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Abstract

This study tests TiO; and SiO, nanolubricants in PAG oil using a Mini Traction Machine
and an Ultra Shear Viscometer. The loads were 20 N and 40 N. The entrainment speeds
ranged from 2.5 to 500 mm/s. The slide-to-roll ratio (SRR) ranged from 25 to 150%. The
nanoparticle concentrations were 0.01, 0.03, and 0.05%. The ball size was 19.05 mm, and
the disc was 46 mm. All tests were run at 40 °C. Only the 0.05% concentration lowered
traction compared with PAG at a fixed SRR. TiO; at 0.05% showed the largest drop, up to
4.89% at 20 N and 2.99% at 40 N. However, lower concentrations increased traction. All
the nanolubricants reduced wear. TiO; at 0.03% gave the lowest wear, with a reduction of
about 35 pm at 40 N. Nanolubricant samples stayed between 40.2 and 40.5 °C, while PAG
reached about 41.0 °C. TiO, produced slightly lower temperatures than SiO,. Ultra-shear
tests from 40 to 100 °C showed shear thinning. In most conditions, TiO, at 0.05% kept the
highest viscosity at 40 and 60 °C, up to 12% above PAG. SiO; showed smaller changes.
TiO, delivered better friction, wear, temperature, and viscosity performance. Overall,
both nanolubricants at 0.03% are suitable when wear reduction and thermal stability are
prioritised over traction reduction, such as in refrigeration applications, while the 0.05%
suits high-load or high-shear use.

Keywords: TiO,/PAG nanolubricant; SiO,/PAG nanolubricant; elastohydrodynamic
lubrication (EHL); Mini Traction Machine (MTM); Ultra Shear Viscometer (USV)

1. Introduction

Stable lubrication is essential for the reliable operation of bearings, gears, and compres-
sors subjected to high load and speed. In refrigeration compressors, lubricant films must
support rolling—sliding contacts in thrust bearings, scroll elements, and discharge-side inter-
faces. These contacts commonly operate under elastohydrodynamic lubrication conditions,
where load is carried by a pressurised lubricant film, and friction is governed by high shear
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within the lubricant. Any reduction in film strength increases traction, accelerates wear,
and raises local temperature, which reduces efficiency and may shorten compressor service
life. Polyalkylene glycol lubricants are widely used in refrigeration systems because of their
oxidation resistance and ability to maintain viscosity at elevated temperatures [1]. However,
even with these advantages, PAG oils can experience increased friction, wear, and thermal
stress when operating under boundary, mixed, or EHL regimes [2—4]. Increased traction
intensifies shear heating and leads to a rise in local oil temperature [5].

Nanoparticle additives have been explored to enhance lubricant performance by
strengthening the lubricant film, reducing friction, and improving heat transfer. Various
nanoparticle types have been reported in the literature, including metal oxides, carbon-
based nanoparticles, and layered solid lubricants. Among these, TiO, and SiO, nanopar-
ticles are frequently studied because of their chemical stability and compatibility with
refrigeration lubricants [6,7]. TiO, and SiO; nanoparticles also show good dispersion
stability in refrigeration lubricants, which is a main criterion that helps prevent particle
settling and ensures consistent lubrication performance during long-term refrigeration
compressor operation [6,8]. Previous studies have shown that TiO, nanoparticles can
improve anti-wear performance through tribofilm formation and the filling of micro-scale
surface defects [9]. SiO; nanoparticles have also demonstrated the ability to stabilise sliding
contacts and reduce friction, although their effect is generally smaller than that of TiO,
at comparable concentrations [10,11]. The performance of these nanolubricants depends
strongly on particle concentration and dispersion quality. TiO, nanocomposites have
been reported to produce smoother steel surfaces under high-stress sliding due to asper-
ity mending effects [12], while other studies reported increases in thermal conductivity
and viscosity with TiO, addition, contributing to improved film strength in refrigeration
oils [8,13]. SiO,-based nanolubricants have also shown good temperature stability under
static conditions [14]. Recent studies on nanolubricants under elastohydrodynamic lubrica-
tion conditions have reported that metal oxide nanoparticles such as TiO, and ZnO can also
influence friction and wear behaviour in rolling—sliding contacts and achieve consistent
EHL performance [9,15]. Liu, Xu [16] showed that in SiO, PAG nanofluids, smaller SiO,
nanoparticles reduce friction and wear much more effectively than larger particles under
EHL conditions, supporting the use of nanoscale SiO; in PAG-based EHL systems [16]. Wei,
Dai [17] shows synergy between TiO, and carbon nano-additives (graphene), suggesting
that combinations can outperform single oxides in anti-wear under rolling /sliding. TiO,
and SiO, nanoparticles also show good dispersion stability in PAG lubricants, which helps
prevent particle settling and ensures consistent lubrication performance during long-term
refrigeration compressor operation [6,8].

Many earlier tribological investigations employed four-ball or pin-on-disc tribometers.
These test configurations primarily generate pure sliding contacts and do not accurately
reproduce the rolling—sliding balance present in refrigeration compressor bearings and
rotor interfaces. They also lack the independent control of rolling speed, sliding speed,
and slide-to-roll ratio. In contrast, elastohydrodynamic lubrication governs load support
in compressor bearings and scroll contacts [18,19]. Small variations in SRR significantly
influence traction, film thickness, temperature rise, and energy consumption. In actual
compressor operation, SRR varies continuously with speed and load changes, making
controlled SRR testing essential for understanding lubricant behaviour. Despite this, only a
limited number of studies have investigated TiO; or SiO, nanolubricants under controlled
EHL conditions using a Mini Traction Machine. The direct comparison of both nanoparticle
types in the same PAG base o0il under identical rolling—sliding conditions remains scarce.

Furthermore, the combined influence of nanoparticle type and concentration on trac-
tion stability, Stribeck behaviour, temperature evolution, wear progression, and high-shear
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viscosity across a wide SRR range has not been fully established. This limits the under-
standing of how these nanolubricants perform in refrigeration compressor contacts, where
film stability and heat control are critical.

This study addresses these gaps by systematically evaluating TiO, and SiO; nanolu-
bricants at volume concentrations of 0.01, 0.03, and 0.05% in a PAG base oil using a Mini
Traction Machine under controlled elastohydrodynamic lubrication conditions. Traction
behaviours across varying SRR, wear progression, lubricant temperature stability, and
high-shear viscosity are investigated. The results clarify how nanoparticle type and concen-
tration influence friction, load support, thermal behaviour, and wear protection under EHL
conditions relevant to refrigeration.

2. Materials and Methods
2.1. Ball-on-Disc Rig and Test Parameters

Tribological experiments were performed using a Mini Traction Machine (MTM2,
PCS Instruments, Imperial College London, London, UK) in a ball-on-disc configuration
(Figure 1). A steel ball contacted a rotating steel disc under a controlled normal load.
Independent motors drove the ball and disc. This allowed for the direct control of rolling
motion and sliding motion. The entrainment speed varied from 10 to 500 mm/s to capture
boundary, mixed, and elastohydrodynamic (EHL) lubrication regimes. Each test was
repeated three times to ensure reproducibility, and the contact area was fully submerged
in a temperature-controlled oil bath maintained at 40 °C. Each component is driven by
a separate motor, allowing for the independent control of both disc and ball speeds to
produce a wide range of slide-to-roll ratio (SRR) conditions. The Mini Traction Machine tests
were conducted following established elastohydrodynamic lubrication testing procedures
consistent with rolling contact tribological principles described in ISO 14635-1 [20], together
with the standard EHL testing protocols recommended by the MTM manufacturer. The
SRR is calculated using the formula [21]:

Upisk — Upan U,
SRR = ———— x 100 = — x 100 1
{uDisng UBH”:| % U, % M

where

e U is the entrainment speed, which is the average speed of the two surfaces.
e U is the sliding speed, or the difference between them.

The traction coefficient was calculated using:

=t @)

Y

where

e [ is the measured traction force.
e  Fyis the applied normal load.

Wear was determined from the vertical displacement of the ball holder. Wear depth

was calculated using:
Wear depth = Rinitial — hﬁnal ©)

where

®  Juiia s the initial thickness.
®  lfiyg is the final thickness.
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Figure 1. Ball-on-disc tribology test setup in MTM.

The specimens were made from AISI 52100 chromium steel balls, selected for their
hardness and wear resistance. The AISI 52100 chromium steel balls and discs were hard-
ened bearing steel with a typical hardness of 60-64 HRC. The discs were 46 mm in diameter
and 6 mm thick, while the balls measured 19.05 mm in diameter. All surfaces were polished
to Sa = 6 nm and Sq = 20 nm, providing a smooth baseline for evaluating lubricant perfor-
mance. No surface texturing was applied, ensuring that results reflected only lubricant
formulation effects. The MTM recorded temperature using an internal sensor located in the
lubricant bath. The traction curve test measured friction, wear, and temperature while the
SRR changed. SRR was swept from low to high values during each run. The entrainment
speed stayed constant. Loads of 20 N and 40 N were tested. The applied normal loads
of 20 N and 40 N were selected to represent moderate and high Hertzian-contact-stress
conditions relevant to rolling-sliding contacts in refrigeration compressor bearings and
interfaces, which operate under mixed and elastohydrodynamic lubrication due to high
contact pressures and oil-refrigerant dilution effects. A test duration of 500 s was selected
to allow for meaningful comparison with previous tribological studies on refrigeration
lubricants conducted under similar Mini Traction Machine conditions, while ensuring that
traction, wear progression, and thermal behaviour reached a stable and representative
state without inducing severe surface damage [22]. The MTM recorded traction force, wear
displacement, and temperature throughout the test. This procedure produces traction
curves against SRR, along with wear and temperature behaviour, under the same sliding
conditions. The traction-curve EHL behaviour test measured traction under changing
entrainment speed at fixed SRR. SRR was held constant at selected levels. The entrainment
speed increased from low to high values. Loads of 20 N and 40 N were used. Only the
traction force was recorded during this procedure. This allowed for the identification of
changes in the lubrication regime without interference from wear accumulation. Wear
progression data came from the traction curve tests. Each test ran for 500 s after the initial
ramp. The vertical displacement data provided wear depth as a function of time. This
produced wear curves that reflected the ability of each lubricant to protect the contacting
surfaces. Temperature behaviour also came from the traction curve tests. The temperature
sensor recorded oil temperature throughout the run. The data showed how each lubricant
controlled frictional heat during rolling and sliding contact in each test. Traction tests
were repeated three times at each condition. Due to the continuous nature of traction-SRR
curves, statistical analysis was performed on traction coefficients extracted at selected SRR
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values (50% SRR at 300-500 mm /s). Mean values and standard deviations were calculated
to quantify experimental variability. At 50% SRR under high-speed EHL conditions, PAG
exhibited a mean traction coefficient of 0.0696 £ 0.0005 at 20 N and 0.0789 + 0.0004 at
40 N. Increasing the applied load resulted in a statistically significant increase in traction
coefficient, p = 0.0017, indicating enhanced shear stress within the lubricant film under
higher contact load.

2.2. High-Shear Viscosity

The high-shear viscosity test was conducted to support the interpretation of traction
behaviour. High-shear viscosity was measured separately using a PCS Ultra Shear Vis-
cometer (PCS Instruments, Imperial College London, London, UK). The viscometer used a
rotating Couette cell to generate high-shear rates. Shear rate increased up to 1,000,000 per
second. Tests were conducted at 40, 60, 80, and 100 °C. The selected temperatures of 40,
60, 80, and 100 °C represent the typical operating temperature range of refrigeration com-
pressor lubricants, spanning start-up conditions, normal operation, and elevated thermal
states near discharge regions. This range enables the assessment of viscosity retention and
shear-thinning behaviour under high-shear conditions relevant to refrigeration compressor
lubrication, and is consistent with standard Ultra Shear Viscometer testing practice. Sam-
ples rested for five minutes at each temperature before measurement. Three readings were
taken and averaged. This procedure produced viscosity curves across temperature and
shear rate for each formulation. Viscosity was calculated using:

N = )
Y

where
e 7 is viscosity.
e T isshear stress.

e 7 isthe applied shear rate.

2.3. Nanolubricant Preparation and Stability

The base lubricant was polyalkylene glycol (PAG) oil. TiO; and SiO; nanoparticles
were dispersed into PAG at concentrations of 0.01, 0.03, and 0.05 vol%. The selected
nanoparticle volume fractions of 0.01, 0.03, and 0.05 vol% represent a low-concentration
range commonly adopted in nanolubricant studies for refrigeration and elastohydrody-
namic lubrication applications [23]. Metal oxide nanoparticles, TiO; and SiO,, were used
to prepare the PAG-based nanolubricants. The SiO, nanoparticles were amorphous, with
99.9% purity, an average diameter of 30 nm, and spherical morphology. They were supplied
by DKNANO (Beijing Deke Daojin Science and Technology Co., Ltd., Beijing, China). The
TiO, nanoparticles had 99.9% purity with a particle size of 30 to 50 nm and were obtained
from HWNANO (Hongwu International Group Ltd., Guangzhou, China). In this study,
TiO; and SiO; nanoparticles were obtained from commercial suppliers with certified pu-
rity, particle size, and phase information. X-ray diffraction analysis was not performed
because the objective of the work was to evaluate tribological and rheological performance
under elastohydrodynamic lubrication conditions rather than to characterise nanoparticle
structure. Future studies may include XRD analysis to further examine nanoparticle phase
stability after prolonged tribological testing. Transmission electron microscopy was used
to verify particle size and shape. The key properties of both nanoparticles and the base
lubricant used are presented in Table 1. All preparation steps were conducted with proper
personal protective equipment. A two-step preparation method was used to disperse TiO,
and SiO; nanoparticles into the PAG lubricant, as shown in Figure 2. The nanolubricants
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were prepared using a two-step method consisting of mechanical stirring for 30 min fol-
lowed by ultrasonication for 5 h. These preparation parameters were selected based on the
procedure suggested by [24], which demonstrated that this combination provides effective
nanoparticle dispersion while minimising agglomeration and preserving the stability of
refrigeration lubricants. This method improves dispersion quality and reduces particle
agglomeration. Nanolubricants were prepared at 0.01, 0.03, and 0.05% volume concentra-
tions based on previous optimisation trends reported for metal-oxide nanolubricants in
refrigeration oils. The volume concentration was calculated using:

(mp / pp) < 10

vol% = [Gup 7pp) + (mL 7 pD)

(5)

where

e ol % is the nanolubricant volume concentration.
e  mp is the nanoparticle mass.

e mlL is the PAG mass.

o oL is the PAG density.

Table 1. The key properties of nanoparticles and the base lubricant used in the study.

Property PAG TiO, SiO,
Viscosity at 40 °C (cSt) 66.6 - -
Viscosity at 100 °C (cSt) 9.4 - -
Pour point (°C) -39 - -
Density at 20 °C (g/mL) 0.99 - -
Flash point (°C) 250 - -
Thermal conductivity (W/m-K) - 8.4 14
Specific heat (J/kg-K) - 692 745
Density at 20 °C (kg/m?) - 4230 2220
Molecular mass (g/mol) - 79.86 60.08
Average particle diameter (nm) - 50 30

Two-Step Nanolubricant Preparation Process

TiO,

@ Step 1 Step 2

> 50 nm, 99.99%

HWNANO ﬁ
@ 99.99% ST~F /

’ Ultrasonic bath Store 24 h

\
]

> 30 nm, _
DKNANO Stir 30 min 100 W, 36 £ 3kHz  for sedimertaton

5 hours check

Figure 2. Two-step nanolubricant preparation process.

2.4. Testing Conditions

The stability of the nanolubricant was observed using visual observation. Tests were
carried out under applied loads of 20 N and 40 N. The MTM was calibrated prior to testing
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to ensure accuracy. Friction (traction coefficient), wear depth, and oil temperature were
continuously recorded over a sliding duration of 500 s. Test conditions are summarised in
Table 2.

Table 2. Summary of test condition.

Parameter Details
Oil types PAG, TiO, /PAG, SiO, /PAG
Concentrations 0.01%, 0.03%, 0.05%
Loads 20N,40N
SRR range 0 to 150%
Entrainment speeds 10 to 500 mm/s
Bath temperature 40°C

3. Results
3.1. Visual Stability of Nanolubricant

The ability of the nanolubricants to remain evenly dispersed in the base fluid is
important for reliable performance. Visual observation is a common method to detect
particle settling in nanolubricants. Each sample was placed in a test tube, and images
were taken at specific time intervals to record any change in appearance, as shown in
Figure 3. Any aggregation or settling indicates weak stability. In this study, images were
taken immediately after preparation and again after three days. The results show that
no sedimentation appeared in any sample. The colour and opacity of the TiO,/PAG
nanolubricants remained unchanged, and no particle layer formed at the bottom of the
tubes. Higher concentrations produced more opaque samples, but the appearance stayed
consistent over time. These observations confirm that all nanolubricants maintained good
static stability. The absence of settling indicates strong dispersion quality and supports
their suitability for refrigeration and compressor applications where long-term suspension
is required. The stability recorded here is comparable and, in some cases, better than the
stability reported in earlier studies.

5102PAG

T102/PAG 510:/PAG Ti02PAG

001% | 003% | 005% 001% | 003% | 0.05%

(a) After preparation (0 h) (b) After 3 days (72 h)

Figure 3. Visual observation for the stability of TiO,/PAG and SiO,/PAG nanolubricants
(0.01-0.05 vol%).
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3.2. Traction—SRR Curve

Figure 4 shows the traction behaviour of PAG, 5iO,/PAG, and TiO,/PAG across
the slide-to-roll ratio (SRR) range under both load levels and at different nanoparticle
concentrations. The results show how nanoparticle type, concentration, and load affect
traction under elastohydrodynamic lubrication conditions. Traction increased with SRR
for all samples, which matches established EHL behaviour. At a low SRR, the lubricant
operated in a full film state, where friction was dominated by viscous shearing within the
lubricant film. As SRR increased, the amount of sliding between the surfaces rose, which
increased shear rate and raised traction. Earlier studies reported the same rising trend up
to a plateau region in traction tests using base oils without additives, as documented by
Zhang, Tan [25] and Zhang and Spikes [26].

0.09 H
0.08 -
I | Xffﬁ(:@o%x ;wa%
-3: 0.077 %igfjj‘ adpEEh “*H%##HH#HHH S e
1 2ol P m’ €0 000000. 0 ki
5 B s e
0 0.069 I e 20N 40N
E ~l +'+ 0"
O 13, & PAG o —m--
Q e Ui
© 0.05 —%’," i 0.01% TiO,/PAG
= 1 fd
ie) b 0.03% TiO,/PAG
S 0.04 ' /*.’
= | +,/ 0.05% TIO5/PAG —*—— ~~~ ¢
0.03 - / 0.01% SiO,/PAG
1 0.03% SiO,/PAG
0.02 4 |
0.05% SIO,/PAG —+—— ==
T T T T T T T T T
0 20 40 60 80 100

SRR [%]

Figure 4. Traction-SRR curve for PAG, TiO, /PAG, and SiO, /PAG nanolubricants (0.01-0.05 vol%) at
SRR 0 to 100% under 20 N and 40 N.

At 20 N, the traction coefficients for all samples were lower than those at 40 N. The
lighter load promoted a thicker lubricant film and reduced asperity contact, which matched
the observations of Sun, Bai [27]. Generally, both TiO, and SiO, nanolubricants with a
higher concentration (0.05%) recorded lower traction than PAG, particularly below an
SRR of 20%. The 0.05 vol% TiO, and SiO; blends gave the largest reductions, with about
1 to 4% improvement. These results indicate that nanoparticles reduce internal shear
and strengthen the film. Reported mechanisms included rolling and mending actions of
spherical particles, tribofilm formation, and the filling of micro-scale surface defects [28,29].
At 40 N, the traction values increased for all lubricants because of higher contact stress
and thinner film thickness. Even so, the nanolubricants at a higher concentration (0.03%
and 0.05%) maintained lower traction than PAG, which shows effective load support and
film reinforcement. In most cases, TiO, consistently performed better than SiO;, especially
between SRRs of 20 and 50%. The 0.05 vol% TiO, blend remains the most stable and
consistent across the SRR range. This matches the findings of Cortés, Sanchez [10], who
reported stronger performance from TiO, than from SiO,. TiOy’s higher hardness, smaller
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particle size, and higher thermal conductivity contributed to better load-carrying ability
and heat dissipation. SiO, provided smoother interactions but did not achieve the same
traction reduction.

The concentration effect followed a clear pattern. At 0.01%, the particle content
was likely too low to influence the rheology or form a meaningful tribofilm. At 0.05%,
the traction reduction was more evident, which indicated good dispersion and active
interaction at the contact. Excessive concentration can lead to agglomeration, as reported
by Yeap, Lim [30], which increases local shear resistance and film instability. The 0.03%
blends showed intermediate behaviour, with moderate friction reduction and no signs of
instability. Quantitatively, TiO, at 0.05% produced up to 7% traction reduction at 20 N,
depending on the SRR. At 40 N, the reduction narrowed to about 1 to 2%. These values fall
within the range reported in earlier studies, where nanolubricants typically showed 5 to
20% reduction depending on base oil and test method [6]. The smaller improvements at
higher load suggest that under severe EHL conditions, the benefit relied more on dispersion
stability and heat dissipation than on concentration alone. The concentration-dependent
traction behaviour highlights the uniqueness of the present EHL test design. At low
concentrations (0.01-0.03 vol%), the nanoparticle population was insufficient to actively
participate in load sharing or tribofilm formation, resulting in increased internal shear
and higher traction compared with the base oil. Only at 0.05 vol% did the particle density
become adequate to stabilise the lubricant film and reduce traction under EHL conditions.
This behaviour differed from many sliding-contact studies that reported improvements
at lower concentrations and demonstrated that concentration optimisation is strongly
dependent on contact type and shear regime. The stronger traction reduction observed for
TiO; at 0.05 vol% was consistent with its higher hardness and ability to form more stable
surface films, as reported in previous nanolubricant studies, but was confirmed herein
under controlled rolling—sliding EHL conditions.

3.3. Elastohydrodynamic Lubrication Behaviour at Fixed SRR (150 to 25%)

The traction against entrainment speed curves in Figure 5 for SRR values of 150, 100,
75, 50, and 25% show consistent trends across lubricant type, concentration, and load level.
In a majority of SRR values, the nanolubricants record higher mean traction than PAG, and
only the 0.05 vol% samples produce lower traction than the baseline. Normalising each
sample to PAG shows improvements up to 4.89% for TiO, at 0.05 vol% under 20 N and
about 2.99% under 40 N. All other concentrations show negative improvement because
their mean traction remains higher than PAG. When comparing SRR levels, the traction
reductions are larger at 25 and 50% than at 150%. Lower SRR keeps the contact more
strongly within the EHL regime, which allows for the nanoparticles to influence the film
more effectively. Higher SRR increases shear and reduces this effect. With respect to load,
the 20 N tests produce larger percentage reductions than those from the 40 N tests for the
same formulation. The lower load allows for the particle-related mechanisms to act with
less interference from contact stress and heat generation.

The concentration trend shows that only the 0.05 vol% samples reduce traction com-
pared with PAG. All lower concentrations increase traction. This means that 0.01 and
0.03 vol% do not provide any improvement in this dataset. The higher traction at low
concentration suggests that the particle content is not enough to support the contact or
stabilise the film. The reduction at 0.05 vol% indicates that a higher particle loading is
needed before any benefit appears. TiO; at 0.05 vol% gives the strongest reduction under
both loads. SiO, follows the same pattern but with smaller reductions. These results differ
from earlier studies that reported improvements at lower concentrations. This shows that
the optimum concentration depends on the contact type and the shear conditions. In the
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present study, the EHL contact requires a higher particle population before any measurable
improvement occurs.

SRR=150 %
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0.03% TiO,/PAG

0.05% TiO,/PAG —— ===+

0.01% SiO,/PAG

0.03% SiO,/PAG

0.05% Si02/PAG Tt e
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Figure 5. Cont.

https://doi.org/10.3390/lubricants14020078


https://doi.org/10.3390/lubricants14020078

Lubricants 2026, 14, 78 11 of 22
SRR=75 %
0.13 +
20N 40N
PAG = —m--
0.127 0.01% TiO,/PAG
- ] 0.03% TiO,/PAG
2 0.05% TiO5/PAG —*—— =%
i,
5 0.01% SIO,/PAG
O
E 0.03% SiO,/PAG
e} 0.05% SIOn/PAG ——'—— "=~
[
§e)
©
E ; ; A ;X';X-x.x_
— ) At 2 ::<:><t><-><- o
e - <4< 4443
M“_’_”m_‘iii e
A %90
0.06 . T . T . ' . ' . r .
0 100 200 300 400 500 600
Entrainment speed mm/s]
(c) SRR = 75%
SRR=50 %
0.13
20N 40N
] PAG -
0.12 1 0.01% TIO,/PAG
T 1 0.03% TIO,/PAG
—0.11 4
= " 0.05% TiOn/PAG — & =% =
- it
C .
0.01% SiO,/PAG
8 0.10 1 02
% 0.03% SIO,/PAG
§ 0.09 24 0.05% SIO5/PAG ———— ===
N O
g - ><><><><-><-><.><><><‘><
8] b BRI R ek
E 008 7] k. <<41“““'4';‘;<_<i<:<fz<?<.x->§.x&X;X;X'_XXXxXxx.
- apr, >, qdqq 4""4‘"*"‘44::2(:(:(
+++-+-+++++++ .
0.07 \00 bbbty ot
I Aacaas s g SIS VORGP s T
MRRAARASS S a0 2222 SR VUUUUUI
0.06 L T T T T T T T T T T
0 100 200 300 400 500 600

Figure 5. Cont.

Entrainment speed mm/s]
(d) SRR = 50%

https://doi.org/10.3390/lubricants14020078


https://doi.org/10.3390/lubricants14020078

Lubricants 2026, 14, 78 12 of 22

SRR=25 %
0.13
20N 40N
- PAG = @ ===
0-127 0.01% TiO2/PAG
i 0.03% TiO2/PAG
—0.11
" 0.05% TIO)/PAG —+— ==+
a ]
C
0.01% SiO,/PAG
5 0.10 £ S0,
ﬂq:) T 0.03% SiOzlPAG
8 0.09 -k 0.06% SIOyPAG ———— =~
c ]
.0 n;i
"5 ’\':;",
© i SERGLL0 o0
|: 008 S 'X ‘X—Xi( i< ff-%fx—.x;xj(f'x'*'xix_'x;x'X'X'X'*'X'%%X_-X-X-x-x-x-x-x-x-xx,—,x-x-x
AR RAR R R e b e AR R R N AR RE O R PR PN
0.07 4§t
+~+—+-+-+-+~+-+_+-+-+-+-+-+-+-+~+~+—+-+-+~+~+-+.+-+-+-+-+.+.+.+.+.+_+_+_+_+_+_+_+_+—+_+.+
0.06 LAY 0000000000000 066000000000000,000¢

0 100 200 300 400 500 600

Entrainment speed mm/s]
(e) SRR =25%
Figure 5. Traction coefficient vs. Entrainment speed for PAG, TiO, /PAG, and SiO, /PAG nanolubri-
cants (0.01-0.05 vol%) at SRRs of 150 to 25% under 20 N and 40 N.

TiO, performs better than SiO; at the same concentration and load, which matches
findings reported in previous research [10]. This is linked to its higher hardness and stronger
stability, which improve load support and film behaviour in EHL conditions. The traction
results show that the benefit of nanolubricants appears only at the correct concentration.
Low concentrations increase traction. High concentration at 0.05 vol% reduces traction.
This highlights the need to match the concentration with operating conditions rather than
assume that nanoparticle addition always improves performance.

3.4. Wear

Figure 6 shows the wear on the steel ball over the specified test duration for each
lubricant. The results clearly show that PAG produces the highest wear at both 20 N and
40 N. The addition of TiO; or SiO, reduces wear, which indicates stronger film formation
and reduced asperity contact. TiO;-based nanolubricants consistently record lower peak
wear than S5iO;-based ones, showing a stronger protective effect. This agrees with published
findings. Zhao, Huang [31] reported that nanoparticles improve tribofilm formation, micro-
bearing effects, and self-repair actions. Birleanu, Pustan [32] also found that TiO, increases
load-carrying capacity and anti-wear behaviour in the base oil. At 20 N, the nanolubricants
already provide improved wear resistance relative to PAG, showing that the nanoparticle
film can protect moderately loaded contacts. When the load rises to 40 N, wear increases for
all lubricants, but the improvement from nanoparticle addition remains. TiO; at 0.03 vol%
records the lowest peak wear under the higher load, which indicates strong film resilience
under elevated contact stress. This behaviour matches earlier work on oxide nanoparticles.
Wu, Zhao [33] reported that surface-modified TiO, reduced wear under rough surfaces
and oxide scale conditions. The results also show a clear concentration effect. At 0.01 vol%,
the improvement is small. At 0.03 vol%, wear reaches the lowest level. At 0.05 vol%, wear
begins to increase again, likely due to slight particle agglomeration at higher loading.
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Figure 6. Wear vs. time for PAG, TiO, /PAG, and SiO, /PAG nanolubricants (0.01-0.05 vol%) at SRR
of 50% under 20 N and 40 N.

Between the two additives, TiO, shows stronger anti-wear performance than SiO5.
Comparative work by Cortés, Sanchez [10] reported that SiO; reduced wear volume in
sunflower oil by about 74.1%, while TiO, achieved about 70.1%. Although the test medium
and conditions differ from the present study, the qualitative ranking (TiO, > SiO,) is
consistent. The superior performance of TiO; is linked to its higher hardness, stronger
adhesion to metal surfaces, and its ability to form more stable protective tribofilms during
sliding contact, as supported by recent studies [31].

3.5. Temperature Stability

Figure 7 shows the temperature behaviour of PAG and the two nanolubricant types,
TiO, /PAG and SiO, /PAG, at concentrations of 0.01, 0.03, and 0.05% under 20 N and 40 N.
The results indicate how load, nanoparticle type, and concentration influence the lubricant’s
ability to control heat during operation. The temperature remains stable for all samples
across the full test duration. This shows that the lubricant film stayed in thermal balance,
where the heat generated by friction was matched by the heat removed from the contact
zone. Such stability reflects effective lubrication and consistent temperature regulation,
both of which are important indicators of thermal reliability. All nanolubricants record
lower temperatures than PAG. This agrees with earlier findings by Kim, Hyun [34], who
reported that nanoparticle-enhanced lubricants maintain stable operating temperatures by
improving heat transfer through the lubricant film.

When comparing loads, the temperature at 40 N is slightly higher than at 20 N. This
increase is expected because higher loads produce greater contact pressure and more
frictional heating. The rise is smaller for the nanolubricants than for PAG. This indicates
that TiO, and SiO; help conduct heat away from the contact zone more efficiently. By
keeping the temperature lower under heavy load, the nanolubricants help prevent thermal
degradation, oxidation, and viscosity loss. These effects support longer lubricant life
and stable performance. With respect to concentration, all nanolubricants perform better
than PAG, with all concentrations showing a comparable temperature reduction. At low
concentrations (0.01%, 0.03% and 0.05%), the particles are well dispersed and create effective
heat conduction paths. At these concentrations, the particle content is able to influence
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heat transfer significantly. At higher than 0.05%, slight agglomeration may occur, which
can reduce fluid uniformity and limit efficiency. These results show that concentration
optimisation is important to achieve consistent thermal performance without affecting
stability. When comparing nanoparticle types, TiO,-based lubricants consistently record
slightly lower temperatures than SiO,-based ones across both loads and all concentrations.
This is linked to the higher thermal conductivity of TiO,, about 8.4 W m- K1 compared
with SiO,, which was about 1.4 W m~! K~1. TiO, also shows better dispersion stability in
polar oils such as PAG, which supports the formation of continuous conductive structures
in the fluid. These trends match the findings of Madyira and Babarinde [7] and who
reported that TiO, nanolubricants provide better heat dissipation and improved energy
efficiency in compressor systems. The present results confirm that TiO; is more suitable for
applications that require rapid heat transfer and stable temperature control.

42

N
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Figure 7. Lubricant temperature vs. time for PAG, TiO,/PAG, and SiO;/PAG nanolubricants
(0.01-0.05 vol%) at SRR of 50% under 20 N and 40 N.

Compared with PAG, both TiO, /PAG and SiO;, /PAG show better thermal stability and
lower operating temperature. The lower values indicate reduced frictional heat generation
and more effective heat removal, which help limit oxidation and maintain viscosity. Luo,
Yu [12] also noted that nanoparticles enhance interfacial heat conduction by forming
microscale bridges within the film. This mechanism appears to be active here, as shown by
the steady and lower temperature curves for the nanolubricants.

3.6. High-Shear Rate Viscosity Behaviour

The viscosity curves in Figure 8 show consistent shear thinning for all formulations
at 40, 60, 80, and 100 °C. Viscosity decreases as shear rate increases. This non-Newtonian
behaviour matches previous reports on PAG-based nanolubricants, where higher shear rate
accelerates structural breakdown in the fluid. Sanukrishna and Jose Prakash [13] reported
the same trend for TiO; dispersed in PAG for compressor lubrication and noted that the
particle networks weaken under high shear and high temperature. Similar behaviour
appears in studies on SiO;-based nanolubricants, where viscosity drops alongside shear
due to particle alignment effects [35].

https://doi.org/10.3390/lubricants14020078


https://doi.org/10.3390/lubricants14020078

Lubricants 2026, 14, 78 15 of 22

PAG
80
—— 40°C
—— 60°C
. —4— 80°C
604 —v— 100 °C
o
2
2 40
& i
3
€D
S '\‘___. -
201
V—V—v—V—VvV—V—y—VvV—Vv—V
0 r T T T Y T T T Y T Y
0 2,000,000 4,000,000 6,000,000 8,000,00010,000,000 12,000,000
Shear Rate [1/s]
(a) PAG
55 0.01 vol% TiOy/PAG
—— 40°C
—— 60°C
. —4— 80°C
604 T —v— 100°C
o’
Lz
2 40
= i
3
> '\.‘____.____. 2
20 -
V—V——y—V—yv—V—V—v
0 ¥ T ) T J T ; T ! T ?
0 2,000,000 4,000,000 6,000,0008,000,000 10,000,000 12,000,000
Shear Rate [1/5]
(b) 0.01 vol % TiO2/PAG

Figure 8. Cont.

https://doi.org/10.3390/lubricants14020078


https://doi.org/10.3390/lubricants14020078

Lubricants 2026, 14, 78 16 of 22

i 0.03 vol% TiO/PAG
—— 40°C
—— 60°C
—4— 80°C
604 T —v— 100 °C
o
&,
2 40
£ 4
2
S e S
20
Y—¥ — ¥V ¥ —yg— V¥V
0 g T ! T J T ! T u T T
0 2,000,000 4,000,000 6,000,000 8,000,000 10,000,000 12,000,000
Shear Rate [1/s]
(c) 0.03 vol % TiO2/PAG
& 0.05 vol% TiIO,/PAG
—— 40°C
—— 60°C
. —A— 80°C
604 —v—100°C
o
2,
2 40
& o
3
> ./ i
20 -
V—VvV—VvV—V—vyv—V¥—¥
0 T T I T T T ! T ! T T
0 2,000,000 4,000,000 6,000,000 8,000,00010,000,000 12,000,000
Shear Rate [1/s]
(d) 0.05 vol % TiO:/PAG

Figure 8. Cont.

https:/ /doi.org/10.3390/lubricants14020078


https://doi.org/10.3390/lubricants14020078

Lubricants 2026, 14, 78 17 of 22

0.01 vol% SiO,/PAG

80
—— 40°C
—— 60°C
Y —4— 80°C
604 = —v— 100 °C
o
=
2 40
& .
i
> .\.—_\__.,_/—'——-
20 -
yY—¥ ¥ ¥ N X ¥
0 J T T T ! T T T T T y
0 2,000,000 4,000,000 6,000,000 8,000,000 10,000,00012,000,000
Shear Rate [1/s]
(e) 0.01 vol % SiO2/PAG
5 0.03 vol% SiO,/PAG
—— 40°C
—— 60°C
—A— 80°C
604 —— —v— 100 °C
o
=,
2 40
&= g
7
> \.\o ”—"
20
V—V—y—V—y—V—y—V
0 T T T T v T z T Y T z
0 2,000,000 4,000,000 6,000,000 8,000,000 10,000,00012,000,000
Shear Rate [1/5]
(£) 0.03 vol % SiO2/PAG

Figure 8. Cont.

https:/ /doi.org/10.3390/lubricants14020078


https://doi.org/10.3390/lubricants14020078

Lubricants 2026, 14, 78 18 of 22

80 0.05 vol% SiO,/PAG
—— 40°C
—— 60°C
» —a— 80°C
60{ —v— 100°C
o
9,
2 40
£ i
3
= P
20
Y——¥—y 99y -V —y5y 4%
0 ' ) = ! : I = I . T T
0 2,000,000 4,000,000 6,000,000 8,000,000 10,000,00012,000,000
Shear Rate [1/s]
(g) 0.05 vol % SiO2/PAG

Figure 8. High-shear viscosity as a function of shear rate for PAG, TiO,/PAG, and SiO,/PAG
nanolubricants at 40, 60, 80, and 100 °C.

The viscosity of all lubricants decreases as temperature increases. The decline is
strongest at high-shear rate, which indicates that thermal softening accelerates struc-
tural breakdown in the fluid. This matches the results reported by Sanukrishna and
Jose Prakash [13] and Sandy Prayogo, Mamat [35], who showed that SiO; and TiO; nanol-
ubricants lose viscosity more rapidly at high temperature when the base oil has limited
thermal stability. Nanoparticle concentration influences the viscosity response. At 0.01%,
both SiO, and TiO, remain close to the PAG baseline. At 0.03 and 0.05%, the differences
become clearer. SiO, shows smoother thinning, while TiO, provides slightly higher vis-
cosity retention at high-shear rate. This agrees with published findings, where TiO, forms
stronger load-bearing structures than S5iO,, which improves viscosity retention and stability
at high temperatures [32]. SiO; effects are milder and produce smaller viscosity changes
relative to the base oil at the same concentrations.

Comparisons within the percentage change dataset support these observations. Across
the full shear rate range, TiO, at 0.05% shows the highest positive deviation from PAG,
especially at 40 and 60 °C. At 80 and 100 °C, the improvement decreases but remains
higher than that of SiO,. SiO, produces smaller viscosity increases and, in some conditions,
slight reductions. This agrees with its weaker structural reinforcement behaviour. These
viscosity trends have direct implications for refrigeration systems. Better viscosity retention
at high shear improves film strength in compressor contacts, reduces wear, and increases
efficiency in boundary-dominated regimes. TiO, nanolubricants are more suitable when
high-temperature stability is required. SiO, may be preferable when only small viscosity
changes are needed to avoid high pumping losses. The data also show that viscosity
enhancement decreases at high temperature, so formulation choices must consider the
operating thermal range.

Although the present study provides systematic insight into the EHL performance of
TiO; and SiO; nanolubricants, several limitations should be noted. Long-term cyclic testing,
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including sedimentation behaviour and tribofilm durability under repeated start—stop
conditions, was not conducted and should be addressed in future work to assess the service
life in actual refrigeration compressors. In addition, the influence of nanoparticle addition
on lubricant-refrigerant compatibility, particularly with refrigerants such as CO, and R134a,
was not examined in this study. Cost and scalability considerations are also important, as
higher concentrations such as 0.05 vol% may increase material cost and pose challenges
for industrial-scale preparation. These aspects will be explored in future investigations
to further evaluate the industrial feasibility of nanolubricants for refrigeration systems.
Table 3 consolidates the explicitly quantified performance improvements discussed in
this study, highlighting only parameters that were directly calculated and reported in the
Results and Discussion sections.

Table 3. The summary of the key findings of the study.

Net Traction

Equilibrium

Relative High-Shear

Formulation Load Change vs. PAG ~ Wear Behaviour . .
(SRR 0 to 100%) Temperature Viscosity vs. PAG
PAG 20N Baseline Highest wear About 41.0 °C Baseli
PAG 40N Baseline Highest wear About 41.0 °C asetne
TiO, 0.01 vol% 20N Increase of 1.2% Sm;“ :‘.’ear 40.2-40.5°C TiO; at 0.01 vol%
reduction shows approximately
Small wear
TiO, 0.01 vol% 40N Increase of 0.1% . 40.2-40.5 °C equal to PAG
reduction
TiO, 0.03 vol% 20N Increase of 0.3% Cl‘j‘r VtYear 40.2-40.5°C TiO; at 0.03 vol%
reduction ) shows slight increase
Lowest wear; over PAG
TiO, 0.03 vol% 40N Increase of 0.6% about 35 pm 40.2-40.5 °C
reduction
Moderate wear;
TiO, 0.05 vol% 20N Reduction of 4.02% reduction slightly ~ 40.2-40.4 °C TiO; at 0.05 vol%
higher than 0.03% shows up to 12%
higher at 40-60 °C
TiO, 0.05 vol% 40N Reduction of 179 ~ Moderatewear 3 45 500 ighera
reduction
Si0, 0.01 vol% 20N Reduction of 0.49% Sm:i‘u ot 40.3-40.5 °C Si0, at 0.01 vol%
reduction shows approximately
Small wear
Si0, 0.01 vol% 40N Increase of 0.04% X 40.3-40.5 °C equal to PAG
reduction
Si05 0.03 vol% 20N Increase of 0.06% Clear wear 40.3-40.5°C SiO, at 0.03 vol%
reduction . .
shows slight increase
Moderate wear over PAG
SiO; 0.03 vol% 40N Reduction of 0.24% reduction; higher 40.3-40.5 °C
than TiO,
Si0, 0.05 vol% 20N Reduction of 1.79 ~ Voderate wear 40.3-40.5°C SiO; at 0.05 vol%
reduction . .
Moderat shows small viscosity
Si05 0.05 vol% 40N Reduction of 1.2% oderate wear 40.3-40.5°C increase
reduction

4. Conclusions

This study evaluated TiO; and SiO, PAG nanolubricants under controlled elastohy-
drodynamic conditions using a Mini Traction Machine. The results show that nanoparticle
addition can improve film behaviour, reduce wear, and stabilise temperature when the
concentration and operating conditions are matched correctly. TiO, provided the greatest
improvements across all measured responses.

The results show that nanoparticle type and concentration strongly influence lubri-
cant performance. Only the 0.05 vol% formulations reduced traction compared with PAG
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under fixed SRR conditions, with TiO, at 0.05 vol% achieving the highest reduction of up
to 4.89% at 20 N and 2.99% at 40 N. Lower concentrations increased traction under the
same conditions. All nanolubricants reduced wear relative to PAG, with TiO; at 0.03 vol%
producing the lowest wear, showing a reduction of approximately 35 um at 40 N. The
nanolubricant samples maintained lower and more stable operating temperatures than
PAG, remaining between 40.2 and 40.5 °C, while PAG reached about 41.0 °C, indicating
improved thermal control. High-shear viscosity measurements revealed shear-thinning
behaviour for all lubricants, with TiO, at 0.05 vol% retaining up to 12% higher viscosity
than PAG at 40 and 60 °C. Overall, TiO, nanolubricants demonstrated superior traction,
wear, temperature, and viscosity performance compared with SiO,. The results indicate
that 0.03 vol% is suitable when wear reduction and thermal stability are prioritised over
traction reduction with minimal viscosity impact, such as in refrigeration, while 0.05 vol%
is more suitable for high-load or high-shear operating conditions. Long-term cyclic testing,
including sedimentation behaviour and tribofilm durability under repeated start—stop con-
ditions, should be addressed in future work to assess the service life in actual refrigeration
compressors. In addition, the influence of nanoparticle addition on lubricant-refrigerant
compatibility, particularly with refrigerants, should be examined in future studies.
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Abbreviations

The following abbreviations are used in this manuscript:

Symbol Abbreviation Definition Unit

u Traction coefficient
F Traction force, N

Fn Normal load, N
SRR Slide-to-roll ratio, %
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U, Entrainment speed, average speed of ball and disc, mm/s
Us Sliding speed, difference between disc and ball speeds, mm/s
Upisk Disc surface speed, mm/s

Ugan Ball surface speed, mm/s

7 Dynamic viscosity Pa-s

T Shear stress, Pa

v Shear rate s~!

Rinitial Initial ball holder height, mm

final Final ball holder height mm

vol % Nanoparticle volume concentration, %

MMp Nanoparticle mass, g

m Lubricant mass, g

oL Lubricant density, kg/ m>

EHL Elastohydrodynamic lubrication
MTM Mini Traction Machine

usv Ultra Shear Viscometer

PAG Polyalkylene glycol lubricant

TiO, Titanium dioxide nanoparticles
Si0, Silicon dioxide nanoparticles
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