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bstract

he effect of nitrogen and fluorine substitution on the crystallisation of a new generation of oxyfluoronitride glasses in the Ca–Si–Al–O–N–F system
as been studied. Glasses were nucleated for 5 h at the nucleation temperature of Tg + 50 ◦C and crystallised for 10 h at the maximum crystallisation
emperature (900–1050 ◦C depending on the glass composition) determined from differential thermal analysis. For the oxide glass, crystallisation
esults in formation of wollastonite (CaSiO3), gehlenite (Ca2Al2SiO7) and anorthite (CaAl2Si2O8) along with a small amount of residual glass.
or crystallisation of oxyfluoride glasses (0 equiv.% N), when fluorine content increases, cuspidine (Ca4Si2O7F2) is the major crystalline phase at

he expense of gehlenite while in oxyfluoronitride glasses containing 20 equiv.% N, gehlenite is always the dominant crystalline phase at different
uorine contents. At constant fluorine content (5 equiv.%), an increase in nitrogen content favours the formation of gehlenite rather than anorthite
r wollastonite suggesting that this phase may be able to accommodate N into its crystal structure. While a small amount of nitrogen substitution

or oxygen can be assumed in the gehlenite structure, the residual glass in the glass-ceramic is expected to be very N-rich. In terms of properties,
ardness is shown to be more sensitive to changes in microstructure, phase morphology and crystal size compared with elastic modulus which is
elated to the amounts of constituent phases present.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Oxynitride glasses are silicates and alumino-silicates in
hich nitrogen atoms substitute for oxygen in the glass net-
ork and their glass formation, properties and crystallisation
ave been the subject of extensive research over many years.1–12

itrogen incorporation enhances glass formation and results in
ncreases in properties such as elastic moduli, microhardness,
lass transition and softening temperatures, viscosity, glass den-
ity and fractional compactness because of extra cross linkages
n the glass network.

Fluorine as a non-bridging anion in calcium alumino-silicate
lasses13 acts as a powerful network disrupter which substi-

utes for bridging oxygen ions and thus reduces glass transition
emperature and viscosity. When fluorine is introduced into
a–Si–Al–O–N glasses, it extends the glass forming region

∗ Corresponding author. Tel.: +353 61 202640; fax: +353 61 202967.
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n the Ca–Si–Al–O–N–F system14 and considerable reductions
n liquidus temperatures are observed (up to ∼800 ◦C at more
a-rich compositions). Fluorine also facilitates the solution of
igher amounts of nitrogen (up to 40 equiv.% N) into glasses
ompared with the Ca–Si–Al–O–N system.15 Fluorine has the
ffect of lowering glass transition temperature and melting tem-
eratures of these glasses but has no effect on the elastic modulus
r microhardness.15

As with other silicate glasses, oxynitride glasses may be
eat treated at the appropriate temperatures to crystallise as
lass–ceramics and many studies of crystallisation of these
ypes of glasses have been reported16–25, particularly in the
–Si–Al–O–N system. In general, nitrogen increases the stabil-

ty of oxynitride glasses. The conventional process to produce
glass-ceramic involves two steps: a lower temperature heat

reatment of glasses, generally just above the glass transition

emperature, to induce nucleation followed by heating to a
econd higher temperature, the so-called crystallisation tempera-
ure, to allow growth of the pre-formed nuclei.24 The crystalline
hases formed depend on both the composition of the parent

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.026
mailto:stuart.hampshire@ul.ie
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.026
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Table 1
Thermal properties of Ca–Si–Al–O–N–F glasses as a function of fluorine or nitrogen contents.

Ca (equiv.%) Si (equiv.%) Al (equiv.%) O (equiv.%) N (equiv.%) F (equiv.%) TgDTA (◦C) Tc1 (◦C) Tc2 (◦C) Tc3 (◦C) Tm (◦C)

100 0 0 810 1090 – – 1269
99 0 1 773 1020 – – 1235
97 0 3 736 1013 – – 1192
95 0 5 698 907 – – 1173
80 20 0 848 1043 – – 1261
79 20 1 829 996 – – 1212

28 57 15 77 20 3 781 922 1027 – 1175
75 20 5 756 925 999 1050 1173
95 0 5 698 907 – – 1173
90 5 5 707 1014 – – 1177
85 10 5 713 897 1034 – 1171
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lass and the heat-treatment process but in many cases, oxide
hases form first leaving the residual glass more N-rich.

Fluorine addition to alumino-silicate glasses26 tends to
ause phase separation and aids bulk crystallisation by low-
ring viscosity and results in glass–ceramics with controlled
icrostructures and related beneficial mechanical properties.
he current study was undertaken to investigate the effects of
oth nitrogen and fluorine on crystallisation of calcium alumino-
ilicate glasses and to compare some properties of the resulting
lass–ceramics.

. Experimental procedure

Compositions for oxynitride glasses are usually expressed in
quivalent percent (equiv.%).1,2 A base calcium alumino-silicate
lass was prepared with a cation composition (in equiv.%) of
8Ca:57Si:15Al and 100 equiv.% oxygen. A range of glasses
as prepared in which this cation composition was maintained

onstant while anion compositions were varied as shown in
able 1. In two series of glasses with, respectively, 0 and
0 equiv.% N, 0, 1, 3 and 5 equiv.% F was substituted for oxygen
n order to evaluate the effects of fluorine on crystallisation of
xide and oxynitride glasses. In a further series of glasses with
constant fluorine substitution of 5 equiv.% for oxygen, 0, 5,

0, 15 and 20 equiv.% N were substituted for oxygen in order to
valuate the effects of nitrogen on crystallisation of oxide and
xyfluoride glasses.

Glasses were prepared by mixing SiO2 (99.9% purity, Quartz,
luka Chemika, Buchs, Switzerland), Al2O3 (99.995% purity,
KP53, Sumitomo Chemical, Tokyo, Japan) and CaO (99.9%
urity, Fisher Scientific, Dublin, Ireland) powders with addi-
ionally silicon nitride (99.9% purity, SNE-10, UBE, Tokyo,
apan) and/or CaF2 (99.9% purity, Aldrich Chemicals, Dublin,
reland) as appropriate, in isopropanol in a ball mill with alu-
ina milling media for 5 h. The alcohol was then evaporated

n a rotary evaporation unit for a further 1 h. The mixed pow-

ers were then isostatically pressed into pellets under a pressure
f 150 MPa and subsequently melted in a boron nitride lined
raphite crucible at 1650 ◦C under flowing nitrogen for 1 h in
sealed vertical alumina tube furnace (lanthanum chromite

g
(
a

734 883 1041 – 1174
756 925 999 1050 1173

eating elements). The crucible was then removed quickly from
he furnace and the melt poured into a pre-heated graphite mould
∼900 ◦C). The glass was then annealed for 1 h in a muffle
urnace at the glass transition temperature, which had been pre-
iously determined on a smaller test glass batch of the same
omposition, and then furnace cooled slowly to ambient temper-
ture. In the case of glasses not containing nitrogen, melting was
arried out at 1400 ◦C in a carbolite BLF 1800 furnace under air
or 1 h. The same casting and annealing conditions were used
s for the glasses containing nitrogen. Glasses were cut into
pecimens with dimensions 15 mm × 10 mm × 3 mm for heat
reatment.

In order to determine glass transition temperature (Tg), crys-
allisation temperature (Tc) and melting point (Tm), differential
hermal analysis (DTA) was carried out on dry glass powders
f particle size in the range 45–106 �m heated at 10 ◦C/min
o 1350 ◦C under flowing nitrogen in a Stanton-Redcroft STA
640 instrument (Polymer Labs, Rheometric Scientific, Epsom,
K) using Al2O3 as a reference material. The onset point of an

ndothermic drift on the DTA curve corresponding to the begin-
ing of the glass transition range is reported as Tg while the peak
f the exotherm is taken as Tc. The final endotherm corresponds
o Tm. Errors in measurement are ±2 ◦C.

Glasses were heat treated in a Lenton horizontal furnace
nder flowing nitrogen with a heating rate of 20 ◦C/min to the
ucleation temperature of Tg + 50 ◦C, with a hold for 5 h fol-
owed by heating at 10 ◦C/min to the crystallisation temperature
c with a hold for 10 h followed by removal from the furnace.
he crystallised glass–ceramics were cleaned in distilled water
nd dried in an oven at 100 ◦C for subsequent analysis. X-ray
iffraction (XRD) analysis was carried out on crushed pow-
er samples (<45 �m) mixed with KCl as an internal standard
sing a Philips X’pert MPD PRO X-ray diffractometer (PAN-
lytical, Almelo, The Netherlands) with Cu-K�1 X-radiation,
0 kV and 35 mA, in the range 2θ = 10–70◦. To identify the
rystalline phases, XRD patterns were analysed by X’pert High
core software using ICDD database.

To determine the effect of nitrogen on the lattice parameters of
ehlenite (Ca2Al2SiO7), two compositions were prepared using

1) SiO2, Al2O3, CaO and (2) SiO2, Al2O3, CaO with Si3N4
nd fired at 1600 ◦C for 1 h as follows:



pean Ceramic Society 32 (2012) 849–857 851

(

(

X
d
p
m

c
i
s
8
t
(
o

m
t
d
Y

E

M
m
T
t
g
i

3

w
t
T
5
C
O
g

o
g
(
S
T
o
t
t
p

F
g

o
i
i
0
t
F
f
p
s
d

c
i
fl

i
glass–ceramics produced were analysed by XRD and SEM.
Figs. 1–3 and Table 2 present the changes in phase assem-
blages and proportions of crystalline phases in oxyfluoride
A.R. Hanifi et al. / Journal of the Euro

1) “pure” gehlenite of composition 28.57Ca:28.57Si:42.86Al:
100O (in equiv.%) fired under air;

2) “N-gehlenite” with the same cation composi-
tion and substitution of 20 equiv.% N for oxygen
(28.57Ca:28.57Si:42.86Al:80O:20N equiv.%) fired under
0.1 MPa nitrogen.

Samples were cooled at 1 ◦C/min to room temperature.
RD analysis was carried out on crushed powder samples as
escribed. The corrected d-spacings of the (0 0 2) and (3 1 0)
eaks of tetragonal gehlenite were taken into account to deter-
ine “c” and “a” parameters, respectively.
Scanning Electron Microscopy (SEM) was carried out on

ut samples of glass–ceramics mounted in epoxy resin and pol-
shed to 1 �m with diamond slurries. The mirror surfaces of
pecimens were sputtered with a gold coating and a JEOL JSM-
40 scanning electron microscope was employed for observing
he crystal morphology and Energy Dispersive X-ray analysis
EDX) was used to obtain chemical analysis of particular crystals
r regions.

The elastic moduli of glasses and glass–ceramics were
easured using specimens of 15 mm × 10 mm × 3 mm. Longi-

udinal, vl, and transverse, vt, ultrasonic wave velocities were
etermined by means of 10 MHz piezoelectric transducers. The
oung’s modulus (E) was calculated using Eq. (1).

= ρ ·
{

3v2
l − 4v2

t

(vl/vt)2 − 1

}
(1)

icrohardness tests were carried out using a LECO (M400 G1)
icrohardness tester with a 136◦ diamond pyramid indenter.
he load used was 300 g and it was applied for 10 s indentation

o glass surfaces polished to a 1 �m diamond finish. The results
iven represent the mean of microhardness obtained from 20
ndentations.

. Results

Weight change measurements carried out show that there
as less than 1% weight loss following glass melting indicating

hat N losses as SiO/N2 or F losses as SiF4 were insignificant.
his was confirmed for glasses containing 20 equiv.% N and
equiv.% F by careful energy dispersive X-ray analysis using
aMoO4, SiO2, Al2O3, BN and SmF3 to generate Ca, Si, Al,
, N and F standards under the same analysis conditions as the
lasses.

The glass transition, crystallisation and melting temperatures
f the glasses studied are presented in Table 1. The base oxide
lass melts at 1269 ◦C (Tm), has a glass transition temperature
Tg) of 810 ◦C and a crystallisation temperature (Tc) of 1090 ◦C.
ubstitution of 1 equiv.% F results in significant decreases of
m by 34 ◦C, Tg by 37 ◦C and Tc by 70 ◦C. Further reductions

ccur as 3 and 5 equiv.% F are substituted with Tm decreasing
o 1192 ◦C and 1173 ◦C and Tc to 1013 ◦C and 907 ◦C, respec-
ively. The change in Tg from 1 to 5 equiv.% F is linear at −19 ◦C
er equiv.% F.

F
C

ig. 1. Effect of fluorine content on crystallisation products of Ca–Si–Al–O–F
lasses (0 equiv.% N).

With addition of 20 equiv.% N to the oxide and oxyflu-
ride glasses, melting temperatures reduce slightly while Tg
ncreases by 38 ◦C with 0 equiv.% F and by 45–58 ◦C when F
s present. Crystallisation temperatures also decrease with N for
–3 equiv.% F by 24–47 ◦C and at this level of fluorine, two crys-
allisation peaks are observed at 922 and 1027 ◦C. At 5 equiv.%
, the initial Tc is at a slightly higher temperature (927 ◦C) than
or the oxyfluoride glass without N but two more crystallisation
eaks are observed at 999 and 1050 ◦C which means that inclu-
ion of both N and F leads to crystallisation of three phases in
istinct steps.

It should be noted that all the glasses at different nitrogen
ontents have similar melting points to the oxyfluoride glasses,
ndicating that in the presence of the powerful network disrupter,
uorine, nitrogen has virtually no effect on melting temperature.

Following heat treatment of the glasses under flow-
ng nitrogen at Tg + 50 ◦C for 5 h and at Tc for 10 h, the
ig. 2. Effect of fluorine content on crystallisation products of
a–Si–Al–O–N–F glasses containing 20 equiv.% N.
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Table 2
Crystalline products from oxyfluoride and oxyfluoronitride glasses as a function of fluorine or nitrogen contents (PW, pseudo-wollastonite; W, wollastonite; G,
gehlenite; A, anorthite; P, cuspidine; Q, quartz; F, calcium fluoride).

Ca (equiv.%) Si (equiv.%) Al (equiv.%) O (equiv.%) N (equiv.%) F (equiv.%) Phase 1 (equiv.%) Phase 2 (equiv.%) Phase 3 (equiv.%)

100 0 0 PW (50%) G (37%) A (13%)
99 0 1 W (45%) G (31%) A (24%)
97 0 3 W (43%) P (26%) A (31%)
95 0 5 W (13%) P (59%) A (28%)
80 20 0 G (97%) Q (3%) –
79 20 1 G (98%) Q (2%) –

28 57 15 77 20 3 G (84%) P (16%) –
75 20 5 G (78%) P (9%) F (13%)
95 0 5 W (13%) P (59%) A (28%)
90 5 5 W (13%) P (51%) A (36%)
85 10 5 W (8%) P (58%) A (34%)
80 15 5 G (60%) P (30%) A (10%)

5 G (78%) P (9%) F (13%)

J 41-1486; W, PDF 84-0654; P, PDF 11-0075; Q, PDF 83-2469; F, PDF 87-0971.
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Fig. 4. XRD patterns of the crystallised oxide (28Ca:57Si:15Al:100O equiv.%),
oxyfluoride (28Ca:57Si:15Al:95O:5F equiv.%), oxynitride (28Ca:57Si:15Al:
75 20

CPDS of the crystalline phases; PW, PDF 74-0874; G, PDF 79-1725; A, PDF

lass–ceramics as a function of fluorine content (Fig. 1) and
xyfluoronitride glass–ceramics as a function of fluorine
ontent (Fig. 2) and nitrogen content (Fig. 3). It should be
mphasised that some residual glass is also present in different
roportions depending on the composition. XRD patterns
f the crystallised oxide (28Ca:57Si:15Al:100O equiv.%),
xyfluoride (28Ca:57Si:15Al:95O:5F equiv.%), oxynitride
28Ca:57Si:15Al:80O:20N equiv.%) and oxyfluoronitride
28Ca:57Si:15Al:75O:20N:5F equiv.%) glass–ceramics are
ompared together in Fig. 4. It is noted that the parent glasses
tudied are well crystallised and some similar phases present in
hem.

The base oxide glass crystallised to form 50% pseudo-
ollastonite (CaSiO3), the synthetic high temperature form,
7% gehlenite (Ca2Al2SiO7) and 13% anorthite (CaAl2Si2O8)
long with a small amount of residual glass. The microstructure
f the glass-ceramic formed from the oxide glass is shown in

ig. 5(a). Flower shaped crystals of pseudo-wollastonite can be
een as the major crystalline phase. Addition of 1 equiv.% fluo-
ine results in similar crystalline phases obtained compared with

ig. 3. Effect of nitrogen content on crystallisation products of
a–Si–Al–O–N–F glasses containing 5 equiv.% F.

80O:20N equiv.%) and oxyfluoronitride (28Ca:57Si:15Al:75O:20N:
5
G
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F equiv.%) glass–ceramics (PW, pseudo-wollastonite; W, wollastonite;
, gehlenite; A, anorthite; P, cuspidine, Q; quartz; F, calcium fluoride).

he oxide glass but a network of wollastonite crystals is formed
ather than pseudo-wollastonite and the amount is reduced as is
lso the amount of gehlenite while anorthite increases and these
wo phases appear among the wollastonite as shown in Fig. 5(b).
luorine remains in the residual glassy phase of this glass-
eramic. Increasing the fluorine content further to 3 equiv.%
eads to the appearance of cuspidine (Ca4Si2O7F2), which are
he very light grey crystals shown in the micrograph in Fig. 5(c).
ehlenite has disappeared, while the amount of wollastonite

light grey crystals) decreases slightly and anorthite (dark grey
rystals) reaches its maximum (∼30%). The black matrix is the
esidual glassy phase which does not tend to crystallise further.
he size of the crystals is very large, of the order of 100 �m or
reater. Disappearance of gehlenite provides the required con-
entrations of Ca and Si for precipitation of the cuspidine phase.

t 5 equiv.% fluorine, there is sufficient F present to allow the
lass to crystallise more readily to cuspidine, the major phase
hown as very light grey dendritic crystals in Fig. 5(d). This
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ig. 5. Back scattered SEM micrographs of oxyfluoride glass–ceramic
8Ca:57Si:15Al:97O:3F equiv.% and (d) 28Ca:57Si:15Al:95O:5F equiv.% (PW

educes the amounts of Ca and Si available to form wollastonite,
n particular, and so its content decreases considerably. Wollas-
onite and anorthite crystals have grown in the intervening spaces
etween the cuspidine dendrites.

The phase assemblages for the oxyfluoronitride glasses con-
aining 20 equiv.% N as a function of F content (see Table 2)
re quite different when compared with the oxyfluoride glasses,
s gehlenite is the dominant phase at all fluorine contents.
ig. 6 shows the microstructures of these oxyfluoronitride
lass–ceramics. The microstructure of the oxynitride glass of
omposition (in equiv.%) 28Ca:57Si:15Al:80O:20N is shown
n Fig. 6(a) and crystallises to form small columnar crystals
f gehlenite with lengths of 2–3 �m and diameters of <1 �m
nd a minor amount of quartz (black regions). Addition of
equiv.% F does not change the crystallisation products but the
ehlenite crystals have grown as a result of fluorine addition
o 5–15 �m, some with a more equiaxed morphology but the
olumnar structure can still be observed as shown in Fig. 6(b).
he fluorine remains in the residual glass. At 3 equiv.% F, the
mount of gehlenite decreases slightly but it still retains its
olumnar appearance with crystals >10 �m as can be seen (grey
rystals) in Fig. 6(c). Quartz disappears to provide sufficient Ca
nd Si for crystallisation of cuspidine (very light grey crystals).
he residual glassy phase (dark grey) is more obvious and it is
table enough not to crystallise readily. Finally with the addition
f 5 equiv.% F, the amount of gehlenite reduces slightly to ∼80%

nd calcium fluoride (CaF2) appears as the secondary fluorine-
ontaining phase as well as cuspidine. As shown in Fig. 6(d), the
ehlenite crystals (grey) have grown significantly to form large

t
a
w

28Ca:57Si:15Al:100O equiv.%, (b) 28Ca:57Si:15Al:99O:1F equiv.%, (c)
do-wollastonite; W, wollastonite; G, gehlenite; A, anorthite; P, cuspidine).

rystals with sizes in the range 20–50 �m which have impinged
n their neighbouring crystals. There is a substantial amount of
esidual glass (dark grey matrix) with very light grey small cus-
idine and calcium fluoride growths entrapped. EDX analysis
onfirms the types of crystalline phases in the microstructures.

The microstructures of the oxyfluoronitride glass–ceramics
ontaining 5 equiv.% F as a function of N content are shown
n Figs. 5(d), 6 and 7(d). Without nitrogen present – Fig. 5(d),
he microstructure consists of a dendritic network of cuspidine
rystals (very light grey) with wollastonite (grey) and anorthite
dark grey) appearing as thin platelets among the dendrites. A
imilar microstructure is also evident for the glass-ceramic con-
aining 5 equiv.% N and 5 equiv.% F as shown in Fig. 7(a) with
he amount of anorthite increasing slightly at the expense of
uspidine. The addition of 10 equiv.% nitrogen does not change
ignificantly the phase assemblage or amounts of crystalline
hases formed but the morphology of the thin wollastonite
latelets and the dendritic cuspidine crystals change to form
maller more eqiaxed crystals as shown in Fig. 7(b). It is diffi-
ult to distinguish the anorthite from the wollastonite in this
icrograph. The darkest phase is the residual glass. Further

itrogen incorporation to 15 equiv.% leads to the disappearance
f wollastonite and reductions of the amounts of cuspidine and
northite, which provides sufficient Ca, Si and Al for crystalli-
ation of gehlenite as shown by the grey crystals in Fig. 7(c)
nd this is the dominant phase (60%) at high nitrogen concen-

rations. The lighter crystals are cuspidine and the darker grey
re anorthite and residual glass is evident as the black phase in
hich some of the fluorine is concentrated. At 20 equiv.% N, the
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ig. 6. Back scattered SEM micrographs of oxyfluoronitride glass–ceramics. (
8Ca:57Si:15Al:77O:20N:3F equiv.% and (d) 28Ca:57Si:15Al:75O:20N:5F eq

ehlenite content increases, the amount of cuspidine decreases
nd anorthite does not crystallise. Calcium fluoride appears as
nother fluorine-containing phase. The microstructure is shown
n Fig. 6(d).

In this study, the phases which crystallised, as the nitrogen
ontent of the glasses was varied, were all known silicates or
luminosilicates suggesting that nitrogen may have substituted
or oxygen in one or more of the crystalline phases or it may
ave remained in the residual glass. It is clear that with increasing
itrogen content in oxyfluoronitride glass–ceramics, gehlenite is
tabilised instead of anorthite and wollastonite, again suggesting
hat gehlenite may potentially accommodate nitrogen into its
rystal lattice and therefore its crystallisation would be expected
rom a high nitrogen-containing glass rather than anorthite or
ollastonite.
Table 3 shows the Young’s moduli and hardness of the

xyfluoride and oxyfluoronitride glasses and glass–ceramics as a
unction of fluorine or nitrogen contents. In the case of the oxide
lass, the Young’s modulus is 92 GPa and hardness is 6.1 GPa
nd these values remain constant as F content increases from 0
o 5 equiv.%. At fixed F content of 5 equiv.%, a gradual increase
n both Young’s modulus and hardness by ∼15–20% occurs
ith increasing N content. At a fixed N content of 20 equiv.%,

hese properties remain fairly constant with a slight decrease in
icrohardness observed as F content increases.

It is clear that the glass–ceramics all exhibit higher elastic

oduli compared with their corresponding glasses at differ-
nt fluorine or nitrogen contents. The highest value of Young’s

u
1
t
F

a:57Si:15Al:80O:20N equiv.%, (b) 28Ca:57Si:15Al:79O:20N:1F equiv.%, (c)
(G, gehlenite; P, cuspidine; F, calcium fluoride).

odulus at 134 GPa is observed for the glass-ceramic containing
0 equiv.% N and 1 equiv.% F and values of both elastic modulus
nd microhardness decrease with further increase in F content.
enerally, Young’s modulus of the glass–ceramics increases
ith N content. However, similar trends are not observed for
icrohardness and, depending on the fluorine or nitrogen con-

ents, glass–ceramics exhibit lower or higher hardness values
han their parent glasses and the hardness values do not show
ny trends as functions of F or N content. This is because
f the complex nature of the microstructures produced by
rystallisation.

. Discussion

The oxide glass composition (28Ca:57Si:15Al:
00O equiv.%) lies within the pseudowollastonite–gehlenite–
northite compatibility triangle in the CaO–Al2O3–SiO2
ernary phase diagram27 and these three phases are the ones
hat crystallise after heat treatments of this oxide glass.
seudo-wollastonite (�-CaSiO3) with a triclinic structure is

he high temperature polymorph of wollastonite (�-CaSiO3)
nd its lattice parameters are different to those of wollastonite.
he Tc for this glass was found to be 1090 ◦C which is
lose to the transformation temperature of � to �-CaSiO3

nder thermodynamic equilibrium conditions. Addition of
equiv.% fluorine decreases the Tc to 1020 ◦C which favours

he crystallisation of �-CaSiO3 instead of pseudo-wollastonite.
urther fluorine increase leads to appearance of cuspidine,
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Table 3
Elastic modulus and hardness of the Ca–Si–Al–O–N–F glasses and glass–ceramics as a function of nitrogen or fluorine contents.

Ca (equiv.%) Si (equiv.%) Al (equiv.%) O (equiv.%) N (equiv.%) F (equiv.%) Glasses Glass–ceramics

E (GPa) H (GPa) E (GPa) H (GPa)

100 0 0 92 6.1 109 5.0
99 0 1 92 6.2 100 6.3
97 0 3 92 6.1 104 6.5
95 0 5 92 6.1 104 6.7
80 20 0 107 7.5 123 6.9
79 20 1 107 7.6 134 6.5

28 57 15 77 20 3 105 7.2 127 6.1
75 20 5 107 7.2 112 5.2
95 0 5 92 6.1 104 6.7
90 5 5 93 6.4 107 6.7
85 10 5 96 6.7 115 7.1
80 15 5 99 6.9 115 6.3
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at temperatures below 1200 ◦C,7 no nitrogen containing phases
were obtained in the glass-ceramic and the nitrogen content of
the residual glass increases significantly.

Table 4
Lattice parameters of gehlenite composition and gehlenite containing 20 equiv.%
N.

Composition (equiv.%) Lattice parameters

a = b = 7.688 Å
28.57Ca:28.57Si:42.86Al:100O c = 5.066 Å

α = β = γ = 90◦
75 20

ontaining F, in place of gehlenite. Fluorine has important
ffects on crystallisation of glasses to glass–ceramics as it
ffects the crystallisation mechanism by reducing the thermal
nergy barrier for crystallisation and also affects the crystalline
hases formed and subsequent microstructures. A previous
tudy28 on the addition of fluorine to CaO–Al2O3–SiO2 glasses
howed that crystallisation of these glasses allows the formation
f directional or columnar crystals as was observed in the
urrent study. Based on the microstructures of the oxyfluoride
lass–ceramics, it can be concluded that progressive additions
f fluorine lead to significantly different morphologies and
rystal sizes for cuspidine, anorthite and wollastonite phases
nd lead to different amounts of residual glass phase.

When N is present, however, cuspidine is a minor phase in the
lass–ceramics and its content is controlled by gehlenite which
s the major crystalline phase. With progressive fluorine addi-
ions, significant growth of the gehlenite crystals occurs because
f the reduction of melt viscosity. The presence of gehlenite as
he major crystalline phase was also confirmed by other crystalli-
ation studies of Ca-SiAlON glasses.7,29 Hampshire et al.7 not
nly showed that gehlenite is the dominant crystalline phase fol-
owing heat treatment of Ca-SiAlON glasses but also suggested
hat nitrogen may be soluble in the gehlenite crystal structure.
ederer et al.30 also found that on crystallisation of Zr-doped
g–Ca–Si–Al–O–N glasses, the main crystalline phase changes

rom anorthite to gehlenite with increasing nitrogen content and
oncluded that gehlenite should be able to accommodate more
itrogen into its structure than anorthite. It should be noted that
ehlenite is stable up to 5 equiv.% F, probably due to the effect
f nitrogen and it reduces only slightly as F content increases to
llow the crystallisation of fluorine-containing phases.

In order to assess the potential of N to dissolve in
he gehlenite structure, “pure” gehlenite of composition
8.57Ca:28.57Si:42.86Al:100O (in equiv.%) was fired under air
nd the XRD pattern was compared with that of “N-gehlenite”
ith the same cation composition and substitution of 20 equiv.%
for oxygen (28.57Ca:28.57Si:42.86Al:80O:20N equiv.%),
red under 0.1 MPa nitrogen. The results for the lattice param-
ters of gehlenite and gehlenite + 20 equiv.% N are shown in

2

5 107 7.2 112 5.2

able 4 and it can be seen that there is a slight difference in cell
arameters with nitrogen. These differences are only marginal
ince the values of ionic radii of both anions (144 pm for nitrogen
nd 135 pm for oxygen)31 are very close and it is also expected
hat there will only be a substitution of N for oxygen. In gehlen-
te (Ca2Al2SiO7), if 1 oxygen atom is replaced by 1 N, then 1
i should substitute for 1 Al to charge balance the composition
o the assumed N-gehlenite composition will be Ca2AlSi2O6N.
rystallisation of oxyfluoronitride glasses with cation compo-

ition (in equiv.%) of 28Ca:57Si:15Al (Ca14Al5Si14.25 in at.%)
ends to result in formation of gehlenite only above 10 equiv.%
. This composition has slightly less Al than in the assumed
-gehlenite formula (Ca2AlSi2O6N) and therefore it may sub-

titute less than 1 in 7 oxygen by nitrogen atoms and such a
omposition would not show a considerable difference in lattice
arameters compared with (Ca2Al2SiO7). Such a low level of
substitution in the gehlenite should lead to the formation of a

itrogen-rich residual glass phase in the glass-ceramic. Whereas
he formation of gehlenite is enhanced with N addition as con-
rmed by other researchers,30 it can be concluded that, when the
itrogen content increases in the parent oxyfluoronitride glass,
nitrogen rich glassy phase also forms as well as gehlenite.

revious work has shown that on crystallisation of an oxynitride
lass with composition (in equiv.%) of 28Y:56Si:16Al:83O:17N
a = b = 7.690 Å
8.57Ca:28.57Si:42.86Al:80O:20N c = 5.055 Å

α = β = γ = 90◦
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Fig. 7. Back scattered SEM micrographs of oxyfluoronitride
glass–ceramics. (a) 28Ca:57Si:15Al:90O:5N:5F equiv.%, (b) 28Ca:57Si:15Al:
85O:10N:5F equiv.% and (c) 28Ca:57Si:15Al:80O:15N:5F equiv.% (W,
w
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microstructure which coarsens with increase in F content.
ollastonite; G, gehlenite; A, anorthite; P, cuspidine).

Fluorine seems to have negligible effects on the Young’s
odulus and hardness of oxyfluoride and oxyfluoronitride

lasses while nitrogen results in significant increases in these
roperties.15 Elastic modulus of a composite is a function of the

lastic moduli of its different crystal components, their propor-
ions and their orientations. With an increase in fluorine content
n the oxyfluoride glass–ceramics, when gehlenite disappears

4

Ceramic Society 32 (2012) 849–857

nd the proportion of cuspidine increases, there is a reduction in
oung’s modulus. This is due to the lower elastic modulus of cus-
idine compared with other phases. Addition of fluorine changes
he microstructure of oxyfluoride glass–ceramics to a dendritic
etwork of cuspidine crystals which may be more resistant to
ndentation forces due to their morphology and this explains the
ncreased microhardness of the glass–ceramics with increasing
uorine content.

In the oxyfluoronitride glass–ceramics, with an increase of
uorine, the amount of cuspidine and calcium fluoride, which
ave lower elastic moduli compared with gehlenite, increases.
his causes a reduction in the overall elastic modulus for this
eries of glass–ceramics containing more than 1 equiv.% F. In
ddition to the formation of fluorine-containing phases, fluo-
ine coarsens the gehlenite crystals in the microstructure of
he oxyfluoronitride glass–ceramics and this is responsible for
he decrease in microhardness. The incorporation of nitrogen
nto the oxyfluoronitride glass–ceramics causes an increase in
oung’s modulus due to the appearance of gehlenite.

The initial increase in the microhardness of the oxyfluo-
onitride glass–ceramics with N content (up to 10 equiv.% N)
s due to an increase in the nitrogen content of the residual
lass phase. Further nitrogen increase leads to the appearance
f coarse gehlenite crystals and disappearance of dendritic cus-
idine crystals which together weakens the structure leading to
educed microhardness. Hardness values depend on the propor-
ions of the different phases in the glass-ceramic microstructure
nd their crystal sizes as well as their individual hardness
alues.32,33 It should be noted that the trends for the effect of
uorine on microhardness of the oxyfluoride and oxyfluoroni-

ride glass–ceramics are different. Hardness is more sensitive to
hanges in microstructure, phase morphology and crystal size
ompared with elastic modulus which is related to the amounts
f constituent phases present.

. Conclusions

The effect of nitrogen and fluorine on crystallisation of
a–Si–Al–O–N–F glasses has been studied.

) Addition of fluorine lowers the Tg, crystallisation and melt-
ing temperatures of oxyfluoride and oxyfluoronitride glasses
and influences the crystallisation products and microstruc-
tures, including crystal size and morphology.

) The calcium aluminosilicate oxide glass crystallised to
form 50% pseudo-wollastonite (CaSiO3), 37% gehlenite
(Ca2Al2SiO7) and 13% anorthite (CaAl2Si2O8) as expected
from the CaO–Al2O3–SiO2 ternary phase diagram.

) As fluorine content increases, gehlenite is not formed and
this provides the required concentrations of Ca and Si for
precipitation of cuspidine (Ca4Si2O7F2) with a dendritic
) In oxynitride glasses containing 20 equiv.% N, gehlenite is
the dominant crystalline phase and fluorine does not change
this significantly. Above 3 equiv.% F, only minor amounts of
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cuspidine and calcium fluoride (fluorine containing phases)
form. The residual glass is nitrogen-rich.

) Nitrogen enhances the formation of gehlenite suggesting that
nitrogen may be accommodated in the gehlenite structure
and results for crystallisation of gehlenite containing N sug-
gest that N is soluble in the gehlenite structure to a limited
extent. Nitrogen is present mainly in the residual glass after
crystallisation of oxyfluoronitride glasses.

) Combinations of both nitrogen and fluorine in oxyfluoroni-
tride glasses allow changes in nucleation and growth of the
crystalline phases which controls their morphologies in the
microstructure.

) Young’s modulus of the oxide glass is 92 GPa. For both the
oxyfluoride and oxyfluoronitride glasses, F content has little
or no effect on elastic modulus or hardness. On the other
hand, at fixed F content of 5 equiv.%, N increases Young’s
modulus and hardness by ∼15–20%.

) The glass–ceramics all exhibit higher elastic moduli com-
pared with their corresponding glasses at different fluorine
or nitrogen contents. Highest Young’s modulus is 134 GPa
for the glass containing 20 equiv.% N and 1 equiv.% F. Gen-
erally, Young’s modulus of the glass–ceramics increases
with N content. However, similar trends are not observed
for microhardness. This is because of the complex nature
of the microstructures produced by crystallisation. Hard-
ness is more sensitive to changes in microstructure, phase
morphology and crystal size compared with elastic modu-
lus which is related to the amounts of constituent phases
present.
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