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Abstract: The effects of nano-AlN and sintering temperature on bending strength and wear resistance of low temperature vitrified 
bond for diamond grinding tools were studied. Furthermore, the phase transformation during sintering process was investigated by 
means of thermo-gravimetric analysis (TG), differential thermal analysis (DTA) and X-ray diffraction (XRD). The results show that 
the higher bending strength and wear resistance of low temperature vitrified bond are obtained by adding nano-AlN in bonds and 
sintering at optimum temperature. Nano-AlN added in bonds promotes the crystallization during sintering process and refines the 
grain sizes of crystalline phase. 
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1 Introduction 
 

Superhard grinding tool, such as cubic boron 
nitride(cBN) and/or diamond tools, are widely applied to 
grinding for superhard materials, metal materials, 
ceramics, glass etc, because they have the highest 
grinding efficiency. The cBN and/or diamond grinding 
tools are a group of composite materials that are 
composed of cBN and diamond grits and a bonding 
matrix. The familiar bonding materials include metal, 
resin and vitrified glass and electro-plated[1−2]. Vitrified 
bond cBN and/or diamond grinding tools have inimitable 
advantage over metal and resin ones, such as higher bond 
strength than resin bond ones, and more excellent 
self-dressing capability than metal ones, because of their 
high elastic modulus and low fracture toughness of the 
glass bonding materials[3−6]. 

The mechanical properties of vitrified bond cBN 
and diamond grinding tools have a strong correlation 
with the matrix composition and microstructure[4−5, 7]. 
The researcher’s previous works present that the 
Na2O-B2O3-SiO2 system glass has lower thermal 
expansion coefficient and sintering temperature, which is 

suited to manufacture the high quality vitrified bond 
superhard grinding tools[3−9]. Nevertheless, in some 
circumstances, bonds consisting of pre-fritted glass 
powder can give advantages, such as perfectly formed 
glass bonds and an absence of adverse reactions, when 
siliceous ingredients, like clays and mineral feldspars, 
are heated to high temperature. An example of the latter 
is the sudden expansion of quartz at its inversion 
temperature (573 ℃ ), which causes cracks to form 
within glass bond bridges and a subsequent loss in 
bonding strength [4]. Moreover, alkali oxide levels 
reduce the chemical durability (resistance of the glass 
bond to attack and degradation by aqueous coolants)   
[4, 10−11]. In addition, the properties of vitrified bond 
superhard grinding tools greatly depend on the interfacial 
characteristics between bond and superhard materials 
[12−15]. However, the someplace Na2O-B2O3-SiO2 
system bond is difficult to obtain satisfying properties 
including bending strength, fracture mode, heat transfer, 
chemical durability and interfacial strength, etc. 
Therefore, some researchers explored the methods by 
adding alumina, alkali metal oxides, etc in bonds to 
improve the properties of grinding tools [11, 15]. 

In this work, the effects of nano-AlN on properties 
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of low temperature vitrified bond of Na2O-B2O3-SiO2 
borosilicate glass system were investigated. 
 
2 Experimental 
 

Basic vitrified bond of Na2O-B2O3-SiO2 glass was 
fired to pre-fritted glass, and crushed, seized to produce a 
fine, powdered fritted glass. A part of the basic vitrified 
bond then was mixed with 6%−8% nano-AlN powder 
(mass fraction). The purity of nano-AlN powder is 99%, 
and its particle size is about 40 nm. Thermo-gravimetric 
analysis (TG) and differential thermal analysis (DTA) of 
as-produced pre-fritted glass with or without nano-AlN 
vitrified bond and nano-AlN powder were performed 
using WCT−2 TGA/DTA thermo-gravimetric apparatus 
at heating rate of 5 K/min in argon atmosphere. The 
structure of samples after TGA/DTA analysis was also 
studied by X-ray diffraction (XRD) with PANalytical 
model X’Pert PRO X-ray diffractometer by CuKα 
radiation at an acceleration voltage of 40 kV and current 
of 40 mA. 

Green samples were pre-pressed to form two kinds  
of dimensions 25 mm×6 mm×6 mm and d6 mm×6 
mm, respectively. Then, green samples were sintered in 
an electric furnace at 700, 710 and 730 ℃ in argon 
atmosphere. The three-point bending tests of sintered 
samples were carried out on a CMT4504 universal 
testing machine. Sliding wear tests were performed in air 
on a pin-on-disc type tribometer under unlubricated 
conditions. The sample was put as pin in contact with a 
rotated alumina grinding wheel disc. A series of 
interrupted tests were conducted at a constant speed 
loads for 15 min. The samples mass before and after the 
test were measured, and the mass loss of the samples was 
employed to present its wear resistance. 
 
3 Results and analysis 
 
3.1 Effect of nano-AlN on bending strength and wear 

resistance of vitrified bond 
Bending strength of vitrified bond samples with and 

without nano-AlN sintered at different temperatures are 
shown in Fig.1. It can be seen from Fig.1 that the 
nano-AlN has great effect on the bending strength of 
vitrified bond, moreover, it also has effect on the 
sintering process parameters. For example, from our 
previous work, the bending strength of vitrified bond 
without nano-AlN can get the highest value when the 
sintering temperature is 700 ℃. The result is the same to 
this work. As the sintering temperature increases, the 
bending strength of vitrified bond decreases remarkably. 
However, by adding nano-AlN in frit, the bending 
strength of vitrified bond increases notably, and the 
optimal sintering temperature also increases, furthermore, 

with increasing of the amount of added nano-AlN, the 
optimal sintering temperature tends to a higher value. 
 

 
Fig.1 Effect of sintering temperature and nano-AlN on bending 
strength of vitrified bond 
 

The effects of nano-AlN on wear resistance of 
vitrified bond have the same tendency, which is clearly 
shown in Fig.2. From Fig.2, at lower sintering 
temperature (700 ℃), the mass loss of vitrified bond 
without nano-AlN is lower. With the sintering 
temperature increasing, its mass loss rises rapidly. For 
the samples with nano-AlN, the mass loss get the lowest 
value. When the sintering temperatures of samples with 
6% and 8% nano-AlN are 710 and 730 ℃, respectively. 
Furthermore, the mass loss of samples with nano-AlN 
sintered at optimum sintering parameters is remarkably 
lower than the samples without nano-AlN sintered at 
optimum sintering parameters. Those indicate that 
nano-AlN added in bonds can improve the wear 
resistance of vitrified bonds. 
 

 
Fig.2 Effect of sintering temperature and nano-AlN on wear 
resistance of vitrified bond 
 

From those results above, adding nano-AlN in 
pre-fritted glass not only affects the strength and wear 
resistance of sintered vitrified bond, but also affects the 
sintering process parameters. The optimal sintering 
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temperature increases with increasing the amount of 
added nano-AlN. The results indicate that nano-AlN 
added in vitrified bond can affect the sintering character 
of pre-fritted glass, which should be deeply investigated. 
 
3.2 TGA and DTA analyses 

Fig.3 shows DTA curves of samples without and 
with 6% and 8% nano-AlN measured at argon 
atmosphere. It can be seen from Fig.3 that the DTA curve 
of sample without nano-AlN has only one thermal effect 
in temperature range from 150 ℃ to 650 ℃, which is 
an exothermic effect with peak temperature at about  
500 ℃  corresponding to the decomposition of the 
impurity on nano-AlN particles. The result indicates that 
the nano-AlN is stable in argon atmosphere at 
temperature lower than 800 ℃. 
 

 
Fig.3 DTA curves of fritted glass and samples without and with 
nano-AlN 

 
For sample of vitrified bond without nano-AlN, 

when the temperature is below 685 ℃ , a small 
endothermic effect can be observed at 500 ℃, the mass 
loss presents a rapidly descending tendency 
corresponding to this thermal effect (see Fig.4). The 
thermal effect is considered the decomposing of bonds. 
When the temperature rises over 685 ℃, the DTA curves 
present an exothermic effect. However, it can be noted 
that the mass loss corresponding to this thermal effect is 
notably varied (see Fig.4). The result indicates that the 
temperature is a beginning melting point of pre-fritted 
glass. Hence, the vitrified bond is sintered at slightly 
higher temperature, the higher bending strength of 
sintered vitrified bond is obtained. 

With adding nano-AlN in pre-fritted glass, the DTA 
curves for all samples have similar patterns when 
temperature is below 680 ℃. When the temperature is 
over 650 ℃ , an intensive exothermic effect at 
temperature of 720 ℃ appears in the DTA curves of all 
samples with nano-AlN. Moreover, when the amount of 
added nano-AlN increases, the peak value increases, and 
the temperature of maximal peak value increases, too. 

The temperature of peak value for samples increases 
from about 715 ℃  to 722 ℃  with the amount of 
nano-AlN increases from 6% to 8%. Furthermore, the 
beginning temperature of this exothermic effect is about 
675 ℃. However, the TG curves show that the mass loss 
corresponding to this thermal effect for sample with 8% 
nano-AlN notably vary compared with those of 
pre-fritted glass (see Fig.4). The results imply that two 
possibilities occur during the heating process, which are 
chemical reaction between fritted glass and AlN and 
crystallization of glass phase in pre-fritted glass. 
 

 
Fig.4 TG curves of fritted glass and samples with 8% 
nano-AlN 
 
3.3. XRD analysis 

The XRD patterns of pre-fritted glass and samples 
without and with 8% nano-AlN after heat treatment at 
750, 730 and 680 or 730 ℃  in argon atmosphere, 
respectively. It can be seen that the structure of AlN 
heated at 730 ℃ retains a simple hexagonal structure, 
and all diffraction peaks are broad, which indicates that 
the AlN structure remains as nano-structure, and it is 
steady (Fig.5(a)). Moreover, weak amorphous phase 
peak exists in the range from 28˚ to 42˚. This indicates 
that some amorphous phase exists in nano-AlN powder. 

For the pre-fritted glass heated at 730 ℃, some 
crystalline phases and amorphous phase peaks are 
observed (see Fig.5(b)). The crystalline phases are 
identified with ICDD files, which are mainly α-SiO2 and 
β-SiO2 and a little Al2O3. 

For the sample with 8% nano-AlN heated at 680 ℃, 
the XRD pattern has a little variety. It presents the mixed 
pattern of AlN with pre-fritted glass (see Fig.5(c)). This 
result indicates that the pre-fritted glass mixed nano-AlN 
has no any reaction when calcination temperature is 
below 680 ℃. The result is the same with the DTA 
result. However, when the heating temperature reaches  
730 ℃, the XRD pattern presents a great variety (see 
Fig.5(d)). The intensity of α-SiO2 and β-SiO2 diffraction 
peaks increases notably. Meanwhile, the diffraction 
peaks of AlN disappear, and some diffraction peaks can  
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Fig.5 XRD patterns of samples after reheating: (a) sample 
without nano-AlN after reheating at 750 ℃; (b) Fritted glass 
after sintering at 730 ℃; (c) Bond with 8% nano-AlN after 
sintering at 680 ℃; (d) Bond with 8% nano-AlN after sintering 
at 730 ℃ 
 
be observed at 2θ of 23˚ and 28˚, which can be 
confirmed to be tridymite phase. Moreover, it can also be 
found that the intensity of amorphous phase has a little 
change. This indicates that AlN promotes crystallization 
of α-SiO2 and tridymite. These phase varieties induce the 
improvement of properties of vitrified bond. 
 
4 Discussion 
 

The mechanical properties of vitrified bonds for 
diamond grinding tools have a strong correlation with the 
bond microstructure, and the microstructure lies on the 
matrix composition and sintering parameters [3, 5]. In 
order to ensure higher properties of low temperature 
vitrified bond, the raw materials, such as clays, feldspars 
and borax, must be melted at high temperature to prepare 
pre-fritted glass, and the microstructure of pre-fritted 
glass should contain some amorphous and crystal 
phases[7]. The amorphous phase with lower melting 
temperature can decrease the sintering temperature and 
increase interphase combining strength of bond with 
abrasive. While the crystal phase can increase the 
strength of this bond to improve the properties of 
vitrified bond grinding tools. For vitrified bond of 
Na2O-B2O3-SiO2 fritted glass studied in this work, the 
lower melting temperature of the vitrified bond can be 
obtained by adding B2O3 and clays. The melting 
beginning temperature is about 685 ℃  (Fig.4). 
Moreover, certain amount of crystal phases, such as SiO2 
and Al2O3, are also obtained (Fig.5). However, higher 
content of SiO2 has an adverse reaction, i.e. the latter is 
the sudden expansion of quartz at its inversion 
temperature (573 ℃ ), which causes cracks to form 
within glass bond bridges and a subsequent loss in 
bonding strength[4]. Our results of this work are the 

same as that of the theory (Figs.1, 2 and 5). Yet, this 
adverse effect of quartz inversion in vitrified bonds is 
correlative with the content and size of quartz phase[4]. 
The adverse effect can be reduced by refining the crystal 
phase, consequently, the strength of vitrified bonds can 
be improved. 

From the results stated above, adding nano-AlN in 
frit can improve the properties of nano-AlN s (see Figs.1 
and 2), because of the effect of AlN on phase 
transformation during sintering (see Figs.4 and 5). For 
nano-AlN, three possible main effects on phase variety  
may include during sintering process. Firstly, higher 
surface energy is beneficial to decrease the melting 
temperature (see Fig.4), the melting temperature 
decreases from 680 to 675 ℃. Secondly, the instable 
amorphous phases on nano-AlN particles react with 
fritted glass and bond to form Al2O3. This is confirmed 
by XRD analysis results. Compared the XRD patterns of 
vitrified bond without nano-AlN with those of the 
vitrified bond with 8% nano-AlN (Figs.5(a) and (d)), 
although 8% nano-AlN is  added into the vitrified bond, 
the diffraction peaks of Al2O3 represent an increasing 
trend (Fig.5). The increase of amount of Al2O3 can be 
confirmed coming from the reaction of nano-AlN with 
frit and/or clays. Thirdly, nano-AlN becomes 
crystallization nucleus and promotes the crystallization 
of α-SiO2, β-SiO2 and tridymite, furthermore, refine the 
microstructure of crystal phase. This can be confirmed 
by broadening diffraction peaks of α-SiO2 and β-SiO2. 
Therefore, the microstructures and properties of vitrified 
bonds are meliorated observably by adding certain 
amount of nano-AlN in vitrified bonds. 
 
5 Conclusions 
 

1) By adding nano-AlN powder in low temperature 
vitrified bond for diamond grinding tools, the higher 
bending strength and wear resistance can be obtained at 
optimum sintering temperature. Compared with samples 
without and with nano-AlN, when the amount of added 
nano-AlN is 6%, the bending strength increases from 20 
to 40 MPa and the mass loss decreases from 0.037 4 to 
0.013 g. 

2) Adding nano-AlN powder in vitrified bonds can 
decrease the melting temperature and promote the 
crystallization of α-SiO2, β-SiO2 and tridymite during 
sintering process and refine the microstructure of crystal 
phase, furthermore, improve the properties of sintered 
vitrified bond. 
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