Vol. 15 No 2

Trans. Nonferrous Met. Soc. China

Apr. 2005

Article ID: 1003 ~ 6326(2005) 02 ~ 0243 ~ 04

Machinability evaluation of machinable ceramics with fuzzy theory®

YU Arbing( T#5%) "', ZHONG Lrjun(#/F) %), TAN Ye fa(i#E\%)>
(1. Key Laboratory of Advanced Ceramics and M achining T echnology, Education Ministry,
Tianjin University, Tianjin 300072, China;
2. Nanjing Engineering Institute, PLA University of Science and T echnology,
Nanjing 210007, China)

Abstract: The property parameters and machining output parameters were selected for machinability evaluation of

machinable ceramics. Based on fuzzy evaluation theory, two-stage fuzzy evaluation approach was applied to consider

these parameters. Two-stage fuzzy comprehensive evaluation model was proposed to evaluate machinability of ma-

chinable ceramic materials. CeZrO2/ CePO4 composites were fabricated and machined for evaluation of machinable

ceramics. Material removal rates and specific normal grinding forces were measured. The parameters concerned with

machinability were selected as alternative set. Five grades were chosen for the machinability evaluation of machnable

ceramics. Machinability grades of machinable ceramics were determined through fuzzy operation. Ductile marks are

observed on CeZrO2/ CePO4 machined surface. Five prepared Ce-ZrO2/ CePO4 composites are classified as three ma-

chinability grades according to the fuzzy comprehensive evaluation results. The machinability grades of CeZrO2/ Ce-

PO4 composites are concerned with CePOs content.
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1 INTRODUCTION

By controlling microstructural modifications,
weak interfaces on the microstructural scale can be
introduced into ceramics'™' . Material removals are
finished due to the formation and linking of cracks
at the weak interfaces between two phases. Ma-
chinable ceramics, which can be machined with
conventional metakcutting tools such as high-speed
steel and tungsten carbide, show insensitivity to
strength degradation from machining operations'” .
The fabrication of machinable ceramics provides an
essential way to solve the machining problems of
advanced ceramics. Oxide ceramics containing rare
earth phosphates'”™ ', such as CeZr0O2/CePOs,
and mullite/ LaPO4, are machinable. There exist
and ox-

weak interfaces between phosphates

ides'™ .

More attentions have been paid to material de-
sign, fabrication and property studies of machin-
able ceramics. However, machinability of material
is an important factor for evaluation and design of
ceramics. The optimum machining technologies
can be determined according to the machinability of
ceramics. And in order to obtain better machin-
ability of ceramics, the rational property parame-
ters might be designed before fabrication of materr
als. So, the chemical composition and preparation

processes can be intentionally designed to meet the

needs for ceramics machining. Therefore, through
the research of machinability, we might design
compatible advanced ceramics, which simultane-
ously meet the needs of both applications and ma-

" " Usual criteria for machin-

chining operations
ability assessment of machinable ceramics include
material removal rate, tool life, brittleness index,
etc. Mostly, machinability of machinable ceramics
is evaluated considering any one of the above crite-

ria "> "' Recently, fuzzy evaluation approach was

applied to study the machinability of ceramics'” '
And the property parameters of materials were se-
lected as alternative set. In this study, two-stage
fuzzy evaluation model was used to analyze the ma-
chinability of machinable ceramics, in which both
property parameters and machining output parame-
ters were considered simultaneously. Machinabil-
ities of five fabricated CeZr0O2/ CePOs composites
were evaluated as the example.

2 EXPERIEMNTAL

Two-phase composites consisting of CePOs
and CeZrO» were fabricated. Powders were balk
milled in an aqueous slurry for 7h, dried, uniaxial-
ly dry-pressed at 100 MPa, cold iso-statically
pressed at 200 MPa, then sintered for 2 h in air.
The hardness was measured using Vickers indenta-
tions. The fracture toughness was measured using
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single edge notched beams loaded in three point
bending. Elastic modulus was estimated from rule
of mixtures for two-phase materials.

Samples were drilled with water coolant at a
fixed drilling load of 22. 87 N and spindle rotating
speed of 3 700 r/ min. The diameter of tungsten-
cobalt carbide drill bits was 1. 5 mm. The material
removal rates were calculated as the material re-
moval volume per unit time. Surface grinding tests
were conducted on horizontal spindle precision
grinder. A resin~bonded diamond wheel had grit
size of 270/325 and content of 100%. Grinding
tests were done in the down mode at a peripheral
cutting velocity of 22. 6 m/s, workpiece velocity of
5.5 m/min and grinding depth of 50 Hm. Grinding
coolant was water-soluble synthetics. Normal
grinding forces were measured using a piezoelectric
platform dynamometer. The machined surfaces of

ceramics were observed with SEM.
3 EVALUATION METHODOLOGY

M achinability means machining difficulty for
certain material. Usually, machinability is esti
mated with two-type parameters, material property

parameters and machining

[11, 14, 15]

output
. During machining processes, removal

parame-
ters
of materials is closely concerned with the deforma-
tion and fracture of material, which can be reflec
ted by property parameters, including elastic mod-
ulus E, hardness H.,, fracture toughness Kic,
etc. Machining output parameters are defined as
variables measured in or after machining opera-
tions, such as material removal rate, cutting force
and tool life.

There exists uncertainty in linguistic notions
about machinability, such as “easy to machine”
and “very easy to machine”. The characteristic of
machinability assessments lies in the lack of precise
boundaries. The machinability of material is a
comprehensive factor, which could not be accurate-
ly described with single parameter. So, one system
covering some parameters is needed to evaluate the
machinability. Fuzzy theory is particularly appro-
priate to deal with the uncertain linguistic notions.
Many parameters can be taken into account togeth-
er through fuzzy multrcriteria decisionrmaking
method' .

rameter are considered without missing of any in-

Relations between parameter and pa-

formation. The machinability of machinable ceram-
ics can be completely reflected by two-stage fuzzy
comprehensive evaluation method, which contains
the following steps.

1) Let U= {u1, ua,

ble alternatives

-5 un} be a set of availa-

The machinability of machinable ceramics is
regarded as evaluated objective. The mechanical

property parameters and machining output parame-
ters are selected to constitute alternative set U. To
avoid too many alternatives on one set, we divide
set U into two subsets Ui and U.. Then, U=
{Ui, Uz}, where Ui denotes the subset of alterna-
tives containing mechanical property parameters,
U. denotes the subset of alternatives containing
{vi, va,
.-y vm} be a set of evaluation criteria, usually con-

machining output parameters. Let V =

flicting, by which the performance of an alternative
is evaluated. The machinabilities are classified as
some grades represented by fuzzy terms using lin-
guistic variables, such as “easy” and “medium”.

2) First-stage fuzzy comprehensive evaluation

Fuzzy matrices Ri and R: are constituted
through evaluation of each alternative on subsets
Ui and Uz, respectively. Set of weights, represen-
ted as one vector A, is assigned. For a given mate-
rial with alternative subset Ui and Uz, the fuzzy
operations are

Bi= A CR:; B:= A: OR, (1
where “ O is fuzzy operator. The weighted aver
age fuzzy model''” is chosen for considering all al-
ternatives in terms of the assigned weights, so the
fuzzy operation model in Eqn. (1) becomes M( °,
©), where “ * 7 denotes ordinary real multiplica-
tion, “®” denotes bounded sum. Vector Bi repre-
sents result evaluated with mechanical property pa-
rameters, and vector Ba represents result evaluated
with machining output parameters. A is corre-
sponding to Ui, and Az to U-.

3) Secondstage fuzzy comprehensive evalua
tion

For alternative set U, two first-stage evalua-
tion results constitute fuzzy matrix R. Then, final
evaluation result is

B: (bl, b2, Gy bn) = A OR
B A °R,
‘AOIBZ‘A A> OR; (2)

As for the maximum element b, max on vector
B, there will be corresponded to one grade. Then,
the machinability grade of machinable ceramic ma-
terial is determined.

4 RESULTS AND DISCUSSION

4.1 Surface and parameters

The transgranular and intergranular fractures
of grains were observed on machined surfaces.
Take CeZr02/50% CePO4 for example, the SEM
micrographs of ground surface is shown in Fig. 1.
Some grains are in cleavage fracture mode indicated
by arrows A. The layered microstructures indicate
that these grains are CePO4. There exists trans-
granular fracture of CePO4 grains during machining
processes of CeZr0,/ CePO4. Arrows B shows in-
tegrated grains without breakage, which suggests
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intergranular fracture between ZrO: and CePOs
grains. When composite are exerted with loads,
fracture will occur along weak boundaries betw een
Zr0:2 and CePO4 grains. Similar phenomena can be
observed on other composites machining surfaces.
Moreover, ductile deformation of CeZrO2/ CePO4
material can be observed in Fig. 1 indicated by ar-
row C. Fig. 2 shows a lower magnification SEM
image of CeZr02/15% CePO4 surface drilled with
metal cutting tools. Obviously ductile machining
marks, similar to metal drilled surfaces, can be ob-
served in Fig. 2.

ccV SpotMagn Det WD

Fig.2 Drilled marks of Ce-ZrO2/15% CePO4

The properties of composites, material remov-
al rates () and specific normal grinding forces F.
are listed in Table 1. The CeZrO2/ CePO4 compos-
ites were prepared with different CePO4 content a
and sintering temperature ¢. If only single parame

ter in Table 1 is selected to evaluate machinability,
it is impossible to have correct and complete esti
mation. By fuzzy method, all parameters in Table
1 can be taken into account together to have a com-
prehensive evaluation result.

4.2 Evaluations

The set of alternatives is composed of H .,
Kic, E, Q and F.. Then, we have U= {ui, u2,
us, us, usj={H.,, Kic, E, Q, F.}, U= {u,
u, wsl={Hv, Kic, E}, U= {u4, us}= {0,
F.}. The set of evaluation criteria is V= {v1, v2,
v3, va, vs}= {very easy, easy, medium, difficult,
very difficult}. Suppose effects of each parameter
on machinability are similar, and suppose effects of
two type parameters on machinability are similar.
Therefore, the weighting coefficient vectors in
Eqn. (2) are assigned as A = (0.334, 0.333,
0.333), A2= (0.5, 0.5), A= (0.5, 0.5). Sup-
pose material property values and machining out-
put parameter values meet normal distribution.
The fuzzy normal distribution is selected as the
membership function:

Wx) =~ exp

where

2
X — C
)

(3)

0 and ¢ are constants corresponding to v..

Here, constants are determined on basis of the val-
ue range in Table 1. Five evaluated grades of ma-
chinability are corresponding to five values in ¢i.
With the increase of H,, K1¢, E, and F. values,
the machinable ceramics become difficult to ma-
chine. Higher Q value means the easiness of mate-
rial removal. According to the influences of those
parameters on material removal, the constant val-
ues for every parameter are as follows. H.: 0= 2,
ci= 3, c2= 5, 3= 7, cs= 9, ¢s= 11; Ki¢: 0= 2,
ci= 0, c2= 3, 3= 6, cs= 9, ¢s= 12; E: 0= 10,
c1= 150, c2= 160, ¢3= 170, cs= 180, ¢s= 190; Q:
0=0.1, ci= 0.4, c2= 0.3, 3= 0.2, ca= 0.1,
cs= 0; Fo: 0=5, ci= 35, c2= 40, ¢c3= 45, ca= 50,
cs= 35

When taking CeZr02/50% CePO4( 1 450 C)
for example, let every parameter value in Table 1
be the value of x in Eqn. (3), repeatedly substitut-

ing 0and c¢i(i= 1, 2, .., 5) values for every pa

Table 1 Property and machining parameters

CePO4 content/ % Sintering temperature/ C  H./MPa

Kic/(MPa*m"?)

E/GPa Q/(mm’*s') Fu/(N*mm™ ')

50 1450 4970
50 1550 6 930
25 1450 7270
25 1550 8 780

15 1550 8930

5.4 167 0.397 37.08
7.8 167 0.343 39.83
7.8 183 0.081 48.35
10. 6 183 0.061 41.47
10.9 190 0.003 57.1
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Table 2 Evaluation results of machinable ceramics

M achinable ceramics by by bs ba bs M achinability grade
CeZr02/50% CePO4( 1450 C) 0.533 0. 584 0.389 0. 040 0.001 Easy
CeZr02/50% CePO4(1 550 C) 0.292 0. 626 0.511 0.209 0. 006 Easy
CeZr02/25% CePO.( 1450 C) 0. 002 0. 065 0. 489 0.813 0.282 Difficult
CeZr02/25% CePO4(1 550 C) 0. 047 0.236 0.295 0.633 0. 425 Difficult
CeZr02/15% CePO4(1 550 C) 0 0. 004 0.075 0. 426 0. 806 Very difficult

rameters into Eqn. (3), the evaluated result of ev-
ery alternative can be calculated. Evaluated results
of alternatives on subset U constitute fuzzy matrix
R., and evaluated results of alternatives on subset
U, constitute matrix R>. Thus, we have

0.38 1.00 0.36 0.02 0
R=| 0 0.24 091 0.04 0 |:
0.06 0.61 0.91 0.18 0.01
1.00 0.39 0.02 0 0
R=14¢4 0.71 0.08 0 0 (4)

Substituting A, A1, A2, Ri and R: into Eqn.
(2), the comprehensive evaluation result B of Ce
Zr02/50% CePO4 (1 450 C) materials is B =
(0.533, 0. 584, 0.389, 0. 040, 0. 001). In the
same way, we have the comprehensive evaluation
results of other composites listed in Table 2.

As for CeZr02/50% CePO4 (1 450 C), the
maximum element on set B is b= 0. 584, which
corresponds to va= “easy” on set V. Thus, its ma-
chinability grade is “easy to machine” among five
From Table 2, five CeZr0O2/ CePO.

composites are classified as three machinability

<

materials.

grades, “easy to machine”, “difficult to machine”
and “very difficult to machine”. The machinabil-
ities of CeZr02/CePO4 composites increase with
the increase of CePO4 content.

From the experimental results of specific ma-
terial removal rates () listed in Table 1, we can es-
timate the machinability of five composites with
single parameter criterion. Values of specific mate-
rial removal rates can be classified as three grades.
Among five composites, CeZr0O2/15% CePO4 has
the lowest value of removal rates, two CeZrO2/
25% CePO4 ceramics have medium values of remov-
al rates, and higher removal rates belong to two
CeZr02/50% CePO4 ceramics.

sults with fuzzy approach are consistent with the

The evaluation re-

comparison of single parameter in machining ex-
periments.
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