800-4 2-10 0-110
Residual error 16 1016-4 6352 1016-4
Lack-of-fit 10 907-5 90-75 907-5 5-00 0-031
Pure error 6 108-9 18-14 108-9
Total 30 185357
R? = 94-5%, R* (adj) = 89-7% and model is adequate
Table 9. Analysis of variance tests for power model.
Sum of Mean Pure sum of
Source DF square (SS)  square (MS) square (SS") F ratio P
Eq. 11 4 0-00598 0-0015 0-00598 49.67 <0-001
Linear 4 0-00598 0-0015 0-00598 49-67 <0-001
Residual error 26 0-00078 0-00003 0-00078
Lack-of-fit 20 0-00074 0-00004 0-00074 5-51 0-021
Pure error 6 0-00004 0-0 0-00004
Total 30 0-00676
R? = 88-4%, R* (adj) = 86-6% and model is adequate
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Diffraction angle [20]

Figure 7. Represents the X-ray diffraction patterns of as-synthesized powders.

peak of HAp by using standard Scherrer’s formula. Fig-
ure 8 shows the flame temperature versus crystallite size
of as-synthesized powders. It was found that crystallite
size of as-formed powder significantly increases with
increase in flame temperature of the combustion reaction.

Precursors having combustion flame temperatures (figu-
res d-a) 783, 797, 807 and 852°C produced HAp powder
with the crystallite size 47-8, 50-0, 53-0 and 64-5 nm, re-
spectively. It was evident that the crystallite size of the
as-formed HAp powder depends on the flame temperature



Synthesis of hydroxyapatite by combustion

349

65 - .

60 S
E
s
o 554
N
o u
2 n/
5 /s
2 50 -
6 /

a—0
45 /"“‘“'/
L]
40 . : s . . T s : v r . '
740 760 780 800 820 840 860
Combustion flame temperature ('C)

Figure 8. Shows influence of combustion flame temperature on the

crystallite size of the as-formed HAp powder.

Figure 9.

as well as nature of the combustion reaction. Higher flame
temperature leads to sintering of the particles locally that
increased the crystallite size of HAp powder.

Powder morphology of as-formed powders was chara-
cterized by SEM technique. It exhibited foamy agglome-
rated particles with homogeneous distribution and presence
of random distribution of voids in their structure. This
highly porous, foam-like structure was formed due to the
inherent nature of the chemical reaction associated with
the evolution of large volume of gases, and short reaction
period followed by fast quenching which prevented fur-
ther agglomeration/sintering of particles. Figure 9(a, b)
shows the SEM micrographs of as-formed powder. Micro-
graphs show that at first spherical nanoparticles formed
under experimental condition undergoes extensive ag-
glomeration. Some isolated spherical particles detected
exhibit a size of <50 nm.

(a)—(b) Showing SEM micrographs of experiment run 13.

4. Conclusions

In the present study, a detailed methodology of the
Taguchi optimization technique has been reported and
applied for evaluating optimal parametric combinations
to achieve a target flame temperature in solution combus-
tion synthesis of calcium hydroxyapatite powder. The
optimum combination of experimental variables for phase
pure nanocrystalline HAp powder is B;D,uF3 i.e. at levels
3,2, 1and 3, 7, = 783°C, crystallite size = 47-8 nm. The
S/N ratio and ANOVA test both have shown that the
batch size is a very important controlling factor followed
by diluent, initial furnace temperature and fuel to oxidizer
ratio. In addition to this, RSM technique has also been
used to develop regression model to correlate flame tem-
perature with process parameters. The developed three-
regression model was found to be adequate to predict the
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flame temperature of aqueous solution combustion pro-
cess at 95% confidence level. R* value of second degree
surface model become more than the other two developed
models; therefore, this model is considered the best for
representing input-output relationship of aqueous solution
combustion process. Additionally it has been shown that
with the decrease of batch size and initial furnace tempe-
rature and increase of fuel to oxidizer ratio and diluents,
the crystallite size of as-formed HAp decreases.
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