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Abstract Bioactive glass–ceramics have been developed

as successful bone graft materials. Although conventional

sintering in an electrically-heated furnace is most com-

monly used, an alternative microwave plasma batch pro-

cessing technique, known as rapid discharge sintering

(RDS), is examined to crystallise the metastable base glass

to form one or more ceramic phases. Apatite-mullite glass–

ceramics (AMGC) were examined to elucidate the effects

of RDS on the crystallization of a bioactive glass–ceramic.

By increasing the fluorine content of the glass, the fluor-

apatite (FAp) and mullite crystallization onset temperatures

can be reduced. Samples were sintered in a hydrogen and

hydrogen/nitrogen discharge at temperatures of &800 and

1000�C respectively with the higher sintering temperature

required to form mullite. Results show that the material can

be densified and crystallised using RDS in a considerably

shorter time than conventional sintering due to heating and

cooling rates of &400�C/min.

1 Introduction

Glass–ceramics are metastable glasses that, when heat-

treated, crystallise to form ceramics. Bioactive glass–

ceramics have been developed as an alternative to synthetic

hydroxyapatite (Ca10(PO4)6(OH)2, HA) for use in vivo

both in restorative dental applications and bone implanta-

tion [1]. Bioactive glasses and glass–ceramics have been

shown to be more biocompatible than metals or fine

ceramics [2]. They can be produced with little or no

porosity, have a reproducible fine-grained microstructure

and can have mechanical and bioactivity properties tailored

to specific applications [3, 4]. Such ceramics can be used as

cast dental implants or as enamelled coatings for ortho-

paedic implants [5–7].

There are several important bioactive glass–ceramic

systems and examples include apatite-wollastonite [8],

mica-based [9, 10] and apatite-mullite [11, 12]. During the

sintering of wollastonite- and mica-containing glass–

ceramics, either slow heating rates or extended hold times

at elevated temperatures are recommended in order for the

glass to become optimally crystalline [8]. Apatite–mullite

glass–ceramics (AMGC) are examined here as they can be

crystallized using a high heating rate and do not require a

hold time to crystallize [4, 13]. This makes them suitable

for use in conjunction with rapid sintering techniques such

as microwave, plasma, electrical discharge and laser sin-

tering [14]. The benefits of microwave sintering include

significantly faster heating rates over conventional methods

as well as reduced grain sizes and increased sintered-body

density at lower sintering temperatures [14, 15]. As well

as higher heating rates, microwave sintering offers

improved mechanical properties due to finer microstruc-

tures achieved at equivalent sintering temperatures to

conventional resistance heating [15, 16]. As well as for

their use with metals, non plasma microwaves have been

successfully used to sinter ceramics [17, 18]. Agrawal et al.

[17] demonstrated that microwave sintering of HA pro-

duced higher densities than conventional sintering in sig-

nificantly shorter times (10 min of microwave sintering at

1200�C compared to 120 min at 1300�C for conventional

sintering).

The use of microwave plasma sintering was first pro-

posed in 1968 by Bennett [19]. In microwave sintering
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systems, plasma or arc discharges are common occurrences

due to the use of a partial vacuum, a controlled atmosphere

(typically hydrogen, nitrogen or argon) and a high powered

electrical source [20]. These discharges are traditionally

avoided, as a non-uniform discharge may result in hot spots

on the sample edges producing inhomogeneous heating.

Bennett [19] however, demonstrated that through the for-

mation of a controlled plasma discharge, uniform sintering

could be achieved when the sintered body is placed inside

the plasma discharge.

A microwave-assisted plasma is formed when an elec-

tromagnetic field of sufficient strength excites the sur-

rounding gas enough to cause the atoms to separate into

electrons and positive ions via elastic and inelastic colli-

sions [21, 22]. This is more readily achieved under vacuum

and in the presence of specific gases. In general, smaller

atomic weight gases (e.g. hydrogen) will more readily form

a plasma due to their higher ionisation potential, while

higher atomic weight gases (e.g. nitrogen) will form hotter

plasmas as a result of resistance due to their lower ioni-

sation potential [23, 24]. In the case of rapid discharge

sintering (RDS), a plasma ball induced by microwave

energy is formed in the centre of the chamber. The heat

generated by the plasma is used to directly heat samples

placed in the discharge. Due to the localised heating effect

of the plasma the surrounding chamber remains relatively

cool, thus facilitating substrate heating and cooling rates of

up to &400�C/min [25]. This is in contrast to conventional

resistive furnace heating, which require lengthy heating/

cooling times or high energies due to the requirement to

heat and cool the chamber surrounding the samples.

To-date there has been a number of reports on the sintering

of metal powders [26, 27] using plasma microwave but

sintering of ceramic materials has been limited to alumina

[19, 28, 29]. The work presented in this paper aims to

determine the feasibility of using the RDS process for

sintering of small batches of bioactive glass–ceramics for

possible use in dental implants such as inlays.

2 Materials and methods

2.1 Glass synthesis

The particular AMGC system used has a generic composi-

tion of 1.5(5 - x)�SiO2–(5 - x)�Al2O3–1.5P2O5–(5 - x)�
CaO–xCaF2, where x can vary between 1.0 and 2.5. This

system has previously been examined with detailed thermal

and X-ray analysis and is designed to maintain an apatitic

Ca:P ratio of 1.67 [4, 13]. The fluorine acts as a network

modifier, increasing atomic mobility, and lowering the glass

transition and crystallization temperatures [30]. Using

glasses with different fluorine contents produces glasses

with a wide range of crystallization temperatures. This will

allow a glass composition to be identified that is optimised

for use with RDS.

To make the glass, the reagents were mixed for 40 min

in a ball mill without P2O5 due to the hygroscopic nature of

the latter component. The P2O5 was then added and the

mixture ball-milled for a further 15 min. The mixed pow-

der was placed into a high-density lidded mullite crucible.

Using a conventional electric furnace, the crucible and

charge were heated to the firing temperature shown in

Table 1 and held at this temperature for 2 h. The glass melt

was then poured directly into demineralised water to shock

quench it to room temperature, thereby avoiding crystalli-

zation and preserving the amorphous nature of the glass.

The resultant glass was oven dried in air for 1 day. Once

dry, it was crushed and sieved to \45 lm. To make disks

suitable for sintering, 0.25 g of \45 lm powder was

pressed, without binder, for 20 s at 40 bar in 12.8 mm

diameter die to form a disk.

2.2 Rapid discharge sintering

The RDS processing was carried out using a circumfer-

ential antenna plasma (CAP) microwave system (Fig. 1) as

described in more detail elsewhere [31]. Disc samples were

sintered either in a hydrogen or hydrogen and nitrogen

plasma at a pressure of 20 mbar. For samples processed

with hydrogen alone, the gas flow rate was maintained at

150 sccm for these samples and the final resultant treatment

temperature was approximately &800�C, as measured

using a two-colour pyrometer [32]. In order to obtain a

higher firing temperature, 30 sccm of nitrogen was added to

the hydrogen gas, while keeping the other operating con-

ditions constant. It has been reported previously that the

addition of larger atomic weight diatomic gases increases

plasma sintering temperatures [23] and under these con-

ditions, sintering temperatures of &1000�C have been

observed [32]. The green body discs were rotated in the

plasma ball (diameter approximately 5 cm) located at the

centre of the CAP chamber at a rotation speed of 1 rpm.

Input powers of up to 3 kW were supplied from a 6 kW

Table 1 Glass codes, firing and crystallization temperatures of

glasses (from DSC)

Glass code x Value Firing temperature

(�C)

Tg

(�C)

Tp1

(�C)

Tp2

(�C)

G250 2.50 1420 629 682 833

G200 2.00 1420 650 755 961

G175 1.75 1430 676 836 1032

G150 1.50 1440 696 917 1073

G100 1.00 1440 726 1036 1121
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Muegge microwave power supply operating at 2.45 GHz.

Sample temperatures were measured using a LASCON

QP003 two-colour pyrometer (Dr. Merganthaler GmBH

and Co, Ulm, Germany). The use of a two-colour pyrom-

eter is expected to eliminate the interference effect of the

plasma on the emissivity of the sample as no significant

plasma emissions are observed for hydrogen and nitrogen

at the operating wavelengths of the pyrometer (1.68 and

1.916 lm) [32]. Rapid heating and cooling rates

of [300�C/min were observed in the microwave plasma

fired samples.

2.3 Material physicochemical characterisation

Differential scanning calorimetry (DSC) was performed on

the \45 lm powder using a Rheometric Scientific STA

1500 (Surrey, UK) to determine the glass transition tem-

perature (Tg) and peak crystallization temperatures (Tp) of

the different glass compositions. A flowing dry nitrogen

atmosphere with a heating rate of 10�C/min was used with

matched platinum–rhodium crucibles. Samples were

heated between room temperature and 1200�C.

Powder XRD was used to confirm that the glass was

initially fully vitreous and then to identify phases present in

the sintered body. Analysis was carried out in a Huber 642

Guinier Diffractometer (Rimsting, Germany) with a quartz

Johansson monochromator and copper target operating in

subtractive transmission mode at 40 kV and 30 mA. X-rays

were pure monochromatic Cu Ka1 with k = 1.54056 Å. A

Fuji ImagePlate was used to collect the pattern after a

10 min exposure with 10 scan loops. Si powder (pure

element grade, 99.5% pure, Johnson Matthey Alfa Prod-

ucts, Karlsruhe, Germany) was added at 10 wt% to samples

as an internal standard to allow correction for non-linear

peak shift. JCPDS powder diffraction file card 00-015-0776

was used to identify mullite and 00-015-0876 for fluorap-

atite (FAp). Lattice parameters were calculated using the

method of Holland and Redfern [33]. The lattice parame-

ters were refined using d-spacings. The size (s) of the FAp

crystals was determined from the (211) peak, which cor-

responds to 100% peak intensity, using the Scherrer

equation [34]:

s ¼ Kk
B cosðhÞ ð1Þ

where K is the Scherrer constant, typically 0.9, k is the

wavelength of the incident X-rays, B is the full width at

half maximum of the peak in radians, and h is the Bragg

angle in radians also. To determine B and h, a Gaussian

curve was fitted to the peak using a least sum of squares

refinement. Here it is assumed that the line broadening

does not occur due to stresses within the crystals [35].

A Hitachi TM-1000 scanning electron microscope

(SEM) was used to examine the samples before and after

sintering.

3 Results and discussion

3.1 Characterisation of the glass

XRD was used to show that each of the starting powders

was a glass with no crystallinity evident (see Fig. 2). DSC

was used to determine the thermal processing characteris-

tics of the powders. Each of the glasses displayed a distinct

glass transition temperature, Tg, and two exotherms cor-

responding to crystallization of FAp (Ca10(PO4)6F2) at Tp1

and the simultaneous crystallization of mullite (Si2Al3O13)

and FAp at Tp2 [5]: these are listed in Table 1.

As the fluorine content increases, the crystallization

temperatures decrease. Varying levels of fluorine allow the

Fig. 1 Schema of the RDS

system (left) with a photograph

of the plasma inside the

chamber (right)

Fig. 2 XRD of the different glasses prior to sintering. The amor-

phous halo characteristic of the disordered structure in glass is clearly

evident
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effect of different glass crystallization temperatures sub-

jected to different RDS parameters to be investigated.

3.2 RDS of the glasses in a hydrogen plasma

Based on previous studies with the CAP system, the use of

a hydrogen atmosphere at 20 mbar pressure should yield

substrate treatment temperatures of &800�C [32]. It can be

postulated that only high fluorine glass samples will show

any change in crystallinity at this temperature. Based on

Table 1, only G175, G200, and G250 should crystallize at

or below this temperature.

Each of the glass types were sintered at seven different

power and time combinations in a hydrogen discharge and

examined using XRD. The processing conditions and

results are presented in Table 2 and graphed in Fig. 3.

After sintering, only FAp was found to have crystallised

and, as expected, this phase was only observed in the high

fluorine content samples, x [ 1.75. Indeed the small and

very broad peaks of G175 indicate that the temperature was

just sufficient to crystallise the glass and only very small

crystals of FAp were able to form. This is in good agree-

ment with the measured sample temperature 798 ± 10�C

which is just above the Tp1,onset for the glass, which was

795�C from the DSC data (Fig. 4).

If the glass had been heated by the plasma to the second

crystallization peak (Tp2,onset), which occurs at 810�C, one

would expect to find the presence of mullite. However

since there was no mullite found in G250, which has the

lowest Tp2, it can be assumed that the scatter in the tem-

perature measurement is an instrument error rather then a

difference in sample temperature.

This indicates that the effective temperature in the

hydrogen discharge was not sufficient for complete crys-

tallization. The results show an interesting insight into the

operation of RDS with glass samples: higher input powers

and longer treatment times do not appear to increase the

temperature of the samples, with the maximum operating

temperature of &800�C remaining consistent for each of

the processing conditions used. Upon inspection of the

XRD data for G175, it is seen that despite increasing the

power inputted to the RDS chamber by 1.8 kW, little

increase in the crystallinity of the sample was observed.

This demonstrates that changing the power does not sig-

nificantly increase the final discharge temperature,

Fig. 3 XRD of a G250, b G200, c G175 showing the presence of

apatite but not mullite. The sample codes are explained in Table 2.

Silicon was used as an internal standard

Table 2 Phases crystallised after sintering, FAp and glass (G) in a hydrogen discharge

Sample number Power (kW) Hold time (min) Phases present (XRD)

G250 G200 G175 G150 G100

1 1.8 3 FAp ? G FAp ? G FAp ? G G G

2 10 FAp ? G FAp ? G FAp ? G G G

3 2.4 3 FAp ? G FAp ? G FAp ? G G G

4 10 FAp ? G FAp ? G FAp ? G G G

5 3 3 FAp ? G FAp ? G FAp ? G G G

6 10 FAp ? G FAp ? G FAp ? G G G

7 2.4 30 FAp ? G FAp ? G FAp ? G G G
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although the plasma ball increases from 5 to 10 cm in

diameter and higher heating rates are observed using

higher powers [25]. Longer soaks allow the crystallization

more time to proceed, which has a greater effect on the

crystallinity.

Little or no difference was observed between the sample

temperatures of the glass–ceramics and, for example,

nickel–diamond metal–matrix composites [32] under

equivalent operating conditions. However, although

increasing the plasma power increases the discharge size and

heating rates, the maximum discharge temperature appears

to be strongly dependant on the gas mixture. Once a uniform

discharge is formed, samples placed in the discharge are

heated directly by the plasma. This eliminates the necessity

to use microwave transparent holders and susceptor heating

typically used in non-plasma microwave sintering [15].

One concern was that RDS treatment could cause fluo-

rine loss as silicon tetrafluoride (SiF4) from the ceramic’s

surface due to the extremely high heating rates. This may

result in a fluorine-deficient phase called anorthite

[CaAl2Si2O8] to form [11]. Upon inspection of the XRD

results, no evidence of the unwanted formation of anorthite

was found.

3.3 RDS of the glass in a hydrogen/nitrogen discharge

G250 was chosen for further testing as it had the lowest

processing temperatures and exhibited the highest degree

of FAp crystallization. Samples were prepared as before

and during RDS nitrogen was added to the hydrogen dis-

charge gas to increase the discharge temperature [25].

Samples were sintered at a maximum power of 2.4 kW

with a 10 min dwell time. Using pryometry, the sample

temperature was measured as 1,004 ± 11�C. Since this

temperature is above Tp2 for G250, mullite would be

expected to form. As illustrated in Fig. 5, mullite is evident

for samples sintered in the hotter hydrogen/nitrogen dis-

charge and apatite and mullite can be formed at heating

rates of &400�C/min. Compared to the times required to

form FAp in other glass systems, this represents a signifi-

cant process improvement.

The crystal sizes as determined by the Scherrer equation

for the (211) plane of G250 are shown in Fig. 6. The

crystal sizes show that the average crystal size increases

with time. This indicates that the crystals are coarsening at

longer times. When the hydrogen and nitrogen atmosphere

is used, the apatite crystals become significantly larger, as

expected. This results from apatite crystal growth and

further crystallization during the second crystallization

peak, as reported by Stanton et al. [36].

After sintering, the samples were broken in half and the

fracture surfaces examined using SEM, see Fig. 7. The

onset of particle necking was observed only in samples

with x values C1.75, see Fig. 7b. This result was surprising

as if one assumes, as is proposed here, that the processing

temperature was &800�C then each of the G was above

their respective Tg and would have been expected to

undergo some level of viscous flow. Inspecting (Fig. 7a) it

is clear that the particles retained their angular nature.

Fig. 4 DSC graph of G175 heated at 10�C/min. The two peaks

correspond to the formation of apatite (Tp1) and apatite and mullite

(Tp2). The onset of Tp1 occurs at 795�C

Fig. 5 XRD patterns of (a) G250 glass, (b) H2 plasma sintered,

(c) N2/H2 plasma sintered and (d) furnace sintered fully crystalline

G250

Fig. 6 Results of the Scherrer equation applied to the (211)

diffraction plane for G250 sintered: (samples 1–7) in a hydrogen

only discharge and (sample 8) in a hydrogen/nitrogen discharge.

Error bars indicate 95% confidence
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Inspecting Fig. 7b and c, obtained for G treated in a

hydrogen atmosphere and a hydrogen/nitrogen atmosphere

respectively, it can be seen that some densification has

occurred compared with the uncrystallized glass (Fig. 7a).

One possible reason for it not happening has previously

been suggested by O’Flynn and Stanton [37]: particle

bonding initially occurs at lower temperatures in high

fluorine content glass because of a lower network con-

nectivity. This lowers the viscosity of the glass and aids

particle bonding. However, as crystallization of FAp pro-

ceeds, it depletes the fluorine in the local surrounding

region of glass producing an accompanying increase in the

network connectivity and this inhibits further particle

bonding. It is only when the mullite begins to crystallise

that the local residual glass network connectivity is low-

ered sufficient for bonding to continue. This could explain

the lack of full densification of the FAp sample shown in

Fig. 7b, despite the long dwell time.

4 Conclusions

Microwave-assisted RDS was successfully used to crys-

tallise a bioactive glass–ceramic to form apatite and

mullite. The required processing conditions were also

identified. The high heating and cooling rates (&400�C/

min) of RDS did not cause higher levels of fluorine-con-

taining volatile evolution or the production of anorthite.

XRD results suggest that the maximum temperature

reached by the samples in a hydrogen discharge was just

above Tp1 onset for G175 which is 790�C and below the

mullite crystallization onset temperature for G250 at 815�C

but it was shown to produce apatite in glasses with

xF C 1.75. This in good agreement with the pyrometer

measured sample temperature of 798 ± 10�C. Although

these temperatures do not permit the crystallization of

mullite, a hydrogen-only discharge is still useful if selec-

tive sintering of only the FAp phase is desired in con-

junction with densification of powder samples. Particle

necking and sintering was shown to occur in high fluorine

glasses indicating that viscous flow did occur. Using a

hydrogen/nitrogen atmosphere, the sample temperature

increased to 1,004 ± 11�C, which was sufficient to form

both apatite and mullite with little residual glass. Increas-

ing the sintering time and plasma power resulted in an

increase in the average crystal size of the FAp phase

but this is thought to be due to longer soak times. At

higher sintering temperatures with the hydrogen/nitrogen

Fig. 7 SEM micrographs of a uncrystallized, b FAp crystallized and

c FAp and mullite crystallized AMGC. a Shows sample 1 of G100, no

bonding appears to have occurred; b shows the fracture surface of

sample 6 of G175, particle necking was observed under these

conditions. c Shows the fracture surface of G250 after sintering in a

hydrogen/nitrogen plasma, densification has occurred
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atmosphere, a more significant increase in crystal size was

observed due to further apatite crystallization and recrys-

tallization. Samples treated in the hydrogen/nitrogen

atmosphere were shown to obtain a greater density com-

pared to hydrogen alone. The results indicate that RDS is a

suitable method for the rapid production of devitrified

AMGC.
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