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Abstract: Lubricants must exhibit good tribological behavior at low temperatures to ensure reliable
startups in very cold regions. This study investigates the performance of lubricants, with a specific
focus on their capacity for high-temperature lubrication and ensuring reliable low-temperature
startup in engines. Experiments were conducted to assess the friction and wear characteristics of
polydiethylsiloxane in conjunction with a Si3N4 ball and M50 (8Cr4Mo4V) steel across a temperature
range of −80 ◦C to 25 ◦C. The results indicate that the coefficient of friction, as determined through
friction and wear tests at various temperatures, remained below 0.1. As temperatures progressively
decreased, the system’s friction coefficient increased, and wear volumes recorded at 25 ◦C and −60 ◦C
were 9749.513 µm³ and 105.006 µm³, respectively, culminating in lubrication failure at −100 ◦C. This
failure is primarily attributed to the increased viscosity and decreased mobility of polydiethylsiloxane
at extremely low temperatures. Additionally, the reduced temperature increases the strength of the
quenched steel, leading to hard particles or protrusions on the material’s surface, which collide with
the Si3N4 ball during friction, causing adhesion and spalling. Despite this, polydiethylsiloxane forms
a stable protective oil film on the surface, enhancing the system’s lubrication performance. However,
below −80 ◦C, this oil film begins to tear, leading to diminished lubrication efficacy. This study
provides valuable data supporting the field of cryogenic lubrication.

Keywords: polydiethylsiloxane; friction and wear performance; friction testing; low temperature;
lubricant

1. Introduction

The high-end equipment manufacturing sector demands equipment that epitomizes
efficiency, reliability, and longevity [1–3]. In this context, lubrication oil emerges as a
cornerstone for the reliable functioning of essential moving parts [4–6]. The implications of
lubrication failures are far-reaching, encompassing increased friction and wear on equip-
ment, which can lead to significant economic losses or, in extreme cases, catastrophic
equipment failure with potential safety hazards. Specifically, aviation lubricants are subject
to exceptionally rigorous conditions, including high temperatures, velocities, and loads,
necessitating unparalleled high-temperature performance. These lubricants must also
demonstrate a favorable viscosity–temperature relationship and maintain fluidity at low
temperatures (below −40 ◦C) to ensure dependable performance in cold conditions [7–9].
Consequently, exploring the low-temperature fluidity alongside the friction and wear char-
acteristics of aerospace lubricants is crucial for enhancing our understanding of aeroengine
reliability under such challenging conditions. High-temperature lubricants need a good
viscosity coefficient at low temperatures while improving high-temperature performance
to ensure low-temperature startup in very cold regions [10,11].
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Polysiloxanes, commonly known as silicone fluids, are distinguished by their excep-
tional temperature–viscosity performance, showcasing a high lubrication capacity over a
wide temperature range [12–14]. These fluids are characterized by their structural com-
position, featuring a main chain of repeating silicone–oxygen (Si–O) bonds, with various
organic groups attached to the silicon atoms, adhering to the formula [RnSiO4−n/2]m.
This structural versatility yields a wide array of silicone fluids, including ethyl, methyl,
methyl phenyl, methyl chlorophenyl varieties, and silicic acid esters [15–17]. Notably,
silicone fluids have demonstrated unparalleled utility in aerospace bearing lubrication
and in environments subjected to extreme conditions, such as radiation exposure [18,19].
However, their integration into broader applications is limited by poor miscibility with
other lubricants and additives. Polydiethylsiloxane, or ethyl polysiloxanes, constitute a
specialized category within this family, comprising silicon and oxygen polymer chains with
ethyl groups appended to either terminal or lateral chains [20–22]. Their distinct chemical
and physical attributes afford these fluids exceptional stability and fluidity, even under
severe temperature fluctuations, rendering them indispensable in various sectors including
aerospace, electrical and electronics, textiles, and automotive manufacturing. Pioneering
research from the Russian Academy of Sciences has revealed that a blend of polydiethyl-
siloxane and mineral oils significantly reduces the coefficient of friction more effectively
than the individual oils [23]. Furthermore, the introduction of silica nanoparticles into
ethyl silicone oil not only augments the oil film’s resistance to tearing but also diminishes
friction [24]. Similarly, the incorporation of magnetic nanoparticles markedly enhances the
boundary lubrication properties of ethyl silicone oil [25].

This study rigorously examines the viscosity–temperature profile of polydiethylsilox-
ane across a broad low-temperature spectrum (−80 to 25 ◦C), aiming to decipher the
principles underlying its tribological behavior under such conditions. To assess the in-
fluence of low temperatures on the flow characteristics of PDES, a specially modified
rheometer was employed. Moreover, this study investigates the frictional behavior and
mechanisms of PDES in contact with Si3N4 ceramic and M50 disk systems within the same
temperature range, utilizing a low-temperature, three-plate ball friction and wear tester.
Through this investigation, the research provides both empirical data and a theoretical basis
to support the application of PDES in environments characterized by low temperatures.

2. Materials and Methods

The experimental materials comprised Si3N4 ceramic balls, procured from Sinoma Hi-
Tech Nitride Ceramics Co., Ltd., Beijing, China, and M50 steel (8Cr4Mo4V), sourced from
LYC Bearing Corporation, Luoyang, China. The detailed compositions of these materials are
presented in Table 1. Solvent materials, including petroleum ether, acetone, and anhydrous
ethanol, were obtained from Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai,
China. Polydiethylsiloxane, the primary subject of this study, was acquired from the Synthetic
Oil Research Institute, Sinopec Lubricant Co., Ltd., Chongqing, China.

Table 1. Main composition of M50 steel.

Element C Cr Mo V Ni Mn Si Cu S P

mass fraction 0.75~0.85 3.75~4.25 4.00~4.50 0.90~1.10 ≤0.2 ≤0.35 ≤0.35 ≤0.20 ≤0.008 ≤0.015

The friction and wear experiments reported herein were performed using an Anton
Paar three-plate ball cryogenic test module (Model MCR301, Anton Paar, Graz, Austria).
The testing configuration employed Si3N4 ceramic balls with a diameter of 12.7 mm and
M50 steel disks measuring 14.9 × 5.9 × 3.1 mm. Figure 1 depicts the operational layout,
wherein the three M50 disks are angled at 45◦ to the rotation axis and affixed in place
using screws. Prior to testing, both the ceramic balls and steel disks underwent ultrasonic
cleaning in a sequential bath of petroleum ether, acetone, and anhydrous ethanol for a
duration of 15 min each to remove any residual contaminants. Subsequent to the cleaning
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process, the components were dried using nitrogen gas to eliminate moisture and ensure
surface purity.
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The experimental setup commenced with the orderly placement of the M50 disks
and Si3N4 balls within the three-plate ball test apparatus. The sequence of the procedure
is detailed as follows: Initially, a volume of 1.5 mL of polydiethylsiloxane was evenly
distributed over the contact area between the ball and plate, after which the system was
allowed to reach temperature equilibrium. Subsequently, the ceramic ball was positioned
to engage the M50 disk, exerting a normal force of 48 N, corresponding to a contact stress
of approximately 1.02 GPa, and was maintained for a duration of one minute. The system’s
rotational speed was then methodically increased following a logarithmic progression from
1 rpm to 250 rpm, equivalent to a velocity range of 0.47 to 118 mm/s. Upon completion of
the test, the coefficient of friction at each rotational speed was documented, from which the
average coefficient of friction was derived.

In this investigation, the tribological performance of the Si3N4 ceramic ball and M50
steel disk pair was assessed under low-temperature conditions, facilitated by the use of
liquid nitrogen cooling apparatus. The selected temperature intervals for this study were
25 ◦C, −20 ◦C, −40 ◦C, −60 ◦C, and −80 ◦C. This range was chosen to comprehensively
understand the tribological behavior’s characteristic laws within a cold environment. To
ensure the experimental results’ repeatability and reliability, each test procedure was
replicated three times. Following the completion of these tests, both the ceramic balls
and steel disks were subjected to a meticulous cleaning process, utilizing petroleum ether,
acetone, and anhydrous ethanol in sequence. After cleaning, detailed morphological and
compositional analyses of the wear interfaces were conducted to elucidate the effects of
low-temperature conditions on the materials’ tribological properties.

Figure 1 illustrates the contact interaction between the Si3N4 ceramic ball and the M50
steel disk, along with the forces generated at their points of contact. A normal force, aligned
with the axis of rotation, distributes the contact pressure across three flat plates. The Si3N4
ball rotates at a speed of n, from which the sliding velocity (Vs) is derived. The friction
force is determined based on the torque (M), calculated from the radius (r) of the sliding
distance and the displacement angle, which is measured using a rheometer. This setup
facilitates the precise quantification of tribological parameters by accurately assessing the
forces and motions involved in the frictional interaction.
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The viscosity coefficient of polydiethylsiloxane at varying temperatures was measured
using a rotational rheometer (Model MCR301, Anton Paar, Graz, Austria), as illustrated
in Figure 1c. Following the friction and wear experiments, the surface conditions of the
M50 disks were evaluated with an optical microscope (Model VHX6000, Keyence, Osaka,
Japan). The wear tracks’ three-dimensional morphology, roughness, and volume were
precisely investigated by utilizing a white light interferometric profilometer (Model New
View 8300, Zygo, Middlefield, CT, USA). Additionally, the wear interface’s morphological
features and elemental composition were investigated using a scanning electron microscope
(SEM, Model Quanta 200, FEI, Billings, MT, USA) equipped with an energy dispersive
spectrometer (EDS, Model Genesis xm-2, EDAX, Pleasanton, CA, USA).

3. Results and Discussion

Polydiethylsiloxane is characterized by its polymer chains, which are composed of
alternating silicon and oxygen atoms, with ethyl (–CH2CH3) groups attached to either the
ends or sides of these chains. The temperature-dependent viscosity of polydiethylsiloxane
was evaluated utilizing an MCR-301 rotational rheometer, which is outfitted with a liquid
nitrogen cooling accessory for temperature regulation. Figure 2 displays the variation in vis-
cosity of polydiethylsiloxane across a range of temperatures, showcasing a notable increase
in viscosity with decreasing temperature. Specifically, viscosity escalates from 0.0342 Pa·s at
25 ◦C to 0.782 Pa·s at −60 ◦C. This trend of rising viscosity is markedly accentuated beyond
−80 ◦C, where the viscosity surges to 36.4 Pa·s at −100 ◦C. Such findings underscore that
polydiethylsiloxane maintains advantageous viscosity–temperature characteristics within
a temperature window of 25 to −65 ◦C, where its viscosity remains ≤1 Pa·s, indicating
exceptional fluidity that is beneficial for its performance as a lubricant in low-temperature
environments. As temperature increases, the average kinetic energy of a fluid’s molecules
correspondingly rises, leading to a reduction in intermolecular forces. This reduction
facilitates an increase in the average distance between molecules, effectively diminishing
frictional interactions among them. Viscosity, which quantifies the degree of intermolecular
friction within a fluid, consequently decreases at elevated temperatures. This decrease is
attributable to the enhanced ease with which molecules slide past and flow around each
other, reducing mutual impedance. A decrease in viscosity results in a thinner lubricant
film, which may adversely affect the effectiveness of lubrication. On the contrary, a higher
viscosity indicates that greater energy is required for mechanical operations, potentially
impairing mechanical efficiency. PDES has a lower temperature–viscosity coefficient, which
is mainly caused by the structure of PDES. The viscosity of silicone oil is determined by the
interaction between silicone oil molecules. PDES has a longer carbon chain and therefore
has a lower viscosity. In addition, PDES has a smaller low-temperature viscosity change
trend and exhibits better viscosity–temperature characteristics than other silicone oils in
low-temperature environments.

PDES is a derivative of polysiloxane characterized by a low glass transition tempera-
ture (Tg), contributing to its unique physical properties. Notably, PDES exhibits significant
flexibility at low temperatures and stability at high temperatures. The Tg of PDES typically
ranges from −144 ◦C to −139 ◦C [26–29]. This exceptionally low Tg can be attributed to
the flexibility of the silicon–oxygen backbone and the presence of larger ethyl side groups,
which increase the free volume and consequently diminish intermolecular forces. Below
the Tg, PDES behaves as a hard, brittle solid with very high viscosity, rendering it nearly
non-flowing. Above the Tg, however, PDES transitions to a rubbery state, with a marked de-
crease in viscosity. This decrease is facilitated by increased thermal motion, which enhances
the mobility of the molecular chains, thereby reducing internal friction and significantly
lowering viscosity with rising temperature.

Figure 3 illustrates the friction coefficients and the corresponding average values for
the tribopair composed of Si3N4 balls and M50 steel disks, lubricated with polydiethylsilox-
ane, across a diverse temperature spectrum, specifically at 25, −20, −40, −60, and −80 ◦C.
The data reveal that polydiethylsiloxane exhibits superior lubrication efficacy within the
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25 to −80 ◦C range, consistently maintaining friction coefficients below 0.1. This per-
formance is notably stable when contrasted with its behavior at elevated temperatures
(above 200 ◦C), underscoring polydiethylsiloxane’s remarkable fluidity and lubricating
properties even under reduced temperature conditions. Intriguingly, an upward trend in
the average friction coefficient is observed as the temperature increases, with the coeffi-
cients at 25, −20, −40, −60, and −80 ◦C documented as 0.0425, 0.0609, 0.0731, 0.0862, and
0.0924, respectively. This trend highlights the nuanced impact of temperature on lubrica-
tion dynamics, demonstrating that polydiethylsiloxane maintains its effective lubrication
performance across a broad range of lower temperatures. The observed incremental rise in
friction coefficients can be largely attributed to the increased viscosity of ethyl silicone oil
at lower temperatures, which intensifies the shear forces exerted within the Si3N4 and M50
tribopair against the lubricant layer. Initially, a break-in period for the friction coefficients is
noted, after which a phase of stabilization ensues, demonstrating consistent stability across
subsequent measurements. This stabilization phase suggests the successful formation of
a uniform and effective lubrication film by polydiethylsiloxane under low temperature
conditions, confirming its capacity to sustain commendable lubrication properties within
the temperature spectrum of −80 to 25 ◦C for the Si3N4 and M50 tribopair. Nonetheless,
at the threshold of −100 ◦C, the lubrication system exhibits failure, marking the opera-
tional temperature limit for polydiethylsiloxane as a lubricant under these test conditions.
Compared to Tuyana’s findings, this study demonstrates that due to the favorable viscosity–
temperature characteristics of PDES, it exhibits excellent lubrication performance in Si3N4
and M50 systems, with the friction coefficient significantly lower than that observed with
PES-2. Additionally, PDES maintains a low friction coefficient (COF < 0.3) even under con-
ditions of low temperature and low speed. These results suggest that PDES has potential
as a base oil for low-temperature startups.
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Subsequent to the execution of the friction wear tests, the wear regions on the M50
steel disks were scrutinized using a VHX-6000 (Keyence, Osaka, Japan) optical microscope,
as depicted in Figure 4a–e. Analysis of the light microscope imagery reveals that the wear
spots across all tested samples exhibit relatively shallow depths, affirming the proficient
lubrication capability of polydiethylsiloxane within the tribosystem composed of Si3N4
ceramic balls and M50 steel disks. Intriguingly, the diameter of the wear spots follows a
trend of initially decreasing before subsequently increasing as temperatures decline. This
pattern culminates at −80 ◦C, where an enlargement in the wear scar diameter (WSD) is
observed, indicative of the lubrication system’s failure under these extreme conditions.
Specifically, the wear scar diameter exhibits an expansion, inaccurately recorded as in-
creasing from 227.7 µm to 254.9 µm. The thickness of the lubricant film at the interface
of the friction pair increases as the temperature decreases, which effectively reduces the
direct contact area between the friction pair components and thus reduces the wear mark
diameter. At low temperatures, the viscosity of the lubricant increases dramatically and
the working resistance increases. The thickness of the lubricant film at the interface of
the friction pair increases as the temperature decreases, which effectively reduces the di-
rect contact area between the friction pair components and thus reduces the wear mark
diameter. In addition, with decreasing temperature, the mechanical properties of the steel
material change, which further increases the WSD. The empirical data suggest that the
thickness of the lubricant film at the interface of the friction pair escalates with decreasing
temperature, which effectively diminishes the direct contact area between the tribopair
components, thereby reducing the wear scar diameter. However, at the critical temperature
of −80 ◦C, the viscosity of polydiethylsiloxane experiences a substantial increase, leading
to the rupture of the oil film. This rupture undermines the lubricant’s efficacy, culminating
in the observed enlargement of the wear spot, a clear manifestation of lubrication failure
under such adverse thermal conditions.

The evaluation of the wear rate for the Si3N4 ceramic balls and M50 steel disks was
facilitated through the utilization of 3D white light interferometry, which provided detailed
images to measure the wear depth and volume on the surface of the M50 steel disks at
varying temperatures, as illustrated in Figure 4f–j. The results reveal a distinct pattern in
which both wear volume and depth initially decrease as the temperature drops, followed
by a subsequent increase. Notably, the wear volumes recorded at 25 ◦C and −60 ◦C were
9749.513 µm³ and 105.006 µm³, respectively, indicating a significant reduction of nearly
tenfold. This observation underscores the effectiveness of the low-temperature friction
interface in substantially reducing material wear. Nevertheless, a notable increase in wear
volume was observed at −80 ◦C, a phenomenon primarily ascribed to the disintegration of
the polydiethylsiloxane lubricant film at such low temperatures, which in turn led to an
increased wear volume. In a similar trend, the depth of the wear marks decreased with
falling temperatures, from 0.391 mm at 25 ◦C to 0.04 mm at −60 ◦C, only to rise again to
0.135 mm at −80 ◦C.

Scanning electron microscopy (SEM) was employed to investigate the morphological
changes and elemental composition at the wear interfaces of M50 steel disks subjected to
different temperatures, with the findings presented in Figure 5. The SEM images disclose
distinct morphological alterations correlating with temperature changes. At ambient
temperature, the wear interface is characterized by minor furrows aligned in the friction
direction, devoid of significant debris or abrasive particles. This observation suggests a
dominance of the two-body abrasive wear mechanism under these conditions. However,
as the temperature decreases, there is a notable reduction in the depth and clarity of these
furrows, a phenomenon attributed to the increased viscosity of polydiethylsiloxane, which
results in a thicker lubricant film at the friction interface. This change facilitates a transition
towards hydrodynamic lubrication, marked by elevated internal friction among lubricant
molecules, thereby increasing the friction coefficient. Moreover, a distinct white substance
was noted, predominantly associated with the accumulation of carbides from the high-
temperature surface treatment of the steel. At the reduced temperature of −80 ◦C, the
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wear interface exhibits a marked deviation from higher temperature conditions, displaying
significant pitting and material spalling. This alteration indicates a shift to primarily
adhesive wear, as evidenced by the nearly obliterated plowing furrows. These results
suggest that with a decreasing temperature, the wear mechanism evolves from two-body
abrasive to adhesive wear, culminating in material failure at the critical temperature of
−100 ◦C. This transition can be further elucidated by the increased hardness and reduced
plasticity of the quenched steel at lower temperatures, which diminishes the capacity for
plastic deformation. Consequently, hard particles or surface protrusions come into rigid
contact with the Si3N4 balls during friction, leading to adhesion and subsequent spalling of
the surface material, thereby indicating a significant modification in the wear mechanism.
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A noteworthy observation is the relative increase in Iron (Fe) content at the wear inter-
face compared to the unworn areas of the M50 disks. Furthermore, the analysis shows that
the elemental composition within the wear region remains largely consistent across a range
of low temperatures. This uniformity highlights the robust physical and chemical proper-
ties of polydiethylsiloxane under cold conditions, affirming its capability to safeguard the
integrity of the wear interface. The observed stabilization of the friction interface, following
the interaction between the ceramic ball and the M50 steel disk, suggests a diminished
formation of new wear particles. This stabilization contributes to the maintenance of a
consistent friction coefficient over the course of the wear process. The elemental constancy
at the wear interface, despite temperature fluctuations, implies the absence of new com-
pound formation during the wear process. Consequently, the wear performance at low
temperatures is predominantly dictated by the viscosity and film-forming characteristics
of polydiethylsiloxane. Notably, at −80 ◦C, there is a marked increase in the viscosity of
polydiethylsiloxane, leading to the rupture of the lubricant film. This rupture incites higher
friction coefficients and increased wear, underscoring the pivotal influence of lubricant
viscosity on wear dynamics in low-temperature environments.

Figure 6 elucidates the wear mechanism of polydiethylsiloxane at low temperatures,
showcasing its exemplary lubrication performance. This performance is chiefly ascribed
to polydiethylsiloxane’s inherent properties and an augmentation in the thickness of the
lubricant film. As the Si3N4 ceramic ball undergoes rotation, polydiethylsiloxane generates
dynamic pressure at the friction interface, ensuring the maintenance of an optimal oil film
thickness. With a reduction in test temperatures, polydiethylsiloxane’s viscosity increases,
consequently diminishing its mobility. Nonetheless, this heightened viscosity is instrumen-
tal in creating a more substantial dynamic pressure between the Si3N4 ceramic ball and
the M50 steel disk, promoting the development of a thicker oil film and thereby elevating
the lubrication system’s efficiency. Additionally, the mechanical properties of M50 steel
at varying temperatures significantly impact the wear behavior observed during testing.
At an ambient temperature, M50 steel exhibits strong mechanical resilience, potentially
leading to the accumulation of abrasive particles on the wear surface and subsequent
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furrow formation. Conversely, a decrease in temperature renders M50 steel more brittle,
compromising the protective capacity of the polydiethylsiloxane film and ultimately pre-
cipitating lubrication failure. This intricate relationship between the viscoelastic properties
of polydiethylsiloxane and the evolving mechanical characteristics of M50 steel underlines
the complex dynamics governing the wear mechanism, illustrating the nuanced interaction
between lubricant functionality and material behavior in low-temperature contexts.
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4. Conclusions

This study investigated the viscosity–temperature relationships and tribological charac-
teristics of polydiethylsiloxane, a lubricant noted for its excellent low-temperature viscosity
performance. The research employed Si3N4 ceramic balls and M50 steel disks as frictional
counterparts to establish a comprehensive theoretical and practical understanding of poly-
diethylsiloxane in cold environments. A key element of this research was measuring the
low-temperature viscosity of polydiethylsiloxane using an Anton Paar rheology tester. The
results showed that viscosity increased from 0.0342 Pa·s at 25 ◦C to 0.782 Pa·s at −60 ◦C,
highlighting the outstanding flow properties despite significant temperature reductions. The
friction coefficient was evaluated across temperatures of 25, −20, −40, −60, and −80 ◦C using a
specialized low-temperature, three-plate ball friction and wear tester. The lubricant maintained
stable friction coefficients at low temperatures, performing better than at higher temperatures
(230 ◦C). Although the friction coefficient rose with decreasing temperatures, it remained
below 0.1 until −100 ◦C, where it sharply increased to 0.656. Morphological and elemental
analyses of the wear interface via scanning electron microscopy and white light interferometry
indicated that wear spot sizes initially decreased and then increased as temperatures fell. This
suggests that polydiethylsiloxane forms a stable lubricant film at lower temperatures, which
begins to fail below −80 ◦C due to viscosity-induced film breakage, thus reducing lubrication
effectiveness. These findings highlight the critical role of polydiethylsiloxane’s viscosity and
lubrication properties in ensuring the operational reliability of aviation lubricant systems at
low temperatures, providing valuable insights for their practical application.
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