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Abstract In this research, we studied and analyzed

the effects of four different oxide-based sintering

additives on densification, mechanical behavior, bio-

degradation and biocompatibility of tricalcium phos-

phate (TCP) bioceramics. Selective sintering additives

were introduced into pure TCP ceramics, in small

quantities, through homogeneous mixing, using a

mortar and pestle. The consequent powders of differ-

ent compositions were pressed into cylindrical com-

pacts, uniaxially and sintered at elevated temperatures,

1150�C and 1250�C, separately in a muffle furnace.

X-ray powder diffraction technique was used to ana-

lyze the phase-purity of TCP after sintering. Hardness

of these sintered specimens was evaluated using a

Vickers hardness tester. Sintered cylindrical samples

were tested under uniaxial compressive loading, as a

function of composition to determine their failure

strength. Biodegradation studies conducted using sim-

ulated body fluid under dynamic environment, re-

vealed that these additives could control the rate of

resorption and hardness degradation of TCP ceramics.

Introduction

It has been the goal of biomaterial scientists, for a

while, to develop ideal bone graft materials for the

repair of damaged or diseased parts of the skeletal

system. An ideal bone graft material should support

the activity of osteoblasts in the development of new

bone, while simultaneously being resorbed by osteo-

clasts, as a part of the lifelong process of bone

remodelling. A variety of ceramic materials have been

tested and developed for use in the repair of bone

defects in the human body. These novel ceramic

materials are called bioceramics. Among them, calcium

phosphate-based ceramics (CPCs) have received a

great deal of attention as preferred materials for a

number of biomedical applications, such as, in ortho-

pedics, dentistry and the drug delivery industry [1–3].

CPCs exhibit considerably improved biological affinity

and activity compared to existing synthetic materials.

Calcium phosphates exist in various forms and

phases depending on temperature and partial pressure

of water [2, 3]. Among these forms, particular attention

has been placed to tricalcium phosphate [Ca3(PO4)2,

TCP] and hydroxyapatite [Ca10(PO4)6(OH)2, HAp]

due to their outstanding biological responses to phys-

iological environments [4]. The contemporary health

care industry uses CPCs, depending on whether a

resorbable or a bioactive material is desired. Because

of the chemical similarity between HAp and the bone

mineral, synthetic HAp exhibits strong affinity to host

hard tissues. On the other hand, TCP has been proved

to be resorbable in vivo with new bone growth,

replacing the implanted TCP [5]. This property imparts

significant advantage to TCP compared to other

biomedical materials, which are not resorbed and

replaced by natural bone [6].

Tricalcium phosphate is thermodynamically stable

only at high temperatures [1,000–1,500�C]. b-TCP and

a-TCP are the only two forms of TCP, known to exist.

b-TCP transforms to a-TCP at around 1,200�C. The

later phase is stabilized in the temperature range of

H. A. Bhatt � S. J. Kalita (&)
Department of Mechanical, Materials and Aerospace
Engineering, University of Central Florida, Orlando,
FL 32816-2450, USA
e-mail: samar@mail.ucf.edu

J Mater Sci: Mater Med (2007) 18:883–893

DOI 10.1007/s10856-006-0091-0

123



700–1,200�C [2]. a-TCP, however, has received very

little interest from the biomedical field. The disadvan-

tage for using a-TCP is its quick resorption rate, which

limits its usage in this area [6]. However, b-TCP, also

known as b-whitlockite, is essentially a slow degrading

bioresorbable calcium phosphate ceramic [7] and is a

promising material for biomedical applications such as

orthopedics. It has been known to have significant

biological affinity and activity, and responds very well

to the physiological environments [8]. Because of its

slow degradatory characteristic, the porous b-TCP is

regarded as an ideal material for bone substitutes that

should degrade as bone cells grow inside the scaffold [9,

10]. These factors give b-TCP an edge over other

biomedical materials when it comes to resorbability and

replacement of the implanted TCP in vivo by the new

bone tissue [11]. b-TCP has a pure hexagonal crystal

structure. It belongs to space group R3cH and its unit

cell dimensions are: a = b = 10.439 Å, c = 37.375 Å,

and a = b = 90�, c = 120�. It is reported that the

resorbability of b-TCP in vivo might be strongly related

to its structure [12]. However, although b-TCP de-

grades slowly compared to a-TCP form, the rate of

degradation is uncontrolled [7, 8], which limits its usage

in most bone engineering applications.

Another major shortcoming of b-TCP, as well as

other phases of CPCs is their poor mechanical strength,

in complex stress states. Like other ceramic materials,

the compressive and flexural strengths of CPCs are

governed by the presence of voids, pores and/or inter-

stices, which occurs during the process of sintering and

densification. However, unlike most advanced ceramics,

CPCs are difficult to sinter and therefore, are mechan-

ically weak. In this work, we endeavored to improve

sinterability of b-TCP; to enhance its mechanical

strength, and to control its rate of biodegradation by

introducing small quantities of various oxide-based

sintering additives. We investigated the effects of these

additives on TCP ceramic with regard to its densifica-

tion, hardness, compression strength, and in vitro

degradation behavior. This paper describes the process-

ing and characterization of metal ion doped calcium

phosphate based ceramic structures with tailored rate

of resorption, for possible bone-tissue engineering

applications.

Experimental procedure

Materials and methods

b-TCP powders (NC/FCC grade) with the average

particle size of 3 lm were acquired from Rhodia

Chemicals, Chicago, IL. The TCP powder, approved

by National Formulary (NF), was mixed with various

sintering additives at different wt.% ratios. Sintering

additives were selected based on preceding research

[13–18], and the presence of metal ions in the compo-

sition of bone mineral [19]. The selected additives were

magnesium oxide (MgO, Alfa Aesar, Ward Hill, MA,

96% pure), zinc oxide (ZnO, Alfa Aesar, Ward

Hill, MA, 99% pure), silicon (IV) oxide (SiO2, Alfa

Aesar, Ward Hill, MA, 99.5% pure), titanium (IV)

oxide, (TiO2 anatase, Alfa Aesar, Ward Hill, MA,

99.9% pure). These additives were introduced in the

TCP ceramic powder separately at different wt.%

(1.0 wt.%, 2.5 wt.% and 4 wt.%), followed by homo-

geneous mixing in a mortar and a pestle for 30 min.

Consequent powders of variant compositions were

uniaxially compacted in a steel mold, with an internal

diameter of 10 mm at a pressure of 37.5 MPa using a

12-ton press from Carver Inc., Wabash, IN (3851–0

Model C). Compositions of powder mixture of TCP

with different sintering additives are presented in

Table 1.

Green ceramic structures were measured for their

density and then sintered in a muffle furnace, in air, at

different sintering temperatures, 1,150�C and 1,250�C,

separately for 6 h. A sintering cycle was developed to

achieve better densification and to avoid cracks in the

sintered specimens by introducing several soaking

temperatures and tailoring the rate of heating and

cooling. The consequent cycle had several steps: first,

infusion at 150�C to stabilize the furnace; second,

infusion at 550�C to remove residual stresses from the

green structures; and the final infusion at 1,150�C or

1,250�C for densification. A slow heating rate of 1�C/

min was used for better densification. Sintered ceramic

structures were measured for their density and then,

Table 1 Compositions of calcium phosphate ceramics studied

Type Base powder: pure TCP

Additive composition (wt.%)

TCP — —
A1.0 1.0% MgO
A2.5 2.5% MgO
A4.0 4.0% MgO
B1.0 1.0% ZnO
B2.5 2.5% ZnO
B4.0 4.0% ZnO
C1.0 1.0% SiO2

C2.5 2.5% SiO2

C4.0 4.0% SiO2

D1.0 1.0% TiO2

D2.5 2.5% TiO2

D4.0 4.0% TiO2
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were subjected to mechanical characterization and

bioresorbability analysis. Samples sintered at 1,150�C

showed poor densification and, therefore, were not

characterized for their mechanical and biodegradation

behavior.

Phase identification and microstructural analysis

X-ray powder diffraction (XRD) technique was used to

study the effect of sintering temperature and additives

on phase purity of TCP ceramics. Sintered ceramic

structures of variant composition were crushed and

ground to fine powder, manually, using a mortar and a

pestle. Powder samples of variant composition (TCP,

A1.0, B1.0, C1.0 and D1.0) were placed in the specimen

holder of Rigaku diffractometer, separately, and then

analyzed, using Ni-filtered CuKa radiation

(k = 0.1542 nm) at 40 kV and 40 mA settings. The

XRD patterns were recorded in the 2h range of 15�–65�,

with a step size of 0.02� and step duration of 0.5 s.

Scanning electron microscopy (SEM) was used to

observe and analyze the microstructure of sintered

ceramic structures to study and understand the influ-

ence of sintering aids on grain size and surface porosity

after sintering. Specimens of pure TCP and TCP

reinforced with 1.0 wt.% of additives (A1.0, B1.0,

C1.0, and D1.0) sintered at 1,250�C for 6 h, were only

observed under SEM for microstructural analysis.

Specimens used for SEM examination had average

dimensions of 8 mm in diameter and 2.3 mm in

thickness. These specimens were gold-coated for

1 min using a magnetron sputter coater from Emitech

Inc. and placed inside a Jeol SEM, Model 6400F

(Tokyo, Japan) for observation.

Mechanical characterization

Mechanical properties of sintered ceramic structures

containing various sintering additives were evaluated

in terms of their hardness and compression strength.

Sintered ceramics of all composition types (TCP,

A1.0, B1.0, C1.0, D 1.0, A2.5, B2.5, C2.5, and D2.5)

were indented with a Vickers diamond indenter

and the indentation size was measured automatically

to find their hardness in a Vickers hardness tester

(LECO 700). Specimens used for hardness testing had

an average dimension of 8 mm in diameter and 2.3 mm

in thickness. The test was carried out with a major load

of 1 kg for 5 s loading. Two samples of each of the

composition type were tested for their hardness at

three different locations. The average of these readings

were calculated and compared for analysis.

To determine mechanical strength under uniaxial

compressive loading, the sintered ceramic specimens of

selected compositions (TCP, A1.0, B1.0, C1.0, and

D1.0) were tested in a fully automated tensile tester

from Instron (Model 3369) with a constant crosshead

speed of 1 mm/min. Six cylindrical samples of each of

these compositions with diameter to height ratio of

1:1.5 (approx.) were prepared and then sintered at

1,250�C for 6 h. The compression samples had an

average diameter of 7.5 mm with an average height of

11.5 mm. Only samples containing 1.0 wt.% of addi-

tives were subjected to compression testing.

Biodegradation study

The rate of degradation of sintered ceramic structures

of different compositions was determined in terms of

their weight-loss in a protein free dynamic simulated

body fluid (SBF). SBF has been widely used by

researchers to test bioactivity of materials by examin-

ing the formation of apatite layer on the surface of

testing materials. The in vivo formation of an apatite

layer on the surface of a bone grafting material can be

reproduced in acellular SBF which is prepared to have

an ion concentration nearly equal to that of human

blood plasma [20–22] (Na+ 142.0, K+ 5.0, Ca2+ 2.5,

Mg2+ 1.5, Cl– 147.8, HCO3
– 4.2, HPO4

2– 1.0, and SO4
2–

0.5 mM, and a pH of 7.3, as shown in Table 2. In our

work, we used SBF to determine effect of selected

sintering additives on biodegradation of TCP. Samples

containing 1.0 wt.% of additives were prepared and

immersed in a dynamic SBF solution for weeks. A tank

having compartments for placing the samples sepa-

rately was selected. A set of fifteen samples of

composition types TCP, A1.0, B1.0, C1.0 and D1.0

were placed in perforated plastic containers and then

Table 2 Ionic concentration of human blood plasma and SBF

Ionic concentration (mM)

Na+ K+ Ca2+ Mg2+ Cl– HCO3
– HPO4

2– SO4
2–

Human blood plasma 142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5
SBF 142.0 5.0 1.5 2.5 148.8 4.2 1.0 0.5

SBF buffered at pH 7.3 with tris-hydroxymethylaminomethane and 1 M HCl
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these containers were placed inside the tank. The tank

was filled with freshly prepared SBF and was observed

for 5 weeks, in a state of constant flow. SBF was

replaced every week with a freshly prepared one to

maintain its ionic concentration. At the end of each

week, three samples of each of these compositions

were taken out from the tank, dried at 100�C in a

furnace and measured for their weight to calculate

weight loss as a result of time. Dried specimens were

also tested for their hardness, to understand the

effect of biodegradation on their mechanical property.

Results

Densification study

Green ceramic structures prepared via uniaxial press-

ing were measured for their bulk density and were

subjected to pressure-less sintering. Two sets of four

green specimens of all composition types (TCP, A1.0,

B1.0, C1.0, D 1.0, A2.5, B2.5, C2.5, D2.5, A4.0, B4.0,

C4.0 and D4.0) were sintered at 1,150�C and 1,250�C

separately, for 6 h to study the effect of sintering

temperature and the amount of sintering additives on

densification of TCP. Each sintered specimen was

measured for its bulk density and the average of each

of the compositions. The average sintered densities for

different compositions were plotted as a function of

percentage of sintering additives at two different

temperatures, 1,150�C and 1,250�C and are presented

in Fig. 1a and b. It is evident from Fig. 1a that sintering

at 1,150�C did not improve densification of TCP. The

highest sintered density of 2.77 g/cc was recorded for

composition type B1.0 at 1,150�C. Pure TCP showed a

maximum density of 2.50 g/cc at this temperature.

Results of sintering at 1,250�C showed that the

maximum sintered density of 3.39 g/cc could be

achieved in structures of composition A1.0 (1.0 wt.%

addition of MgO). Pure TCP, sintered at this temper-

ature, showed a density of 3.04 g/cc.

Figure 1c presents the plot of volume shrinkage as a

function of composition for specimens sintered at

1,250�C. Maximum volume shrinkage was observed

for the composition A1.0 while composition D2.5

showed the minimum value of volume shrinkage.

Composition B2.5 showed nearly the same volume

shrinkage as that of pure TCP, which was 53%.

Phase identification and microstructural analysis

Results of X-ray powder diffraction revealed that

presence of sintering additives and sintering temperature

(1,250�C) did not alter the phase purity of TCP ceramics.

Figure 2 shows X-ray diffraction patterns of sintered for

the compositions TCP, A1.0, B1.0, C1.0 and D1.0. Peaks
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Fig. 1 (a) Influence of oxide-based sintering additives on
densification of tricalcium phosphate (TCP) ceramics. Sintering
was done at 1,150�C for 6 h. (b) Influence of oxide-based
sintering additives on densification of TCP. Sintering was done at
1,250�C for 6 h. (c) Effect of additives on volume shrinkage of
TCP ceramics sintered at 1,250�C
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in each X-ray diffraction pattern were recorded and

verified using standard JCPDS file, no. 9–169. Compared

to XRD pattern of pure TCP, the crystallinity of TCP

increased on addition of some of the sintering additives

but no obvious phase change was noticed from these

XRD patterns. Almost identical patterns were recorded

for all these compositions, which suggest that the

presence of 1.0 wt.% of sintering aids did not alter

phase-purity of TCP. Compositions with higher percent-

age of sintering additives were not analyzed for their

phases.

Sintered ceramic structures were observed under

an SEM to understand, compare and analyze the

effects of sintering additives on microstructure and

correlate them with physical and mechanical prop-

erties. Results of SEM are shown in Fig. 3a–d, and e

for structures sintered at 1,250�C of composition

type TCP, A1.0, B1.0, C1.0 and D1.0, respectively.

Micrographs of all of these compositions showed

clear demarcation in the grain boundaries and

therefore, their grain diameter could be easily

calculated. Linear intercept method was employed

to calculate average grain diameter of the sintered

structures. The average grain sizes were calculated to

be 3.14 lm, 4.19 lm, 3.19 lm, 7.23 lm and 6.81 lm,

respectively, for composition types TCP, A1.0, B1.0,

C1.0 and D1.0.

Mechanical property evaluation

Vickers hardness testing

Results of Vickers hardness testing revealed that the

presence of some of these sintering additives could

significantly enhance the hardness of TCP ceramics.

Hardness testing was performed on specimens of pure

TCP and TCP containing 1.0 wt.% and 2.5 wt.% of

additives (TCP, A1.0, B1.0, C1.0, D 1.0, A2.5, B2.5,

C2.5, and D2.5), sintered at 1,150�C and 1,250�C,

separately. The average hardness of each of these

composition types was calculated and plotted as a bar

chart as shown in Fig. 4 as a function of composition. It

can be observed from Fig. 4, presence of sintering

additives influenced hardness of TCP both positively

and negatively. With respect to sintered structure of

pure TCP, some composition types showed higher

hardness while some other compositions showed rel-

atively lower hardness. In accordance with our densi-

fication studies, specimens sintered at 1,150�C showed

significantly lower hardness in comparison to the

specimens sintered at 1,250�C. The highest hardness

value of 302 HV was achieved for the composition

type A1.0 sintered at 1,250�C, which had also shown

the highest sintered density. At 1,250�C, composition

types A1.0, A2.5, B1.0, B2.5, and D1.0 showed

enhanced hardness compared to pure TCP although

some of these compositions showed nearly equal or

lower sintered density than pure TCP. We believe that

the presence of additives improved grain boundary

properties of TCP thereby improving its mechanical

property. Composition type C1.0 showed a hardness

value very close to that of pure TCP in spite of its low

sintered density (Fig. 1b) and higher grain size

(Fig. 2d). To bring out the relationship between

sintered density and hardness, separate graphs showing

variation of hardness as a function of sintered density

for structures sintered at 1,150�C and 1,250�C. These

graphs are shown in Fig. 5a and b.

Compression testing

TCP ceramics integrated with 1.0 wt.% of different

sintering additives were subjected to mechanical test-

ing to determine their failure strength under uniaxial

compressive loading. Sintered ceramic structures with

average dimensions of 7.5 mm in diameter and

11.5 mm in height of composition types TCP, A1.0,

B1.0, C1.0, and D1.0 were evaluated for their com-

pression strength in a fully automatic screw driven

tensile tester from Instron. These tests were carried

15 20 25 30 35 40 45 50 55 60 65

2 Theta (Degree)

Pure TCP

A1.0%

B1.0%

C1.0%

D1.0

β 

 - TCP α 

 - TCP 

Fig. 2 XRD patterns of sintered TCP ceramics doped with
1.0 wt.% of various oxide-based sintering additives. Sintering
was done at 1,250�C
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out with a constant crosshead speed of 1.0 mm/min.

Average compression strengths of different composi-

tions were evaluated and were compared with that of

pure TCP structures processed under the same condi-

tions. Results of compression testing are shown in

Table 3. The maximum compression strength of

91 MPa was achieved for composition A1.0. Pure

Fig. 3 SEM micrographs of
sintered TCP containing
various additives

25
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325

TCP A1.0 A2.5 B1.0 B2.5 C1.0 C2.5 D1.0 D2.5

Composition

)
V

H( sse
n

dra
H srekci

V

Sintered at 1150 deg. celsius

Sintered at 1250 deg. celsius

Fig. 4 Effect of additives on hardness of TCP ceramics sintered
at different temperatures

Table 3 Compressive strengths of pure TCP and TCP reinforced
with 1.0 wt.% of additives

Type Compression strength (MPa)

TCP 29.7 (±4.2)
A1.0 90.9 (±5.1)
B1.0 71.3 (±3.1)
C1.0 41.5 (±4.2)
D1.0 29.9 (±2.2)
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TCP, processed under the same conditions, showed an

average compressive strength of 30 MPa. Although

structures of composition type C1.0 and D1.0 showed

poor densification and relatively lower hardness, their

compressive strengths (42 MPa and 30 MPa) were

close to or slightly higher than that of pure TCP.

Biodegradation study

Biodegradation study conducted in SBF, maintained in

a dynamic state, showed that these sintering additives

could tailor the rate of resorption of TCP ceramics.

Figure 6 shows the rate of resorption of sintered

ceramics structures of different composition measured

in terms of their weight loss at different time points.

It is clear from Fig. 6 that composition type A1.0

showed no obvious weight loss during the five week

degradation study where as for all other compositions

(TCP, B1.0, C1.0 and D1.0), there was an increase in

weight loss with time.

Influence of sintering additives on the degradation of

mechanical behavior of TCP ceramics was studied by

evaluating the hardness of sintered specimens of differ-

ent compositions, as they dissolved in SBF, with time. A

set of two specimens of each composition type was

removed from the SBF solution at set time points (day 7,

14, 21, 28 and 35) and tested in a Vickers hardness tester

in three different locations. The average hardness was

calculated for each composition at separate time points.

The results were plotted as a function of time, as shown

in Fig. 7; where hardness is expressed in percentage with

respect to the hardness of pure TCP structure prior to

immersion in SBF. It is apparent from Fig. 7 that for

composition type A1.0, no decrease in hardness was

observed for the five-week dissolution study. However,

for all other composition types (TCP, B1.0, C1.0 and

D1.0), hardness decreased with time, in different rates.

Composition types C1.0 and D1.0 showed a continuous

decline in hardness, whereas; for B1.0 the rate of

decrease in hardness was marginal. Structures of A1.0

and B1.0 maintained much higher hardness compared to

pure TCP structure, throughout the experiment.

Discussion

Use of sintering additive is a well-documented

approach to improve mechanical performance of

ceramic materials. This established method has also

150

175

200

225

250

275

300

325

2.4 2.6 2.8 3.0 3.2 3.4 3.6

Density (g/cc)

)
V

H( sse
n

dra
H srekci

V

TCP A1.0

B1.0 C1.0

D1.0

100

150

200

250

300

2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3

Density (g/cc)

)
V

H( sse
n

dra
H srekci

V

TCP A1.0

B1.0 C1.0

D1.0

Fig. 5 (a) Density versus hardness plots for dense TCP struc-
tures containing 1.0 wt.% of additives sintered at 1250�C.
(b) Density versus hardness plots for dense TCP structures
containing 2.5 wt.% of sintering additives sintered at 1,250�C

80%

85%

90%

95%

100%

105%

0 7 14 21 28 35

Time in days 

% 
ni ss

o
L t

h
gie

W

TCP A1.0 B1.0 C1.0 D1.0

Fig. 6 Biodegradation of metal ion-doped sintered TCP in a
dynamic simulated body fluid (SBF)
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been explored to improve mechanical properties of

calcium phosphate bioceramics, viz., HAp, by improv-

ing densification during sintering [13–15, 23].

Researchers also improved the mechanical properties

of HAp through liquid-phase sintering, using glasses as

the secondary phase [16, 18, 24]. Nevertheless, whether

it is solid-state or liquid-phase sintering, a careful

selection of additives is of high importance in bioma-

terial research, to avoid potential contamination.

Contamination can be detrimental to bioceramics,

where biocompatibility is a crucial issue depending

strongly on composition. Quantity of the additives and

the development of a material-specific sintering cycle

are other key factors in achieving the desired proper-

ties. b-TCP bioceramic is known for its excellent

biocompatibility and osteoconductivity [8]. Therefore,

utmost care was taken in selecting additives for b-TCP.

MgO, ZnO, SiO2 and TiO2 were selected, based on

literature [13–18, 23] and our previous research

[15, 17]. Another criterion for this choice is the natural

presence of some of these metal ions in bone mineral.

Results of our research revealed that MgO, ZnO,

SiO2 and TiO2 could be used as additives to improve/

tailor densification, hardness, strength and biodegra-

dation characteristics of b-TCP ceramics. X-ray pow-

der diffraction analysis of the sintered TCP doped with

these additives confirmed that their presence does not

alter the phase purity of TCP. Further, sintering

temperature and time did not lead to phase transfor-

mation appreciably. JCPDS file, no 9–169 used to

identify the peaks of beta calcium orthophosphate

(b-TCP, b-Ca3(PO4)2) showed the presence of all

major peaks. XRD analysis also revealed that some

of these additives improved crystallinity of b-TCP.

Peaks of relatively higher intensity were recorded for

compositions A1.0 and B1.0 compared to pure b-phase.

Results of the sintering study show that these

additives affect the densification of b-TCP, both

positively and negatively (Fig. 1a, b). Sintering at

1,250�C significantly improved the densification of all

compositions including pure TCP, in comparison to

sintering at 1,150�C. Results of sintering at 1,250�C for

6 h showed a remarkable improvement (11.5%) in

sintered density in composition A1.0, compared to

pure TCP. Sintering at 1,250�C also improved the

sintered density in compositions B1.0 and B2.5 mar-

ginally, compared to pure TCP. It was observed that

the addition of SiO2 (C1.0, C2.5, C4.0) and TiO2 (D1.0,

D2.5, D4.0) negatively influenced the densification of

TCP (Fig. 1a, b). From these results we can conclude

that pressure-less sintering at 1,250�C is more favor-

able for better densification than 1,150�C. However, no

general relation between the amount of additive and

sintered density could be deduced from our results.

This relationship varied from one composition to

another, which is in line with works reported by other

researchers [13, 16, 24]. For compositions A, B and D,

1.0 wt.% addition showed the highest density, whereas

for composition C, 2.5 wt.% addition showed the

highest density when sintered at 1,250�C. Our results

of sintered density correlate well with the volume

shrinkage recorded on these samples (Fig. 1c). The

maximum volume shrinkage and the highest sintered

density were observed for composition A1.0. With an

increase of the additive amount (composition A) the

shrinkage reduced along with their density. For com-

position B, the maximum shrinkage was observed in

2.5 wt.% addition (B2.5); though, the highest density

was recorded in 1.0 wt.% addition (B1.0). This anom-

aly can be ignored considering the marginal difference

between sintered densities of these two compositions,

i.e., 3.06 ± 0.07 in B1.0 and 3.04 ± 0.03 g/cc in B2.5. In

compositions C and D, the volume shrinkage related

well with sintered density, i.e., higher the shrinkage the

greater is the sintered density.

Results of Vickers hardness testing proved that the

surface hardness of b-TCP could be improved/tailored

by introducing these sintering additives in small quan-

tities. As seen in Fig. 4, the only additive which showed

higher hardness compared to pure TCP was 1.0 wt.%

of MgO (Composition A1.0), when the specimens were

sintered at 1,150�C. Whereas, hardness testing on

specimens sintered at 1,250�C clearly showed an
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doped with different sintering additives at various time points
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increase in hardness compared to pure TCP (Compo-

sitions A1.0, A2.5, B1.0, B2.5 and D1.0). The maxi-

mum overall hardness of 302 ± 2.5 HV was recorded in

composition A1.0. Pure b-TCP exhibited hardness of

172.1 ± 3.1 HV, which represents 76% improvement

for composition A1.0, 53% increase for composition

A2.5, 24% increase for composition B1.0, 18%

increase for composition B2.5 and 13% increase for

composition D1.0. The results of hardness testing

conjugate well with our densification results. Figure 5a

and b bring out the relationship between sintered

density and hardness. It is evident from the figures that

hardness improved the sintered density increase. It is

worth noting that some of the additives (A2.5, B2.5 and

D1.0) improved hardness of TCP though their

presence did not improve the sintered density.

One of the possible rationales as to why these additives

improved mechanical properties has to deal with

the grain boundaries. Our hypothesis is that the

presence of additives possibly improved the grain

boundary properties of b-TCP. An in-depth under-

standing on how each additive influences TCP may

be made possible through extensive TEM investigation

of the grain boundaries; which could not be accom-

plished here.

Another major improvement was achieved in the

compression strength of TCP ceramics when doped

with 1.0 wt.% of these additives. Composition type

A1.0 showed the highest failure strength (90.9 MPa)

under compressive loading, which is a 206% improve-

ment, compared to compression strength of pure TCP

structures (29.9 MPa), processed under the same con-

ditions. Composition types B1.0 and C1.0 showed

140% and 40% increase in compression strength over

pure TCP. It is important to note that mechanical

properties of uniaxially compacted sintered structured

depend on many variables including compaction, green

density of pellets, surface finish of the mold used in

compaction, sintering time, temperature, as well as,

environment. Structures prepared via high pressure

pressing routes such as cold isostatic pressing and hot

isostatic pressing will possibly possess even higher

mechanical properties. Variations in the additives’

influence on b-TCP can be attributed to their quantity,

phase transformation of b-TCP, and possible substitu-

tion of these ions in the b-TCP lattice. Enderle et al.

studied the influence of magnesium doping on b-TCP

and found that the transformation temperature of

b-TCP to a-phase increased from 1,150�C without

Mg2+ to 1,540�C with Mg2+ substitution on Ca2+ sites

[25]. Some of the variations in physical and mechanical

properties of TCP ceramics doped with different

quantities of MgO, ZnO, SiO2 and TiO2 as additives,

as seen in this research, can be better explained using

the results from our SEM examination.

SEM results showed that the presence of sintering

additives increased the grain-size of the sintered

ceramics compared to pure TCP, processed under the

same conditions. The grain growth was significant for

composition types C1.0 and D1.0, which explains the

low sintered density compared to pure TCP. From their

micrographs, it is also visible that these structures had

surface porosity, which hindered proper densification

during sintering. Compositions TCP and B1.0, sintered

at 1,250�C, showed very little difference in both their

grain sizes and sintered densities. In contrast, compo-

sition A1.0 showed significantly improved sintered

density although its grain size (4.19 lm) was slightly

higher than that of pure TCP (3.14 lm). Our explana-

tion for this is that although there was a marginal

increase in grain size for composition A1.0, the sinter-

ing additive possibly improved the grain boundary

properties; thereby, improving its sintered density and

other mechanical properties. SEM micrograph of this

composition (Fig. 3b) shows that the sintered structure

was fully dense without any surface porosity, voids or

cracks, which improved its properties. Also from

Fig. 3d and e, it is apparent that the structure had

surface cracks and voids along the grain boundaries,

which contributed to poor densification and other

mechanical properties compared to composition A1.0

and B1.0. For composition B1.0, the mechanical prop-

erties were inferior to that of composition A1.0 in spite

of smaller grain size (3.19 lm), possibly because of its

lower sintered density and associated lower volume

shrinkage. From the SEM micrograph of composition

B1.0 (Fig. 3c), it can also be seen that though the grains

are smaller and visible, their grain boundaries are not

distinct. Possibly under the given sintering conditions,

some of these grains are on the verse of coalescence,

which has possibly led to lower mechanical properties

and poor densification than composition A1.0. Tailor-

ing of sintering variables and atmosphere might further

improve the properties of compositions B, C and D.

SEM micrographs also provide the explanation as to

why compositions A1.0, B1.0 and C1.0 showed

significantly higher compression strength compared to

pure TCP. As seen in Fig. 3a, composition A1.0 had

almost equiaxed grains with no pores, and had the

highest compression strength. Although pores were

present in both C1.0 and D1.0 (Fig. 3d, e), the pores

were larger in D1.0 compared to C1.0. This explains

why C1.0 showed higher compression strength than

D1.0.

Based on our research results, we conclude that

MgO, ZnO, SiO2 and TiO2 ceramics can be used as
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sintering additives to enhance/tailor mechanical prop-

erties of b-TCP without undergoing significant phase

changes. Our results are in line with the work of

Georgiou et al. [13], Santos et al. [24], Kalita et al.

[15], Knowles et al. [16] and Suchanek et al. [23] where

they have studied the influence of sintering additives

and glass additions on densification and mechanical

properties of HAp ceramics. Yet, to our knowledge, no

such work has been reported on TCP. Recently, some

attention has been given on b-TCP research. Reid et al.

discussed the effects of silicon substitution on phase

evolution in TCP/apatite system [26]. Ito et al. evalu-

ated the resorbability and solubility of zinc-containing

TCP and found that the solubility decreased with

increasing zinc content [27]. They also reported that

zinc has stimulatory effects on bone formation, in vitro

and in vivo [28].

In vitro studies were performed to study biodegra-

dation behavior and surface hardness deterioration of

TCP doped with various sintering additives in SBF.

Results (Fig. 6) revealed that these additives could

tailor the rate of resorption of TCP. Practically no

degradation (weight loss) was observed in composition

A1.0 even after 35 days of immersion in SBF, main-

tained in dynamic state. This composition also showed

no deterioration of surface hardness during the five-

week study (Fig 6). For pure b-TCP, an appreciable

amount of hardness degradation was observed, which

also showed significant weight loss. Relatively slow rate

of degradation was observed in composition B1.0,

which also exhibited very slow surface hardness dete-

rioration. However, for composition C1.0 and D1.0, the

decrease in hardness and weight loss were significant. It

is worth noting that though there was an appreciable

weight loss for composition B1.0, the deterioration of

hardness was negligible, which indicate that the struc-

tures were able to maintain mechanical properties even

though they were being degraded over time. Mainte-

nance of mechanical properties during the degradation

period is essential towards the development of viable

resorbable bone-grafts with controlled strength-loss.

Though our biodegradation study in SBF showed

promising results, further in vitro and in vivo

experimentation are critically essential and a must for

successful use of these bioceramics as bone-grafts. Due

to lack of facility and resources, these studies could not

be performed along with this work.

Summary and conclusions

Influence of oxide-based sintering additives on the

densification, microstructure, hardness, mechanical

strength and biodegradability of TCP ceramics was

studied. Uniaxially compacted ceramic structures were

sintered at 1,150�C and 1,250�C separately, in a muffle

furnace, and were characterized for different proper-

ties. Phase analysis using X-ray powder diffraction

technique revealed that the presence of these additives

did not alter the phase purity of TCP ceramics.

Densification results proved that sintered density of

TCP ceramics could be significantly improved by the

incorporation of these sintering additives (MgO, ZnO,

SiO2, and TiO2) in small quantities. A maximum

sintered density of 3.39 g/cc was achieved for the

composition type A having 1.0 wt.% sintering addi-

tives, sintered at 1,250�C for 6 h. Although some of the

composition types did not show improved densifica-

tion, they showed improvement in hardness, in com-

parison to TCP ceramics. A total of 13%–76% increase

in hardness was recorded for some of the compositions

when tallied to pure TCP structures processed under

similar conditions. Results of mechanical testing under

uniaxial compressive loading showed a three-fold

increase in compression strength for composition type

A1.0 compared to pure TCP. Maximum compression

strength of 90.9 (±5.1) MPa was achieved in this

composition. Biodegradation studies conducted in

dynamic SBF brought out the fact that these additives

could tailor the rate of degradation of TCP, as per

requirements. Understanding in vitro biological prop-

erties of these novel ceramics is the next challenge in

research we will undertake, which will be accomplished

as a separate project, in the future.
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