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ABSTRACT

Extreme pressure (EP) additives are an

important component of gear oils, which are used to
prevent gears from sticking, ploughing and other
wear under extreme working conditions, and to
protect tooth surfaces and extend the service life of
gear oils. The anti-friction and anti-wear properties of
three extreme pressure single agents under the
contact pressure of 1.2 GPa were studied in this paper,
and the optimal concentration range of the three
additives was determined. The action mechanism of
additives was analyzed by XPS and SEM. To
combine the advantages of the three additives and
study the proportion law of the three additives, taking
the additive concentration as the input, the COF and
the wear rate as the response, Box-Behnken design
(BBD) sampling method was used to select the
experimental data. The relationship between the
concentration and COF and wear rate was obtained
through the response surface methodology (RSM)
with Design Expert software, and the influence of the
concentration of three additives on the response value
was discussed through the RSM curve. The optimized
concentration ratio was obtained through the
desirability analysis. Then the friction and wear value
of the predicted value were verified through the
experiment, and the error was within 4%.

INTRODUCTION

Automobile is one of the most common and
important tools in modern society, which plays an
irreplaceable role in social production and life. Gear
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oil is the blood of vehicle, which is related to the
normal operation of vehicle parts. Under the
condition of high load, high speed and high
temperature, the gear oil is often cracked due to the
insufficient strength of the lubricating film, which
leads to serious wear of the gear and affects the
normal operation of the vehicle (Parenago et al., 2017;
Qu et al., 2015). Anti-wear additive is to protect the
surface of gear and bearing, prevent the wear and
sintering of moving parts, and improve the reliability
of engine under this extreme pressure lubrication
condition (Mohammadtabar et al., 2019; Spikes, et al.,
2008).

Although there are many reports that various
new no sulfur or phosphorous additives have been
developed (Huai et al., 2020; Johnson et al., 2017;
Rastogi et al., 2012), sulfur-based additives are still
the mainstream additives for gear oils. The organic
sulfide forms a physical adsorption film, an anti-wear
film of iron mercaptan and an extreme pressure film
of iron sulfide on the surface of the relatively moving
iron-based friction pair (Ma et al., 2009; Mamedova
et al., 2017; Mistry et al., 2013). At present, most of
the research is focused on single agent, because of the
large amount of data, it is difficult to explore the
proportion law of a variety of additives. Therefore, it
is very important to find a suitable data analysis
method to reduce the amount of data. Response
surface methodology (RSM) (Bas et al., 2007) is a
method to optimize the experimental conditions.
Through the regression fitting of the process and the
drawing of response surface and contour, the
response values corresponding to each factor level
can be easily obtained. At present, RSM is mainly
used in industrial design (Redhwan et al.,, 2018;
Urbiola-Soto et al., 2016), food processing (Jiang et
al., 2010; Nwabueze et al., 2010), drug preparation
(Badgujar et al, 2015), composite material
preparation (Srivabut et al., 2019; Homkhiew et al.,
2013) and so on. With the development of tribology,
response surface analysis has also been gradually
applied to analyze and process friction data and
optimize the selection of lubricants.

In tribology field, many predecessors have
carried out research on the effects of lubricants,
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surface morphology and friction parameters on
friction and wear based on RSM and achieved fruitful
results. Maatallah et al. (2016) conducted
experimental designs by RSM to analyze the
relationship between the failure of EHL rolling
contact in highly polluted media and surface
parameters. Srivastava et al. (2008) used RSM and
central composite design (CCD) to model the effect
of working variables on surface roughness
performance in the Solid Lubricant Assisted
Machining process. Garc1a et al. (2018) proposed an
experimental design method based on Ra
measurement for optimization of machined surface
roughness. Gupta et al. (2015) described the RSM
and particle swarm optimization (PSO) technology in
the minimum quantity lubricant environment. Kim et
al. (2013) and Kumar et al. (2013) studied wear
behavior of materials, and found the most important
factors by RSM. Ossia et al. (2009) did research on
wear resistance and lubricity of acid in biodegradable
castor oil base material by RSM with Box-Benhken
design. Rajmohan et al. (2016) and Haron et al. (2010)
established models of tool wear based on RSM, and
came to the conclusion that the influence of feed rate
is more significant when processing metal materials.

This article is mainly to study the influence of
the concentration of phosphate ammonium salt,
thiophosphate ammonium salt, and dithiophosphate
ammonium salt in gear oil on friction and wear. XPS
and SEM were used to analyze the wear mechanism
of different additives. The response surface method
was used to analyze the proportion laws of these
three additives, and the optimal concentration was
found through the response surface. In order to verify
the prediction results > the COF and wear rate of
friction area lubricated with predicted additives ratio
were tested through ring-block tests.

EXPERIMENTAL PROCEDURES

Tribological tests

The tribological tests were conducted by a
ring-block tester (Fig. 1). The contact pressure was
1.2 GPa; the rotate speed was 500 r/min and every
test lasted for 30 min. The value of COF was
collected by torque sensor (HCNJ-103, Beijing
Haibohua Technology Co., Ltd., Beijing, China). The
grade of base oil was 80W-90 (GL-5). Additive #1
and #2 were sulfur phosphorus type, and additive #3
was nitrogen phosphorus type, provided by
PetroChina Lanzhou Lubricant Research and
Development Center. The rings and blocks were
made of bearing steel with a surface roughness Ra of
0.056 um and quenched to ensure that the hardness
researched 750 + 50 HV.
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Schematic diagram of ring-block testing

Characterization methods

To analyze the functional groups and structure
of additives, the infrared spectrum was detected by a
Fourier infrared spectrometer (Nicolet iS50, Thermo
Fisher Technology (China) Co., Ltd., China). XPS
analysis was used to detect the composition of the
friction film on the worn surface to analyze the
mechanism of anti-friction and anti-wear. And the
spectrum was obtained by X-ray photoelectron
spectroscopy (Thermo Fisher ESCALAB Xi+,
Thermo Fisher Technology (China) Co., Ltd., China).
The surface morphology of wear scars was observed
by a tungsten filament scanning electron microscope

(SEM, EVO 10, Carl Zeiss optics Co., Ltd.,
Germany).
RESULTS AND DISCUSSION

Infrared spectrum

To detect the molecular structure and optical
energy group composition of the three additives, the
infrared spectra of the additives were obtained by
Fourier infrared spectroscopy (Fig. 2). The
wavenumber of additive #1 at 1380, 2860, 2870 and
2970 cm™! indicated that it contained saturated and
unsaturated hydrocarbon bonds, such as -CH-,
benzene ring, etc. 841cm™ and 810 cm™! showed that
additive #1 contained oCH para-disubstitution.
1015cm™ and 1220 represented C-O-P(=S)-O-C and
C-O groups. Therefore, the additive #1 was
ammonium thiophosphate. Additive #2 had peaks at
wavenumber of 2870, 2930, 2960, 746, 898, 1360,
1620, 1296 and 1015 cm’, indicating that it
contained saturated and unsaturated C-H, oCH
ortho-disubstitution of benzene ring, N-H, P-S and
C-O-P(=S)-O-C groups, and it could be inferred that
additive #2 was ammonium dithiophosphate. In the
infrared spectrum of additive #3, 1380, 2870 and
1930 cm! were C-H stretching vibrations,
representing the presence of -CHs, and 887 cm! was
-CHy-. The peaks of 1210, 1040 and 1620 cm™" in the
spectrum represented P=0, C-N and N-H,
respectively. It could be explained that #3 was a
phosphate ammonium salt additive.
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Fig. 2. Infrared absorption spectra of additives

Friction and wear

The tribological performance test results of the 3
additives were shown in Fig. 3. The COF of additive
#1 was first decreased and then slightly increased
with the increasing of concentration, and the COF of
additives #2 and #3 decreased with the increasing of
concentration (Fig .3a). The figure showed that the
additive #1 had the lowest COF at the concentration
of 1.0 wt% which indicated it had best anti-friction
effect, and #3 was the worst. Besides, it could be seen
that the optimum concentration of single agent #1
was about 1.2 wt%. Fig. 3b was the wear rate of
additives under different concentration, and it
illustrated that as the concentration increased, the
wear rate of additives #2 and #3 had been decreasing,

and #1 first decreased and then had a slightly increase.

The best anti-wear ability was additive #2, probably
because it was a disulfide compound, which could
form more denser sulfur-containing transfer film on
the friction interface, thus having excellent
anti-friction and anti-wear effects.
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Fig. 3.

The curve chart of COF (a) and wear rate (b)

of bearing steel friction matching pair with additive
concentration (#1: phosphorothioate amine salt
additive; #2: dithiophosphate amine salt additive; #3:

phosphate amine salt additive)

XPS analysis
The composition of friction film with different
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additives was analysis by XPS, and the results were
shown in Fig. 4. The wear scar with additive #1
tested Fe, O and N elements. The characteristic peaks
of Fey, were 708.3 eV, 709.6 eV, 710.7 eV, 713.1 eV
and 719.8 eV, respectively, representing Fe,Os, FeO,
Fex(SOs);s and Fe** (Fig. 4a). The element
characteristic peaks of Ojs also indicated that these
substances were contained (Fig. 4b). The
characteristic peak positions of Njs were 396.6 eV
and 400.5 eV, which indicated that the friction films
contained organic amine compounds and (NH4)3PO4
(Fig. 4c). The Fe, N, P elements on wear scar with #2
additive was tested by XPS. It could be seen from the
characteristic peak position of the photoelectron
spectrogram of Fey, that the friction film contained
FeS, Fe,0;3, Fez(SO4)3 and Fe;04 (Fig. 4d). Nls had a
characteristic peak at 399.39 eV, and P2p had
characteristic peaks at 133.6 eV and 133.7 eV,
indicating that it contained (NH4);PO4 and P,O7* ion
complex (Fig. 4e and f). The wear scar with #3
additive detected Fe, N, P elements, and the results
showed that the friction films were mainly composed
of Fe203, FCPO4, P2074', (NH4)3PO4 and
amine-containing organics (Fig. 4g, h and i).
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Fig. 4. XPS analysis of wear scars with different
additives

SEM analysis

The SEM images of bearing steel block wear
surface after ring-block tests were shown in Fig. 4. In
Fig. 5a, the wear scar width was 1156 um under the
lubrication of gear oil with no additives, and there
was serious ploughing wear and surface metal
peeling in the friction area. The wear scar width of
additive #1 was 827 pum, and the ploughing wear
could be observed at high magnifications (Fig. 5b).
The friction area with the smallest wear scar width
was the friction surface lubricated with additive #2,
which was 723 um. And there was severe ploughing
wear in local area (Fig .5¢). Fig. 4d indicated that the
wear scar width of additive #3 was 885 pm, a little
bigger than #1 and #2, but the overall wear surface
was relative smooth, and there was only a slight mark
of ploughing wear. Sulfur-based and



phosphorus-based  additives  have  synergistic
antifriction, anti-wear and extreme pressure effects.
Nitrogen-containing organic amines can be better
adsorbed on the metal surface, have obvious
synergistic effect with sulfur-based additives, and can
effectively improve the bearing capacity of oil
products. Under extreme pressure friction conditions,
#1 additive formed high oxidized phosphoric acid
and sulfate, and organic amines were adsorbed on the
friction interface to form a friction film to reduce
friction and wear. The #2 additive was ammonium

J. CSME Vol.43, No.4 (2022)

dithiophosphate, so in addition to high oxidized
sulfate and phosphate, lamellar FeS was also formed,
which had better tribological properties. Different
from #1 and #2 additives, #3 did not contain sulfur,
and nitrogen-containing organic matter would adhere
closely to the friction interface, so iron phosphate and
organic amines formed a transfer film at the friction
interface, which would protect the friction interface
from being scratched. For the organic matter had
poor abrasion resistance, smooth and wide wear scars
appeared on the friction pair surface.

Ploughing wear

Fig. 5.

SEM images of wear surfaces lubrlcated by gear oil Wlth dlfferent addltlves ((a) no addltlve (b)

additive #1; (c) additive #2; (d) additive #3)

Analysis and optimization with RSM

Through the tribological experiment, #1 has the
best anti-friction ability, #2 has good anti-wear ability,
and #3 has good anti-sintering ability, but has poor
anti-wear ability. Therefore, these three additives can
be compounded to complement each other's
advantages and improve the overall anti-friction and
anti-wear ability. The RSM was used to find the
optimal ratio of three additives.

RSM is a commonly used optimization method
to solve multivariable problems. Choose reasonable
experimental design methods, use multiple regression
equations to fit the relationship between the response
and multiple factor variables, and use multiple
regression equations to replace the actual response
value and the relationship between the variables to
achieve parameter optimization. The Design Expert
software was used to analyze the data and plot
relevant graphs. The design method used in this
experiment is Box-Behnken design (BBD), the
different concentrations of three additives are set as
three factors, and the COF and wear rate are the
response values. According to the friction and wear
test results, the optimal concentration range of #l
additives is 0.5~1.5 wt%, while the concentration
range of #2 and #3 additives is 1.0~2.0 wt%.
Therefore, when designing the experiment with BBD
method, #1 additive high factor is set to 1.5, low
factor is set to 0.5, #2 and #3 additives high factor is
set to 2.0, and low factor is set to 1.0. And the
numeric factor setting of BBD was shown in Table 1.
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Table 1 Numeric factors setting of Box-Behnken

design
Name Units Low High
A #1 wt% 0.5 1.5
B #2 wt% 1.0 2.0
C #3 wt% 1.0 2.0

Table 2 Different impact factors and corresponding
response data

A:#1 B:#2 C:#3 Response R\e;g;nrs eeteZ '
wt%  wt%  wt% 1: COF 3 1
mm--(Nm)
1.00 2.00 1.00 0.07532 1.7312E-009
1.00 1.00 1.00 0.07542 2.2370E-009
1.00 1.50 1.50 0.07456 2.2863E-009
1.00 2.00 2.00 0.07265 2.3456E-009
1.00 1.50 1.50 0.07455 2.3652E-009
0.50 1.50 1.00 0.07452 2.5132E-009
0.50 1.00 1.50 0.07346 3.7733E-009
1.00 1.50 1.50 0.07521 2.4635E-009
1.00 1.00 2.00 0.07449 2.3549E-009
1.50 1.00 1.50 0.07629 2.6131E-009
1.50 1.50 1.00 0.07685 2.3556E-009
1.50 1.50 2.00 0.07509 3.0408E-009
1.00 1.50 1.50 0.07511 2.0092E-009
1.50 2.00 1.50 0.07523 3.0978E-009
0.50 1.50 2.00 0.07198 2.7937E-009
0.50 2.00 1.50 0.07312 2.3604E-009
1.00 1.50 1.50 0.07455 2.0132E-009
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According to the parameter range in Table 1, 17 was counted, and the results were shown in Table 3
parameter combinations shown in Table 2 were and 4. In the table, a small sequential p-value means
obtained. Based on each parameter combination, the highest order polynomial with significant
different concentrations of additives were added to additional terms and no aliasing model is selected. In
gear oil as lubricant for tribological tests. And then the “lack of fit” item, if the p-value is greater than the
recorded the COF and calculated wear rate as the F-value, the model can fit the data accurately. And in
response values. The relationship between all impact “adjusted” and “predicted” items, the larger the R?
factors and responses were shown in Table 2. value, the higher the reliability of the model.

During the RSM analysis of the data, after the Therefore, according to the data in Table 3 and 4, the
square root of the wear rate value, the selected model 2FI model was selected in response 1 and quadratic
had more insignificant lack-of-fit and less error. model was selected in response 2. The equations of

According to the analysis of impact factors and the 2 models were Eq. (1) and (2).
response data, the fit summary of common models

Table 3 Fit summary of models (Response 1: COF)

S Sequential Lack of fit Adjusted Predicted
ouree p-value F-value p-value R?2 R?
Linear <0.0001 1.44 0.3855 0.9051 0.8627
2F1 0.0402 0.61 0.7197 0.9442 0.9216 Suggested
Quadratic 0.3983 0.38 0.7706 0.9464 0.8876
Cubic 0.7706 0.9272 Aliased
Table 4 Fit summary of models (Response 2: wear rate)
Source Sequential Lack of fit R2 Ad]uzsted
p-value F-value p-value R
Linear 0.4318 5.96 0.0505 0.1846 -0.0172
2F1 0.2724 5.95 0.0530 0.4383 0.01163
Quadratic 0.0012 0.2005 0.8911 0.9349 0.8546 Suggested
Cubic 0.8911 0.9434 0.8122 Aliased
Response 1: Wear rate = { (1.09¢-4)—-(8.2e—-5)x, —(4e—5)x,
y, = a+ax, +a,x,tax,+a,xx, +(1.1e=5)x, +(1.7e=5)x,x, Eq. (4)
Eq. (1) +(3.8853¢—6)x,x; +(5.5932e - 6)x,x,

+a.xx,+a.x,x
57173 67273 +(2.4¢-5)x] +(3.68¢—6)x]

Response 2:
P ~(6.44e—6)x>

VY, = { b+bx, +b,x,+b,x;+b,xx,

+ bS xl x3 +b6x2 x3 + b7 xlz + bg x22 Eq (2) (a) Residuals vs. Predicted (b) Residuals vs. Predicted
2 2 2 £ v
+b9X3 } % J 3
~ o~
Where, T 3 :
X, ,Xx,and x, are the concentrations of #1, #2 g . g -
and #3 additives respectively; y, and y, are the values E =g |
e 3 o
of COF and wear rate. =
The RSM models of friction coefficient and wear rate oo ‘ o
were obtained by analyzing the experimental data Predicted
(Table 2) and calculating the coefficients of Eq. (1) (© Predicted vs. Actual (d)  predicted vs. Actual
and Eq. (2). respectively. And the models’ equations " oA
were shown in following Eq. (3) and Eq. (4). P e | /
COF =0.07241+(2.505¢—3)x, +(2.495¢ - 3)x, \ 3 / i v
—(1.45¢— 4)x, — (7.2e— 4)x,x, a6 e Ry
+(7.8e—4)x,x, — (1.74e = 3)x,x, yd

Actual Actual

Fig. 6. (a) and (b) distribution diagram of residual
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and predicted value of COF and wear rate; (c) and (d)
distribution diagram of actual and predicted values of
COF and wear rate

Bring the actual values into the above models
for further accuracy analysis of the corresponding
models. Fig. 6 was used to describe the accuracy of
the response surface model. (a) and (b) were the
distribution diagrams of the relationship between the
residual error and predicted value of COF and wear
rate respectively, and (c¢) and (d) were the relationship
carves between predicted and actual value of COF
and wear rate respectively. Fig. 6(a) and (b) showed
that the residuals were distributed up and down the
horizontal axis and did not gather at one end, which
indicated that the models were reliable and highly
accurate. The predicted and actual values of COF and
wear rate were almost on a 45° curve, indicating that
the experimental value and the predicted value had a
high degree of fit, and the predicted value could be a
good substitute for the experimental value (Fig. 6¢
and d). From the above data, we could see that the
data in Fig. 5 verified the accuracy of the two models
mentioned above.

DB e B2

At

Fig. 7. The influence of interaction iterﬁs on
response values of (a) COF and (b) wear rate

Fig. 7 depicted the effect of interaction relative
response values on COF and wear rate. In Fig. 7a,
when the concentrations of additive #3 was 1.5 wt%,
the value of #1 had a great impact on COF, and their
numbers showed positive correlation. When the #1
value was the smallest, the COF was the lowest and
#2 lead to subtle changes in COF. When #2 was fixed
at 1.5 wt%, the COF was in a lower state if the value
of #1 was smaller or the value of #2 was larger. When
the value of #1 wasl.0 wt%, the smaller the
concentration of additive #2 and #3, the lower the
COF. The effect of interaction items on response of
wear rate was shown in Fig. 7b. From the figure,
when the concentration of additive #3 was 1.5 wt%,
the wear rate was minimum under the condition of
that #1 was 0.8 wt% and #2 was 1.8 wt%. If the value
of #2 was 1.5 wt%, minimal wear of the friction pair
was got when #1 was 1.1 wt% and #3was 1.0 wt%.
And if the concentration of #1 was fixed at 1.0 wt%,
the minimum wear was obtained when the value of
#2 was 2.0 wt% and #3 was 1.0 wt %. Fig. 6 mainly

J. CSME Vol.43, No.4 (2022)

described the effect of dual variables on friction and
wear, and provided a certain reference for the
subsequence optimization of the ratio.

#=10wt% =15 wi%

(U e —

@

Fig. 8. Three-dimensional diagram of desirability of
different additive concentrations

To select the optimal ratio, gave the same weight
to the response values of COF and wear rate, and
calculated the desirability under each concentration.
Fig. 8 was charts showing the relationship between
interaction factors and desirability when maximum
desirability could be obtained. Fig. 8 (a-f) illustrated
the desirability varied with the concentration of
additive #1 and #2 when #3 changed from 1.0 wt% to
2.0 wt%. The entire desirability response surface
increased with the increase of concentration of
additive #3, and the highest value was achieved when
#1 was 0.7 wt% and #2 was 1.9 wt%. Under this
condition, the highest desirability was 0.87.

Experimental verification

According to the predicted results, 3 different
ratios were selected for tribological tests, and
compared with the predicted values. The
concentration ratio was shown in Table 5. A, B and C
represented the different concentration ratios of the
three additives, and their desirability was 0.871,
0.786 and 0.728 which was got through the RSM
solution. Fig. 9 was the histogram of COF and wear
rate values of the actual teat and predicted results.
The actual value was COF and the amount of wear
tested by the ring-block tests, and the predicted value
was calculated by Eq. 3 and Eq .4. In Fig. 9a, the
actual value of average COF of group A and B was
slightly lower than the predicted value, and the actual
value of group C was higher than the predicted. In
addition, the difference between the two values did
not exceed 3%. Fig. 9b indicated that the actual value
of wear rate of group A was slightly lower than the
predicted one, while the actual wear rate was higher
than the predicted value in group B and C. And the
prediction error of the wear rate was less than 4%.
Fig. 9 showed that the COF and wear rate formulas
obtained by RSM for three additives had a relatively
high accuracy, and the error rate was within 4%. And
the desirability of group A was the highest with a
value of 0.87, so its COF and wear were the smallest,
which was in line with the results of the model.
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Table 5 The ratio of additives concentration selected
for tribological tests

Additive  Additive  Additive  Desirability
#1 /wth  #2 /wt%  #3 /wt%

A 0.7 1.9 2.0 0.870

B 0.8 1.6 2.0 0.786

C 0.6 2.0 1.4 0.728

() (b)

0.09
Predictive value . value

0.08 Actual value I 25E-09 Actual value I

0.07 I I, y I 1

0.06

= 0.05
C0.04
003 o LOE-09
0.02 E
0.01

0.00 0.0E+00
C A B C

Fig. 9 COF (a) and wear rate (b) values of the actual
teat and predicted results

CONCLUSIONS

In this paper, the tribological tests were
performed with the three single additives to obtain
the COF and the wear rate. Then, XPS and SEM were
used to analyze worn surface, combining the different
components of the three additives to infer the friction
mechanism. Moreover, according to the different
characteristics of the three additives, different
concentration ratios were carried out, the COF and
wear rate were sampled by the BBD method, and the
relationship between the COF and wear and the
concentration of the three additives was obtained by
RSM, and the two responses are comprehensively
performed desirability analysis. And finally selected
three different concentration ratios with different
desirability to conduct tribological tests to verify with
the predicted value. The following conclusions could
be drawn.

1) The anti-wear effect of ammonium
dithiophosphate additives was the best, while the
wear surface of ammonium phosphate additives was
flatter without serious furrow or adhesive wear.

2) Through RSM analysis, the correlation
between the ratio of different additive concentration
and the response value of COF and wear rate was
significant, and the formula of COF and wear rate
with additive concentration was obtained through
BBD sampling method.

3)When the concentrations of additives #1, #2,
and #3 were 0.7 wt%, 1.9 wwt%, 2.0 wt%,
respectively, the desirability was the highest, and the
tribological test results showed that the COF and
wear rate formula and the desirability prediction error
of RSM were less than 4%.

REFERENCES

Bas D., Boyaci iH., “Modeling and Optimization I:
Usability of Response Surface Methodology,”
Journal of Food  Engineering  Vol.78,
pp-836-845 (2007).

Badgujar K.C., Bhanage B.M., “Immobilization of
Lipase on Biocompatible Co-polymer of
Polyvinyl Alcohol and Chitosan for Synthesis of
Laurate Compounds in Supercritical Carbon
Dioxide Using Response Surface Methodology,”
Process Biochemistry Vol.50, No.8,
pp.1224-1236 (2015).

Gupta M.K., Sood P.K., Sharma V.S., “Machining
Parameters Optimization of Titanium Alloy
using Response Surface Methodology and
Particle Swarm Optimization under
Minimum-Quantity Lubrication Environment,”
Materials and Manufacturing Processes Vol.31,
pp-1671-1682 (2015).

Garcia GE., Trigos F., Maldonado-Cortés D.,
Pefia-Paras L., “Optimization of Surface
Roughness on Slitting Knives by Titanium
Dioxide Nano Particles as an Additive in
Grinding Lubricant,” The International Journal
of Advanced Manufacturing Technology Vol.96,
pp-4111-4121 (2018).

Haron C.H.C., Ghani J.A., Sulaiman M.A., Intan
L.R., Kasim M.S., “The Effect of Minimal
Quantity Lubrication (MQL) on the Surface
Roughness of Titanium Alloy Ti-6Al-4V ELI
in Turning Process,” Advanced Materials
Research pp.1750-1753 (2010).

Homkhiew C., Ratanawilai T., Thongruang W.,
“Optimal Formulation of Recycled
Polypropylene/Rubberwood Flour Composites
on Hardness Property,” Applied Mechanics and
Materials pp.785-790(2013).

Huai W., Chen X., Lu F., Zhang C., Ma L., Wen S.,
“Tribological ~ Properties of Sulfur- and
Phosphorus-free Organic Molybdenum
Compound as Additive in Oil,” Tribology
International No.141 (2020).

Jiang LF., “Optimization of Fermentation Conditions
for Pullulan Production by Aureobasidium
Pullulan Using Response Surface
Methodology,” Carbohydrate Polymers Vol.79,
No.2, pp.414-417 (2010).

Johnson B., Wu H., Desanker M., Pickens D., Chung
Y.-W., Jane Wang Q., “Direct Formation of
Lubricious and Wear-Protective Carbon Films
from Phosphorus- and Sulfur-Free Oil-Soluble
Additives,” Tribology Letters Vol.66, No.l
(2017).

Kim Y.W,, Kim J.H., Seo B.H., Choi H.S., Park S.H.,
Lee HK., “Mathematical Model to Evaluate
Wear Rate of Graphite as Sealing Materials,”
Advanced  Materials  Research  Vol.871,
pp-200-205 (2013).

-333-



Kumar R., Dhiman S., “A Study of Sliding Wear
Behaviors of Al-7075 Alloy and Al-7075 Hybrid
Composite by Response Surface Methodology
Analysis,” Materials & Design  Vol.50,
pp-351-359 (2013).

Ma H,, LiJ.,, Chen H., Zuo G, Yu Y,, Ren T., et al.,
“XPS and XANES Characteristics of Tribofilms
and Thermal Films Generated by Two P- and/or
S-containing  Additives in ~ Water-based
Lubricant,” Tribology International Vol.42, No.6,
pp-940-945 (2009).

Mistry K.K., Morina A., Erdemir A., Neville A.,
“Tribological Performance of EP Lubricants
with Phosphorus-Based Additives,” Tribology
Transactions Vol.56, No.4, pp.645-651 (2013).

Maatallah S., Sari M.R., Khochemane L., “Effect of
Lubricant Contamination on EHL Rolling
Contact: Response Surface Methodology,”
Engineering Transactions Vol.64, pp.69-88
(2016).

Mamedova A.K., Farzaliev V.M., Kyazim-zade A.K.,
“New Sulfur-, Nitrogen-, and Boron-containing
Multifunctional Alkylphenolate Additives for
Motor Oils,” Petroleum Chemistry. Vol.57,
pp.718-721 (2017).

Mohammadtabar K., Eder S.J., Dorr N., Martini A.,
“Heat-, Load-, and Shear-Driven Reactions of
Di-tert-butyl Disulfide on Fe(100),” Journal of
Physical ~ Chemistry C  Vol.123, No.32,
pp-19688-19692 (2019).

Nwabueze TU., “Basic Steps in Adapting Response
Surface  Methodology as  Mathematical
Modelling for Bioprocess Optimisation in the
Food Systems,” International Journal of Food
Science and Technology Vol.45, No.9 (2010).

Ossia C.V.,, Han H.G,, Kong H., “Response Surface
Methodology for Eicosanoic Acid
Triboproperties in Castor Oil,” Tribology
International Vol.42, pp.50-58 (2009).

Parenago O.P., Kuz’'mina GN., Zaimovskaya T.A.,
“Sulfur-containing Molybdenum Compounds as
High-performance Lubricant Additives
(Review),” Petroleum Chemistry. Vol.57, No.8,
pp.631-642 (2017).

Qu J., Barnhill W.C., Luo H., Meyer H.M., Leonard
D.N., Landauer A.K., et al., “Synergistic Effects
between Phosphonium-alkylphosphate Ionic
Liquids and Zinc Dialkyldithiophosphate
(ZDDP) as Lubricant Additives,” Advanced
Materials Vol.27, No.32, pp.4767-4774 (2015).

Rastogi R.B., Maurya J.L., Jaiswal V., “Phosphorous
Free Antiwear Formulations: Zinc
Thiosemicarbazones—borate Ester Mixtures,”
Proceedings of the Institution of Mechanical
Engineers, Part J: Journal of Engineering
Tribology Vol.227, No.J3, pp.220-233 (2012).

Rajmohan T., Sathishkumar S.D., Palanikumar K.,
“Effect of a Nanoparticle-filled Lubricant in
Turning of AISI 316L Stainless Steel (SS),”

J. CSME Vol.43, No.4 (2022)

Particulate Science and Technology Vol.35,
pp-201-208 (2016).

Redhwan A.A.M., Azmi W.H., Najafi G,, Sharif M.Z.,
Zawawi N.N.M., “Application of Response
Surface Methodology in Optimization of
Automotive  Air-conditioning  Performance
Operating with SiO/PAG  Nanolubricant™.
Journal of Thermal Analysis and Calorimetry
Vol.135, pp.1269-1283 ( 2018).

Spikes H., “Low- and Zero-sulphated Ash,
Phosphorus and Sulphur Anti-wear Additives for
Engine Oils,” Lubrication Science Vol.20, No.2,
pp-103-136 (2008).

Srivastava R., Srivastava R.K., Optimisation of
Process Parameters in Solid Lubricant (MoS,)
Assisted Machining of AISI1040 Steel by
Response Surface Methodology,” International
Journal of Machining and Machinability of
Materials Vol.4, pp.111-128 (2008).

Srivabut C., Ratanawilai T., Hiziroglu S., “Response
Surface Optimization and Statistical Analysis of
Composites Made from Calcium Carbonate
Filler-added Recycled Polypropylene and
Rubberwood Fiber,” Journal of Thermoplastic
Composite Materials Vol.35, No.3, pp.391-415
(2019).

Urbiola-Soto L, Santibafiez-Santoscoy  R.,
Lopez-Parra M., Ramirez-Reivich A.C.,
Yafiez-Valdez R., “Rotordynamic Optimization
of Fixed Pad Journal Bearings Using Response
Surface Design of Experiments,” Journal of
Engineering for Gas Turbines and Power
Vol.138, No.12 (2016).

BT BRG i msf R
1,5]‘ -h:@}l]ﬁja AN Y = i‘

BRSO N
PRES VRS FELEE S

FlE ko F ki
FE AU A BRI EES Rk Sk T N
TRP %

5 B F
RN 5 S

# &

BB (EP) i 4c B A& b € & Jo i o
T A IRT A BIY c HAEE R E
ForEEL G EES BN PR R A AT

-334-



Y.-L. Wang et al.: Sulfur Extreme Pressure Additives Based on Response Surface Methodology..

ZAERE A A 1.2 (Pa iR 4 T R
'J'IFHBE P FE T _—_7f§9]‘4c3§1]m§xl_t}3)§i$”f§]°‘iﬁ
XPS f= SEM %4 47 7 ﬂl“csffdrm??* WL o BT FL =
f@ T%E |enif 8L B 7 = Ak 7 So ) enfie vt iR 1
7 e HER R ﬁs?l% ’COF ToBiE ARk R
Box-Behnken % 3+ (BBD) 4& # = % i # § 2 #icd;
154@‘*‘37@;0: E: (RSM) 4 Design Expert #r {8 5|
0 bRk R g COF o 5 2 B el > 138 i
RSM & #3t# 7 __ﬁ e B E R HER B
Bod v A7 IE’E'J’J BEERY - ET
BrPedE 0 TRRIE N BERE E o L A AU o

-335-



