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Abstract
Nano hydroxyapatite and β tricalcium phosphate (HA/β-TCP) composite 
materials with predesigned phase composition were successfully 
synthesized via solution combustion route using  calcium nitrate 
tetrahydrate, diammonium hydrogen phosphate and glycine as the fuel. 
The investigations revealed that combustion flame temperature and 
its duration depend on several process parameters, and both play a 
key role in finding out the characteristics of the synthesized powders. 
An optimal parametric setting was established using Taguchi’s design 
of experiments (DoE) technique to control flame temperature in terms 
of achieving the best product characteristics. It was found that the 
optimal parametric combination, consisting of batch size of 6 g,  total 
valence of reducing and oxidizing agent (fuel to oxidizer) ratio of 
0.8 and starting furnace temperature of 500 °C, resulted nano sized 
HAp/β-TCP) composite powders with particle sizes less than 100 nm.
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Introduction
Calcium phosphates bio-ceramics  are widely used 
as bone substitutes due to close mineralogical 
similarity to biological bones. These materials 
offer several additional advantages, like highly 
biocompatible, nontoxic and exhibit bioactive 
behavior. Many researchers1-2 have reported that 
though calcium hydroxyapatite (HA) is highly 
biocompatible and good osteoconductive, it suffers 
from limited bioactivity due to its poor stability and 

hence extremely slower rate of degradation in 
biological fluids. This limitation is often overcome 
using bi phasic calcium phosphate (BCP) which 
combines the long-term stability of HA with the 
superior bioactivity and higher solubility of beta 
tricalcium phosphate (β-TCP).2 The phase ratio can 
be tailored for specific degradation needs; however, 
~40% HA and 60% β-TCP is widely regarded as 
optimal for bone tissue engineering, especially as 
a bone graft extender.1 Preparation of single-phase 
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calcium hydroxyapatite (HA) and phase designed 
HA/β-TCP composite with desired properties for 
biomedical applications remains a great challenge 
for researchers. Physical and chemical properties 
of fabricated sample are strongly governed by the 
properties of starting powders, such as particle 
size and distribution, phase composition and phase 
stability. In recent years, several researchers3-6 have 
attempted to optimize the powder properties by using 
various processes. Many routes for synthesizing 
calcium phosphate powders have been developed 
to control the powder properties, namely solid 
state,7wet chemical precipitation,8-10 sol-gel,11-15 
hydrothermal,16-20 mechanochemical,21 etc.

However, in many of these approaches, precise 
control over initial parameters—such as the calcium-
to-phosphorus atomic ratio (Ca/P), pH values above 
9—and final product characteristics, including phase 
composition, phase stability, and particle size, 
remains difficult to achieve.

Nowadays solution combustion method is widely 
employed for synthesizing ultrafine  oxide ceramic 
powders.22-29 The technique is particularly effective 
in controlling the process parameters29 which have 
a strong effect on the physiochemical properties of 
synthesized powder. The solution combustion22-29 
involves an exothermic self-propagating chemical 
reaction between a metal oxidant  and a water-
soluble carbonaceous fuel, (commonly citrate, 
glycine and urea etc.) in an aqueous medium. 
Solution combustion reaction process is started at 
relatively lower temperature regime (viz., ~ 400oC), 
followed by sudden temperature rise subsequent 
rapid cooling ensures nucleation of maximum 
number of crystallites but restricts particle growth 
due to formation of large volume of gases molecules. 
Consequently, the as-synthesized material consists 
of voluminous, soft, porous mass that can easily 
be converted into nano grade powders. Principal 
advantages of the process include the ability to 
synthesize predesigned composition with high 
grades of purity, excellent homogeneity with nano 
sized powders in one step. Additionally, formation 
of huge volumes of gases molecules during the 
exothermic reaction further prevents the particles 
overgrowth.

In this solution combustion process, calculation of 
exact amount of reducing to oxidizing mixture is 

crucial. Based on propellent chemistry, Jain et al30 
established   a technique to evaluate the degree 
of oxidizing and reducing power of the combustion 
process. The system released maximum heat 
energy when the reducing and oxidizing balance is in 
stoichiometric (µ=1). The stoichiometric composition 
of solution combustion is determined by considering 
the valences of all oxidizing and reducing elements 
of the reactants and their value is unity. The solution 
combustion produced an incandescent flame and 
the highest temperature attained is called to as  
the ‘flame temperature (Tc) which has a significant 
influence on product properties, such as phase 
composition, particle size and specific surface 
area etc. The maximum flame temperature and its 
duration are strongly correlated with various process 
parameters, including the type of fuel, reducing to 
oxidizing ratio (µ), yield  and the starting reaction 
temperature (T), all of which collectively govern 
the flame temperature and the properties of the 
synthesized powders.31–33 Previous studies indicate 
that  stable phase occurs when the combustion 
flame temperature isaround 780–800°C.27–28 Based 
on this studies, 800°C was chosen as a target flame 
temperature in the present study.

Materials & Methods
The selection of a design of experiment (DoE) 
depends on the final focus of the investigation 
and the number of important parameters to be 
checked. The focus of this investigation was: (i) 
to optimize parametric set up level of  the solution 
combustion process parameters and to find out 
the degree of influence of individual parameter 
on the process outcomes, (ii) to predict the 
cause–effect relationship between the true system 
response and the input reaction parameters. To 
achieve these objectives, Taguchi’s technique34 
was employed in this investigation. Taguchi’s 
Design of Experiments (DoE) approach was 
applied to overcome optimization challenges and 
systematically evaluate the influence of individual 
process parameters on the response. This technique 
has been extensively applied across various fields 
of engineering and science for process optimization 
and for assessing the effects of multiple design 
parameters within a given parameter combination. 
Accordingly, the integration of experimental design 
and parametric optimization of solution combustion 
was achieved using the Taguchi approach. In this 
present work, the desired response was defined as 
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achieving a target flam temperature in the solution 
combustion process.

In the present work, the experiments were designed 
and conducted using Taguchi’s orthogonal array 
methodology.29, 34 The Taguchi orthogonal arrays 
are particularly effective in exploring the whole 
variables space with a relatively smaller number 
of experimental runs. This technique facilitates the 
study of the influence of process control variables 
and noise elements enables the identification of 
optimal properties for specific uses.

Based on preliminary experimental observations, 
the most crucial process control factors and their 
respective levels were identified as yield amount, B, 
fuel to oxidizer ratio,µ, initial reaction temperature, T
Experimental results showed that the yield batch size 

(B) ranged from 4 to 10, the fuel-to-oxidizer ratio (µ) 
from 0.8 to 2.8, and the initial furnace temperature 
(T) was set at 400°C.

Taguchi orthogonal arrays are fractional factorial 
experimental designs in which the columns are 
balanced and mutually orthogonal, ensuring that all 
factor-level combinations occur an equal number 
of times. This unique feature allows the influence 
of individual factors on the reaction outcomes to be 
estimated separately from the other reaction factors. 
The present study, an L16 Taguchi orthogonal array 
was used, consisting of three system variables at 
four levels of individual. The process parameters, 
their corresponding levels, and the experimental 
design matrix (in coded form) are presented in the 
following table1&2 respectively

Table 1: Solution combustion process parameters with their levels

                                         	       		         Taguchi

Sl No	 Parameter	 Notation	 Level1	 Level2	 Level3	 Level4

1	 Batch size (g)	 ‘B’	 4	 6	 8	 10
2	 Reducing to oxidizing ratio	 ‘µ’	 00.8	 1.00	 1.80	 2.80
3	 Starting furnace temperature (0C)	 ‘F’	 400	 500	 600	 700

Table  2: Taguchi L16 design matrix, responses (Tc) and Signal to noise ratio

SL NO	 B	 µ	 F	 Measured flame	 S/N ratio (dB)	 Flame duration
				    temperature (TC)		  (sec)

1	 1	 1	 1	 712	 21.69	 12
2	 1	 2	 2	 792	 42.97	 16
3	 1	 3	 3	 788	 39.42	 19
4	 1	 4	 4	 778	 34.10	 20
5	 2	 1	 2	 802	 55.06	 14
6	 2	 2	 1	 850	 27.36	 18
7	 2	 3	 4	 873	 24.19	 22
8	 2	 4	 3	 819	 35.60	 26
9	 3	 1	 3	 862	 25.55	 19
10	 3	 2	 4	 885	 22.93	 28
11	 3	 3	 1	 862	 25.55	 31
12	 3	 4	 2	 826	 32.91	 24
13	 4	 1	 4	 832	 31.14	 21
14	 4	 2	 3	 893	 22.19	 38
15	 4	 3	 2	 878	 23.64	 39
16	 4	 4	 1	 762	 29.27	 23
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Hydrated calcium nitrate and diammonium hydrogen 
phosphate were used as starting raw materials for 
the preparation of the target composite. Analytical-
reagent-grade glycine was employed as the fuel 
for the combustion reaction. For the synthesis 
of the target composite, predetermined aqueous 
solutions of metal nitrate, AR grade and diammonium 
hydrogen phosphate (DAP),  (NH 4) 2HPO 4  
(A.R. grade), were slowly mixed under continuous 
magnetic stirring at room temperature. The calcium-
to-phosphorus atomic ratio was strictly maintained 
at 1.5520 and 1.5690. The initially formed white 
precipitate was subsequently dissolved by adding 
3ml of concentrated nitric acid. Thereafter, required 
quantity of glycine was mixed to the solution and 
make a clear homogeneous solution with the help 
of magnetic stirrer at room temperature.

Then the precursor prepared was transferred to 
a reaction container of ceramic-coated mild steel 
container and placed into a kanthal wire muffle 
furnace at 300–700°C. The reaction container 
was covered by a wire mesh to  minimize particle 
loss due to aerosol formation. With the help of  
“K-type” thermocouple, complete temperature–time 
phenomena were captured of  the combustion 
reaction. At initial stage, the precursor solution boiled 
vigorously with the evolution of large volumes of 
gases. The viscous precursor then frothed, followed 
by the sudden emergence of an incandescent flame. 

The heat generated during the exothermic reaction 
was self-sustaining and completed without the need 
for external energy supply. The steps of the process 
are represented in Figure I.

A Z-trend paperless chart recorder recorded the 
time temperature profile of the reaction. (USA made, 
Honeywell,) Philips, XRD (Cu–Kα1 radiation, λ = 
0.154056 nm, a Ni filter).  From the XRD spectrum, 
average crystallite size of the product was calculated 
by using the line-broadening method based on the 
Scherrer equation:

 
where D, average crystallite size in nm, λ wavelength 
of the X-ray radiation, θ, the Bragg angle, and β, 
the full width at half maximum (FWHM) of the most 
intense diffraction peak corresponding to the (210) 
plane of β-TCP.

The powder morphology and particle size, shape, 
and surface area of the synthesized powders were 
investigated using a scanning electron microscope 
(SEM) (Leo 430i, U.K.). Prior to SEM analysis, the 
powders were gently crushed and ultrasonicated in 
laboratory-grade isopropanol for approximately 5 
minutes. The well-dispersed powders thus obtained 
were used for the morphological investigations.

Fig. 1: Block diagram of Solution Combustion Synthesis method
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Results & Discussion
Influence of Reaction Parameters on Combustion 
Flame
Data Analysis and Determine Optimum 
Parametric Levels using Signal to Noise Ratio
To corelate the effects of individual process 
parameters on the process outcomes (flame 
temperature, Tc) and to determine the best 
parametric combination, Taguchi’s DoE performance 
determine known as the signal to noise ratio was 
employed. In this Taguchi approach, the Signal 
to noise ratio is used to identify restrict factor 
values that are least sensitive to noise factors. The 
signal indicates the mean response value, while 
the noise shows the variability around the mean, 
thereby indicating the sensitivity of the experimental 
output to uncontrollable factors. The selection of 
an appropriate S/N ratio be determined by on the 
quality characteristic of the outcome or system to 
be optimized.34

In Taguchi method used 3 types of signals to noise 
ratios: “nominal is best” (NB), “lower the better” 
(LB), and “higher the better” (HB). The appropriate 
selection criterion chosen is based on previous 
experience and identifying of the system. In the 
present investigation, the quality feature of the 
solution combustion reaction was selected as the 
reaction maximum temperature. Optimal results 
are obtained when the response is close to a target 
value, since stable phase formation of biphasic 
composite powders with nanoscale features occurs 
when the flame temperature lies in the range of 780–
800 °C.27–28 Accordingly, a target flame temperature 
(Tc) of 800 °C was selected, and the nominal-is-best 

(NB) criterion was adopted for optimization in this 
study.

Signal to noise ratio for the NB type was calculated 
using the following expression:

here, : average of ith experimental output and  
target value; σi standard deviation of ith outcomes.

Analysis of Sgnal to Noise Ratio(S/N) 
Based on the results summarized in Table II (L16), 
the signal to noise ratios corresponding to the 
recorded flame temperature for individual run were 
determined and are also presented in Table II. In 
Taguchi’s designs, the effects of individual process 
parameters at different levels can be readily isolated 
and analysed. In the present S/N ratio analysis, 
the mean S/N ratio for the batch size at all Levels 
(i.e.1,2,3&4) was obtained by taking the average of 
all S/N ratios of experimental Runs in the 1 to 4, 5 
to 8, 9 to 12 and 13 to 16 respectively. The same 
methodology was used to evaluate the mean signal 
to noise ratios at all levels of the remaining process 
parameters.

Figure II illustrates the S/N response plot for the 
maximum temperature, while the main effects plot 
showing the direct influence of reaction variables 
on the outcome is shown in Figure III. The mean 
responses for each process parameter at different 
levels are listed in Table III.

Fig. 2: Main effects plot showing the effect of process parameters on the 
S/N ratio of the measured flame temperature (Tc)
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A higher signal-to-noise (S/N) ratio indicates improve 
quality performance, regardless of the selected 
quality characteristic. Accordingly, the optimal 
process parameter levels are those that yield the 
highest S/N ratio.. From the S/N ratio analysis shown 
in Fig. II, the optimal parametric combination for the 
desired flame temperature is B2.µ1.F2 

corresponding to level 2 of batch size (B), level 1 
of fuel-to-oxidizer ratio (µ), and level 2 of starting 
furnace temperature (T).

Based on the S/N ratio analysis shown in Fig. 2, the 
optimal parametric combination for achieving the 
target flame temperature is, corresponding to level 
2 of batch size (B), level 1 of fuel-to-oxidizer ratio 
(µ), and level 2 of initial furnace temperature (T).

Furthermore, the mean response values presented 
in Table III and the main effects plot shown in Fig. 
III clearly indicate that batch size (B) is the most 
influential factor affecting the combustion flame 
temperature, followed by the fuel to oxidizer ratio 
(µ) and the starting furnace temperature (T). Yield 
size (B) and staring furnace temperature exhibit a 
positive influence on the flame temperature, whereas 

the fuel-to-oxidizer ratio shows an initial increasing 
effect followed by a declining curve.

Analysis of Variance: ANOVA 
The main purpose of analysis of variance or ANOVA 
is to find the system variables that extensively 
influence the quality characteristics. Additionally, 
F-test is also performed to determine the statistical 
significance of each process parameter on the 
reaction combustion flame temperature. ANOVA 
results are presented in Table IV.

The percentage contribution of variance (P) is given 
by:
	
P= 

Here, SS’: pure sum of square; ST : total sum of 
square. F-ratio of a parameter is the ratio of variance 
of that parameter and variance of error.

From Table IV, the ANOVA results clearly indicate 
that batch size is the most significant parameter 
influencing the reaction combustion flame 
temperature, with a percentage contribution of 
43.47%. This observation is consistent with the 

Fig. 3: Influence of process parameters on the flame temperature

Table 3: Mean responses of the process parameters at various levels

“Variable”	 “Level:1”	 “Level :2”	 “Level: 3”	 “Level: 4”	 “Rank”

B		  767.5	 836	 858.75	 841.25	 1
µ		  802	 855	 850.25	 796.25	 2
T		  796.5	 824.5	 840.5	 842	 3
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mean response analysis of the process parameters 
presented in Table III. The fuel-to-oxidizer ratio 
is the second most influential factor, contributing 

23.45% to the total variance. In contrast, the initial 
furnace temperature shows the least influence, with 
a contribution of 7.42%.

Table 4: ANOVA results for recorded flame temperature

“Source”	 “DF”	 “Sum of	 “Mean	 “F- 	 “Pure sum of	 “Percentage
		  Square”(SS)	 Square” (MS)	 Value”	 square” (SS')	 influence” (P)

B	 3	 19309	 6436.4	 15.55	 16825	 43.47
µ	 3	 11560	 3853.4	 9.31	 9076	 23.45
T	 3	 5355	 1784.9	 4.31	 2871	 7.42
Error	 6	 2484	 413.9			 
Total	 15	 38708

Product Characterization
Additionally, the effect of flame duration (s) on 
the characteristics of the synthesized powders 
was investigated. Figure IV(a) presents the time–
temperature profiles obtained from the experiments, 
which indicate that both the flame temperature 
and flame duration increase with increasing 
batch size. A larger reactant mass in the solution 
combustion reaction releases greater enthalpy, 
leading to a higher flame temperature and longer 
combustion duration. Figure IV(b) shows that the 
flame temperature reaches its maximum at the 
stoichiometric fuel-to-oxidizer ratio, whereas in both 
fuel lean and fuel rich combustion reaction produce 
comparatively lower combustion temperatures. At 
the stoichiometric ratio, the combustion reaction 
proceeds to completion, leading to the highest 
flame temperature. In contrast, a fuel-lean system 
results in incomplete combustion and hence lower 
flame temperatures. On the other hand, in a fuel-rich 
system, additional oxygen from the surrounding air is 
required to complete the combustion of excess fuel. 
Therefore, the flame temperature decreases, but the 
combustion duration becomes longer.

Figure IV(c) illustrates the effect of initial furnace 
temperature on reaction flame temperature and 
flame duration. An increase in furnace temperature 
leads to an increase in flame duration; however, no 
significant change in flame temperature is observed. 
The probable reason for the extended combustion 
duration at higher initial furnace temperatures is the 
reduced rate of heat loss to the surroundings.

XRD analysis of the synthesized powders revealed 
that longer flame duration adversely affects crystallite 
size, promoting increased crystallite growth.

Figure V shows the X-ray diffraction patterns of 
selected as processed powders obtained by the 
solution combustion reaction using a calcium metal 
nitrate, DAP and glycine system at B2·µ1·F2, 
corresponding to levels 2, 1, and 2 of yield size 
(B), fuel to oxidizer ratio (µ), and starting furnace 
temperature (T), respectively. To tailor the phase 
composition of the as-synthesized powders, two 
different calcium-to-phosphorous (Ca/P) ratios, 
namely 1.5520 and 1.5690, were employed in this 
work.

The crystalline phases were identified using JCPDS 
file No. 09-0432 (HAp) and No. 09-0169 (β-TCP). 
The XRD patterns show well-defined crystalline 
phases of HAp and β-TCP in the synthesized 
powders. The percentage of volume of each phase 
was estimated from the powder XRD patterns 
by comparing the integrated intensities of the 
characteristic peaks of each phase, as the integrated 
intensity is proportional to the corresponding volume 
fraction. The volume fraction was calculated using 
the following relation:
 

Here Iβ-TCP and IHA are the integrated values of peak 
intensities of β-TCP and HAp phases, respectively.
The calculated volume fractions of β-TCP and 
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HAp were approximately 70.12% and 29.88%, 
respectively, for a Ca/P ratio of 1.5520 in the 
precursor batch. For a Ca/P ratio of 1.5690, the 
corresponding volume fractions of β-TCP and HAp 
were found to be 60.48% and 39.52%, respectively. 

The results clearly indicate that the Ca to P atomic 
ratio significantly influences the phase composition 
of the synthesized powders.. The chemical analysis 
of both as-synthesized powders is presented in 
Table V.

(a) B vs combustion flame duration (t) and Tc (b) µ vs combustion flame duration (t) and Tc

Fig.4: (a) B vs combustion flame duration (t) and Tc;(b) µ vs combustion flame 
duration (t) and Tc; (c) T vs combustion flame duration (t) and Tc

(c) T vs combustion flame duration (t) and Tc
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Furthermore, the temperature above 800 °C were 
necessary to obtain well-crystallized composite 
powders.. Powders synthesized below 800 °C were 
amorphous or poorly crystalline and required post-
heat treatment to obtain well-crystallized biphasic 
calcium phosphate (BCP) powders.. The crystallite 
size, calculated from XRD analysis, increased 
with increasing flame temperature and flame 
duration. Higher flame temperatures combined with 
longer combustion durations promote a sintering 
effect, leading to crystallite growth. This trend is 
further corroborated by the average particle size 
measurements obtained from SEM analysis, as 
shown in Figure VI.

Many researchers35-36 have employed X-ray diffraction 
(XRD), scanning electron microscopy (SEM), 
and field emission scanning electron microscopy 
(FESEM) techniques to confirm the nanostructured 
nature of synthesized materials in their studies. In 
the present investigation, SEM micrographs of the 

synthesized powders revealed the formation of fine 
agglomerated particles with nanoscale dimensions. 
The individual particles appear nearly spherical and 
are uniformly distributed, indicating the successful 
synthesis of nanoparticles. The particles also exhibit 
a highly porous and agglomerated morphology, 
which is commonly observed in powders produced 
by the solution combustion synthesis method 
due to the rapid evolution of gases during the 
combustion process. The observed morphology 
therefore confirms the formation of nanostructured 
materials. Furthermore, the XRD pattern exhibited 
characteristic diffraction peaks corresponding to 
the crystalline phase of the synthesized material. 
The diffraction peaks were noticeably broadened, 
which is a typical indication of the nanocrystalline 
nature of the powder. The average crystallite size 
was estimated using the Scherrer equation and 
was found to be in the nanometre range. These 
results further confirm the successful formation of 
nanoparticles.

Table 5: Chemical analysis of precursor solution and as synthesized BCP powders

Ca/P atomic ratio in precursor sample		 Chemical analysis of as synthesized

	 %wt. Ca	 %wt. P	 Ca/P atomic ratio

1.5520	 36.3640	 18.185	 1.5498
1.5690	 35.6878	 17.700	 1.5632

Fig. 5: shows the XRD pattern of as synthesized powders of optimal parametric combination 
(B2.µ1.F2) (a) Ca to P atom =1.5520 and (b) Ca to P atom=1.5690
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Fig. 6: shows the SEM pattern of as synthesized powders of optimal parametric 
combination (B2.µ1.F2) (a) Ca/P=1.5520 and (b) Ca/P=1.5690

Conclusion 
In this study, Taguchi DoE technique was successfully 
applied to optimize the solution combustion 
synthesis of nanostructured, predesigned HA/β-
TCP composite powders. The optimal combination 
of solution combustion process parameters for 
obtaining powders with 60.48% β-TCP and 39.52% 
HA was identified as B2·µ1·F2, corresponding to 
levels 2, 1, and 2 of yield size (B), fuel to oxidizer 
ratio (µ), and starting reaction temperature (T), 
separately. Under these optimized conditions, a 
flame temperature of 802 °C, a flame duration of 14 
s, an average particle size of 86 nm, and a crystallite 
size of 38 nm were achieved.

The signal to noise ratio analysis and ANOVA 
identified batch size (B) as the most influential 
parameter, followed by the fuel to oxidizer ratio (µ).
In contrast, the starting furnace temperature (T) was 
found to have no significant effect on the maximum 
combustion flame temperature because maximum 
heat is generated from the reaction mass and its 
enthalpy An increase in batch size and initial furnace 
temperature prolonged the flame duration, leading to 
enhanced particle growth and crystallite coarsening 
in the as-synthesized powders.Conversely, an 
increase in the fuel-to-oxidizer ratio promoted the 
formation of finer particles with reduced crystallite 
sizes.

Overall, the Taguchi DoE–based optimized 
parameters enabled the successful synthesis of 
nanocomposite of HA/β-TCP powders with controlled 
phase composition and desirable microstructural 
features, demonstrating the effectiveness of this 
approach for solution combustion synthesis.
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