Machinability of Fluormica Glass-Ceramics of High Mica Volume Fraction
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Abstract
The high Machinability of Mica glass-ceramics is due to its unique microstructure. This study investigated barium fluormica glass-ceramics, with reference to parameters, which determine the microstructure that governs Hardness and machinability and explore the validity of Baik’s model for high mica Volume Fractions. Barium fluormica glasses were synthesized and casted into rods then heat-treated at 1175oC and 1200oC for various times. Glass-ceramics were characterized using DSC, SEM, Vickers microhardness and machinability test. “House of Cards” microstructure was successfully obtained upon heat treatment and was associated with an increase in Volume Fraction and Aspect Ratio of crystals. The Volume Fraction was almost identical for all the samples. However, crystal length and width increased with increasing holding time. Hardness and machinability forces decreased with increasing the Aspect Ratio and Effective Crystallinity. Hardness and Machinability data agreed well with Baik’s data and extend the validity of Baik’s model to much higher Volume Fractions.
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1. Introduction
Fluormica glass-ceramics are the basis of machinable ceramics that can be drilled turned and cut without resorting to diamond tipped tools [1–5]. The existing commercial materials are based on potassium fluorphlogopite and include Macor® produced by Corning Glass Works. These glass-ceramics have been reviewed by Holand and Beall [6].
The microstructure of these glass-ceramics consists of randomly arranged elongated mica crystals about 10-20 μm in length that interconnect one another. The machinability of these materials is a direct result of the mica crystal structure (Fig. 1) and the weak bonding between the mica layers [7]. Crack propagation takes place preferentially along the weakly bonded (001) cleavage plane. This result in the cracks formed during machining being continually redirected by the microstructure and this inhibits catastrophic failure.
Machinable glass-ceramics based on barium fluorphlogopite or Barium kinoshitalite micas have also been developed [8–15]. Whilst the commercial material Macor® is widely used for industrial applications there is increasing interest in mica glass-ceramics for dental crowns, onlays and inlays [16–21] especially with the widespread take-up of CAD-CAM within dental surgery. Here, machining time is important and whilst existing machines use diamond tipped tooling there are cost savings in being able to move to less expensive tooling or being able to replace the tooling less frequently.
Early studies identified the importance of achieving a high aspect mica crystal in order to achieve machinability. Baik et al. carried out some of the first studies of the relationship between microstructure, Hardness (H) and machinability [22–24].  Baik et al. calculated a number of parameters including 𝑢1 the cutting energy at the quasi-static state given by:
𝑢1 ((H 2.25
The machinability parameter (n) can also be used to categorise the effects of various heat treatments as a function of temperature, time and Hardness. The following equation indicates the relationship between Hardness (H) and machinability.
n = 0.643 - 0.122 H.
More importantly, Baik et al. [22] also determined a parameter termed the “Effective Crystallinity”, Xꞓ the expressions

Xꞓ = 1 – exp([image: image28.png] ln(1-x))
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Where  [image: image3.png] is a multiplication factor related to the connectivity of a disk-like crystal, ([image: image4.png]) is the average value of the Aspect Ratio and (x) is the actual volume crystallised. In these equations it has been assumed that crystal growth occur randomly with the same aspect ratio and unchanged number density of crystals. (M) and (x) values can be easily calculated then value of The Effective crystallinity can be determined. In this case Effective Crystallinity value can be used as a connectivity parameter for mica crystals, where the connectivity increases in deviating from the value of A = 1.
The volume crystallinity is replaced by the area fraction determined from scanning electron micrographs. The Effective Crystallinity analysis can deduce the variation of crystal connectivity and its resultant effects on the Hardness values and machinability. 
An examination of how the “Effective Crystallinity" changes with crystal Volume Fraction and mica crystal Aspect Ratio is shown in (Fig. 2), where the Effective Crystallinity plotted against the Aspect Ratio of the mica crystal for different Volume Fractions. It can be clearly noticed that, as the mica Volume Fraction increases there is a reducing need to have a high Aspect Ratio in order to achieve a high Effective Crystallinity. It is important to note the requirement of a high Aspect Ratio (>10) in order to achieve machinability, is more important in lower Volume Fraction mica glass-ceramics. The machinable glass-ceramic Macor® has an Aspect Ratio >20 and a relatively low crystal Volume Fraction [7].
Baik et al. investigated two potassium fluorphlogopite glass-ceramic compositions with different heat treatments and determined the relationship between microstructure, Hardness and machinability. Their data however only covers relatively low Volume Fractions and Aspect Ratios with Hardness values >3 GPa. In this study, we extended the analysis to high Volume Fraction barium fluorphlogopite compositions with lower Hardness values closer to those found for the commercial Macor®.
2. Materials and Methods
2.1 Glass synthesis
Barium fluormica glasses were produced based on previous work by Rashwan et. al [25] using the following composition :
8SiO2-1.25Al2O3 -3.75-MgO-2.25MgF2-1.6 BaO
Glass forming reagents were heated in a platinum crucible at a temperature of 1460oC for 1 h. The molten glass was then rapidly quenched into deionised water to prevent phase separation and crystallization. The glass frits were collected with a 500 μm sieve (Endecotts Ltd., London, UK) then dried in an electric oven at 80°C for 24 h. 50 g of the glass frit was ground using a Gy-Ro mill (Glen Creston, London, UK) for 7 min then sieved through a 45 μm stainless steel sieve to produce glass powder. The rest of the glass frits re-melted for 20 min at 1500°C. Re-melting of the glass frits decreases the viscosity of the glass and prevents the formation of any bubbles in its bulk. As a result, a more homogenous material will be produced. The melted glass was cast into pre-heated (550°C for 30 min) graphite moulds (diameter = 14 mm and length = 110 mm) then transferred to an annealing furnace at 500°C and kept cooling to room temperature overnight.

2.2 Differential scanning calorimetry
Glass frit and fine powder (<45 μm) samples of 50 mg were used for differential scanning calorimetry (DSC) experiments. Specimens were heated from 25°C to 1100°C at a rate of 10°C/min in a flowing (60 ml/min) nitrogen atmosphere, in a DSC1500 [Rheometric Scientific, Epsom, UK].
2.3 Glass-ceramics synthesis 
Cast glass rods produced in Section 2.1 were placed into a high-temperature furnace (UAF 17/12, Hope Valley, Lenton, U.K) at room temperature and heated at a rate of 20°C/min. Glasses were heat treated using a two-step heat treatment protocol by holding for 1 h at 660°C followed by crystal growth hold at 1175°C or 1200°C for 0, 1, 3 and 5 h respectively followed by ambient cooling to room temperature.
The previous work by Rashwan et.al [25] showed that for this glass composition, the microstructure is extremely fine grained below 1150°C. And it takes very long times to coarsen the microstructure at 1150°C whilst at 1175°C and 1200°C the microstructure coarsens in a reasonable time scale.  

2.4 Scanning electron microscopy 
Glass-ceramic samples were ground using silicon carbide papers (320, 500, 800, 1200 and 4000 grit-size) and polished to an optical finish with 1 μm alumina oxide polishing media (Buehler, USA) on a lapping machine (Struers, Knuth Rotor, Glasgow, UK), then cleaned in an ultrasonic bath (Kerry Ultrasonics, North Yorkshire, UK) for 10 min. Polished samples were then attached to a conductive base using a double-sided carbon tape followed by sputter coating with  gold using a sputter Coater (Emitech SC 7620, Quorum Technologies, and UK) for 60 s. The backscattered electron imaging mode (BEI) (FEI Inspect, Oregon, USA) was used to capture images at an accelerating voltage 20 kV. Barium atoms in the barium fluormica phase have a high atomic number and enable the crystal microstructure to be observed in images in BEI mode. Each sample was viewed using magnifications of 4000X, 10000X and 15000X and then analyzed using Image J software (NIH, Version: 1.52e, 2018). This software was used to calculate the area percentage of mica crystals and the average length and width of crystals in each sample. At least three images were analysed for each sample, and only crystals with defined ends and no overlaps were considered in the analysis of crystallite dimensions.
2.5 Vickers micro-hardness test 
Micro-hardness analysis was obtained on the glasses and glass-ceramics samples embedded in epoxy resin. Samples were lapped using silicon carbide grinding paper (220, 320, 500, 800 and 1200 grit-size) and polished using 1 μm alumina oxide polishing media (Buehler, USA) on a lapping machine (Struers, Knuth Rotor, Glasgow, UK). A Vickers Hardness tester (ZHV30-S, Zwick/Roell AG, Germany) was used with an attached high sensitivity camera (902B WATEC, Japan). Samples were indented using a pyramid diamond indenter with an angle of 136°, under an applied load of 29.42 N. The test force was maintained for 15 s, then diagonal lengths of the indentation were measured and used to calculate the Vickers Hardness ([image: image5.png]), using the following equation:
[image: image6.png]
Where: [image: image7.png] is Vickers Hardness; P is applied load (N);  [image: image8.png] is the angle of the pyramid and d is mean diagonal of indentation (mm). For each sample, Vickers micro-hardness values of ten points were recorded and converted to GPa by multiplying by 9.806 (standard gravity) and divided by 1000.
2.6 Machinability test
To perform the experiment on the samples, a Rose head steel Burr with a diameter of 2.1 mm (Jota Ag, Rotary instruments, Skillbond, UK) was inserted into the tip of a Dremel clamped to an universal Instron machine (Instron  5567, Norwood, USA). The Instron machine with a cross head speed of 1 mm/min and load cell of 500 N was used to collect the data. Samples were examined in the wet condition (under flowing water) to decrease the rate of wear and avoid overheating of the burr. 
3 Results and Discussion

DSC traces (Table 1,Fig.3) of the produced glass frit and powder (<45 μm) showed that there is a clear glass transition temperature at 640°C for the glass frit (≈1mm) and 638°C for the glass powder (<45 μm). Crystallization exotherm occured at 750°C for the glass frit and at 744°C for the powder sample.

DSC traces revealed that the values for glass transition temperature (Tg) and the peak crystallization temperature (Tp) are close to previously studied barium fluormica systems  [12,25] There was no significant change in the peak crystallization temperature with particle size indicating a predominantly bulk crystal nucleation mechanism that is probably associated with prior glass in glass or amorphous phase separation. A bulk crystallization mechanism has been reported previously with fluromica glass-ceramics  [12,25,26].
SEM photomicrograph (Fig. 4 and 5) of fluormica glass-ceramics heat treated at 1175°C and 1200oC for heat treatment times from 0 to 5 h revealed that formation of “House of cards” microstructure, made up of randomly oriented plate-like fluormica crystals that impinge on one another, embedded in the glassy matrix. The “House of cards microstructure” coarsens and grows with increasing holding time and temperature. Image J software analysis (Fig.6a) showed that there is a high Volume Fraction of mica evident in the micrographs even for the shortest heat treatment times and lower temperature. There is no significant change in Volume Fraction with either time or temperature.
SEM photomicrographs showed that the barium fluormica phase back scatters strongly and appears almost white (Fig. 4 and 5). The back scattered contrast is not as good as some other barium fluormica glass-ceramics because the higher BaO content than stoichiometry of barium fluorphlogopite crystal will probably result in the residual glass also containing some BaO. There is a small amount of an even stronger back scattering phase that can be seen particularly in the sample heat treated for 3 h at 1200oC (Fig. 5). This phase is probably richer in Ba than the Barium fluorphlogopite phase (Ba0.5Mg3Si3AlO10F2), and might be Kinoshitalite (BaMg3Si2Al2O10 (OH/F)2) however both phases have very similar crystal structures to each other. Further neutron diffraction studies would be needed to confirm this [27].
The high temperature and long heat treatment times particularly for 5 hours at 1200oC (Fig. 5) showed evidence of the mica crystals cleaving along the 001 plane direction during the preparation of the samples. This indicates that the same mechanisms that are postulated to take place during machining are taking place during grinding and polishing for SEM preparation.
Image J software analysis results showed that there is a high Volume Fraction of mica evident in the micrographs even for the shortest heat treatment times. There is no significant change in Volume Fraction with either time or temperature. The crystal growth temperatures at 1175oC and 1200oC are well above the peak crystallization temperature at 746oC obtained from the DSC trace. The microstructure coarsens with an increase in heat treatment time and temperature. The crystals increase in length and width with heat treatment time, but overall the Aspect Ratio, critical to machinability also increases. The Effective Crystallinity (Fig. 6b) generally increases with increasing heat treatment time and temperature, however there is discontinuity at 3 h for both heat treatment temperatures which could be related to the presence of a small amount of a the phase richer in barium than barium fluorphlogopite phase observed (possibly Kinoshitalite) in the micrographs at 3 h (Fig. 4 and 5). The increase in Aspect Ratio and Effective Crystallinity with heat treatment time should lead to lower Hardness and increased machinability.
Vickers micro-hardness test results (Fig.7a) showed that increasing holding time and temperature decrease the Hardness of the produced ceramic, where the highest Hardness value recorded was for glass-ceramic heat treated at 1175°C (5.16 GPa) for 0 h, while the lowest was for glass-ceramic heat treated at 1200°C for 5 h (1.70 GPa). Micro-hardness values of the produced glass-ceramics drop down to values <2 GPa with the increasing of Effective Crystallinity (Fig. 7b). Hardness generally decreases with heat treatment time and temperature from the initial glass value of 6.67 GPa to just below 2 GPa for the highest temperature 1200oC and longest heat treatment time of 5 h (Fig.7a). Hardness also decreases with an increase in Effective Crystallinity and there is a good correlation between Hardness and Effective Crystallinity (Fig.7b).
Machinability test results (Fig. 8a) showed that there is a positive correlation between the machining forces and Hardness of the fluormica glass-ceramics. Those with low Hardness values are giving low forces, while samples with high Hardness values need high forces to be machined. As a function of the crystal Aspect Ratio, it can be seen (Fig. 8b) that machining force decreases with increasing crystal Aspect Ratio. Similarly, the machining force decreases as a result of increasing Effective Crystallinity (Fig. 8c).
It is worth comparing the Hardness/Effective Crystallinity data with the data from Baik et al’s studies (Fig.9) [22,23] for two different potassium mica compositions. Included on the plot are Macor® and the LDIG24 barium fluormica glass-ceramic, plus the original glass and pure potassium mica glass-ceramic. The barium fluormica data falls between the two compositions studied by Baik et al. [22,23] but the data also goes to much higher Effective Crystallinity values than Baik et al’s samples. The majority of Baik et al’s data are for samples with Hardness values >4 GPa [22], which is much higher than that of commercially available machinable glass-ceramics, such as Macor®. This is the case for the majority of published studies on machinable glass-ceramics, most of which exhibit Hardness values >3 GPa [28–31]. The need for a high Aspect Ratio “house of cards” microstructure in order to achieve machinability reduces as the Volume Fraction increases, as predicted by Baik’s Effective Crystallinity calculation. For example with Macor® that has a relatively low crystal Volume Fraction and so Effective Crystallinity and machinability is achieved with a high Aspect Ratio close to 20, whilst in the present study with much higher crystal Volume Fraction, Effective Crystallinity and machinability are achieved with much lower Aspect Ratio crystals. The high Aspect Ratio crystals in the existing commercial mica glass-ceramics are thought to adversely influence surface finish and reduce the strength [32]. For dental applications a hardness values equal to or slightly higher than that of enamel (3.1–3.7 GPa) [33] are required, too soft material will wear in contact with harder enamel.
Whilst mica crystal Volume Fraction, Aspect Ratio and the Effective Crystallinity are critical in determining the machinability, the properties of the residual glass phase may also be important. In particular, the properties residual glass phase is likely to be important especially the thermal expansion coefficient and any mismatch to that of the barium fluormica phase. It is worth pointing out that the barium fluormica phase is likely to be highly anisotropic in its thermal expansion coefficient values and any mismatch in the thermal expansion coefficient values between the glass and the crystal, particularly in the long axis of the crystal structure is likely to have an influence on crack propagation during machining and plastic flow during indentation. In addition, the glass transition temperature of the residual glass phase is likely to strongly influence the coarsening of the mica crystal structure during heat treatment. For ease of coarsening a low glass transition temperature is desirable to facilitate processing at low temperatures, however, this needs to be balanced against having a stable corrosion resistant residual glass phase, which is particularly important for dental applications. 

4 Conclusions
Heat Treatment at 1175oC and 1200oC results in a high volume of barium fluorphlogopite and the Aspect Ratio and Effective Crystallinity increases with increasing hold time. The high Volume Fraction of mica phase in the compositions studied results in low Hardness values and good machinability without having a very high Aspect Ratio crystal phase, which is predicted by Baik et al. as an Effective Crystallinity parameter. Despite being based on barium fluormica there is a reasonable agreement of the data with Baik et al.which was carried out with potassium mica glass-ceramics. The results extend the ‘Baik model’ not only to barium mica based glass-ceramics but also to much higher Effective Crystallinity values and much lower Hardness values.
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	DSC 
	Barium fluormica glass produced


	
	<45 μm
	Frit

	Tg  (°C)
	638
	640

	Tp  (°C)
	746
	750


Table 1: DSC results of glass powder (<45 μm) and frit.      
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Figure 1 Fluormica crystal structure (a) brucite layer (b) (001) cleavage plane and the interlayer sites [7].  
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Figure 2 Calculated Effective Crystallinity as a Function of Aspect Ratio for different Volume Fractions (VF).
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Figure 3 DSC traces of glass powder and frit.
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Figure 4 Back Scattered SEM micrographs of the microstructure developed at 1175oC for different crystal growth times showing a decrease in hardness values with increasing holding time.
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Figure 5 Back Scattered SEM micrographs of the microstructure developed at 1200oC for different crystal growth times showing a decrease in hardness values with increasing holding time.
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Figure 6 (a) Aspect Ratio and Crystal Volume Fraction as a Function of Heat Treatment Time. (() 1175oC, (() 1200oC, (() Aspect Ratio, (() Volume Fraction (b) Calculated Effective Crystallinity against Heat Treatment Time (()1175oC, (() 1200oC.
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Figure 7 (a) Hardness as a function of Heat Treatment Time at (() 1175oC, (() 1200oC (b) Hardness plotted against Effective Crystallinity.
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Figure 8 (a) Machining force plotted against Hardness (b) Crystal Aspect Ratio and (c) Effective Crystallinity.
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Figure 9 Comparison of the Hardness/Effective Crystallinity Data with those of Baik et al. [22]. (() Our Data, (()Baik A, (()Baik B, (() Macor®, (☐) LDIG24, (() Pure Potassium Mica.
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