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The influence of additives of metal compounds (ZrB2, MoS2) and nickel to the abrasive
masses based on devitrified glasses of ZnO-PbO-B2O3-SiO2 system was studied by
investigating both the wettability of submicrocrystalline sintered corundum, and the size,
structure and chemistry of the interfaces. XRD analysis, scanning electron microscopy with
X-ray microanalysis, wettability tests and microhardness measurements were performed.
The experimental results were compared with the probability of reaction between the
abrasive grain (cBN, submicrocrystalline sintered corundum) and: (1) the additives of metal
compounds, (2) devitrified glass binders identified by using a VCS algorithm designed for
thermodynamic calculations. It was confirmed that 18–20 compounds (6–9 in condensed
phase) out of 230 exhibited chemical stability.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
For economic reasons many investigations have been
recently carried out to develop modified abrasive tools
with cubic boron nitride (cBN) abrasive grains and vit-
rified binders, which could be used in conventional
grinding machines at the standard, high speed and high-
efficiency grinding conditions [1–4].

One of the possible investigation directions is the
so called “mixed grinding wheels” connecting a cBN
mono or microcrystalline grain with submicrocrys-
talline sintered corundum (cubitron). The addition of
cubitron grains working as assisting grains with many
active grains edges helps to decrease the grinding en-
ergy and work piece surface roughness [1, 5–7]. The
incorporation of Ni, ZrB2, and MoS2 to the abrasive
masses, which react chemically with the devitrified
glass components, causes an increase of the bonding
cohesive strength and chemical stability, which are nec-
essary during grinding with the use of metalworking
fluids; they also effect the softening temperature and
the viscosity of the binder vitrified phase [8, 9].

2. Experimental procedure
Object and scope of the investigation.

The objects of investigations were sintered speci-
mens of two devitrified glasses of the ZnOPbO-B2O3-
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SiO2 system (further called the Pb21K and Pb24K spec-
imens), with Ni ZrB2 and MoS2 additions at 1, 3 and
6 vol.% of the total abrasive mass volume.

The research program was based on the following
steps:

– theoretical calculation of all the stable products
of the reactions between the abrasive grain (cBN,
cubitron) and bond components using the VCS (Vil-
lars, Cruise, Smith) algorithm,

– verification by XRD of the calculated results,
– investigation of the wettability of the cubitron sub-

strates by the devitrified glasses with additives of metals
and metal compounds.

– scanning electron microscopy with X-Ray micro-
analysis of freshly cross-sectioned samples (devitri-
fied glasses with metal compounds additives—cubitron
substrate),

– microhardness measurements of abrasive masses
with devitrified glasses and metal compound addition
(Ni, ZrB2 and MoS2).

2.1. Phase equilibria calculations using the
VCS algorithm

The chemical stability of the interfacial phases
between the abrasive grains (cubic boron nitride,
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submicrocrystalline sintered corundum) and the binder
components was determined using a thermodynamic
potential calculation by the VCS algorithm method,
which takes into consideration the stability of all
possible reaction products [8–10]. The calculation of
equilibria has been carried out for the Pb21K speci-
mens (800, 820, 830, 860◦C) and the Pb24K speci-
mens (760, 800, 820, 830◦C) at 1013 hPa atmospheric
pressure.

The mole component ratios were taken considering
the real contents in the abrasive masses. The calcula-
tions have been performed using the method of thermo-
dynamic potential minimisation of the whole-mixture,
keeping the mass balance and non-negative mole num-
bers of the individual chemical elements. These calcu-
lations did not require the determination of numbers
and types of the reactions since the system has reached
equilibrium; they have only demanded the determina-
tion of the kinds of compounds that could exist with
a certain probability. It was assumed that the binder
components in these temperature ranges could appear
in the multi-component gaseous phase and in the pure
condensed phase (liquid and solid). It is not known
whether the liquid substances formed pure phases (not
mixed liquid phases) or whether they formed a liquid
phase of unlimited miscibility, so the calculations have
been performed using both assumptions.

According to the first assumption, the multi-
component gaseous phase and pure liquid and solid
phases were present in the equilibrium state. According
to the second assumption the multi- component gaseous
phase, multi-component liquid phase and pure solid
phase were present in the equilibrium state. Calcula-
tions proved that among 230 possible reaction products,
about 18–20 products were stable, and among them
6–9 were in the solid state, depending on the additives
amount (Tables I and II).

It has been noticed that the additives of Ni, ZrB2
and MoS2 (1, 3, 6 vol.%), using the first assumption
caused an increase of the BN content. This can be ex-
plained by the fact that several compounds react with
one another. Additionally, the amount of carbon mono-
oxide (CO) increases with the temperature. The oxy-
gen of the B2O3 phase is probably captured by the car-
bon mono-oxide and the excess boron of B2O3 reacts
with the atomic nitrogen, forming BN. Therefore the
number of BN moles, which participate in the reaction
increases.

TABLE I Calculated equilibrium compositions of Pb21K with 1
vol.% Ni condensed phases formed at different temperatures

t ,◦C

Phase 800 820 830 860

Amount formed (mole) at different temperatures

αAl2O3 3.086549 3.086549 3.086549 3.086549
ZnO 1.205769 1.205769 1.205769 1.205769
MgAl2O4 0.113119 0.113119 0.113119 0.113119
Zn2SiO4 0.307931 0.307931 0.307931 0.307931
BN 3.614116 3.624524 3.628613 3.637285
V2O3 0.061188 0.061188 0.061188 0.061188
Ni 0.473514 0.473514 0.473514 0.473514

TABLE I I Calculated equilibrium compositions of Pb21K with
1 vol.% Ni-multi component liquid phases formed at different
temperatures

t ,◦C

Phase 800 820 830 860

Amount formed (mole)

αAl2O3 3.098507 3.112622 3.124080 3.191064
MgAl2O4 0.097128 0.081891 0.069754 0.000000
Zn2SiO4 0.291940 0.276703 0.264566 0.194812
BN 2.790201 2.779679 2.767310 2.682328
V2O3 0.061188 0.061188 0.061188 0.061188
Ni 0.473514 0.473514 0.473514 0.473514

Using the second assumption (multi-component liq-
uid phase) the BN content decreases with increasing
temperature, most probably due to the BN decompo-
sition. The excess boron combines with oxygen and
causes an increase of the B2O3 and atomic nitrogen
amounts.

According to the calculations, the ZrB2 additives to
the abrasive masses should be transferred (1, 3 vol.%)
as ZrO2. For the first assumption the ZrO2 is stable
in the whole temperatures range, while for the sec-
ond assumption, the amount the ZrO2 decreased due
to an increased amount of Zr and O in the liquid
phase.

At 6 vol.% of ZrB2 the additives occurred in the
form of ZrO2, ZrSiO4 and ZrB2. Using the first as-
sumption the zirconium boride was stable in the whole
temperature range. The ZrO2 content increased be-
cause of the content of ZrSiO4 decreased. In case
of nickel additives a lack of reaction of nickel with
the bond component was seen, as well as a stabil-
ity of its contents in the whole examined range of
temperatures.

The addition of MoS2 additive of 1 vol.% caused an
occurrence of ZnS zinc sulfide and MoS molybdenum
sulfide of the unchanged content in all the given tem-
peratures. The increase of the MoS2 content (3 vol.%
and 6 vol.%) caused Mo2C to appear, which increases
its content at the expense of MoC.

2.2. X-ray diffraction investigations
The theoretical calculations of the thermodynamic sta-
bility were verified by X-ray diffraction analysis. Inves-
tigations were performed using the PW1710 diffrac-
tometer, with a cobalt tube in the angle range 2�

Cokα = 10÷85◦. Regarding the solid state compounds
it can be stated that:

• about 80% of the theoretically calculated com-
pounds were identified by X-ray diffraction (Ta-
ble III)

• the V2O3, ZnO, PbB6O10, Li2B6O10 compounds
were not found

• the ZnAl2O4 and Al4B2O9 compounds were iden-
tified additionally in all the diffraction patterns, al-
though the theoretical thermodynamic calculations
excluded them.
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TABL E I I I The X-Ray phase analysis of abrasives masses containing Pb24K with 1; 3 and 6 vol.% MoS2 additives

Pb24K Pb24K with 1 vol.% MoS2 Pb24K with 3 vol.% MoS2 Pb24K with 6 vol.% MoS2

Phases BN BN BN BN
α-Al2O3- corundum α-Al2O3- corundum α-A12O3- corundum α-A12O3- corundum
MgAl2O4 MgAl2O4 MgAl2O4 MgAl2O4

ZnAl2O4 ZnAl2O4 ZnAl2O4 ZnAl2O4

Zn2SiO4 Zn2SiO4 Zn2SiO4 Zn2SiO4

A14B2O9 ZnAl2S4(32-1458) Al4B2O9 Zn2SiO4

Zn1.7Al20S32 ZnAl2S4(32-1459) Al4B2O9

MoS2 ZnAl2S4(32-1459)
ZnAl2S4(40-1075)
MoS2

TABL E IV The X-Ray phase analysis of abrasives masses containing Pb21K devitrified glass with 1, 3 and 6 vol.% MoS2 additives

Pb21K Pb21K with 1 vol.% MoS2 Pb21K with 3 vol.% MoS2 Pb21K with 6 vol.% MoS2

Phases BN BN BN BN
α-Al2O3- corundum α-Al2O3- corundum α-A12O3- corundum α-A12O3- corundum
MgAl2O4-1 MgAl2O4 MgAl2O4 MgAl2O4

MgAl204-2 ZnAl2O4 ZnAl2O4 ZnAl2O4

ZnAl2O4 Zn2SiO4 Zn2SiO4 Zn2SiO4(37-1485)
A14B2O9 A14B2O9 Al4B2O9 ZnAl2S4(32-1458)

MoC MoC ZnAl2S4(40-1074)
ZnS ZnS ZnAl2S4(40-1075)

Al2S3 MoS2

ZnAl2S4

It was confirmed that metallic nickel did not react
with any of the binder components, and it was present in
a pure form in both devitrified glasses. After molybde-
num disulfide (MoS2–1 vol.%) was introduced into the
Pb21K devitrified glass, the presence of molybdenum
carbide (MoC) and zinc sulfide (ZnS) was observed. In
the case of the 3 vol.% MoS2 additives, the presence of
ZnAl2S4 was noticed. For the 6 vol.% MoS2 additives
the presence of MoS2 and ZnAl2S4 was observed in
three different structures (Table IV).

• For the Pb24K devitrified glass the addition of 1
vol.% MoS2 caused the non-stoichiometric zinc-
aluminosulfide (Zn1,7Al20S32) and ZnAl2S4 phases
to be present but the V2O3, ZnO, C (graphite),
PbB6O10, Li2B6O10, ZnS, MoC and Mo2C phases
were not confirmed.

• In the presence of 6 vol.% MoS2 additives, MoS2,
ZnAl2S4 were observed, while the formation of
Al2SiO5, V2O3, ZnS, MoC and Mo2C was not con-
firmed.

In the presence of 1 vol.% ZrB2 additives the for-
mation of ZrO2 was noted to occur but V2O5 was not
found. At 3 vol.% of ZrB2 the occurrence of ZrSiO4
and ZrO2 was identified.

3. Wettability tests
Wetting of abrasive grains by the binder during the ther-
mal treatment is necessary for obtaining the required
tool strength and this is a basic criterion in a perfor-
mance assessment of the binder. It is assumed that the
contact angle � should be lower than 30◦, to guaran-
tee relevant adhesion of the binder (devitrified glass)
to the grain surfaces, intensifying binding forces of the

bridges [8, 9]. The temperature corresponding to the
condition � ≤ 30◦ was named as t�.

The contact angle measurements were carried out
using the Leitz-Watzlar high temperature microscope
by the sessile drop method in the temperature range 25
to 950◦C [11, 12].

For each specimen the temperature t�, was deter-
mined. The results are presented in Table V.

The analysis of the results has shown that both the
Ni and MoS2additives improve wetting properties. For
Pb21K devitrified glass, an increase of the amount of
Ni and MoS2 (1, 3, 6 vol.%) results in a decrease of both
t� (877, 880, 903◦C) and � (17◦, 14◦, 13◦). This effect
can be related to the zinc silicate (ZnSiO4 willemite)
formation and next, with the appearance of two struc-
tures of the same compound. For the Pb24K devitrified
glass the nickel additives caused an increase of the t�
temperature and a decrease of the contact angle � (26◦,
15◦, 23◦). The presence of Zn2SiO4 caused probably an

TABLE V Contact angles of Pb21K and Pb24K devitrified glasses
with Ni, ZrB2 and MoS2 additives, formed on the cubitron substrate at
corresponding temperature

Additives Pb21K Pb24K

with 1 vol.% Ni 25◦/852◦C, 17◦/877◦C 26◦/862◦C
with 3 vol.% Ni 20◦/857◦C, <14◦/880◦C 24◦/867◦C, 15◦/911◦C
with 6 vol.% Ni 22◦/876◦C, 13◦/903◦C 76◦/859◦C, 23◦/942◦C
with 1 vol.% MoS2 25◦/750◦C, 20◦/762◦C 34◦/750◦C, 25◦/764◦C
with 3 vol.% MoS2 25◦/761◦C, 19◦/768◦C 25◦/768◦C, 14◦/816◦C
with 6 vol.% MoS2 19◦/795◦C, 14◦/819◦C 20◦/794◦C, 16◦/828◦C
with 1 vol.% ZrB2 24◦/874◦C 25◦/779◦C
with 3 vol.% ZrB2 33◦/880◦C 25◦/837◦C, 23◦/849◦C
with 6 vol.% ZrB2 – 25◦/868◦C, 20◦/875◦C
Pb21K (pure) 26◦/874◦C, 23◦/893◦C –
Pb24K (pure) – 27◦/749◦C, 20◦/801◦C
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increase in the t� temperature. In the case of the Pb21K
devitrified glass—the MoS2 additives caused a drastic
decrease in the t� temperature (of 131, 126 and 74◦C)
as well as in this angle (20◦, 19◦, 14◦). A reason of this
is probably related with the occurrence of chemical re-
actions between molybdenum disulfide and the binder
components or the cubitron grains, leading to the for-
mation of MoC, ZnS and ZnAl2S4. With reference to
the Pb24K devitrified glass the situation was similar;
the addition of molybdenum disulfide also resulted in a
decrease of both t� and � (25◦, 14◦, 16◦). Also in that
case the lowest contact angle corresponds to the highest
amount of additives.

This can be explained in a similar way as it
was in case of the Pb21K devitrified glass, namely
by the chemical reaction between the additives, the
bond components and the cubitron grains, resulting in
the formation of non-stoichiometric Zn1.7Al20S32 and
ZnAl2S4compounds in two structural forms. In case
of the ZrB2 (1, 3 and 6 vol.%) the additives caused
an abrupt increase in the contact angle and in the t�
temperature.

3.1. Scanning electron microscopy
examinations of the devitrified glasses
with Ni, ZrB2 and MoS2 additives

Scanning electron microscopy (SEM) examination and
X-ray microanalysis (analysis of point, line and sur-
face distribution of chemical elements) were carried
out on the freshly cross-sectioned samples. These in-
vestigations showed the presence of interfacial phases
between the cubitron substrate and the binder mate-
rial [8, 9]. In case of the Pb21K devitrified glass the
initially small interface enlarged abruptly with the ad-
dition of 6 vol.% nickel or molybdenum disulfide, at
variance with the Pb24K devitrified glass, for which
the low amounts of additives (1 and 3 vol.%), results
in an increase of the thickness of the interface, while
with a much higher amount of MoS2 additive (6 vol.%),
this layer diminished drastically. It can be assumed that
changes of transition layer size are resulting from the
different devitrified glass chemical compositions. The
enlargement of the interface occurred with the Pb21K
devitrified glass doped with 1, 3 and 6 vol.% MoS2 addi-
tives (Fig. 1); this was probably the result of the forma-
tion of three structurally different compounds of zinc
aluminosulfide (ZnAl2S4). In the case of the Pb24K de-
vitrified glass (1, 3 vol.% MoS2 additive), the formation

Figure 1 Wettability of the cubitron substrate by the Pb21K devitrified glass with 3% Ni additives: (a)145◦C, (b)836◦C(� < 56◦), (c)880◦C
(� < 14◦).

of non-stoichiometric compounds had an influence on
the increase of the transition layer size. The decrease
in the interface size at 6 vol.% MoS2 additive could
be caused presence of ZnAl2S4 and MoS2 stoichio-
metric compounds which have formed at the interface
(Fig. 2).

The width of interface increased with an increase of
the ZrB2 additives (3 vol.%) amounts and stabilised
at ZrB2 additives (6 vol.%) amounts. The appearance
of tetragonal ZrSiO4 probably caused an increase, and
next—a stabilisation of the transition layer.

In all the cases the following chemical elements were
present {(+) presence, (±) trace amounts} in the tran-
sition layers:

• Pb21K (additives free)—aluminum, lead traces,
silicon, zinc and vanadium

• Pb21K with (1, 3, 6 vol.% Ni)—aluminum, lead,
silicon, zinc, vanadium and nickel

• Pb21K with (1, 3, 6 vol.% MoS2)—aluminum, lead
(−, +, +), zinc, silicon, vanadium, molybdenum

• Pb24K (additives free)—aluminum, lead, silicon,
vanadium

• Pb24K with (1, 3, 6 vol.% Ni)—aluminum, lead,
silicon, zinc, vanadium and nickel

• Pb24K with (1, 3, 6 vol.% MoS2)—aluminum,
lead (−, +, −), zinc (±, +, ±) silicon, vanadium,
molybdenum

3.2. Microhardness of sintered abrasive
masses with additives

Microhardness measurements have been carried out on
the sintered abrasive masses with ZrB2, MoS2 and Ni
additives (1, 3, 6 vol.%) using the FM7 digital micro-
hardness tester at 490 mN load. The results suggest that
the devitrified glasses can be considered as the hard
ones (with respect to traditional glass, the Pb21K de-
vitrified glass hardness was 6.16 GPa, the Pb24K de-
vitrified glass hardness was 6.65 GPa).

The ZrB2 addition initially caused an increase in the
sintered body microhardness (7.49 GPa), and subse-
quently at higher amounts of additives—caused a de-
crease in the microhardness values (the Pb21 K with
6 vol.% of ZrB2 − 6.18 GPa, the Pb24K with 6 vol.%
of ZrB2 − 5.88 GPa ). This tendency is maintained in
all the additives sintered abrasive masses, though the
highest microhardness value was reached in the case of
the 3% MoS2 additives (10.43 GPa).
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Figure 2 (A) SEM picture of the cross-section of the Pb21K devitrified glass—cubitron substrate sample, magnification 500×; (B) chemical com-
positions at the devitrified glass—cubitron substrate interface in the three marked points (1, 2, 3); (C) line analysis of the elements along the marked
line.

4. Conclusions
• The application of the VCS algorithm for the deter-

mination of the chemical stability of reaction prod-
ucts at the abrasive grains-binder interface made it
possible to find 20 compounds out of 230, that ap-
peared to be stable at the determined temperatures;
6–9 out of them were in the condensed phase. The
presence of 5–8 of them was confirmed by XRD
identification.

• X-ray diffraction analysis has shown the presence
of the compounds ZnAl204 and Al4B209 while the

VCS algorithm calculations have not revealed their
formation.

• In the case of nickel additives into the abrasive
masses, according to the VCS algorithm and XRD
analyses, only metallic nickel was found.

• In the case of molybdenum disulfide additives
into the abrasive masses containing the Pb24K de-
vitrified glass, according to the VCS algorithm,
the zinc sulfide (ZnS) and molybdenum carbide
(MoC, Mo2C) should have formed and according
to the XRD measurements results the following
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compounds were found: ZnAl2S4, Zn1.7Al20S32
MoS2; in the abrasive masses with the Pb21K devit-
rified glass—ZnAl2S4in three different structures
and MoS2 were identified.

• In the case of 1 vol.% zirconium boride into the
abrasive masses with Pb21K devitrified glass, only
the zirconium oxide was revealed by XRD for 3
and 6 vol% ZrB2 additive—apart from Zr02 also
ZrSi04 was observed.

• The wettability of cubitron substrates by both
devitrified glasses with nickel additives was
higher than in case of the initial materials (the
Pb24K, Pb21 K without additives): it means that
the contact angle was lower, but the tempera-
ture, at which the � value was lower, has in-
creased (of 100◦C for the Pb24K and 20◦C for
the Pb21 K glasses). The larger the additives
amount was, the higher the wettability angle
temperature.

• Molybdenum disulfide additives into devitrified
glasses caused an abrupt decrease in the temper-
ature of wetting angle (for the Pb21K—of 130◦C
and for the Pb24K—of 50◦C). The increase in the
amount of additive caused a decrease of wetting
angle but an increase in the wetting angle temper-
ature.

• The wettability of cubitron substrate by both de-
vitrified glasses (the Pb21K and Pb24K) decreased
due to the ZrB2 additives; an increase in the ZrB2
amount caused an increase in the wetting angle and
in the wetting angle temperature.

• The interface width which was present in the de-
vitrified glasses–cubitron substrate system has in-
creased abruptly at 6 vol.% of Ni, MoS2 and ZrB2
additives for the Pb21K glass and has decreased
strongly for the Pb24K glass. The differences may
result mainly from the chemical composition of the
transition layers.

• All the additives caused the increase in the micro-
hardness of sintered abrasive masses comparing to
the initial masses. The sintered masses with the
molybdenum disulfide additives reached the high-
est microhardness of all the samples.
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