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Abstract: Through molecular dynamics (MD) simulations with ReaxFF potential, the effects of
chemical contaminants on the mechano-chemical properties and tribological performance of perflu-
oropolyether (PFPE) lubricants were investigated. For the two types of contaminants, i.e., silicon
dioxide (SiO2) nanoparticles and water (H2O), their molecular interactions with the two different
PFPE lubricants, i.e., Ztetraol and ZTMD, were evaluated at the two different temperatures, i.e., 300 K
and 700 K. Contaminants were adsorbed onto the PFPE lubricants at a controlled temperature. Then,
air shear simulations were conducted to examine the mechano-chemical behaviors of the contami-
nated lubricants. Sliding contact simulations were performed to further investigate the tribological
performance of the contaminated lubricants, from which the resulting friction and surface contami-
nation were quantified. Lastly, chemical reactions between PFPE lubricants and contaminants were
studied to investigate the degradation of PFPE lubricants. It was observed that SiO2 nanoparticles
stiffened the PFPE lubricant, which decreased its shear displacement and increased friction. In the
case of the H2O contaminant, it weakened and decreased the PFPE lubricant’s viscosity, increasing its
shear displacement and lowering friction. However, the decreased viscosity by H2O contaminants
can weaken the lubricity of the PFPE lubricant, leading to a higher chance of direct solid-to-solid
contact under high contact force conditions.

Keywords: PFPE lubricants; ReaxFF; MD simulation; contaminants

1. Introduction

In hard disk drives (HDDs), the head-media-spacing (HMS) budget and the magnetic
domain size of a recording media are the critical design parameters to increase the data
capacity. As the current perpendicular magnetic recording (PMR) technology becomes fully
matured and reaches its maximum data capacity limit, new technology is required to make
a breakthrough in the areal density of HDDs. One of the promising technologies is heat-
assisted magnetic recording (HAMR). Using a metallic optical near-field transducer (NFT),
magnetic domains of a recording medium are temporarily heated to its Curie temperature,
which reduces its coercivity and accordingly enables it to make a smaller bit [1].

Even though HAMR technology can ensure a much higher areal density than PMR
products, it can have critical head-disk-interface (HDI) failures due to the low HMS and
elevated material temperature [2]. One fatal and well-known HDI issue in HAMR is the
head slider’s surface contamination, which worsens under external contaminants inside the
HDD [3,4]. Siloxane is a widespread contaminant found inside HDD, which comes from the
sealing materials of HDD components. It has been reported that siloxane molecules near
the HDI can accumulate on the head or media surface [3] and form silicon dioxide (SiO2)
as a result of the reaction between lubricants and siloxanes at high temperatures [5]. SiO2
nanoparticles are often used as lubricant additives to improve tribological properties, such
as a reduced coefficient of friction, wear volume, and corrosion [6–10]. However, under
a nanocontact condition, such as in a HDD, accumulation in the form of either siloxane
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or SiO2 can increase the head slider’s mechanical instability and surface contamination
by physical HDI contact, which can cause a critical reading and writing failure due to
the low HMS [2–4,11–13]. Another undesirable contaminant in HDI is water molecules,
because they are readily adsorbed into the thin perfluoropolyether (PFPE) lubricant on
a recording medium. Previous experimental studies showed that hydroxyl endgroups
(–OH) in the Fomblin Z-dol lubricant interact with water molecules, which degrades the
lubricant properties, producing unstable HDI behaviors at elevated temperatures and
humidity conditions [14–20]. Also, from molecular dynamics (MD), it can be observed that
the adsorption of silicon dioxide (SiO2) nanoparticles into PFPE lubricant can increase the
HDI friction force and the lubricant pick-up [21].

Perfluoropolyether (PFPE) has long been used as a lubricant on magnetic recording
media in HDDs due to its chemical inertness, low volatility, thermal stability, and superior
lubrication properties [20,22,23]. A PFPE lubricant typically comprises a backbone chain
and hydroxyl endgroups (–OH). Hydroxyl endgroups are highly polar interactive and act
to anchor firmly on the underlying diamond-like-carbon (DLC) film. A backbone chain
is made of strong covalent bonds, such as C–O, C–F, C–C, and C–H. It is known that the
C–O bond provides flexibility and thermal stability, the C–F bond shows superior chemical
resistance and low surface energy, resulting in reduced friction and improved lubricity [24],
the C–C bonds form the main carbon backbone, ensuring structural integrity, and the C–H
bond allows for interactions with surfaces, supporting lubrication compared to other bonds
of the backbone chain [25].

Several PFPE lubricants have been used in HDD products, such as Z-dol, Ztetraol,
D-4OH, and Ztetraol multidentate (ZDMD). Researchers have studied low-profile lubri-
cants to achieve a lower HMS and higher areal density for HDDs. For example, ZTMD
was synthesized by oligomerizing short Ztetraol and introducing additional functional
groups [26]. The additional hydroxyl groups in ZTMD provide stronger chemical affinity,
improved shear resistance, and a lower HMS compared with Ztetraol [26,27]. As HAMR
technology increases the lubricant temperature up to the Curie temperature of a magnetic
recording medium, it may require further advancement of the lubricant design. Researchers
have investigated the relationship between PFPE lubricants and high temperatures under
HAMR conditions through experiments, material characterization techniques, and compu-
tational simulations. An experimental study reported that Ztetraol was the first component
to decay, and the lubricant loss amount decreased as the maximum temperature or number
of heating cycles increased [28]. Another study predicted the lubricant transfer under the
HAMR condition, and it showed that the lubricant transfer mechanism is significantly
thermally driven by considering different sizes of the laser spot and disjoining pressure [29].
The use of a high operation temperature for HAMR was studied through MD simulations
using D4OH, Ztetraol, Demnum, and Z at operation temperatures of 700 K and 800 K.
They found that pure thermal decomposition within a 1 ns heating time rarely happens,
and polar PFPE lubricants (i.e., D4OH and Ztetraol) are more likely to decompose than
nonpolar PFPE lubricants (i.e., Demnum and Z) [30].

In this study, we investigated the effects of HDI contaminants on the mechano-chemical
properties and tribological performance of PFPE lubricants through MD simulations with
ReaxFF potential [31]. A comparative study was conducted using two types of contaminants
(i.e., SiO2 and H2O) and two different PFPE lubricants (i.e., Ztetraol and ZTMD) at ambient
temperature and 700 K.

2. Methods
2.1. ReaxFF Forcefield

ReaxFF describes atomistic reaction processes by updating the bond order of each
iteration and accurately provides bond breaking and formation information in a molecular
dynamics (MD) simulation [32].

Esystem = Ebond + Eover + Eunder + Etor + Eval + Elp + EvdW + Ecoulomb (1)
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The total energy term, Esystem, in Equation (1) is interpreted as the sum of the various
energy terms. Ebond, Eover, Eunder, Etor, Eval, Elp, EvdW, and Ecoulomb are the energy terms of
the bonds, over-coordination, under-coordination, torsion angle, valence angle, lone pair,
van der Waals, and coulombic interaction, respectively [33]. Compared to non-reactive force
fields, ReaxFF includes additional concepts, such as the bond order, under-coordination,
and over-coordination terms, which ensure adaption to the instantaneous configuration
in the reactive system [34]. The applied ReaxFF potential parameter set in this study
was developed by Chipara et al. [35], combining C/H/O interactions [32,36], the Si/C
interaction [37], and the newly trained C/F interaction [35]. To perform MD simulations,
the ReaxFF parameter set was applied in a LAMMPS (Large-scale Atomic/Molecular
Massively Parallel Simulator) [38].

2.2. Material Preparations and Contaminant Adsorption
2.2.1. Lubricant Preparation

Ztetraol and Ztetraol multidentate (ZTMD) were prepared using Materials Studio and
Avogadro [39]. Based on previous studies [21,40,41], the chemical structures for Ztetraol
and ZTMD were chosen, as shown in Figure 1. Both PFPE lubricants were optimized
by using the NWChem computational chemistry package [42] with the B3LYP functional
approximation [43], Mulliken population for electronic charge distribution [44], and the
STO-3G minimal basis set due to its computational cost [45,46]. Multiple lubricant chains
of each Ztetraol and ZTMD were created using TopoTools in VMD [47] by matching the
thicknesses of both lubricants at 14 Å to compare the effects of contaminants with different
ratios of hydroxyl (–OH) endgroups. The multiple lubricant chains were then equilibrated
in a canonical ensemble (NVT) at 300 K for 100 picoseconds after placing them on the
100 Å × 100 Å × 20 Å amorphous carbon substrate.
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Figure 1. Schematic structure of a lubricant chain on the DLC surface, molecular weight, and chem-

ical structure of (a) Ztetraol and (b) ZTMD. In the schematic, the black sphere and the line in between 

represent the –OH endgroup and backbone of a PFPE lubricant, respectively. 

Figure 1. Schematic structure of a lubricant chain on the DLC surface, molecular weight, and chemical
structure of (a) Ztetraol and (b) ZTMD. In the schematic, the black sphere and the line in between
represent the –OH endgroup and backbone of a PFPE lubricant, respectively.

2.2.2. Substrate and Head Preparation

An amorphous carbon (i.e., diamond-like-carbon (DLC)) film was prepared with
dimensions of 100 Å (W) × 100 Å (L) × 20 Å (H), on which PFPE lubricants were deposited.
A cylindrical DLC tip with a hemispherical end was prepared with a 5 Å radius and 50 Å
length, which was used for the sliding contact simulation. These two DLC materials were
prepared using the liquid quenching method with a density of 2.2 g/cm3 [48].
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2.2.3. Contaminant Deposition

To avoid the escape of contaminant molecules out of the simulation box, the prepared
chemical contaminants were placed in between the top bare DLC film and the bottom lubri-
cated DLC film with a gap distance of 65 Å. An indirect heat bath method was chosen and
applied on both DLC films, i.e., heating a microcanonical ensemble (NVE) with a canonical
ensemble (NVT) as a heat bath, as shown in Figure 2, because direct heating in a system
can increase the potential energy infinitely [49]. To adsorb the contaminants onto the PFPE
lubricants, a randomly distributed set of SiO2 and H2O molecules (1 set = 256 molecules)
was placed in the gap, and then the equilibration proceeded at 300 K and 700 K for 200 ps.
To achieve the relevant amount of SiO2 contamination, four sets of SiO2 contaminants were
applied in sequence, while two sets of H2O contaminants were applied. In order to accel-
erate the reaction between the lubricant and water molecules, supersaturation conditions
were chosen for each set of H2O contaminants in the gap, having supersaturation ratios of
500 and 125 at 300 K and 700 K, respectively, where the supersaturation ratio is the density
of the applied water vapor over the density of saturated water vapor [50–52].
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Figure 2. (a) SiO2 and (b) H2O contaminants were adsorbed on to the PFPE lubricant at 300 K and
700 K.

2.3. Airshear Simulation

In order to evaluate and quantify the change in the mechano-chemical properties of
the PFPE lubricants by the adsorbed contaminants, an airshear simulation was performed.
Due to the high circumferential speed of hard disk drives (HDDs), there were strong air
flows over the lubricants at the HDI in both the normal and tangential directions [53]. As
shown in Figure 3, for the contaminated and non-contaminated PFPE lubricants, a normal
stress of 60 MPa and tangential stress of 300 MPa was applied to one-third of the top layer
of the lubricant film. The applied stress was set to be higher than the actual stress value to
better compare the resulting airshear behaviors, following a previous study [21].

2.4. Sliding Contact Simulation and Surface Contamination

In order to analyze the effects of contaminants on the tribological performance of
the PFPE lubricants, a sliding contact simulation was carried out. As shown in Figure 4,
the cylindrical DLC tip described in Section 2.2.2 was slowly approached until it reached
half the thickness of the lubricant layer and then proceeded with the equilibration for
15 ps. Then, the DLC tip slid in a tangential direction at a speed of 0.8 Å/ps (=80 m/s)
for 50 ps. After the sliding distance of 40 Å, the DLC tip was fully retracted. The surface
contamination or lubricant pick-up was quantified by counting the number of molecules
that were transferred to the DLC tip.
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3. Results and Discussion
3.1. Adsorption of Silicon Dioxide (SiO2) and Water (H2O) Contaminants

As shown in Figure 3, after removing the top substrate, the adsorption of both silicon
dioxide (SiO2) and water (H2O) contaminants was observed and quantified.

For both Ztetraol and ZTMD lubricants, the percentages of adsorbed SiO2 contami-
nants were similar in 300 K and 700 K. However, for the case of H2O contaminants, the
adsorption rate onto Ztetraol was higher than that of ZTMD by 13.8% at 300 K and 18.6%
at 700 K, as summarized in Table 1. Also, when SiO2 nanoparticles were adsorbed onto
the PFPE lubricants, they did not physically damage the lubricant chains and showed
agglomerative behaviors, as shown in Figure 5a, consistent with the previous study [21].
However, for H2O contamination, the adsorbed H2O molecules influenced the lubricant
chains, causing critical bond breaks, as shown in Figure 5b.

The results in Table 1 provide a clue about the molecular interaction mechanisms
of the SiO2 and H2O contaminants within PFPE lubricants. SiO2 contaminants tend to
agglomerate with a higher bonding preference themselves, which potentially affects the
mechanical behavior and lubricity of PFPE lubricants due to their large molecular property.
On the contrary, H2O contaminants undergo significant reactions with Ztetraol. In addition,
it was observed that the adsorption rates of SiO2 and H2O contaminants slightly decreased
at the higher temperature of 700 K. This can be explained by the fact that the affinities of
contaminants and the adsorption capacity tend to decrease at higher temperatures, because
the higher thermal energy increases the kinetic energy in the system.
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Table 1. Adsorption rates of SiO2 and H2O contaminants on Ztetraol and ZTMD at 300 K and 700 K.

Lubricants + Contaminants Percentage of Atoms Adsorbed (%)

Ztetraol + SiO2 at 300 K 67.1%
Ztetraol + SiO2 at 700 K 64.9%
ZTMD + SiO2 at 300 K 66.3%
ZTMD + SiO2 at 700 K 64.4%

Ztetraol + H2O at 300 K 66.2%
Ztetraol + H2O at 700 K 63.9%
ZTMD + H2O at 300 K 58.2%
ZTMD + H2O at 700 K 53.9%

In the table, the percentages of atoms adsorbed were obtained by the number of contaminant atoms adsorbed
over the total number of the applied contaminant atoms for SiO2 (3072 atoms) and H2O (1536 atoms).
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3.2. Quantification of Airshear Behavior

The normal and tangential stresses (i.e., 60 MPa and 300 MPa, respectively) were
applied to the prepared lubricated film samples for 100 ps. As shown in Figure 6, the
resulting shear displacement was obtained by comparing the positions of lubricant atoms
before and after applying the stresses. Since the lubricant molecules have stronger bonds
to the underlying DLC surface through polar interactions, the shear displacement is mostly
observed on the top layer of the lubricant. It was found that the PFPE lubricants (Ztetraol
and ZTMD in this study) became stiffened by SiO2 nanoparticles, having a limited amount
of airshear displacement (Figure 6a), while water molecules significantly degraded and
weakened the PFPE lubricants, causing greater airshear movement (Figure 6b).
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Figure 6. Visualizations of airshear behaviors for the Ztetraol lubricant at 300 K contaminated by
(a) silicon dioxide (SiO2) and (b) water (H2O).

Figure 7 summarizes the resulting airshear displacement for the two PFPE lubricants
(Ztetraol and ZTMD) contaminated by SiO2 and H2O contaminants at 300 K, and the
airshear behaviors for non-contaminated lubricants are included as a reference. Firstly,
ZTMD showed much less airshear displacement than Ztetraol. This is attributed to its
higher ratio of the hydroxyl endgroup in the molecular structure, enabling it to bond more
strongly to the underlying DLC surface and the neighboring lubricant chains. Next, when
SiO2 nanoparticles were adsorbed onto the PFPE lubricants, they did not directly break or
weaken the lubricant chains but were more likely to agglomerate with the lubricant layer.
Accordingly, the lubricant layer became stiffened and more stress-resistant, leading to less
airshear displacement. In Figure 7, for both Ztetraol and ZTMD, SiO2 contaminants de-
creased the airshear displacement by 60.7% and 47.3%, respectively, compared to the result
of non-contaminated lubricants. On the contrary, when H2O molecules were adsorbed onto
the PFPE lubricants, they weakened and broke the interacting lubricant chains, making the
whole lubricant layer more mobile. Compared to the non-contaminated lubricants, H2O
contaminants increased the airshear displacement by 21.8% and 10.4% for Ztetraol and
ZTMD, respectively. The following sections discuss the degradation mechanism of PFPE
lubricants by H2O contamination.
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3.3. Analysis of Radial Distribution Functions (RDFs) and the Potential Energy Surface (PES)

In order to investigate the interactions among the PFPE lubricant and contaminants,
radial distribution functions were obtained for the Ztetraol lubricant with and without
contaminants (i.e., SiO2 and H2O) through LAMMPS [38]. Figure 8 shows the RDF re-
sults for the possible covalent bonds, including Cbackbone–Cbackbone, Cbackbone–Obackbone,
Cbackbone–Hbackbone, Cbackbone–Oendgroup, and Oendgroup–Hendgroup.
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(d) carbon (backbone)–oxygen (endgroup), and (e) oxygen (endgroup)–hydrogen (endgroup).

It is noted that the radial distance corresponding to each peak represents the distance
between a pair of atoms, while the amplitude of the peak is the probability of occurrence.
For the backbone of Ztetraol (Figure 8a–c), it was observed that both contaminated and
non-contaminated lubricants showed consistent peak positions, whereas the probability of
occurrence was in the order of non-contaminant > H2O > SiO2. The consistent order and
matching radius of each peak indicate limited reactions in the Cbackbone–Cbackbone, Cbackbone–
Obackbone, and Cbackbone–Hbackbone bonds, but the larger molecule sizes of the SiO2 and
H2O contaminants decreased the probability of occurrence. The Cbackbone–Oendgroup bond
in Figure 8d has a bonding length of ~1.43 Å in its normal state. When H2O contaminants
were adsorbed onto the Ztetraol, broader peak near 1.43 Å was produced. This implies
that the adsorbed H2O molecules changed and weakened the Cbackbone–Oendgroup bonds,
thereby degrading the Ztetraol lubricant. Also, the RDF for the Oendgroup–Hendgroup bond
showed different results from the bonds in the backbone. In Figure 8e, the probability of
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occurrence for the Oendgroup–Hendgroup bond is the lowest under H2O contaminants, which
provides evidence of lubricant degradation by H2O contaminants.

Next, to investigate the degrading mechanism of the PFPE lubricant by H2O molecules,
a potential energy surface (PES) was calculated using the automated PES exploration tool
of AMS2022.101 software [54,55] and redrawn using Matplolib in Python [56], as shown
in Figure 9. The PES supports the idea of the degradation of the Cbackbone–Oendgroup bond
by showing possible reactions to how a H2O molecule can influence degradation at the
hydroxyl endgroup. According to the PES calculation, the following procedures describe
the most probable degradation mechanism. Firstly, a water molecule attracts a hydrogen
atom in the carbon, causing the C–H bond to break, and then the hydrogen atom bonds to
the hydroxyl end group, forming a H2O molecule, which breaks the Cbackbone–Oendgroup
bond break.
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3.4. Quantification of Lubricant Degradation with Water (H2O) Contaminants

To confirm the RDF results presented in Section 3.3 and further investigate the degrada-
tion mechanism of PFPE lubricants by H2O molecules, we analyzed the atomic interactions
between H2O molecules and two PFPE lubricants (i.e., Ztetraol and ZTMD) at 300 K using
VMD simulations. A strand of Ztetraol consists of 16 Cbb–Cbb, 74 Cbb–Fbb, 14 Cbb–Hbb,
56 Cbb–Obb, 4 Cbb–Oend, and 4Oend–Hend bonds, while a strand of ZTMD includes
26 Cbb–Cbb, 70 Cbb–Fbb, 34 Cbb–Hbb, 56 Cbb–Obb, 8 Cbb–Oend, and 8 Oend–Hend bonds.
Table 2 summarizes the quantified degradation of lubricant bonds. This study quantified
the degradation of Ztetraol and ZTMD under H2O-contaminated conditions using VMD.
Every strand of Ztetraol and ZTMD was checked to quantify degradation, with the in-
teratomic distance of 5 Å considered to be a bond break influenced by H2O molecules.
It was observed that when H2O molecules were adsorbed onto the Ztetraol lubricant,
the two endgroup-related bonds, i.e., Oendgroup–Hendgroup and Cbackbone–Oendgroup bonds,
dominantly contributed to the degradation of the lubricant. In Table 2(a), these two bonds
became weakened and lost their ability to anchor onto the DLC substrate. Compared to the
Ztetraol lubricant, ZTMD showed superior resistance to the adsorbed water molecules, as
shown in Table 2(b). Considering that ZTMD lubricants have more –OH endgroups and a
stronger bonding preference themselves, they might not be less reactive to the incoming
H2O molecules than Ztetraol.
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Table 2. Quantification of PFPE lubricant degradation: (a) Ztetraol + H2O at 300 K and
(b) ZTMD + H2O at 300 K.

(a) Ztetraol + H2O at 300K:

Cbb–Cbb Cbb–Fbb Cbb–Hbb Cbb–Obb
Cbb–
Oend

Oend–Hend

No. of
Degraded bonds

5 136 64 12 73 98

% of
Degradation

3.06% 0.52% 7.62% 0.36% 30.42% 40.83%

(b) ZTMD + H2O at 300 K:

Cbb–Cbb Cbb–Fbb Cbb–Hbb Cbb–Obb
Cbb–
Oend

Oend–Hend

No. of
Degraded bonds

5 136 64 12 73 98

% of
Degradation

3.06% 0.52% 7.62% 0.36% 30.42% 40.83%

In the table, the percentages of degradation were obtained by the number of bond breakages over the total number
of bonds. Ztetraol: 960Cbb–Cbb, 4440Cbb–Fbb, 840Cbb–Hbb, 3360Cbb–Obb, 240Cbb–Oend, and 240Oend–Hend bonds
and ZTMD: 1300Cbb–Cbb, 3500Cbb–Fbb, 1700Cbb–Hbb, 2800Cbb–Obb, 400Cbb–Oend, and 400Oend–Hend bonds.

3.5. Friction Force Measurement during Sliding Contact

As explained in Section 2.4 and Figure 4, a cylindrical nano-DLC tip slid over the
PFPE lubricants at a speed of 0.8 Å/ps (=80 m/s), and the resulting friction force was
measured. Figure 10 shows the resulting friction force measured at 300 K and 700 K.
Compared to the friction force for the non-contaminated lubricant, SiO2 contaminants
significantly increased the friction force of the Ztetraol and ZTMD lubricants by 149% and
89%, respectively, at 300 K and 282% and 120%, respectively, at 700 K. This is consistent
with the airshear simulation results presented in Section 3.2, because SiO2 nanoparticles
stiffened the PFPE lubricants, causing higher friction force during sliding contact. On the
contrary, H2O contaminants decreased the friction force of Ztetraol by 17.9% and 21.1%
at 300 K and 700 K, respectively. Even though the H2O-contaminated Ztetraol produced
lower friction than the non-contaminated Ztetraol, this also implies that it can have a better
chance of making direct solid-to-solid contacts if the contact load is high enough for the tip
to penetrate the lubricant layer. In the case of the ZTMD lubricant, since it does not have
critical reactions with H2O contaminants, its friction force was not much different from the
value of the non-contaminated ZTMD lubricant.

3.6. Surface Contamination by Lubricant Pick-Up

Another issue to consider for a surface-protecting lubricant is the contamination of
the counteracting surface during sliding contact. As shown in Figure 11, the cylindrical
DLC tip was fully retracted from the contacting surface after completing the sliding contact.
Then, the amount of picked-up lubricant was quantitatively measured. Firstly, as shown in
Figure 12, SiO2 contaminants increased the number of lubricant pick-ups for both Ztetraol
and ZTMD lubricants. As discussed in a previous study [16], SiO2 contaminants have a
strong bonding preference for the sliding DLC tip as well as the neighboring lubricant
atoms. During the sliding contact, SiO2 particles near the path of the DLC tip were bonded
to the tip surface, which subsequently attracted the interacting neighboring lubricant
molecules together, thereby increasing the number of transferred atoms to the DLC tip
surface. Next, when H2O molecules were adsorbed onto Ztetraol, the number of lubricant
pick-ups decreased. As described in Sections 3.3 and 3.4, H2O molecules tend to degrade
and break the Ztetraol bonds. Accordingly, the broken pieces of lubricant were transferred
to the DLC tip surface during the sliding contact, leading to fewer lubricant pick-ups. For
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the case of ZTMD, as it does not react much with H2O contaminants, its lubricant pick-up
behavior was similar to the non-contaminated condition.
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4. Conclusions

This study investigated the mechano-chemical properties and tribological performance
of Ztetraol and ZTMD lubricants under exposure to SiO2 and H2O contaminants. When
the two PFPE lubricants were exposed to SiO2 contaminants, SiO2 nanoparticles tended
to agglomerate within the lubricant layer making the whole lubricant layer stiffer. Even
though SiO2 contaminants underwent strong bonding to the PFPE lubricants, they did not
significantly degrade or break the lubricant chains. For this reason, there was higher friction
but more lubricant pick-ups during sliding contact. Contrary to the SiO2 contaminants,
H2O molecules significantly changed the mechano-chemical properties of the Ztetraol
lubricant. When H2O contaminants were adsorbed onto Ztetraol, the bonds in the hydroxyl
endgroups, i.e., the Cbackbone–Oendgroup and Oendgroup–Hendgroup bonds, were significantly
degraded and broken. Accordingly, this degradation process led to larger airshear dis-
placement, lower friction, and less lubricant pick-up behaviors. However, compared to
Ztetraol, ZTMD showed limited reactions with H2O molecules, having more resistance to
degradation. Therefore, from the outcome of this study, it can be found that the structural
design of hydroxyl endgroups in PFPE lubricant is critical to protect its lubricity from
external contaminants.
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