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The machinability of mica glass-ceramics is evaluated using a tool dynamometer. Several 
samples with different chemical compositions and microstructures were tested in turning 
operations using TiCN cermet tools. The cutting rate dependence of specific cutting energy 
has been studied to find a simple method for the evaluation of machinability. The 
mechanical strength, the surface roughness of the machined surface and the fracture 
toughness were measured to support the machining behaviour. For the determination of 
machinability, the specific cutting energy at low cutting rate conditions, neglecting an elastic 
impact effect, and the slope of the log-log plot of the specific cutting energy versus cutting 
rate were considered as the reasonable parameters. These results are correlated with the 
microstructure and the hardness of the workpiece. In particular, the microhardness of the 
sample is shown to control the cutting characteristic. 

1. Introduction 
There is a family of nonporous machinable glass-cer- 
amics based on fluorine-containing mica crystals 
[1-3]. These materials contain highly interlocked 
mica crystals in a glass matrix, which facilitates con- 
tinuous cutting without macroscopic fracture. Since 
mica can be readily delaminated due to its low cleav- 
age energy, fractures propagate parallel to the flat 
crystals. The random intersections of the crystals 
cause crack deflections, branching and blunting which 
help to prevent microscopic fractures from propagat- 
ing beyond the local cutting area. These glass-ceram- 
ics can be machined to very high precision ( + 10 ~tm) 
using regular high-speed tools. 

The machinability is broadly understood as the ease 
with which a material is cut. It is easily appreciated 
but not readily measured in quantitative terms. Vari- 
ous criteria, such as measuring tool wear, surface 
roughness and cutting force, may be employed in 
judging the machinability [-4]. 

The machinability of mica glass-ceramics can vary 
over a wide degree according to their microstructures 
and compositions. The objectives of this paper are to 
introduce the concept of the cutting energy per unit 
volume in order to evaluate the machinability of the 
mica-based glass-ceramics and to propose a simple 
model which enables the comparison of the machina- 
bilities among mica-based glass-ceramics. 

2. Experimental procedure 
Samples for the machinability test are fluoroph- 
logopite-based glass-ceramics with different chemical 
compositions and thermal treatments. The composi- 
tion of the base glass is SiOz 50%, A1203 20%, MgO 
15%,  K 2 0  8%,  Li20 0.9%, F 6.1% by weight. Other 
dopants, such as TiO2, ZrO2 and B/O3, were added to 
modify the microstructure and the crystallinity. The 
raw materials were mixed in a ball mill with alumina 
balls, melted in Pt-10% Rh crucibles at 1550~ for 
2 h and cast on a steel mould preheated to 500 ~ The 
machinability test samples were cut to 25 x 25 • 
90mm 3 bars, heat-treated and then machined to 
22 mm diameter rods. All samples were heat-treated at 
680 ~ for 2 h to provide enough nucleation, and the 
temperature was increased to the crystallization tem- 
perature at the rate of 2 ~ rain- 1. A commercial ma- 
terial, MACOR | Glass Works, USA), was 
used as a reference for good machinability. The phys- 
ical specifications of test samples are listed in Table I. 

Cutting forces were measured using 3-component 
type strain gauges attached to a tool dynamometer 
(TD-500KA Kyowa, Japan) during the turning opera- 
tion without lubrication. The signals from the strain 
gauges were amplified, plotted and the cutting forces 
calculated. The 3-component forces, principal com- 
ponent (Fp), axial component (Fa) , and radial compon- 
ent (Fr), are described in Fig. 1. The tool was 
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T A B L E  I The materials '  data of mica glass-ceramics used in cutting tests 

Heat treatment Crystallinity 
(~ C h -  2) (%) Hardness MOR Kit 7elf 

Sample Composition" + 680/2 Microstructure b (GPa) (MPa) (MPa/m l/z) (Jm -2) 

1 U 900/6 60 NI 4.5 • 0.3 ~ 80.7 • 8 1.06 • 0.2 12.6 
2 U 950/2 71.6 1 5.56 • 0.6 _d 
3 U 1100/2 77.4I 5.11 • 0.8 - - 
4 Z 900/6 49 .5NI  5.4 • 1 54.3 • 10 1.2 • 1.2 16.2 
5 Z 950/2 53 NI 6.7 • 0,7 - - - 
6 Z 1100/6 7 8 H I  3.3 • 0.2 128.1 • 7 1.29 • 0.2 18.7 
7 ZB 900/6 75I  5.2 • 0.3 56.3 • 11 0.91 • 0.2 9.3 
8 ZB 950/2 70.8 NI 6.01 • 0.4 - - 
9 ZB 1000/6 53.8 NI 4.91 • 0.5 134.7 • 31 0.93 • 0.1 9.7 

10 ZB 1050/6 61I  5.61 • 0.4 147 • 34 1.12 • 0.1 14.2 
11 ZB 1100/6 73I  3.08 • 0.23 149.4 • 19 1.6 • 0.4 28.8 
12 T3 1100/6 72.91 3.43 • 0.2 72 • 10 1.42 • 0.3 22.7 
13 T5 900/6 65 NI 6.86 • 0.4 - - - 
14 T5 950/2 > 80 1 5.72 • 0.3 -- 
15 T5 1100/2 > 80I  4.17 • 0.2 - 
16 M A C O R  e 2.0 • 0.3 

"U, Undoped  base composition; Z, 3 wt % ZrO2 doped; ZB, 3 wt % ZrO3 and 2 wt % B20 3 doped; T3, 3 wt % TiO2 doped, T5, 5 wt % TiO2 
doped. 
bNI, Not interlocked mica structure; I, Interlocked; HI, Highly interlocked. 
CThe errors represent s tandard deviations. 
d Not  measured. 

Fp T A B L E  II Cutting conditions and tool specifications 

Fa ( ( ] d  

tool 

tool dynamometer 

Figure I 3-component forces of cutting. 

workpiece 

Operation turning of rod sample 
Depth of cut 0.5 m m  
Feed rate 0.073 mm rev-  1 
Sizes of specimen 20 30 mm (diameter) 

130 m m  (length) 
Tool rake angle 15 ~ 
Revolving rate 60, 100, 165, 270, 350 

580, 920 (r.p.m) 

Tool turning insert 
SNGG120408R from Korea Tungsten Co. 
rectangular clearance angle 0 ~ nose radius 
0 . 8mm thickness 4 m m  cutting edge 
length 12 m m  Ti(C, N) cermet 

a Ti(C,N)-based cermet having sharp eight-sided 
edges with a tip angle of 75 ~ At each measurement, 
a new edge was used to eliminate the error from the tip 
wear. The cutting condition and the tool specifications 
for the machinability test are listed in Table II. 

Average maximum roughness, Rm was measured 
using a surface roughness tester (Seimitsu, Japan) in 
the axial direction to compare the degree of surface 
finishing. A microhardness tester with a diamond pyr- 
amid (Tukon 300BM, Page-Wilson Co. USA) was 
used to measure the microhardness. The load and 
loading time were 700 g and 15 s, respectively. Frac- 
ture toughness was measured by the indentation 
method [5]. Young's modulus was measured using the 
four-point bending test with an inner and outer span 
of 20 and 40 ram, respectively. Before the bending test, 
all specimens having sizes of 3 • 4 • 45 mm 3 were 
abraded with 30 grit SiC in a ball mill for 1 h. Moduli 
of rupture were determined by taking averages of 10 
specimens at each point. Fracture surface energy was 
calculated by [6] 

2%ff ~ - -  (1) 
E 

where 7err is effective surface energy, E is Young's 
modulus, and Kic is the critical value of the stress 
intensity factor. 

The microstructure and the crystallinity were ob- 
served using SEM (scanning electron microscope, 
Hitachi $2700, Japan) and XRD (X-ray diffrac- 
tometer, Phillips, CuK~, 40 kV, 30 mA). The X-ray 
background method [7] in the range 20 = 10-17 ~ 
provided the crystallinity of the glass-ceramics. The 
XRD patterns of the powder mixtures having the same 
compositions as the base glasses were used as refer- 
ences to compensate the background intensity. The 
error of crystallinity measurement in this experiment 
is less than _+_ 10% in the range between 20 and 65% 
and is larger than _+ 10% in other ranges. Surface 
areas per unit weight of chip powders were measured 
by the BET (Brunauer-Emmett-Teller)  method [-8]. 

3. Results and discussion 
In general, the cutting operation involves the removal 
of macroscopic chips in the form of ribbon and par- 
ticles having a thickness of about 0.025-2.5 mm. The 
grinding operation usually involves the subdivision of 
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Figure 2 SEM photograph showing the chips of mica glass-ceramic; (a) MACOR sample, cutting rate 4.75 m min - a; (b) Sample 9, cutting rate 
3.05 m min-  ~. 

the material removed into smaller particles than the 
cutting operation. The formation of discontinuous 
chips during the machining is shown in Fig. 2. The 
chips are particles with sizes of 1 ~ 500 gm. Thus the 
machining process for mica glass-ceramics includes 
both the cutting and the grinding. 

For  brittle ceramic materials, it is not easy to 
analyse the effect of each component force on cutting 
behaviour. It is more convenient to use the total 
force, F, which can be expressed by the following 
equation 

F = (V 2 + F~ + V2~) ' / z  (2) 

The total specific cutting energy, u, is 

u = F v / v t b  = F / t b  (3) 

where v is linear cutting speed in m min 1, t the depth 
of cut and b the feed per revolution. 

The relationship between u and v is shown in Fig. 3. 
Linear fittings lead to a simple power-law between 
u and v such as 

u = u l v "  (4) 

where ul is the cutting energy which can be calculated 
by extrapolation at v = 1 m min-a 

Fig. 4 shows the relationship between the cutting 
force and the cutting rate of a MACOR | sample and 
sample 5. Sample 5 (Fig. 4 (b)) shows the decrease in 
cutting force with an increase in cutting rate up to 
40 m m i n - t  and the steep increase at the higher rate. 
The steep increase in the cutting forces at the high 
cutting rate resulted from friction between the tool 
and the workpiece making accurate measurements 
impossible, and, therefore, the last points were elimin- 
ated from the following calculation. 

Surface energy can be one main component of cut- 
ting energy. Then, the total output specific cutting 
energy is 

U = yS + u s --t- b/f (5) 

where 7 is the surface energy per unit area, S the 
surface area per unit volume, u~ the energy of plastic 
deformation and uf the energy loss by friction. 
Mica has a low surface energy along (001) cleavage 
plane. The energy required to produce new mica surfa- 
ces by cleavage has been found to depend upon the 
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Figure 3 Variation of specific cutting energy with cutting rate for 
mica glass-ceramics. R, 1; (3, 4; ,, 5; n ,  6; A, 8; A, 16. 

atmosphere. The cleavage energy for muscovite in 
ultra-high vacuum is 10.2 J m-2  while the value meas- 
ured in air is only 0.3 J m-2  ['9]. Phlogopite exhibits 
2.5 times larger effective surface energy than musco- 
vite, and fluorinated phlogopite has a higher surface 
energy than OH-phlogopi te  by about 25% [10, 11]. If 
we introduce the surface energy of F-phlogopite,  then 
the expected maximum surface energy is a b o u t  
0.9 J m-2.  The fracture surface energies measured by 
the indentation method are shown in Table I. The 
energies vary from 9 J m -  2 to 29 J m -  z. The fracture 
process is more complicated than for single crystals 
and involves plastic deformation in the zone adjacent 
to the fracture face, which results in a higher effective 
surface energy for mica glass-ceramics. The measured 
specific surface area of MACOR | chips after machin- 
ing are 2.64 m 2 g-  a and 2.45 m 2 g-  1 at a cutting rate 
of 4.75 m min-  t and 73 m min-  1, respectively, which 
correspond to the surface energy of about 180 J cm-3. 
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Figure 4 Variation of 3-component cutting forces for mica glass-ceramics (a) with good machinability (MACOR) O, Fa; A, Fr; [], Fp. and (b) 
poor machinability; (sample 5). O, Fr; A, Fa; [-1, Fp. 

Figure 5 The microstructures of mica glass-ceramics having different machinability; (a) Sample 4, crack path formed by indentation 
ua = 2587, n = - 0.03; (b) Sample 6, disturbed crack propagation by interlocked mica crystals ul = 790, n = 0.146. 

There were no differences in the specific surface areas 
of the chips obtained at different cutting rates. The 
estimated surface energy is 28% of the total specific 
cutting energy at a cutting rate of 1 m min-1 and 5% 
at 100 mmin  -1. One of the main reasons for this 
difference results from the deflection of the crack path 
by randomly oriented crystals. Subsidiary cleavages, 
which can be readily rehealed by cold welding [-9], and 
the deformation and the slip among crystal planes 
absorb additional energy. In addition, there is a fric- 
tional energy which readily changes to heat and 
sound. Fig. 5 shows the microstructures of glass-cer- 
amics having different machinabilities. For sample 4, 
a crack propagates between the crystals without se- 
vere deflection, while, for sample 6, crack propagation 
is greatly disturbed by the large mica crystals. For 
glass-ceramics having disc-shaped particles of high as- 
pect ratio, the fracture surface energy greatly increases 
due to the crack deflection [12]. The fracture surface 
energy does not show a direct relationship with the 
specific cutting energy, but there is a trend of increasing 

fracture surface energy with increase in machinability. 
The specific cutting energy at different cutting rates 

does not allow accurate comparisons between the 
materials. A wrong conclusion can be drawn by sim- 
ply comparing values of the specific cutting energyl 
Low u value is a necessary condition for good machi- 
nability but does not give the information about the 
quality of machined surface. 

From the log-log plot ofu and v, it is more conveni- 
ent to compare slope n among materials to judge the 
machinability. Fig. 6 shows the relationship between 
logRmax and n. The measured n values range from 
- 0.2 to 0.5. High n shows the inclination to produce 

smooth surfaces. A large scattering of the data was 
originated from the differences in the mechanical 
strengths and the microstructures. Deryagin and 
Metsik [10] have observed that the more rapidly the 
mica specimen is cleaved, the larger is  the energy 
needed to perform the cleavage. They reported that 
the surface energy reaches a maximum value if the 
cleaving rate is higher than 3 mm sec - 1. Though their 
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Figure 6 Maximum surface roughness of mica glass-ceramics ac- 
cording to the value of n. 

rate is small compared to the cutting rate, we may 
expect an increase in the cutting force due to this 
effect. The cutting speed at the tip of the tool is fast but 
the speeds of cleaving mica crystals can be much 
smaller according to the direction of crack propaga- 
tion and the distance from the tip. High speed enlarges 
the region reached by the cleaving speed having the 
maximum value of surface energy. This phenomenon 
can explain the positive exponent n of glass-ceramics 
with good machinability. Therefore the efficiency for 
machining depends on the cutting rates and decreases 
with the increase in cutting rates. 

The negative n represents the predominance of the 
brittle fracture along the glass phase over the continu- 
ous delamination through mica crystals. In abrasion 
data [13], if we consider a specific grinding energy as 
the sum of kinetic energy of impacting particles on 

target materials in relation to the volume of target 
material removed by abrasion, then the specific cut- 
ting energy is proportional to V~ o.4 -t.z, where Vp is 
the impacting velocity of particles, and, therefore, n is 
- 0 . 4  ~ -1 .2 .  Thus the efficiency of grinding in- 

creases with the speed. During the cutting operation at 
high speed, the elastic impact to the workpiece pro- 
duces sharp fragments, which results in high surface 
roughness. This effect produces negative n. The mater- 
ial with low crystallinity or poorly interlocked struc- 
ture due to the spherical shape of mica crystals 
showed negative values of n. 

The specific cutting energy at a low cutting rate of 
1 mmin-1,  the so called "quasi-static condition", is 
useful to determine the possibility of cutting a work- 
piece to  a thin and feeble section without breaking in 
the sense of neglecting the elastic impact effect. The 
materials with a large positive n are machinable with 
a high precision at v-* 0, that is F--* 0. On the con- 
trary, the materials with negative n need a large 
threshold force to start machining, and are not 
suitable for precise machining. Therefore, it is reason- 
able to determine the presence of machinability ac- 
cording to the sign of n. For good machinability, the 
specific cutting energy at low cutting rate (quasi-static 
condition) should be low, and the exponent n should 
be positive. 

Another criterion for machinability is microhard- 
ness, Fig. 7 shows the changes of ul and n with the 
microhardness data. The machinability has a strong 
dependence on the microhardness. The specific cutting 
energy can be expressed by the following formula 
including microhardness H. Similarly to the erosion 
formula [14], the specific cutting energy is 

u = A H m v  ", (6) 

where A is a constant, and m is an exponent. A well- 
developed and highly interlocked mica structure has 
a low microhardness of less than 4 GPa. In this experi- 
ment, n depends on the hardness, that is 
n = 0.643 - 0.122 H. According to this formula i fH  is 
lower than 5.2, then n is positive, and the continuous 

0.4 

0.3 

0.2 

0.1 

0 

-0.1 

-0 .2  

12 4 

\o 1,  / 21,/  
X [] / " / 0  

t i I I I I " ~ 1  I =121 I I 
2 3 4 5 6 7 1 2 3 4 5 6 7 

Hardness ( GPa ) Hardness ( GPa ) 

Figure 7 Dependence of parameters n and ul on microhardness of mica glass-ceramics. 
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machining process prevails over the elastic fracture, 
which can be considered as machinable. Microhard- 
ness changes with the volume fraction of mica and the 
interlocking degree among mica crystals. Thus n is 
a parameter indicating the tendency of the cutting by 
the mechanism of cleaving mica. The value m is 2.25 
from Fig. 7, which implies a strong dependence on the 
hardness. In the quasi-static condition ul ~ H 2'25 

therefore, the machinability can be predicted by the 
microhardness data. In addition, the soft character- 
istic decreases the tool wear and the frictional energy 
loss. This is essential for the long life of a tool and the 
wide working range of the cutting rate. 

4. Conclusions 
Machinability tests on mica glass-ceramics using 
a tool dynamometer to determine the specific cutting 
energy draws following conclusions. 

1. Specific cutting energy depends on cutting rate 
and can be expressed by the formula u = ulv". 

2. The value Ul is a reasonable parameter for deter- 
mination of machinability, because it is the cutting 
energy at the quasi-static condition, neglecting an 
elastic impact effect. 

3. The exponent n is an indicator related to surface 
roughness. Positive n indicates the continuous cleav- 
age of mica crystal, which partly originates from the 
generation of new mica surface. 

4. Microhardness is an indirect, but reliable, para- 
meter to compare machinability, which has a relation 
ul oc H 2"z5. Mica glass-ceramic with a highly inter- 
locked microstructure has a low microhardness and 
a good machinability. 
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