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The influence of alumina content, heat treatment time and temperature on the
microstructure, hardness and theoretical machinability of barium fluorphlogopite
glass-ceramics were investigated. The glass-ceramics were based on glasses of the general
composition 8SiO,-yAl,03-3.75Mg0-2.25MgF,-Ba0. Glasses with high alumina contents
with y > 2.0 were found to give fine feathery microstructures that did not coarsen readily to
give the classic house of cards microstructure associated with machinability. The glass with
the lowest alumina content (y = 1.5) that gave a house of cards microstructure was
therefore investigated in detail. The Vickers hardness decreased slightly on formation of
the barium fluorphlogopite phase, but decreased significantly on forming an
interconnected house of cards microstructure. Machinability was highly dependent on the

formation of an interconnected microstructure. © 2004 Kluwer Academic Publishers

1. Introduction

Mica glass-ceramics are commercially important
machinable ceramics that can be cut and turned without
using diamond tipped tooling. They are used widely in
the optoelectronics area and for production of scien-
tific equipment. They are particularly attractive com-
pared to metals where thermal or electrical insulation
is required. However, the strength and fracture tough-
ness of the commercial materials such as Macor™ are
relatively poor for many applications.

Recently it has been shown that if the potassium is
replaced by barium in fluormica glass-ceramics then
much higher strength and fracture toughness values can
be obtained as well as improved machineability [1]. The
barium ions replace the potassium ions in the layers
between the mica planes and make cleavage along the
100 direction more difficult.

The nucleation and crystallization behaviour of flu-
ormica glass-ceramics was reported in Part I [2].

1.1. Machinability

Machinability is a property of a material that describes
the ease or the difficulty involved in machining a com-
ponent with a cutting tool [3]. In terms of trying to quan-
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tify the machining operation, factors such as tool wear,
tool life, cutting energy involved in the material re-
moval process, forces expended on the cutting tooland
the quality or topography of the machined surface have
been used in the determination of the machinability
of a variety of metals and glass-ceramics. In this case,
the term ‘machinability’ is assessed by the manufactur-
ing process and machined material characteristics after
trying to shape a material. This gives a realistic value
by which to grade different materials in a range of ma-
chining operations. The shaping of mica glass-ceramics
generally combines machining and grinding processes,
which are associated with the crystal and residual glass
phase powder produced from the machining operation,
which is highly abrasive.

1.2. Determination of machinability

Grossman [4] investigated the machinability of a
tetrasilicic fluormica glass-ceramic by examining the
amount of time required to drill through a standard
thickness. The results of this analysis showed that
machinability increases with decreasing strength. The
reasons for this are based on microstructural variables,
such as the volume fraction of fluormica crystals, the
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aspect ratio, crystal size and the degree of crystal con-
nectivity in the microstructures formed [4]. Grossman
suggested that glass-ceramics containing as little as %
by volume of mica crystals might be machinable if the
aspect ratio of the crystals is high enough to cause
a high degree of crystal connectivity. In fine-grained
fluormica glass-ceramics with an average crystal size
smaller than 4.5 pum, an increase in strength is pro-
portional to the é power of the average mica-plate di-
ameter. In this type of microstructure, fracture could
propagate freely through the glass matrix, and therefore
crack arrestment would be poor. Larger crystals with
higher aspect ratios would be able to hinder fracture by
blunting cracks through an interconnected crystal mi-
crostructure. This form of microstructure was obtained
when the crystal size exceeded 4.5 um. The strength
was then inversely proportional to the first power of
the mica plate diameter. Unfortunately, the ease of ma-
chining is also inversely proportional to the mechanical
strength.

Grossman [5] also provided a method for obtaining
the machinability index (MI) from an in-house mechan-
ical hacksaw apparatus. The machinability index is cal-
culated from the following expression:

S
MI =
1/2W(T7 + 12)10

where § is the number of strokes (20), W is the width of
the sample and T} and T, are the depths of each end of
cut. However, this method gives only a rough measure
of the stock removal rates because the hacksaw is a
general cutting instrument. Other factors, such as the
measurement of the depth of cut, make this procedure
difficult to use and the actual forces exerted during the
machining operation cannot be obtained.

Evans and Marshall carried out the first work on
investigating the fundamental processes involved in
machining glass-ceramics [6]. Indentation fracture me-
chanics was used as a method of investigating the ma-
terial removal rate during a grinding operation. Evans
and Marshall concluded that there were two modes of
material removal: crushing and lateral cracking, which
were sensitive to the load applied. However, since this
research, there is strong experimental evidence that ma-
terial removal processes occur by a cleavage fracture
process [7].

Baik et al. carried out an in depth study into the
evaluation of machinability. They concluded that the
microhardness of a material controls the machining
characteristics of fluormica glass-ceramics [8]. Fur-
ther work by Baik et al. investigated a relationship
between microstructural parameters such as crystal as-
pect ratio, percentage crystallinity and interconnectiv-
ity, with machinability [9]. An interconnected crystal
microstructure is required to deflect and blunt the prop-
agation of cracks formed during a shaping process. A
higher degree of crystal connectivity (higher effective
crystallinity) leads to a reduction in the microhardness.
When the microhardness data are plotted against the ef-
fective crystallinity data, an inflection point in the curve
describes the optimum microstructure, which should be
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highly machinable. The approach used by Baik et al. is
used in the present paper and is covered in more detail
in the experimental section.

Finally, Boccaccini [10] developed further the work
of Baik et al. and produced an evaluation of machin-
ability based on a correlation between brittleness and
machinability. Machinability information was devel-
oped from the slope of a log-log plot of specific
cutting energy against cutting rate for a range of dif-
ferent machinable glass-ceramics. This research de-
veloped a brittleness factor (B) which relates hard-
ness (Hy) and fracture toughness (K;c) through the
equation:

H,

B =
Kic

The intention was to apply this approach in the present
study using an indentation fracture test to determine
fracture toughness. However, it proved impossible to
obtain valid measurements because of crack deflection
of the indentation cracks.

2. Experimental
2.1. Glass synthesis
The synthesis of the glasses has been described in Part I
[2]. Monolithic glass samples were prepared by remelt-
ing the glass frits produced in Part I in alumina crucibles
and casting the resulting melt into graphite crucibles
held at the glass transition temperature—50 K.

The glasses were based on the following generic se-
ries 8Si0,-yAl,03-4MgO-2MgF,-Ba0O for which the
alumina content was varied between 1.5 <y < 3.

2.2. Microstructural analysis
Samples for the investigation of microstructural devel-
opment were all held for one hour at the previously de-
termined optimum nucleation temperature followed by
heating at 10°C min~! to the given crystal growth tem-
perature. The y = 1.5 glass was selected for a detailed
study of the influence of heat treatment time and tem-
perature on the microstructure, volume fraction of the
fluorphlogopite phase formed and the hardness. This
glass was selected because the only crystalline phase
to form was barium fluorphlogopite and a classic house
of cards microstructure was formed.

Four crystallization temperatures (Tc) were chosen:

1150°C = Tcl with 1, 4, 8 and 16 hour isothermal
holds.

1175°C = Tc2 with 1, 4, 8 and 16 hour isothermal
holds.

1190°C = Tc3 with 1, 4 and 8 hour isothermal holds.
1200°C = Tc4 with 1 and 4 hour isothermal holds.
Samples of glass were embedded in epoxy resin and

polished to an optical finish using 1 wm diamond paste.
Samples were then examined by scanning electron



microscopy in the back scattered and secondary elec-
tron imaging modes.

2.3. Microhardness analysis

Microhardness analysis was conducted on the SEM
samples embedded in epoxy resin using a LECO Mi-
crohardness indenter, M400-G1 (LECO Ltd., Japan). A
load (P) of up to 500 g was used in conjunction with
a Vickers diamond indenter (face angle 136°) for 15 s
in accordance with ASTM standard E 384-89 [11]. The
indentation was measured using Buehler Imaging soft-
ware (Enterprise Software, Buehler, USA). The Vickers
hardness number, Hy, was calculated using the follow-
ing expression:

1.8544 P
Hy= 5

where H, is the Vickers Hardness (GPa), P is the ap-
plied load (kg) and d is the mean of the lengths of the
diagonals of the indentation (mm).

2.4. Determination of machinability

A number of parameters first determined by Baik et al.
[8, 9] were calculated from the hardness data and mi-
crostructural parameters. These include u; the cutting
energy at the quasi-static state given by:

u = H2%

The machinability parameter, n, can also be used to
categorise the effects of various heat treatments as a
function of temperature, time and H,. The following
equation indicates the relationship between hardness
(Hy) and machinability.

n =0.643 —0.122H,

Finally, Baik er al. [8, 9] also defined a parameter
termed the Effective Crystallinity parameter, Xe, was
determined. Using the expressions:

Xe =1—exp(MIn(1 — x))

2/3 —1/373/2
M= [(A) +32(A) ]

where M is a multiplication factor related to the con-
nectivity of a disk-like crystal, A is the average aspect
ratio and x is the actual volume fraction that has crys-
tallised. The volume fraction crystallinity is replaced
by the area fraction calculated using imaging analysis.
This analysis can deduce the variation of crystal con-
nectivity and its resultant effects on the microhardness
values obtained.

The approach pursued here is specific to mica glass-
ceramics in which the crack propagates in either a trans-
granular or an intergranular manner. This is associ-
ated with a weak crystal/glass interface or interlayer
crystal bonding. A high degree of crystal connectiv-
ity is observed which results in a machinable glass-
ceramic. The interconnected crystal network blunts

fracture paths and thus prevents catastrophic failure of
a sample during machining. These glass-ceramics are
known to have low microhardness values. Hence, mi-
crohardness analysis can be utilised to investigate the
machinability by analysing how various fluormica crys-
tal microstructures respond to deformation. The rea-
son for this is that the microhardness analysis mimics
the material removal rate during machining. The vari-
ous heat treatments applied will pinpoint the best crys-
tal distribution and microstructure by investigating the
ability of a sample to tolerate indentation.

3. Results and discussion
Figs 1 and 2 show typical microstructures formed for
the glasses with high alumina contents. Glasses with
high alumina contents gave microstructures with a leaf
like appearance that did not coarsen readily. The glasses
with high y values have excess alumina over that re-
quired to form the barium fluorphlogopite phase. Con-
sequently a large amount of alumina is left in the
residual glass phase and crystallization of barium flu-
orphlogopite is inhibited and crystal growth restricted
by the high viscosity of this residual glass phase.
When the alumina content is reduced the mica crys-
tals can coarsen and grow. In the lowest alumina content

Figure 1 Microstructure of y = 2.00 glass heat treated at 655°C for 1 h
and at 1000°C for 5 h.

Figure 2 Microstructure of y = 3 glass heat treated at 685°C for 1 h
and at 965°C for 2.5 h.
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Figure 3 The effect of increased temperature on the bulk formation of
an apparent kinoshitalite phase ll, BaMg3Si» Al,019(OH),, JCPDS card
43-0687) in 85107 -1.5A1,03-3.75Mg0-2.25MgF;-Ba0) The XRD pat-
terns have been spaced along the y-axis for clarity.

glass (y = 1.5) a classic house of cards microstructure
could be produced. This glass was therefore selected for
adetailed examination of the influence of heat treatment
time and temperature on microstructural development
and hardness.

Fig. 3 shows X-ray diffraction patterns for the y =
1.5 glass heat treated to various temperatures. The crys-
tal phase present in the bulk for all heat treatments
matches that of kinoshitalite (BaMg3Sip Al,O19(OH),).
However, it is known from MAS-NMR studies that the
crystal phase is a disordered barium fluorphlogopite
(BagsMg3SizAlOgF;). The amount of barium fluor-
phlogopite did not vary significantly with heat treat-
ment temperature or time over the ranges studied. There
are trace amounts of secondary crystal phases, notably
cordierite, which is mostevident in the glass heat treated
at 1175°C for 8 h.

Samples heat treated below 1100°C for one hour ex-
hibited very fine sub micron microstructures consist-
ing of small blocky barium fluorphlogopite crystals
(Fig. 4). The microstructure did not coarsen readily
on increasing the crystallization hold time. The mi-
crostructure of the y = 1.5 glass as a function of heat

zoky- X4, 008  Sum 0DEEB 09 38 SET

Figure 4 Secondary Electron Image of the y = 1.5 glass heat treated at
655°C for one hour and 1100°C for one hour.
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treatment time at 1150°C is shown in Fig. 5. The mi-
crostructure after a one hour hold at 1150°C consists of
a large number of blocky barium fluorphlogopite crys-
tals, about 1 wm in size, that are electron dense and ap-
pear white in the backscattered electron micrographs. A
small number of crystals have started to exhibit an acic-
ular morphology and are somewhat larger. The volume
fraction of barium fluorphlogopite is about 0.5 and the
microstructure is slightly interconnected at this stage.
After a 4 h heat treatment at 1150°C the microstructure
has coarsened considerably and the grains now have
an appreciable aspect ratio of about four. The smallest
crystals are about 4 um in length and the largest are
15 pm in length. On increasing the heat treatment time
further to 8 and 16 h there is relatively little increase in
size of the barium fluorphlogopite crystals. However,
some large plate-like crystals are now present and in the
micrograph of the sample heat treated for 16 h there is
evidence that the plates have a hexagonal structure. It
must be noted that most of the crystals are plates but the
chance of seeing a plate in the plane of the micrograph
is very small.

Heat treatment for 1 h at 1175°C (Fig. 6) gave rise to
a microstructure consisting of both small barium fluor-
phlogopite crystals of 1-2 wm and much larger acicular
mica crystals up to 14 yum in length. On increasing the
heat treatment time to 4 h the small barium fluorphl-
ogopite crystals disappear and the microstructure con-
sists of large acicular barium fluorphlogopite crystals
that impinge on one another. The crystals are typically
8-20 umin length and 2—4 pm in width. Increasing the
crystallization hold time to 8 and 16 h had little further
influence on the resulting microstructure.

Fig. 7 shows the microstructure of the sample heat
treated at 1200°C for one hour. It can be seen that the
interconnected house of cards microstructure has been
achieved in a much shorter time than at 1150 or 1175°C
(see Figs 5a and 6a respectively).

The hardness values (Fig. 8) reduce slightly on for-
mation of the barium fluorphlogopite phase. The ini-
tial glass has a hardness value of 760 H, that falls to
625 H, for a heat treatment of one hour at 1150°C.
The hardness values fall further with increasing time
or increasing temperature. However, the reduction in
hardness for the highest temperature studied of 1200°C
is not as large as that found at 1190°C. The large re-
duction in hardness correlates with the formation of the
interconnected house of cards microstructure.

The machinability parameters calculated from H,
values, combined with imaging analysis results (i.e.,
area fraction) are given in Table I. The average as-
pect ratio (A) was calculated from SEM micrographs.
The effective crystallinity (Xe), which describes crys-
tal connectivity, would have a value of 1 if a fully con-
nected microstructure were formed. This value is ob-
tained from a relationship between the aspect ratio and
the volume crystallinity of a sample.

Table I shows the specific cutting energy u; as a func-
tion of heat treatment temperature. The data mirrors
the data for the microhardness data. There is relatively
little change in specific cutting energy with heat treat-
ment temperature for times longer than one hour. In
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Figure 5 Back scattered electron micrographs of the y = 1.5 glass heat treated for A: 1 h, B: 4 h, C: 8 h and D: 16 h at 1150°C following a one hour
nucleation hold at 655°C.
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Figure 6 Back scattered electron micrographs of the y = 1.5 glass heat treated for A: 1 h, B: 4 h, C: 8 h and D: 16 h at 1175°C following a one hour
nucleation hold at 655°C.
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Figure 7 Back scattered electron micrograph of the y = 1.5 glass heat
treated for 1 h at 655°C and one hour at 1200°C.
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Figure 8 Vickers microhardness (Hy) against temperature for
8Si0,-1.5A1,03-3.75Mg0-2.25MgF,-BaO (Different isothermal times
are indicated by 1 h, [J: 4-h, A: 8-h and o: 16-h).

contrast the specific cutting energy changes markedly
with heat treatment temperatures of one hour. The same
phenomenon and trends are seen with the machinability
data in Fig. 9. The effective crystallinity Xe calculated
from the micrographs is shown in Fig. 10. There is
very good correlation of the effective crystallinity with
the hardness, specific cutting energy and machinability
plots.

TABLE I Microstructural analysis of heat-treated samples of
8Si0,-1.5A1,03-3.75Mg0-2.25MgF,-Ba0)

Heat treatment  u; Area
Time (7, = 655°C) (J/mm?)  n A fraction Xe
1 1150 59.02 0.10 2.09 041 0.25
1175 24.59 0.14 339 048 0.39
1190 15.69 023 495 049 0.50
1200 18.62 0.20 4.66 0.53 0.52
4 1150 17.70 0.21 428 0.50 0.47
1175 10.77 0.29 4.05 0.53 0.47
1190 3.30 044 521 052 0.55
1200 10.43 030 525 0.55 0.57
8 1150 10.43 0.30 4.17 0.52 0.47
1175 10.85 029 445 053 0.50
1190 2.54 046 446 0.55 0.52
16 1150 4.92 040 434 047 0.44
1175 8.95 032 481 0.51 0.50

*T, describes the optimum nucleation temperature used during each heat
treatment.
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Figure 9 Machinability, n, as a function of heat treatment tempera-
ture for 8Si0;-1.5A1,03-3.75Mg0-2.25MgF,-BaO (Different isother-
mal times are indicated by 1 h, [J: 4-h, A: 8-h and o: 16-h).
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Figure 10 Effective crystallinity, Xe, as a function of heat treatment
temperature for 8Si0;-1.5A1,03-3.75Mg0-2.25MgF,-Ba0). (Different
isothermal times are indicated by 1 h, [J: 4-h, A: 8-h and o: 16-h).

The optimum heat treatment (1190°C for 8-h) carried
out on this y = 1.5 composition relate to a high effec-
tive crystallinity (Xe of 0.52), a positive machinability
value (n of 0.46) and a low specific cutting energy
value (1, of 2.54 kJ/mm?). These heat treatments also
illustrate the formation of crystals with a relatively
low aspect ratio (approximately 5:1) resulting in a mi-
crostructure very different to that of the commercial
material Macor™, which has an effective crystallinity
of 0.82 and a higher aspect ratio (12:1). Therefore,
Macor™ has a better interconnected microstructure
than this y = 1.5 glass. However, this y =1.5 compo-
sition should machine to higher tolerances and surface
finishes because of the lower aspect ratio of its crys-
tals. Furthermore, a lower microhardness value than
Macor™ (H, 0.3 206) is obtained from the y = 1.5
glass (H, 0.3 154) with a heat treatment of 1190°C for
8-h, which is likely to indicate that an optimum mi-
crostructure has been formed. However, as this heat
treatment gives rise to sample melting, and distor-
tion during ceramming, the likelihood of this composi-
tion producing commercially useful machinable glass-
ceramics without further modification is relatively low.

4. Conclusions
The glasses with high alumina contents gave rise to
feathery microstructures that did not coarsen readily to



give blocky crystals of a high aspect ratio and there-
fore could not produce the classic house of cards mi-
crostructure. The glass with the lowest alumina con-
tent on heat treatment in the range 1150-1200°C gave
microstructures consisting of elongated blocky crys-
tals with a house of cards microstructure. Hardness
and machinability were found to be highly dependent
on the formation of an interconnected house of cards
microstructure.
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