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Characterization of High-Fracture Toughness
K-Fluorrichterite-Fluorapatite Glass Ceramics

Mehdi Mirsaneh’, lan M. Reaney;" Paul V. Hattor, and Peter F. James
Department of Engineering Materials, The University of Sheffield, Sheffield S1 3JD, United Kingdom

Center for Biomaterials and Tissue Engineering, School of Clinical Dentistry, The University of Sheffield,
Sheffield S10 2TA, United Kingdom

Stoichiometric K-fluorrichterite (Glass A) and the same com- a conventional melting and casting route. Powder processing must
position with 2 mol% P,Og added (Glass B) were prepared and be used, with associated limitations.

then heat-treated isothermally from 550°-1000°C with 50°C High strength and toughness chain silicate glass ceramics,
intervals. Samples were characterized using X-ray diffraction including canasite, K-fluorrichterite, and enstatite, have very good

(XRD) and transmission electron microscopy (TEM). The mechanical properties because of an interlocking acicular micro-

biaxial flexural strength and indentation fracture toughness of structure® These glass ceramics can be cast to shape using

heat-treated glass specimens were also determined for both  conventional techniques, heat-treated to a final glass-ceramics
materials. XRD traces and TEM images showed similar phase  product and exhibit volume crystallization. However, these mate-

evolution and fine microstructures for both systems at rials are not considered to be bioacth?%eThere have been recent
=950°C, with mica and diopside reacting with residual glassto  attempts to improve the osteoconductive potential of canasite
form K-fluorrichterite as the temperature was increased from glass ceramics by introduction of phosphate to induce crystal-

650°C. However, in Glass B, fluorapatite was also present at |ization of an apatite phasePromisingin vitro data has been
>800°C. In contrast, coarser microstructures were observedat  reported for these modified canasite glass ceramics, but this is yet
1000°C, with larger K-fluorrichterite (20 pm) and enstatite to be confirmedn vivo.** Although progress with canasite systems
(10 pm) crystals in Glasses A and B, respectl\lllely. The  is encouraging, there have been no reports to date of similar
highest fracture toughness (2.69+ 0.01 MPam'”) and modifications to high-strength K-fluorrichterite to improve bio-
biaxial strength (242.6 = 3.6.MPa) were recorded for Glass compatibility.
B heat-tr(_eated at 1000(.>C' Th|_s was attributed to the presence K-fluorrichterite (KNaCaMgSizO,.F,) is a member of amphibole
of' enstatite coupled with an interlocked lath-like crystalline chain silicate group, which has been assigned a space group dfi2/m.
microstructure. The general formula for amphibole crystals has been définest
Ao_1B,CsTgO,(OH,F),, where A= Na, K; B = Na, Li, Ca, Mn,
Fe", Mg; C = Mg, FE€", Mn, Al, Fé¢*, Ti; T = Si, Al, and
therefore richterite is considered as a sodic-potassic amphibole with a
GNERALLY, bioactive materials for bone-tissue repair are di- formula: KNaCaMgSizO,(OH).. In the case of potassium fluorrich-
ided into two categories: osteoconductive and osteoinduc- tefite, the formula is KNaCaM&i;O,,F,, wherein OH' and Na'

tive. Osteoconductive biomaterials encourage the formation of are replaced by Fand K, respe(_:tivel}?'l“Th(_escrystal chemistry of
new bone tissue on their surface after implantation into existing K-fluorrichterite has been described in detéit.> Grossmatf dem-

bone. Osteoinductive biomaterials are able to inddeenovo onstrated that glasses based on fluoroamphiboles with different
formation of bone tissue, irrespective of the site of implantation. compositions, including fluorrichterite, fluormagnesiorichterite, and
Biomaterials that contain apatite are usually osteoconductive, protoamphiboles, may undergo crystallization and Bealal'**’
because apatite provides a biocompatible interface along whichexamined the methods of improving their properties.
bone migrate$:? Hench® suggested that specific glass and Phase evolution in this system was first investigated by Beall,
glass-ceramic compositions were able to bond to living tissue and then confirmed by Omaet al*® and discussed in detail by
elicit both intracellular and extracellular responses, resulting in Mirsanehet al*® They suggested phase separation initially occurs
so-called osteoproductivity. However, the mechanical properties in which one phase is close in composition to tetrasilisic fluormica,
of these bioactive materials are often poor. Significant effort has (K,Na)Mg, sSi,O;F,, which then crystallized at-650°C. At
therefore been directed at the development of bioactive glasshigher temperatures (700°C), diopside (CaMg®) forms, which
ceramics with high strength.® The high strength and fracture reacts with mica and residual glass to form K-fluorrichterite at
toughness apatite-wollastonite (A/W) glass ceramic (with bending 750°C. El-Shennawét al 2° investigated the effect of fluorine and
strength of 215 MPa and fracture toughness of 2.0 P37 has phosphate on this system using XRD and reported th&P
been used successfully in a number of applications in medfcine. encourages the crystallization of enstatite at 1000°C. The effects of
However, surface crystallization of this glass ceramic system magnesium and sodium content on the microstructure of these
makes it difficult to manufacture complex or custom prostheses via glass ceramics were also investigated by Denry and HollGi4y.

Although the microstructure of modified compositions of

K-fluorrichterite glass cerami@$'22 consist of large acicular
_ crystals (20pm), stoichiometric compositions have a very fine

N. Padture—contributing editor microstructure (O_ka).lﬁ’
As outlined above, there is the possibility of producing a
modified K-fluorrichterite glass ceramic with osteoconductive

T Manuscriot No. 10311, Received June 12. 2003 d August 24. 2003 potential. This paper describes the addition ofOP to the
anuscript No. . Received June 12, ; approved August 24, . o - . : o )
Funding provided by the Ministry of Science, Research and Technology (MSRT), Stoichiometric K-fluorrichterite composition to crystallize a low-

I. Introduction

IranM ber. American Ceramic So volume fraction of an apatite phase. The effect of this addition on
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Table I. Chemical Composition of Glasses in Mol% (3) X-Ray Diffraction (XRD)

For characterizing phases after heat treatment, an X-ray diffrac-
tometer (Philips, Eindhoven, Netherlands) with nickel-filtered
CuKa radiation operating at 30 mA and 50 kV was used. The
Glass A 53.37 3.33 3.33 33.35 6.62 0 scanning speed was set at 27rin with a time per step of 0.02°.
Glass B 52.26 3.26 3.26 32.66 6.56 2 XRD was performed on-200 mesh €74 pm) sieved powder
samples.

Reagent-Grade Chemicals
Sio, Na,0 K,0 MgO Cak P,Og

(4) Transmission Electron Microscopy

Samples for transmission electron microscopy (TEM) were first

mounted on a glass slide using a heat-sensitive resin and then
) ground to~30 pm. A copper support ring was then glued to the

2 sample using an epoxy resin. The sample was then removed from

§ Tg= 610°C the slide and excess material chipped away from the support ring

g using a scalpel. For further thinning until perforation, a dual ion

- mill (Models 600 DP and 600 TMP, Gatan, Pleasanton, CA) was
used at an angle of 11°-15°, a total beam current of 0.6 mA and at

‘ , ‘ \ ‘ \ ~6 kV. Samples were carbon coated followed by examination

0 200 400 _ 600 800 1000 1200 1400 using TEM (Model EM420, Philips) operating at 120 kV.
Temperature (°C)
Fig. 1. DTA traces of Glass A and Glass B. (5) Indentation Fracture Toughness
Samples (40 mnmx 30 mm X 4 mm) were cut from the glass

block using a precise diamond cut machine (Model Acutum 5,

: Struers, Copenhagen, Denmark) to create parallel faces. After heat
I .Experlmental Procedures treatment, they were ground and polished down paxlusing SiC

(1) Glass Preparation and Heat Treatments paper and diamond paste. Indentations were made using a Vickers

Two compositions, stoichiometric (KNaCalNgjgO,.F>,) hardness testing machine (Vickers-Armstrong, Crayford, UK) for
(Glass A) and stoichiometric with 2 mol%,0g (Glass B) (Table loads higher than 1 kg and a Vickers micro-hardness testing

1), were prepared using reagent-grade chemicals, exceps, SIO machine (Model M400, LECO Corp., St. Joseph, MO) for loads
which was used as silica sand (type L30A 99.8% Sil®ch Aline lower than 1 kg. For each load, at least 20—25 indentations were

crystal glass sand, Tilcon (South) Ltd, Stock-on-Trent, UK). The made and at least six (but often more than 15) readings were taken
other starting chemicals were NaO; (S/2880/60, Fisher Scien using an optical microscope (Vanox, Olympus Optical, Tokyo,
tific, Leicestershire, UK), KCO; (P/4080/60, Fisher Scientific ~ Japan) equipped with a digital camera and computer (KS400
UK), Mg(OH), (31 009-3, Aldrich Chemicals, Dorset, UK) and  software, Imaging Associations, Thames, UK). Fracture toughness
CaF, (23 794-9, Aldrich Chemicals). Batches were weighed out to was calculated using the relatioks = 0.0824P/C* (1) andK_
two decimal places. Both compositions were melted in platinum- = 0.0319 P42 (2) in the cases of median and Palmaqvist
rhodium (2%) uncovered crucibles at 14@0for 3 h in anelectric cracks?® respectively, wher&_ is indentation fracture toughness,
furnace, and stirred for the fih@ h of the melt with a platinum P is the applied loadC is the crack sizeg, is Vickers indentation
stirrer (60 rpm). The melts were then cast as a block onto a steelhalf-diagonal length, and+ ¢ — a,. The results are reported as
plate. Glass samples were annealed by heatind fb at 550— mean values* standard error. To evaluate the crack types
575°C, followed by cooling at 1°C/min to room temperature. Both (median/radial or Palmqvist) the samples were polished after
glasses were clear after annealing, showing no devitrification or indentatiof*?>and examined using either transmission or reflec
evidence of glass-glass phase separation. Heat treatment wasion optical microscopy. The as-cast glass exhibited indenta-
performed isothermally, from 550°-10@for 4 h at 50 intervals tions in which the cracks were of the median/radial type, but
and with heating and cooling rates of 5°C/min. heat-treated samples showed either Palmqvist or median, depen-
dent on temperature.

(2) Differential Thermal Analysis

Differential thermal analysis (DTA; Model DTA7, Perkin— (6) Biaxial Flexural Strength
Elmer Instruments, Norwalk, CT) was performed 8200 (<74 At least 10 disks (14 mm diameter and 3-5 mm thickness) for
pm) mesh glass powders with a heating rate of 10°C/min to each series were core drilled from the as-cast glass plates and then
determine the glass-transition temperatufg) @nd onset temper ground to~1 mm thickness. They were then heat-treated, ground,
ature of crystallizationT,). The reference sample for both com  and polished down to um using SiC paper and diamond paste. A

positions wasx-alumina. ball on ring test-jig was used for these samples attached to a
[ K-fluorrichterite; « Diopside; + Mica; 4 Cristobali
(a) + Mica (b) s z :(Soglum Po:asstlum M:’;ne:lu:n Sl';laca:e ristetalie
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Fig. 2. XRD traces of (a) Glass A and (b) Glass B heat-treated at different temperatures.
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) ) ) ) Fig. 4. Bright-field TEM image of (a) Glass A and (b) Glass B
Fig. 3. Bright-field TEM images of (a) Glass A and (b) Glass B heat-treated at 700°C for 4 h along with (c) EDS trace of the dark regions
heat-treated at 650°C for 4 h along with (c) EDS trace of the small crystals (djopside) around the mica crystals shown in (a).

shown in (a) and (b).

universal testing machine (Model 2000R, Lloyds Instruments, position of the loading ball. The maximum stress,,,, at the
Fareham, Hampshire, UK) with a ring support of 9 mm at a center was calculated using the following equatién:
cross-head speed of 1 mm/min. A piece of rubber sheet was

positioned between the samples and support ring to remove any 3P(1 + ) ; 1- B2 r2

out of flatness and reduce friction as recommended in Ref. 26. The  ,  _ 72"[1 +2ln— + (7"{ - 72} 7)] (1)
center of each disk was marked before testing to indicate the right e 4t b \1+ 2’| R
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Fig. 5. Bright-field TEM image of (a) Glass A and (b) Glass B heat-treated at@56f 4 h.

whereP is load,t is thicknessy is radius of the support rindp is of mica (KMg, sSi,OgF,) and in agreement with the XRD data
t/3, R is radius of the disk sample, andis Poisson’s ratio. The (Fig. 2). Beal? suggested that glass in glass-phase separation
final results are presented as mean valttestandard error. occurs at~550°C and that one of the glass phases is close to mica
in composition. Although no direct evidence of phase separation is
) ) presented, the observations in both compositions were consistent
lll. Results and Discussion with the concepts initially proposed by Behlexcept more
(1) Phase Evolution numerous and smaller mica crystals were observed in Glass A than
Figure 1 shows the DTA traces of glasses A and B. The glass Glasg B,.which cqntainedZBB. This showg that the nucleqtioq rate
transition temperaturesT{) are 610°C and 597°C, respectively. of mica is lower in Glass B, however, its growth rate is higher,
The 13° difference may be attributed to the addition gbPto which can be attn_buted to the lower viscosity qf the glass. The
Glass B, which weakens the silicate network and decreases theMechanism by which JO, decreased the nucleation rate of mica
viscosity of the glass. In addition, both traces showed two large '€Mains obscure, but it is possible that calcium and magnesium
double exothermic peaks typical of crystallization events. The iONS may associate with the ROions because of their high ionic
lower (in temperature) of the double peaks in each composition field strength, increasing the tendency toward phase separation and
occurred at~748°C, the second at 778°C and 832°C for Glass A inhibiting mica nucleation. A similar phenomenon has been
and Glass B, respectively. Moreover, there was also a small reportgd in Iithiqm disilicate system !n whi_chT_iassociated w.ith
anomaly at 922°C, in Glass B indicating a third crystallization PCi ions and, in contrast, resulted in a higher volume fraction of
event in this composition. Endothermic peaks corresponding to crystalline silicate phas&. _ .
melting occurred at 1175°C and 1132°C in glasses A and B. In  Figures 4(a) and 4(b) are bright-field TEM images showing the
Glass A, however, the melting peak was narrower and deeper thanmicrostructure of Glass A and Glass B after heat-treatment for 4 h
in Glass B. This suggests that melting in Glass A may be congruentat 700°C. In Glass A, a phase of darker contrast was present
and associated largely with a single crystalline phase comparedsurrounding the mica crystals first observed in Fig. 3. This phase
with Glass B, which has a wider peak, more typical of a multiphase Was magnesium deficient (Fig. 4(c)) compared with the mica
sample exhibiting incongruent melting. Figures 2(a) and 2(b) are crystals, consistent with the formation of dlops!dg, as indicated in
X-ray diffractograms that reveal the phase assemblage afterthe XRD data (Fig. 2). In contrast, Glass B exhibited only crystals
isothermal heat treatment from 600°-1000for 4 h at 50C of mica, which were now larger than at 650°C. At 750°C (Fig.
intervals. Mica initially crystallized at 650°C in both Glass A and 5(@)), the microstructure was complex with individual crystals of
Glass B, followed by diopside at 700°C (Glass A) and 750°C mica, diopside, and KR, present according to XRD. These were
(Glass B). At 750°C, there was evidence in each composition of difficult to resolve in projection through the sample because of
peaks associated with K-fluorrichterite (KR), which increased in their small size. In contrast, at 750°C in Glass B (Fig. 5(b)), a dark
intensity up until 950°C. Furthermore, in Glass B, fluorapatite phase was observed around the mica crystals that was magnesium
(FA) was present as a minor phase>a800°C. At >900C in deficient, giving similar EDS traces to that shown in Fig. 4(c) and
Glass A, KR was the sole crystalline phase, but in Glass B, KR, therefore consistent with the presence of diopside. The appearance
FA, cristobalite/trydimite, enstatite, and sodium potassium silicate of diopside at 750°C rather than at 700°C may explain the shift of
phases were also present. The formation of the latter two phases irb0°C upward in temperature for the second exothermic peak in the
Glass B was accompanied by a decrease in the relative intensity ofDTA trace from Glass B with respect to Glass A (Fig. 1). At
peaks associated with KR, in agreement with other researéhers. 900°C, Fig. 6(a) revealed that Glass A contained a fine micro-
It is suggested that the formation of FA, £R0,),F, at 800C in structure of lath-like crystals{(1 pum). XRD (Fig. 2) indicated that
Glass B consumed calcium, fluorine along with phosphorus ions, only KR was present in this composition, heat-treated at 900°C,
which then disturbed the necessary oxide molar ratios for the which is known to have a lath-like morphology. A similar
formation of a single KR phase. The third exothermic peak in the microstructure was observed for Glass B at 900°C (Fig. 6(b)),
DTA trace from Glass B may well be associated with the except that small equiaxed precipitates were also present, which
crystallization of either, cristobalite/trydimite, enstatite, or the EDS revealed (Fig. 6(c)) to contain only calcium and phosphorus
sodium potassium silicate phase observed in samples heat-treatedations. At 1000°C, Figs. 7(a) and 7(b), the microstructure of each
at 1000°C. composition coarsened considerably. Glass A (Fig. 7(a)) exhibited
Figures 3(a) and 3(b) are TEM images showing the microstruc- a bimodal distribution of crystal sizes (20n and 1um); however,
ture of Glass A and Glass B heat-trehté h at 650C. EDS XRD still indicated a single-phase KR composition. Moreover,
analyses (Fig. 3(c)) of the crystals shown in the two micrographs EDS from the small and large crystals gave identical profiles,
revealed that they are magnesium-rich and deficient in calcium similar to the EDS trace for KR shown in Fig. 6(c). It was
with respect to the glass composition, consistent with the presenceconcluded, therefore, that both were K-fluorrichterite and that
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Fig. 6. Bright-field TEM image of (a) Glass A and (b) Glass B Fig, 7. Brightfield TEM image of (a) Glass A and (b) Glass B
heat-treated at 900°C for 4 h along with (c) EDS traces of the matrix heat-treated at 1000°C for 4 h along with (c) EDS trace of the large
(K-fluorrichterite) phase shown in (a) and (b) and the equiaxed (fluorap- (enstatite) crystal shown in (b).

atite) crystals shown by arrows in (b).

abnormal crystal growth had occurred. The reason for the abnor-The results showed an increase of fracture toughness from
mal growth is unknown at this stage. In contrast, in Glass B 0.7 = 0.01 MPam¥? in the as-cast glass as temperature
heat-treated at 1000°C, the large crystals observed in Fig. 7(b)increases for both Glass A and Glass B. AfLOOCC, the
contained only magnesium and silicon cations consistent with the fracture toughness of Glass A and Glass B were within error

presence of enstatite, also identified in XRD traces (Fig. 2). identical. Surprisingly, however, there was large difference in
) ) fracture toughness between Glass A (1.59MP%) and Glass
(2) Mechanical Properties B (2.69 MPam'?) at 1000C. The biaxial flexural strength

Figure 8 shows the indentation fracture toughness of Glass A (BFS) of polished samples is shown in Fig. 9. In Glass A, BFS
and Glass B, as-cast and heat-treated at 9980°, and 1000C. values increased from 638 4.5 MPa in the as-cast glass to the
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Fig. 9. Biaxial flexure strength of Glass A and Glass B heat-treated at
different temperatures.

highest value of 156.% 4.9 MPa at 900C and then decreased
to 117.5+ 3.2 MPa at 1000C. Similarly, in Glass B, BFS
increased from 69.% 4.2 MPa in the as-cast glass to 1618
4.4 MPa at 950C; however, unlike Glass A, it rose to a
maximum value of 242.5- 3.6 MPa at 1002C.

For heat treatments950°C, the fracture toughness of the glass

Characterization of High-Fracture Toughness K-Fluorrichterite-Fluorapatite Glass Ceramics

245

KR-based compounds are currently being investigated. The pres-
ence of fluorapatite is associated with the osteoconductive prop-
erty of bioceramics such as A/W glass ceramics, one of the few
commercially successful glass-ceramic biomaterials. Therefore,
P,Os-doped KR-based glasses show great promise as new-bioce
ramics for bone tissue repair and augmentation.

V. Conclusions

(1) Stoichiometric K-fluorrichterite (Glass A) and stoichio-
metric with the addition of 2 mol% JOg (Glass B) both formed
clear glass blocks on pouring.

(2) The phase evolution for this new glass ceramic (Glass B),
as elucidated by XRD, was similar to that of Glass A (mica—
diopside—K-fluorrichterite) except that fluorapatite was present at
>800°C and enstatite at 1000°C.

(3) TEM images from Glass A and Glass B heat-treated at
<950°C revealed a microstructure dominated by fine
K-fluorrichterite crystals. However, at 1000°C, microstructure was
coarser with large K-fluorrichterite (20m) and enstatite (10.m)
crystals observed in Glass A and Glass B, respectively.

(4) Heat-treatment of Glass B at 1000°C for 4 h results in a
new glass ceramic with high-biaxial flexural strength (242.8.6
MPa) and toughness (2.69 0.01 MPam'/?), which contains KR
as the main phase with minor phases of fluorapatite (a bioactive
phase) and enstatite. The latter is thought to enhance fracture
toughness and bend strength.
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