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Abstract

Vitrified bond cubic boron nitride (CBN) grinding wheels with various porosities (36.5–43.5%) were fabricated by adding

polymethylmethacrylate (PMMA) and activated carbon pore former. The effects of the type and content of pore formers as well as

the size of PMMA on final porosity, microstructure and mechanical properties were investigated. PMMA was confirmed to be a more

appropriate pore former for vitrified bond CBN grinding wheels than activated carbon. The porous specimens prepared with PMMA

demonstrated quasi-spherical pores with more uniform pore size distribution, and higher bending strength and hardness than those

prepared with activated carbon. The higher content of pore former led to increased porosity of sintered specimens, resulting in a

decrease in the bending strength and hardness. Furthermore, as the size of PMMA increased, the total porosity remained almost

unchanged, while the bending strength and hardness decreased firstly and then increased. Observations carried out by scanning electron

microscope (SEM) and optical microscope showed that the size and shape of pores produced by PMMA were related to those of the

initial PMMA microspheres, so that good control of pore size and microstructure could be obtained in vitrified bond CBN grinding

wheels.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Vitrified bond cubic boron nitride (CBN) grinding wheel
is one of the most promising abrasive tools because of the
outstanding properties such as high material removal rates,
high heat resistance, good self-sharpening, easy dressing,
long wheel life, low total cost and so on [1,2]. It has been
widely used in various types of grinding operations for
metallic materials such as steel, cast iron and superalloy,
ranging from high efficiency grinding to high precision
grinding [3–6]. In comparison with metal and resin bond
CBN grinding tools, vitrified bond CBN grinding tools
show higher bond strength and more excellent self-dressing
capability. Furthermore, a certain number of pores with
different sizes can be introduced into the grinding wheel
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for vitrified bond ones [7–9]. On account of the high elastic
modulus and low fracture toughness of the glass bonding
materials, properly designed pores distributed between the
bond bridges can restrain crack propagation and increase
the impact strength of vitrified bond grinding wheels. In
addition, such a structural possibly can reduce the fric-
tional heat generated during grinding by reducing the
contact area and by allowing the flow of cooling fluid in
the pores, which is conducive to improving the surface
quality of the work pieces and the grinding efficiency of
grinding wheels as well as the service life. However, when
the porosity increases further, the strength of the bond
bridges and carrying load area decreases, leading to a
decline both in the mechanical properties and grinding
properties of the wheels [10,11]. Therefore, it is crucial to
control the porosity and morphology of pores for vitrified
bond grinding wheels to yield optimized combination of
the mechanical strength, hardness, grinding efficiency,
service life and surface finish of the work pieces.
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It has been reported that there are two major categories
of processes to obtain high porosity abrasive tools [12].
The first category is the burn-out method, where pore
structure is produced by addition of organic pore inducing
media (such as walnut shells, spherical polymers) in mixing
stage. These media thermally decompose upon firing of the
green body, leaving voids or pores in the cured abrasive
tool. The second category is the bubble method, by
introducing materials such as bubble alumina into the
abrasive tool. Owing to their relatively high melting point,
the bubble materials are not burnt out after sintering, thus
the closed pores appear in the abrasive tool. While
grinding, their outer surfaces disintegrate, thus forming
additional cutting edges and their empty interiors become
temporary shallow chip stores [13]. Polymethylmethacry-
late (PMMA) microsphere, a kind of spherical polymer
that can be easily burned out, is often used as the
pore former of porous ceramics and solid oxide fuel cells
[14–18], while it is rarely applied to vitrified bond grinding
wheels. In this work, vitrified bond CBN grinding wheels
using PMMA microsphere as the pore former were pre-
pared. The pore-forming effects of PMMA microsphere
and activated carbon were compared in terms of the
porosity, pore morphology and mechanical properties of
grinding wheels. Additionally, the porosity, microstructure
and mechanical properties of vitrified bond CBN grinding
wheels as a function of the content and the size of PMMA
pore former were also investigated.
Table 2

Particle sizes of PMMA microspheres used in

this study (specifications from supplier).

Specimens Average particle size

of PMMA (mm)

Standard

deviation

G4-7 7 1.41

G4-10 10 2.71

G4-15 15 2.03

G4-20 20 2.76

G4-60 60 6.28
2. Experimental procedures

The pre-fritted glass binder composed of 52.0 wt% SiO2–
19.5 wt% B2O3–11.5 wt% Al2O3–6.4 wt% Na2O–5.8 wt%
K2O–4.8 wt% BaO was used in this study. Polymethyl-
methacrylate (PMMA, Beijing Athanasy Technology Devel-
opment Co., Ltd., China) and activated carbon (Tianjin
University Kewei New Material Technology Development
Co., China) were used as pore formers. The compositions of
specimens investigated in this study are shown in Table 1,
with the mass fraction of the pore former being the main
variable. The particle sizes of PMMA microspheres used in
this study are presented in Table 2. CBN grains (mono-
crystal, 325/400 mesh, Henan Funik Ultrahard Material Co.
Ltd., China), Al2O3 fillers, and glass binder were homo-
geneously mixed with the pore former at various contents.
Table 1

Compositions of specimens investigated in this study.

Specimens CBN

(wt%)

Al2O3

(wt%)

Glas

(wt%

G0 14.2 57.0 22.8

G2 13.9 55.8 22.3

G4 13.6 54.6 21.8

G6 13.3 53.4 21.3

G8 13.0 52.2 20.8
The mass ratio of CBN, Al2O3 and glass binder was always
1: 4: 2.5. Temporary adhesive (paraffin wax) was subse-
quently added and mixed with the powder at about 80 1C.
Then the granules formed by sieving the mixture with a
screen were pressed into rectangular bars (30.0� 6.0�
4.0 mm) and cylinder specimens (F15.0� 10.0 mm) at
100 MPa and 125MPa, respectively. The green specimens
were sintered in an electric furnace in air. They were firstly
heated to 250 1C at the rate of 3 1C/min, held for 30 min for
elimination of humidity and burnout of temporary adhesive,
afterwards heated to 720 1C at the rate of 1 1C/min, held for
30 min for the removal of the pore former, and then heated
to 840 1C at 3 1C/min, held for 120 min, at last, furnace-
cooled to the room temperature.
The decomposition or combustion temperature of the pore

formers was ascertained by thermogravimetric analysis (TGA)
using simultaneous thermal analyzer (Netsch STA 449C,
Germany) with the heating rate of 10 K/min in air atmo-
sphere. The porosity of each sintered specimen was determined
by the Archimedes method using distilled water as medium.
The bending strength was measured by a universal testing
machine (XWW, Beijing Jinshengxin Detecting Instrument
Co., Ltd., China) with a cross-head speed of 0.6 mm/min. The
hardness was performed via Rockwell hardness tester (HR-
150A). The average hardness of 10 measurement positions on
the surface of each cylinder specimen was recorded. Every
three specimens as a group were taken to the measurements to
obtain the average value of porosity, bending strength and
hardness, respectively. Rectangular bars were tested to obtain
the average value of porosity and bending strength, while
cylinder specimens were tested to obtain the average hardness.
The microscopic morphology of specimens was observed by
optical microscope (OLYMPUS-BX51M) and scanning elec-
tron microscope (SEM, S-4800, Hitachi Ltd., Japan).
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3. Results and discussion

3.1. Characteristics of pore formers

The combustion or decomposition behavior of the pore
formers was carried out by thermogravimetric analysis
(TGA) to determine the optimum heating procedure.
Fig. 1 shows the TG curves of activated carbon and
PMMA in air atmosphere, respectively. The main weight
loss of activated carbon occurred between 360 1C and
720 1C, indicating that the activated carbon was oxidized
up to 360 1C and was completely combusted at about
720 1C. In comparison with the activated carbon, PMMA
decomposed rapidly at lower temperatures ranging from
250 1C to 400 1C, and the burn-out of PMMA was more
completed in the testing temperature region. To assure the
completeness of burn-out of pore former and avoid
cracking and ‘‘blackening’’ of the fired specimens, the
heating rate of the green samples was set at 1 1C/min
during the sintering temperature from 250 1C to 720 1C.
Fig. 1. TG curves of pore formers: (a) activated carbon and (b) PMMA.
Particle morphology of the two kinds of pore formers is
exhibited in Fig. 2. Activated carbon contained many
angular particles with various sizes ranging from 3 mm to
30 mm. They had rough surface and micro-porous struc-
ture and the larger particles appeared to be the agglomera-
tion of smaller ones. In Fig. 2(b), PMMA microspheres
obviously had spherical structure with smooth surface,
whose average particle size was 7 mm in diameter.

3.2. Effect of the type and content of pore formers on the

performance of vitrified bond CBN grinding wheels

Fig. 3 shows the fracture surface micrographs of speci-
mens prepared with various contents of PMMA and
activated carbon, respectively. It was obvious that the
microstructures were gravely affected by the amount and
type of pore former. In Fig. 3(a), the specimen prepared
without any pore formers did present a porous micro-
structure. A number of irregular pores and some small,
close pores could be observed. Since the vitrified bond was
fritted in advance, there was no gas generated by the
chemical reaction of pre-fitted glass. Thus, the pores
were mainly derived from the gaps remaining in the green
body when the vitreous grains and abrasive particles
Fig. 2. Particle morphology of the pore formers: (a) activated carbon

through SEM and (b) PMMA microspheres through optical microscope.



Fig. 3. SEM micrographs of specimens prepared with various contents of pore formers: (a) no pore former, (b) 4 wt% activated carbon, (c) 8 wt%

activated carbon, (d) 4 wt% PMMA and (e) 8 wt% PMMA.
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agglomerated together in the process of sintering. As the
content of the pore former increased, the total volume and
connectivity of pores increased, as well as the pore size. On
the other hand, the material prepared with activated
carbon showed a mass of irregular pores with various
sizes. By contrast, the material made with the same content
of PMMA had relatively small quasi-spherical pores
between 5 and 10 mm in diameter, and the pores formed
by PMMA were more uniform in distribution than those
by activated carbon as shown in Fig. 3(b)–(e). However,
some pores inside were deformed as exhibited in Fig. 3(d).
This probably because the fluid glass flowed at high
temperature, when PMMA had decomposed completely,
resulting in slumping of the thin wall of pore. In general,
both kinds of pores in the specimens were similar in shape
to the pore formers themselves (Fig. 1), indicating that the
morphology of the pores was related to the shapes and
sizes of the initial pore formers, as has already been
demonstrated in the literature [19,20].

Fig. 4 shows the porosity, bending strength and Rock-
well hardness of specimens prepared with various pore
formers. It can be seen that the porosity of specimens
increased, the bending strength and Rockwell hardness
decreased with an increase in the content of the pore
former, independent of the type of pore former used.
Additionally, the bending strength and Rockwell hardness
of specimens prepared with PMMA were obviously higher
than those of specimens prepared with activated carbon,
while the porosity of the former was negligibly lower than
the latter in the same conditions. As shown in Fig. 4(a), the
porosity increased almost linearly with the content of pore
former in the range of testing. When the content of the
pore former increased from 0 wt% to 8 wt%, the porosity
of specimens increased from 36.5% to around 43.5%. In
Fig. 4(b), the bending strength of specimens dropped from
approximately 90 MPa to 59.7 MPa when the PMMA
content increased from 0 wt% to 8 wt%, while the bending
strength dramatically decreased to 38.6 MPa for specimens
adding 8 wt% activated carbon. The variations of Rock-
well hardness were similar to the bending strength, but
when adding 8 wt% activated carbon, the Rockwell hard-
ness of specimens was too low to measure, as illustrated in
Fig. 4(c).
These results were consistent with previous correlational

studies that the mechanical strength of the specimen was
conversely relative to the content of pore former and final
porosity [21–23]. This was due to that the addition of the
pore former into specimens inevitably improved the por-
osity of the specimens and reduced the sturdiness of the
bond bridges between adjacent particles of abrasive, which
could significantly decrease the bending strength of speci-
mens. The changing trend of Rockwell hardness was
somewhat similar to that of the bending strength because
the hardness of a grinding wheel was directly influenced by
the strength of the bonding at the grain and the strength of
the bond bridges. On the other hand, the specimens
prepared with PMMA attained a sintered structure of
better mechanical properties than those with activated
carbon under the same conditions. This occurred probably
due to relatively visible deficiency such as irregular pores
with various sizes yielded in the specimens prepared with
activated carbon. It was more likely to cause stress
concentration at the defect tip and make the grinding
wheel suffer cracking and tearing in the presence of



Fig. 4. Variations of (a) porosity, (b) bending strength and (c) Rockwell

hardness of specimens with the content of PMMA and activated carbon,

respectively.
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external forces, leading to deterioration of the mechanical
properties [24]. Comparing the pore-forming effects of
activated carbon and PMMA microspheres, it was clearly
concluded that the introduction of PMMA pore former
could produce quasi-spherical pores with relatively uniform
pore size distribution, and had a less influence on impairing
the strength and hardness than activated carbon. So PMMA
pore former adjusted the porosity more effectively on the
premise of ensuring the strength and hardness of vitrified bond
CBN grinding wheels at an acceptable level so as to guarantee
wheel safety and life.
3.3. Effect of the size of PMMA on the performance of

vitrified bond CBN grinding wheels

The effect of the size of PMMA was investigated for
specimens listed in Table 2. Fig. 5 exhibits the fracture
surface micrographs of specimens adding 4 wt% PMMA
with various sizes, along with optical images of the pore
formers themselves. There were two types of pores in the
specimens. One was the irregular pores derived from the
gaps remaining in the green body during sintering as
mentioned above. The other was the quasi-spherical pores
created by the decomposition of PMMA. It was shown
that the quasi-spherical pore dimensions distinctly changed
with the PMMA size used in the preparation of the
grinding wheel. As the PMMA particle size increased,
fewer quasi-spherical pores with larger sizes were uni-
formly distributed in the specimens. Such an observation
indicated that the quasi-spherical pore dimensions corre-
sponded with the particle size of the PMMA. Therefore,
the pore size distribution can be controlled by adding
different sizes of PMMA into vitrified bond CBN grinding
wheels.
Fig. 6 shows the effects of different sizes of PMMA on

the porosity, bending strength and Rockwell hardness of
vitrified bond CBN grinding wheels. With an increase in
the size of PMMA, there was no obvious change in total
porosity, for the content of PMMA was constant. How-
ever, the Rockwell hardness and bending strength
decreased firstly and then increased as the PMMA size
increased, reaching the minimum value at an average size
of 15 mm. This was probably related to the sizes and spatial
distributions of pores in materials. By SEM, we could find
that the small pores formed by PMMA were mainly
surrounded by the vitrified bond. As the pore size
increased, the pores began to be bounded by several
abrasive grains and the spherical pores became seriously
distorted. The presence of irregularly shaped and relatively
large pores within the materials could significantly reduce
the sturdiness of the bond bridges, resulting in the rapid
deterioration of the bending strength and hardness of
specimens. When the pores became much larger, they were
encircled by multiple abrasive grains and bond bridges, but
the spherical pores were slightly deformed. On the other
hand, with the enlargement of PMMA grain size from
15 mm to 60 mm, the number of the spherical pores in
specimens fell markedly, which had a positive effect upon
the mechanical strength of the materials. Therefore, com-
pared with the specimens containing a mass of small and
irregularly shaped pores, the materials with a small
number of large spherical pores ultimately presented
higher bending strength and hardness.

4. Conclusions

Vitrified bond CBN grinding wheels with various poros-
ities (36.5–43.5%) have been manufactured by using dif-
ferent pore formers (PMMA, activated carbon). The higher



Fig. 5. (a–c) Optical images of various sizes of PMMA: (a) 10 mm, (b) 20 mm, (c) 60 mm. (d–f) SEM micrographs of specimens adding 4 wt% PMMA with

various sizes: (d) G4-10, (e) G4-20 and (f) G4-60.

Fig. 6. Variations of (a) porosity, (b) bending strength and (c) Rockwell hardness of specimens with the size of PMMA.
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content of pore formers caused a rise in porosity and a
drop in both bending strength and hardness, independent
of the type of pore former used. Compared with activated
carbon, PMMA pore former produced quasi-spherical
pores with relatively uniform pore size distribution, and
had a less influence on impairing the strength and hardness.
Hence, PMMA was an appropriate pore former for
vitrified bond CBN grinding wheels better than activated
carbon. In addition, with an increase in the size of PMMA,
there was no obvious change in total porosity, while the
bending strength and hardness decreased firstly and then
increased. SEM and optical microscope observation
revealed that the morphology of the pores produced by
PMMA was related to the shapes and sizes of the PMMA
microspheres, so the pore size and microstructure could be
successfully controlled by adding PMMA pore former into
vitrified bond CBN grinding wheels.
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