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Nano particles of zinc borate were obtained by homogeneous precipitation
method which is based on dissolving zinc borate in ammonia and precipitating it
as nano particles by slow evaporation of ammonia. The synthesized zinc borates
were characterized by advanced analytical techniques. Zinc borate nano particles
were used as a lubricant additive to spindle oil having Span 60 dispersant. The
particles were well dispersed in spindle oil as shown by optical microscopy of the
oils. Four ball tests of the lubricants indicated zinc borate lowered (61.8%) the
wear scar diameter significantly. The hardness of wear surfaces of test balls was
reduced from 688 HV to 618 HV and presence of zinc borate particles embedded
on the surface indicated a flexible skin was formed. Therefore the pressure was
decreased due to increase of the contact area of the balls. The surface roughness
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Lubricants
Span 60 was also decreased from 35.63 nm to 27.60 nm by the addition of zinc borate to
Zinc borate spindle oil having Span 60. Zinc borate prepared by homogeneous precipitation

technique lowered the wear of the surfaces that rub to each other.

1. Introduction

Nano particles of zinc borate hydrates can be obtained
using different methods. 4Zn0O-B,0,-H,O nanopar-
ticles can be synthesized by dissolving the precipitate
obtained from borax decahydrate and zinc nitrate so-
lution [1] or by dissolving 2Zn0-3B,0,-3.0-3.5H,0 [2]
in ammonia and then reprecipitating it with the help of
evaporation of ammonia by heating the solution. Form-
ing zinc borate nano particles in mineral oil allows the
use of the mixture as lubricating oil [3]. Hydrophobic
zinc borate nanoparticles could be obtained from zinc
oxide, boric acid and oleic acid in water [4]. Saffari et
al. prepared nano-sized zinc borates at 200°C and 15
bar pressure from aqueous borax and zinc nitrate so-
lutions [5]. The surfactants are added to the mixture in
order to obtain nano zinc borate particles with different
geometries [6-9]. Agglomerates of nano zinc borate
platelets were obtained from nano zinc oxide and bo-
ric acid at 85°C with surfactants or without surfactants.
Either 2Zn0-3B,0,-7H,0, 2Zn0-3B,0,-3.5H,0 or
3Zn0-3B,0,-5H,0 were obtained by mixing aqueous
borax and sodium nitrate solutions in different propor-
tions by controlling the temperature (80°C-90°C) and
pH [10]. The effects of temperature (45°C-85°C), mix-

ing rate (400-500 rpm) and reactant feed rate (300-
900 cm® hr') on zinc borate particle size were investi-
gated by Polat and Sayan [11]. Zinc sulfate hydroxide
(Zn,SO,(OH),) and boric acid in aqueous solution
were used in zinc borate preparation [12]. The mor-
phology of zinc borates (2Zn0-3B,0,-3H,0) changed
from platelet to polyhedron at the reaction temperature
of 90°C with increasing the water content in the reac-
tion solution [12].

Zinc borates had flame retarding effect in epoxy resin
[1], polyvinyl chloride [2], polyethylene [4], polyure-
thane [10], polyvinyl alcohol [12] and cellulose [13].
Cotton fabric that was dried after immersing in a sus-
pension of nano particles of zinc borate had flame re-
tardant properties [13].

Many studies were made using zinc borate nanopar-
ticles as lubricant additives [3]. Zinc borate nanopar-
ticles by inverse emulsion method in mineral oil us-
ing Span 60 lowered friction coefficient and wear scar
diameter in four ball tests compared to that of pristine
mineral oil [3]. Nano zinc borate with 40 nm size dis-
persed in mineral oil lowered the wear scar diameter
by 50% and friction coefficient by 20% [14]. Nano zinc
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borates with 600 nm size improved the tribological
properties of water-based drilling fluids [5]. Sunflower
oil containing zinc borate with a particle size of 500-
800 nm lowered the friction and wear, as well [15]. The
tribological capacity of zinc borate ultrafine powders
modified with hexadecyltrimethoxysilane or oleic acid
in mineral oil can be explained by the formation of con-
tinuous tribo-film on the worn surface which improves
the friction and wear properties [16].

The present study aims the synthesis of zinc borate
nano particles which are used as a lubricant additive
in order to reduce the wear of the metal machine parts
that rub to each other. For this purpose, the aqueous
zinc nitrate and borax solutions were mixed and the
precipitate was dissolved with ammonia. Nano par-
ticles of zinc borate were formed as the ammonia
was evaporated by heating. The nano particles were
characterized by advanced analytical methods. The
effect of nano zinc borate on tribological behavior of
spindle oil was investigated. Both the state of disper-
sion of particles in lubricants and tribological behavior
of the lubricants were determined and the worn test
surfaces were characterized by elemental analysis,
atomic force microscopy (AFM), scanning electron mi-
croscopy (SEM) and Vickers hardness.

2. Materials and Methods

Borax decahydrate (99.9%, Eti Maden Inc.), zinc ni-
trate hexahydrate (99.9%, Fluka), Sorbitan monostea-
rate (Span 60) from Sigma Aldrich, ethanol (99.8%)
from Riedel were used in the experiments. Light neu-
tral oil called as spindle oil (SN 150) (TUPRAS A.S)
was used as a base oil for lubricant preparation.

2.1. Synthesis of Zinc Borate

The precipitation of zinc borate in the bulk phase was
carried out by homogeneous precipitation method
[2,6,17]. 20 cm? 1.25 mol dm™ zinc nitrate and 30 cm?
0.08 mol dm™ borax solution were mixed at 45°C. The
formed white precipitate was dissolved by addition of
12.5 cm? 25% ammonia. The mixture was added to 75
cm?® water and mixed at 600 rpm by magnetic stirring
at 45°C in an 8 cm diameter open container. During
the mixing the pH of the solution was monitored by
a pH meter. Nano zinc borate precipitated while am-
monia was slowly evaporated. The experiments were
repeated for different heating periods of 3, 5, 6,12 and
15 hours in order to reveal the effect of heating time
on the tribological properties of the lubricants The vol-
ume of each solution was measured at the end of the
heating period. The white sediment for each heating
period was separated by centrifuging at 9000 rpm for
10 minutes, washed with ethanol and water and recen-
trifuged. The sediments were dried at 40°C under vac-
uum for 12 hours. A lower drying temperature (40°C)
was applied rather than that of the previous investiga-
tors [2,17] drying temperature (70°C) to avoid further

reaction and growth of particles during drying.
2.2. Characterization of Zinc Borate

The Fourier Transform Infrared (FTIR) spectra of the
samples were attained by KBr transmission method
in Shimadzu FTIR 8601. For thermal characterization,
the samples (10-15 mg) were heated from room tem-
perature to 600°C at 10°C min” under N, flow of 40
cm?® min™ in alumina sample holder in Thermogravi-
metric (TG) analysis and in aluminum pan for Differen-
tial Scanning Calorimetric (DSC) analysis in Shimadzu
TGA 51 and Shimadzu DSC 50, respectively. X ray dif-
fraction diagrams (XRD) of the samples were obtained
with CuK radiation with 0.154 nm wavelength in Phil-
ips Xpert-Pro. SEM micrographs of gold sputtered
samples fixed to a double sided tape were achieved
using Philips XL30 SFEG. C, H, N, S content of the
samples were determined in CHNS analyzer (Leco).
The experiments run in dublicate and the average
results were reported. The particle size distribution
of samples dispersed in water using 1% calgon was
measured by Malvern Mastersizer 2000. An analytical
titration method described by Savrik [14] was used for
determination of B and Zn contents of the samples.
The titration experiments were run in triplicate and
their average was reported.

2.3. Preparation of Lubricants

The lubricants were prepared using sorbitan mono-
stearate as a surfactant. Firstly, 1 g sorbitan mono-
stearate was dissolved in 100 cm?® spindle oil and
heated up to 70°C, secondly, 1 g zinc borate prepared
at different heating periods during its preparation was
dispersed in the spindle oil. The lubricants are coded
as L1: spindle oil, L2: spindle oil with surfactant, L3:
spindle oil with surfactant and zinc borate heated for
6 hours, L4: spindle oil with surfactant and zinc borate
heated for 12 hours and L5: spindle oil with surfactant
and zinc borate heated for 15 hours. The lubricants
were mixed at 150°C at 20000 rpm for 2 minutes using
a 700 Watt homogenizer (OMNI GLH) with 10 mm di-
ameter rotor-stator generator prob. The samples were
further stirred for 2 hours using a magnetic stirrer (Yel-
lowline MSH Basic) at 600 rpm.

2.4. Characterization of Lubricants

The microphotographs of lubricants at room tempera-
ture were taken with an optical microscope (Olympus
BX60M) fitted with a digital camera (Olympus DP25).
The avarege diameters of particles in oil were mea-
sured by Olympus DP2-BSW program.

A four-ball wear test machine (Falex Corp.) was used
for measurement of the friction coefficient and wear
scar diameter of test balls for the lubricants L1-L5. The
test was performed according to ASTM D 4172-94.
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2.5. Characterization of Balls After Four Ball Tests
2.5.1. Cutting of fixed balls

Fixed balls used for four ball tests for spindle oil (L1),
spindle oil with dispersant (L2) and spindle oil with dis-
persant and zinc borate heated for 15 hours (L5) dur-
ing its preparation were cut into half with a microcutter
(Metkon Microcut Precision Cutter) operating at 2000
rpm using water as coolant. Thus worn surfaces of the
balls could further be examined by SEM, EDX, AFM
and microhardness testing.

2.5.2. Microhardness tests

Microhardness of the unworn and worn surfaces of the
fixed balls was measured with digital microhardness
tester (TIME HVS-1000) operating at 4.9 N load and
20 s indentation time. Average of the measurements at
three points was reported as the hardness of the ball
surface in Vicker’s Hardness (VH).

2.5.3. Atomic force microscopy

Multimode Atomic Force Microscope (Digital Instru-
ment, Nanoscope V) was used for measurement of
roughness of the wear scars of the fixed balls.

2.5.4. EDX

EDX analysis of the uncoated samples was achieved
using Philips XL30 SFEG.

3. Results and Discussion
3.1. Synthesis of Zinc Borate

Nano-sized zinc borate particles were produced ac-
cording to homogeneous precipitation technique de-
scribed by Mergen et al [2], ipek [6] and Ting et al.
[17]. The mechanism of this method is explained as
the following. Firstly, zinc nitrate to Zn?* cations and
NO, anions and borax decahydrate dissociates to
[B,0,(OH),J> and Na* cation in the solutions. When
these two solutions are mixed Zn[B,O,(OH),] precipi-
tates. The precipitate dissolves forming Zn(NH,)*
complex as ammonia is added to the mixture. As the
solution was heated at 45°C, ammonia and water are
evaporated from the system. 17, 36, 93 and 116 cm?
water was eliminated from total volume of 137.5 cm?
solution for 3, 5, 6 and 15 hours of heating. The solu-
tion become concentrated at long periods of heating
and by products such as sodium nitrate precipitates be-
sides zinc borates. The by products were eliminated by
washing the precipitates. The pH value of the ammonia
added solution was 10 initially and it was lowered with
time as it was heated at 45°C in the open container.
At the end of 3, 6, 12 and 15 hours, pH values were
measured as 8.8, 8.2, 6.6 and 5.3, respectively. The
decrease in pH was due to the removal of ammonia by
heating and reaction 1 as reported by Savrik [18].

Zn[B4Os(OH)4]-H20(s) + 2H,0(1) —
Zn[B303(0H)s] H20(s) + B(OH)s(s) (1)

Zn[B,0,(OH),]-H,O precipitates when the zinc ion con-
centration satisfies its solubility parameter. The pre-
cipitation reaction of zinc cations and borate can only
reach to molecular level due to small concentration of
zinc ions. The growth of the crystals was inhibited ow-
ing to the presence of few Zn?* ions in the solution.
Thus nano-sized particles form. Further heating the
mixture leads to the formation of Zn[B,O,(OH),]-H,O
and then Zn[B,O,(OH),]. However at higher pH values
(10-12) Zn?" ions reacts with OH-and NO?* ions to form
zinc hydroxyl nitrate, Zn (OH),(NO,),-2H,O as indicat-
ed by Savrik et al [14].

3.2. Characterization of Zinc Borates

The FTIR spectra of zinc borates prepared are shown
in Figure 1a They exhibit the specific peaks of borate
groups reported in the literature [17,19]. The band at
3300 cm™ is due to hydrogen bonded O-H groups
stretching vibration. The band at 1634 cm™ belonged
to H-O-H bending vibration indicating that the samples
had crystal water. The stretching bands of B(3)-O and
B(4)-O are observed at 1343 and 1050 cm' respec-
tively. The peaks between 745-658 cm™' belong to out-
of-plane bending mode of B(3)-O. The peak intensities
also do not increase with mixing time.

Absorbance

3900 3400 2900 2400 1900 1400 900 400
Wave Number, l/'em

Figure 1. FTIR spectra of the samples obtained by heating 3 (Plot

1), 6 (Plot 2), 12 (Plot 3) and 15 (Plot 4) hours at 45°C during their

preparation.

XRD diagrams of the zinc borates in Figure 2 have no
sharp diffraction peaks. The line broadening due to na-
no-sized crystals formed and overlap of the broadened
peaks results in a diffraction diagram similar to that of
an amorphous substance. The precipitates obtained
from dilute zinc nitrate and borax solutions at 25°C by
Savrik et al [14] had similar x-ray diffraction diagrams
of the samples obtained in the present study. On the
other hand ipek [6] obtained sharp peaks at 26 values
of 13.2°,17.5°,19.8°, 21.2°, 23.4°, 26.5°, 28.5°, 30.9°,
33.4°, 35.3°, 37.4°, 40.2°, 41.1°, 43.3°, 44°, 47.2°,
50.3°, and 54.9° belonging to 2Zn0.3B,03-7H,0
(JCPDS 75-0766) for the nano particles with 211 nm
mean size. The primary particle size of particles in the
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present study should have been much smaller since
they had very large line broadening. According to
Scherrer Equation.

L=kM(B cosb) (2)

Where L is the size of the crystals perpendicular to
diffraction plane with 8 angle in nm, k=constant which
is taken as 0.9, A is the wavelength of the x-rays. For
CuK, radiation the wavelength is 0.1546 nm. B is the
breadth of the diffraction line at half height at angle
0. For instance the breadths of the first two peaks
at 20 values of 13.2° and 17.7° of XRD diagram of
2Zn0.3B,0,7H,0 were found as 3.20° and 3.22° re-
spectively for particle size of 5 nm using Scherer equa-
tion. The breadth increases to 4.02° and 4.04° as the
particle size is reduced to 4 nm. This value is sufficient
for the overlap of the first two peaks of the XRD dia-
gram of 2Zn0.3B,0,-7H,O at 26 value of 13.2° and
17.7°. The line broadening values of the x-ray peaks
increases to 3.6° and 4.5° for 20 value of 54.9° for
5 and 4 nm particle sizes respectively. Thus for 4 to
5 nm particle size all the x-ray diffraction peaks of
2Zn0.3B,0,7H,0 will be broadened and overlap with
each other.

Ting et al. [17] indicated formation of crystalline phas-
es with increased heating period. The diffraction dia-
grams obtained did not belong to any of the known
zinc borates [17].

150

g
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50 3

5 15 25 35 45 55 65 75
2 Theta_ @
Figure 2. XRD diagrams of samples heated for 3 (Plot 1), 6 (Plot 2),
12 (Plot 3) and 15 (Plot 4) hours at 45°C during their preparation.

The TG curves of the samples are shown in Figure 3.
Since all the samples were dried at 40°C further heat-
ing would eventually cause evaporation of remaining
water. The onset of mass loss is 50°C for all samples.
The first step of the mass loss was completed at
270°C for the sample heated for 3 hours and there was
a small second step at 520°C. There was a second
step of mass loss at 490°C for the sample heated for
6 hours. The sample heated for 9 hours completed its
mass loss at 550°C. The sample heated for 15 hours
had a second step of mass loss at 250°C.
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Figure 3. TG curves of samples heated for 3 (Plot 1), 6 (Plot 2), 12

(Plot 3) and 15 (Plot 4) hours at 45°C during their preparation.

Considering dehydration behavior of possible prod-
ucts that will be obtained in the precipitation reaction,
their identification was attempted to be made in the
present study.

Alp et al. [20] determined the onset of dehydration of
zinc borate 2Z2n0-3B,0,-7H,0, 2Zn0-3B,0,-3H,0 as
129°C and 320°C, respectively, at a 10°C min™ heat-
ing rate. Therefore, the present samples could only be
zinc borate with seven mols of water.

Formation of Zn (OH),(NO,),-2H,O was also possible
in homogeneous precipitation reaction. The dehydra-
tion of Zn (OH),(NO,),-2H,O occurs in three steps.
The first step at 120°C is due to crystal water loss, the
second step is at 145-160°C because of the de-hy-
droxylation, whereasthe third step between about 160-
230°C is owing to decomposition to ZnO and nitrogen-
and oxygen-containing compounds [21]. On the other
hand, 4Zn0-B,0,-H,0 was stable up to around 520°C
and no considerable weight loss was detected up
to this temperature. A sharp decrease in weight (4.4
wt%.) occurred between 520 and 560°C [2].

Heat Flux {mW)
i

0 100 200 300 400 500 600 700
Temperature (*C)

Figure 4. DSC curves of samples heated for 3 (Plot 1), 6 (Plot 2),
12 (Plot 3) and 15 (Plot 4) hours at 45°C during their preparation.

DSC curves of the samples shown in Figure 4 exhibit
two endothermic peaks at around 100°C and 500°C
that may be due to loss of free and bound water. Table
1 presents the dehydration behavior of the samples
and the first endothermic peak of the samples is re-
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Table 1. Dehydration temperatures and enthalpies of samples prepared by heating for different periods.

Heating First Peak Second Peak
Time Onset Maximum Endset AH Onset Maximum Endset AH
(°C) (°C) (°C) Vg (°C) (°C) (°C) Vg
3 33.1 100.6 204.7 -163.7 520.0 582.0 580.0 -10.7
6 31.0 94.6 230.4 -220.2 504.4 538.5 582.3 -61.6
12 48.9 98.2 162.3 -191.0 309.7 521.5 313.9 -1.7
15 40.4 102.2 233.3 -305.0 245.6 296.4 365.9 -43.0

lated to removal of free water from the samples and
the second peak is linked to the removal of water
formed by the condensation of OH groups. The en-
thalpy changes were calculated from the areas of the
observed peaks. The high enthalpy change (AH) of the
first peak than that of the second peak indicated the
presence of higher amount of free water than bound
water in the samples.

The elemental composition of the samples displayed
in Table 2 were determined by CHNS elemental ana-
lyzer. The samples contained N and C elements be-
sides H. The samples contained 1.19 to 2.02 %. N
which might be present as NO," ions. The presence
of carbon (0.39-1.51 %) in the samples may be due to
the CO, adsorption of the samples from the air.

Table 2. C, H, N element % of zinc borates obtained at different time
of heating.

Average (wt %)

Time (h)
H N
3 0.43+0.10 1.99+0.04 1.19+0.01
6 0.44+0.02 2.15+0.09 2.13+0.01
12 0.39+0.10 1.99+0.06 1.77+0.01
15 1.51+0.05 2.30+0.04 2.02+0.01

ZnO % and B,0, %, CO,” and NO,, contents of the
samples are shown in Table 3. B,0,/ZnO molar ratio
of samples for different mixing periods is changing be-
tween 0.683 and 0.755 as seen in the Table 3. This re-
sults the empirical formula of the zinc borate obtained
as 2Zn0.3B,0,.xH,0.

Water content of the samples were determined by
three different methods. The first method is thermo-
gravimetric analysis. The total mass loss at 600°C
corresponds to elimination of water from the samples.
The second method is CHNS analysis. It can be as-
sumed that the H in the samples can only be pres-
ent as H,0O or OH. The third method is related to the
material balance of chemical analysis. The difference

between 100 and the summation of B,O, %, ZnO %,
CO,> % and NO, % gives the water content by mate-
rial balance. Mass losses of the samples are changing
from 9.48% to 17.07% by to TG analysis, 17.91-20.7
% by CHNS elemental and 9.36% to 16.50% by mate-
rial balance.

2Zn0-3B,0,-3H,0 and Zn0O-B,0,2H,0 contain
12.69% and 19.25% H,O, respectively [22], [23].
The water content of 2Zn0-3B,0,-3H,0 is eliminated
above 340°C [22], the samples prepared in the pres-
ent study can not be 2Zn0O-3B,0,-3H,O since their
maximum dehydration temperature is around 100°C
as DSC analysis indicated.

Particle size distributions of samples are found as
bidisperse as shown in Figure 5. There is a small
peak being maximum around 600 nm, and a big peak
around 20 um. The mean particle diameter of zinc bo-
rate particles were increased with heating time from
16.78, 18.93, 18.22 and 22.36 ym for 3, 6, 12 and 15
hours heating time, respectively. These large particles
were thought to be formed by the agglomeration of the
nanoparticles formed by homogeneous precipitation.

SEM images of the sample heated for 3 hours are ex-

Volume (%)

0l 1 10 100 1000
Particle size (um)

Figure 5. Particle size distribution of samples heated for 3 (Plot 1),

6 (Plot 2), 12 (Plot 3) and 15 (Plot 4) hours at 45°C during their

preparation.

Table 3. ZnO, B,0,, CO,* and NO,” weight % and B,0,/ZnO molar ratio and H,0 weight % of zinc borates.

Time (h) Weight (%) B203/Zn0O H20 (%)
ZnO B20s COs% NO3- mol ratio TG CHNS Chem.
3 44 .81 31.27 2.15 5.27 0.683 9.48 17.91 16.50
6 42.28 30.94 2.20 9.43 0.736 14.76 19.35 15.15
12 43.78 30.95 1.95 7.84 0.734 17.07 17.91 15.48
15 42.36 31.78 7.55 8.95 0.755 13.89 20.70 9.36
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TLDAS INTEMAM

Figure 6. SEM micrographs of the sample heated for 3 hours at
45°C during its preparation. At a. 50000x, b. 10000x magnification.
The scale is 500 nm and 2 ym for a and b, respectively.

hibited in Figure 6. Spherical agglomerates are with
100-500 nm size are observed in Figure 6a. The ag-
glomerated particles were also sticked together to
form larger particles as seen in Figure 6b. Since the
particle size analysis indicated the presence of par-
ticles around 20 ym, these particles were also further
agglomerated. It was thought that these agglomerates
formed by continuous mixing of the precipitation medi-
um at high rate, 600 rpm for long period. The decrease
in stirring rate could solve the agglomeration problem.
This problem of agglomeration were also observed by
other investigators [7-9].

3.3. Characterization of Lubricants and Wear Sur-
faces

3.3.1. Optical microscopy of lubricants

The inorganic additives were used simultaneously
with dispersants in lubricants. The surfactant, sorbitan
monostearate (Span 60) was employed as dispersant
in the present study. Figure 7 indicates the optical mi-
crophotographs of the spindle oil (L1), spindle | oil with
dispersant (L2) and spindle oil with dispersant and
zinc borate heated for 15 hours (L5). The micropho-
tograph of the spindle oil (Figure 7a) has only an air
bubble, whereas, the microphotographs of the oil with
additives has the polydispersed particles. The spindle
oil with Span 60 has rod-like shape particles with 5.55
pm average length (Figure 7b). When the zinc borate
mixed for 15 hours is added into spindle oil, average
diameter of the particles is 3.06 ym (Figure 7c). Span
60 covered the zinc borate particles and therefore rod
like Span 60 particles are not present. The particle size
of the samples differs than the values measured by
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Figure 7. Optical micrographs of a. Spindle oil (L1), b. Spindle oil
and dispersant (L2), c. Spindle oil with dispersant and zinc borate
heated for 15 hours.

particle size distribution analysis since the zinc borate
particles are well dispersed in mineral oil. Besides, the
homogenization process during lubricant preparation
disperses the agglomerated zinc borate particles.

3.3.2. Tribological properties of the lubricants

Colloidal boron compounds are more effective ex-
treme pressure and antiwear additives compared to
sulfur and phosphorous containing additives which
are considered causing damage to both engine and
environment [24-27]. Zinc borate particles are added
to spindle oil and four ball tests were applied to deter-
mine the tribological properties in the present study.
Results of the four ball tests of the lubricants are re-
ported in Table 4 for both the present study and previ-
ous studies.

At 75°C, the four ball test temperature, Span 60 dis-
persed in spindle oil is in liquid form since it melts at
50°C [18]. It has strong effect on reducing friction coef-
ficient and wear scar diameter in four ball tests since
it can be adsorbed on the surfaces of the balls with
its polar ester groups. When Span 60 and zinc borate
are added simultaneously to spindle oil, Span 60 en-
sures the even dispersion of zinc borate particles. On
the other hand, Span 60 addition to spindle oil lowered
the coefficient of friction from 0.1 to 0.07. The friction
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Table 4. Tribological properties of lubricants.

Code Lubricant c:;:it::?:n t di::’:::((::m) Reference
L1 Spindle oil 0.10 1.40 Present study
L2 Spindle oil with Span 60 0.07 0.66 Present study
L3  Spindle oil with Span 60 and zinc borate 6 hour 0.09 0.56 Present study
L4  Spindle oil with Span 60 and zinc borate 12 hour 0.07 0.53 Present study
L5  Spindle oil with Span 60 and zinc borate 15 hour 0.08 0.53 Present study

i Nano zinc borate and Span 60in mineral oil by 0.09 0.60 [3]
inverse emulsion
- Nano zinc borate and Span 60 in mineral oil 0.08 0.69 [14]

coefficient of spindle oil with Span 60 and zinc borate
prepared by mixing 6, 12 and 9 hours had friction coef-
ficients of 0.09, 0.07 and 0.08 respectively (Table 4).
The wear scar diameter was reduced from 1.4 mm to
0.66 mm by addition of the sufactant Span 60. It was
0.56 mm, 0.53 mm and 0.53 mm for the lubricant with
both surfactant and zinc borates prepared in 6, 12 and
15 hours respectively as seen in Table 4. Thus wear
scar diameter of the lubricant with zinc borate heated
for 12 hours was smaller than 61.8% than the spindle
oil (L1). The zinc borates lowered the wear scar di-
ameter compared to that of the spindle oil having only
surfactant (L2) (Table 4). Lubricant with Span 60 and
nano zinc borate prepared by heating for 12 hours had
minimum coefficient of friction and wear scar diameter
among the present and previous studies [3,14] as pre-
sented in Table 4. The decrease in the wear of the sur-
faces with lubricants with zinc borate particles is due
to filling of the cavities created on the worn surface by
them. Therefore, the smoother surfaces resultin a de-
crease in shearing stress and tribological properties.

3.3.3. Surface topography and composition of the
worn balls

The surface topography of unworn and worn surfaces
of the test are shown in Figure 8 and their average sur-
face roughness values measured by AFM are tabulat-
ed in Table 5. The images showed that no new phase
was obtained on the rubbed surfaces of the test balls.
The agglomeration of particles on the pit in Figure 8a
might be the deposition film on the friction contacting
area. Figure 8b exhibits much smoother surface. The
surface roughness was also decreased from 35.63 nm
to 27.60 nm by the addition of zinc borate to spindle oil
having Span 60.

The fixed balls lubricated with spindle oil (L1), spindle
oil and sorbitan monostearate (L2), the lubricant con-
taining sorbitan monostearate and zinc borate (L5)
were cut with a microcutter for closer examination of
worn surfaces by SEM. The scars and pits observed
by AFM on the surfaces are also visible in SEM micro-
graphs of worn surfaces in Figure 9.

The elemental composition of unworn, worn and de-

formed surface of the fixed ball lubricated with the oil
with Span 60 and zinc borate particles was determined
by EDX (Figure 8c). The white, red and green frames
in Figure 9c represent areas of pristine, worn and de-
formed surfaces. The EDX analysis results of these
surfaces are listed in Table 6. The oxygen content is
higher for the deformed and worn surfaces than that
of pristine surface due to oxidation by cooling water
used during cutting process. Boron content was also
higher for the worn surface. While in previous stud-

Figure 8. Three dimensional AFM view of 5um x 5um are of worn
surfaces of balls after four ball tests. Surfaces of ball tested with a.
Spindle oil, b. Spindle oil with Span 60 c. Spindle oil with Span 60
and zinc borate heated for 15 hours.
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Table 5. Surface rougness and hardness of values unworn and worn surfaces of test balls after four ball tests.

Ball Surface

Surface Roughness Surface Hardness

Ra(nm) Vickers
Unworn 35.37 709
Worn with Spindle oil (L1) 27.10 677
Worn with Spindle oil with Span 60 (L2) 35.63 688
Worn with Spindle oil with Span 60 and zinc borate (L5) 27.60 618

ies either only B element [25] or Zn element [16] was
found on the worn surface, both elements existed si-
multaneously in the present study. This indicated that
zinc borate particles were embedded on the surface.

Figure 9. SEM micrographs of warn surfaces of balls after four ball
tests with a. Spindle oil (L1) b. Spindle oil with Span 60 (L2), c. Spin-
dle oil with Span 60 and zinc borate heated for 15 hours (L5) (white
frame: Pristine surface, red frame: Worn surface, green frame. De-
formed surface.

3.3.4. Surface hardness

The hardness of pristine and worn surfaces of four ball
test balls was measured by indentation test and re-
sults are shown in Table 5. The average Vickers hard-
ness value of the pristine ball surface was found as
709 HV (equivalent to 61 HRC). This value is consis-
tent with literature value of 52100 steel which is 59-
61 HRC. The average Vickers hardness values of the
balls lubricated with spindle oil (L1), spindle oil with
surfactant (L2) and the lubricant including zinc borate
(L5) were measured as 677, 688 and 618 HV, respec-
tively. The hardness of the worn surface with oil with
Span 60 is higher than that of the worn surface with

pure oil (L1). This can be explained by the migration
of polar groups to the metal surface and formation of
physical bonds with surfaces. However, the addition
of zinc borate particles to spindle oil (L5) considerably
decreases hardness of worn surface. A soft thin layer
which candeform easily could be the cause of this be-
havior. Therefore the pressure is decreased due to the
decrease of the contact area between the rubbing sur-
faces and the wear scar diameter is lowered, as well
[15,28].

Table 6. Elemental composition of unworn, worn and deformed sur-
faces of the fixed ball after four ball test with lubricant with Span 60
and zinc borate.

Mass (%)
Element Pristine Worn Deformed
Surface Surface Surface
Carbon 4.8 18.5 38.4
Oxygen 1.7 8.4 13.5
Iron 80.3 56.2 21.0
Silicon 0.8 0.4 0.8
Chromium 1.4 1.3 0.6
Manganese 2.0 0.7 0.6
Sulfur 0.4 0.2 0.4
Phosphorous 0.6 0.1 0.2
Nickel 2.6 1.1 0.9
Calcium 0.2 0.2 0.6
Boron 54 10.8 21.4
Zinc 0.0 23 1.6

4. Conclusions

In this study, zinc borates were obtained from zinc ni-
trate and borax solutions. Dissolution of zinc borate
with ammonia and reprecipitation by removing am-
monia resulted in formation of nanoparticles of zinc
borate. The FTIR spectra of the samples confirm
the presence of borate groups. XRD of the samples
appear as if they belong to amorphous substances.
Spherical agglomerated particles were formed due to
mixing of the precipitation medium at high rate for long
periods. The mean particle diameter of zinc borate
particles dispersed in water were measured as 16.78
pm, 18.93 ym, 18.22 ym and 22.36 ym for 3, 6, 12 and
15 hours heating at 45°C during preparation of zinc
borates respectively.
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The zinc borate particles were well dispersed in spin-
dle oil with average diameter of 3.06 ym. In the lubri-
cant large sized particles such as 22.36 ym was not
detected which confirmed the homogenization pro-
cess during lubricant preparation well dispersed the
agglomerated zinc borate particles. The zinc borate
particles also points their potential use as tribologi-
cal additives. The wear scar diameter was reduced by
61.8% for lubricant containing zinc borate and Span
60 as compared to the spindle oil. The boron and zinc
contents of the worn surfaces lubricated with oil with
zinc borate were higher than that of the unworn sur-
faces. This may be caused by the presence of em-
bedded zinc borate additive on the worn surface. The
hardness of the worn surface lubricated with spindle
oil containing surfactant was highest one compared to
the surfaces lubricated with only oil and oil having both
zinc borate and surfactant.
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