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Abstract: Stiction, run-in wear and friction of lubricated polyoxymethylene homopolymer (POM)-
and aliphatic polyamide (PA46)-steel tribosystems were investigated for mild-loaded mixed lubri-
cation conditions with and without thermal conditioning of the polymers in the lubricant prior to
testing. Macroscopic oscillatory tribometry and standard gliding experiments were carried out. The
hypothesis that sorption of a lubricant into a thermoplastic polymer and partial solving of the surface
by the lubricant can change wear rate and friction was tested. It was found that for POM-lubricant-
pairings, the tribological behavior is dominated by the sorption of the lubricant into the polymer; it is
not influenced by the spreading energy. For the PA46-lubricant pairings, no mass uptake by sorption
was measured, and the tribological behavior is influenced by spreading and changes in hardness due
to thermal aging. For mild loading in mixed lubricated conditions, friction and wear properties seem
to be primarily determined by the hardness-dependence of abrasive contact and less by adhesion or
hysteretic mechanisms.

Keywords: spreading; sorption; plasticization; mixed-lubrication; wear; polymer; run-in; stiction;
surface hardness

1. Introduction

Tribologically loaded components, which are used in mechanical engineering or in
the automotive industry, can be made from thermoplastic polymers. As a result, one
obtains lightweight and energy-efficient products or components, which exhibit supe-
rior performance with respect to noise, vibration and harshness. The use of polymers
in tribological applications requires a profound understanding of the friction and wear
behavior of polymers [1]. In particular, the tribology of lubricated polymer-steel contacts is
complex and remains an area of active research. The complexity partially arises from the
interaction of the polymer, lubricant, and the steel frictional partner. The observation of
polymer transfer [2] and the “temperature hot spots” [3] of the polymer during frictional
loading in lubricated systems indicates that adhesive friction contributes to the tribology
of polymers. Furthermore, physico-chemical interactions between the frictional partners,
such as sorption of the lubricant in the polymer and vice versa, have to be considered.

In previous studies [4,5], the transition from static to dynamic boundary friction of
lubricated poly(ether etherketone) (PEEK)- and poly(amide) 46 (PA46)-steel-contacts was
investigated with oscillatory tribometry. The differences in the tribological behavior for
different ester-based lubricants, pentaerythrite ester (PEEs) and trimellitic acid ester (TAEs)
and poly(1-decene) as non-polar lubricants, on the one hand, and water, glycerine, and
ethylene glycol as polar lubricants on the other hand were explained by differences in the
surface and interfacial energies. All investigated polymer–lubricant pairings show that the
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coefficient of friction at low gliding velocities and the spreading energy are closely related,
where Wspreading describes the tendency of the lubricant to enter the tribological contact. The
pairings where the lubricant has a higher tendency to spread into the tribological contact
exhibit a lower coefficient of friction at very low gliding speeds. For PA46, indications for
partial sorption of polar lubricants at the polymer surface and/or partial solving of the
polymer by the lubricant were found to influence friction.

In this paper, sorptive POM-lubricant-pairings were studied to investigate the influ-
ence of sorption and swelling of the thermoplastic matrix and the resulting plasticization
on the tribological properties. The material properties and the tribological parameters are
correlated to physico-chemical parameters such as the sorption, the surface tension and
the Hildebrand parameters as well as the parameters Wsolving and Wspreading, which were
used in the previous studies. For the sorptive pairings, the solving energy (Wsolving) can be
considered to be a measure for both the sorption of the lubricant within the polymer and
(to a less extent) solving of the polymer by the lubricant since both mechanisms are based
on similar molecular interactions between the polymer and the organic liquid. Thus, the
influence of the spreading and solving tendency on the adhesion threshold as well as the
sorption-driven mechanisms were tested at room temperature for semicrystalline non-polar
POM with a rubber-like amorphous phase with non-polar base oils. POM is expected to be
soluble in polar lubricants. Non-sorptive PA46-oil pairings are included in the study as a
comparison. Here, the tribological properties are also correlated to Wsolving and Wspreading
but without plasticization effects due to swelling of the polymer matrix by the lubricants.
In contrast to those lubricants, PA46 paired with water or ethylenglycole shows significant
sorption and plasticization by wakening the hydrogen bonds of polyamide.

Consequently, the concept of the tendency of lubricants for thermoplastic polymers to
dissolve and spread has been extended to sorptive polymer-lubricant pairings. Bormuth
et al. [6] found circumstantial evidence of a reduction in mechanical characteristics due
to viscoelastic and viscoplastic effects after aging of POM in lubricants. They found an
increased stiction and decreased hardness after storage in the lubricant that was explained
by increased adhesive sticking due to a larger real contact area by creep. In this view, the
solving/sorption tendency measured by Wsolving should indicate interactive mechanisms
beyond the physical motivation of the interfacial energy γ13 and indicate the impact
of sorption of oils in the polymer and solving of polymer into the oil. If there is an
indication for an increased polymer–lubricant interaction, the impact on near-surface
properties should be measurable. Either adhesive, viscoelastic or viscoplastic properties
near the surface are the essential factors for the wear behavior of rough lubricated contacts.
Furthermore, thermal aging effects due to chemical degradation of the polymer chains
and/or changes in the semicrystalline structure during storage in the lubricants or nitrogen
atmosphere were considered.

The following hypotheses were formulated:

(A) A low but relevant solving tendency can be found for the sorptive and swelling
thermoplastic (POM) systems in semicrystalline polymers (here: lubricants in POM).

(B) Sorption of lubricants results in a decrease in hardness and shear modulus by plasti-
cization of the polymer matrix and is related to the solving energy or corresponding
solubility parameters of the actual polymer-lubricant pairing. This seems to be justi-
fied by the similar polymer–lubricant interactions in the case of a solution of a polymer
in a solvent and for sorption of the solvent in the polymer.

(C) Run-in wear rate and run-in friction depend on

the adhesion threshold, measured by stiction,
the mechanical properties of the polymers due to abrasive interaction, and
the viscoelastic properties and hysteretic deformation.

(D) A low solving system (from 0 < 5 mN/m, as for POM in oils) leads to more pronounced
increased stiction by an increase in chain mobility, in comparison to high solving
systems (PA46 in water, ethyleneglycole or glycerine) that showed a smeared-out
transition to gliding.
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(E) Sorptive pairings with low solving energy are not sensitive to spreading due to
dominant interactive mechanisms.

To speed up high non-polar–non-polar interaction, low-viscosity base oils were used.
The hypotheses for an impact of the interaction energies on interfacial mechanisms on the
adhesion threshold will be extended to hypotheses for an impact on cohesive mechanisms
on the run-in wear and friction behavior at mixed lubricated gliding.

2. Motivation and Scientific Background

The experimental studies discussed in the current paper focus on the effect of lubricants
on the gliding contact of semicrystalline thermoplastic materials and a rough frictional
partner with higher hardness and good thermal conductivity. For these systems, the main
tribological mechanisms are usually expected to be interfacial and cohesive interactions [7]
that can be described mainly by adhesion [8] or plowing [9].

The adhesive friction of polymers arises from the continuous forming and breaking
of adhesive bonds between the two gliding partners. This process was described by
Schallamach [8] as a thermally driven rate process. Schallamach’s model was confirmed
experimentally in a range of studies [10–12] and refined by, e.g., Singh et al. [13]. In
a recent paper by Sinha et al. [14], adhesive friction of a gelatin hydrogel was linearly
related to Coulomb’s law of friction. The hysteretic friction of the amorphous phase of
a semicrystalline polymer can be treated similarly to the hysteretic friction of elastomers
and correlates with the loss modulus [15]. A good correlation to friction was found for the
wetting and spreading parameters of lubricated self-pairing contacts for a wide range of
lubricants [16,17].

Quantities such as the work of spreading Wspreading (2) and the work of solving Wsolving
(3) can be determined from surface- and interfacial energies. The determination of surface
and interfacial energies (1) of the frictional partners Wij is typically based on contact angle
measurements (i = 1 refers to the polymer, i = 2 to the steel frictional partner and i = 3 to the
lubricant). The ratio of interfacial energy γ13 determined by Owen’s approach and by a
contact angle measurement with the pairing of lubricant and polymer (denoted as Wsolving)
is denoted “interaction parameter”.

According to [18], polymers are permeable to fluids; however, the extent of permeation
depends strongly on the nature of the polymer and the fluid. The transport of liquids in
polymers is caused by either a concentration, vapor pressure and/or temperature gradient
or, alternatively, by an external force field.

The prediction of the polymer solubility in solvents can be made by an established
“rule of thumb”: the closer the solubility parameters of the solute and the solvent are, the
more likely the solute can be solved in the given solvent. Using the Hansen solubility
parameters (4), an approximate spherical “volume” of solubility with radius R can be
drawn for each solute. Only solvents that have Hansen solubility parameters within this
volume are likely to dissolve the polymer in question. The interaction radius R depends on
the type of polymer (solvent: 1, polymer: 2, dispersive forces: d, polar forces: p, hydrogen
bonding: h). The surface and the cohesion energy γ of the polymer or liquid are correlated
with the Hansen solubility parameter (5) [19].

If a solvent (here the lubricant) is brought into contact with a polymer (sorbent), two
mechanisms take place; the first is the uptake of the solvent, which leads to increased
weight, and the second is the dissolution of polymer chains (as well additives or low
molecular components) in the solvent, leading to a weight reduction in the conditioned
polymer. The first process is the sorption of a sorbent in a polymer matrix, whereas the
second one is the solution of the polymer. Although different, both processes are related to
the dispersive and polar interactions as well as hydrogen bonding between the molecules.
For diffusive transport and sorption, the structure of the sorbent (e.g., semicrystalline
superstructure, free volume of the amorphous phase) has to be considered. However,
since the solution of a polymer in a solvent and the sorption of a liquid in a polymer have
similar molecular origins and are related to similar physical–chemical interactions, the
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work of solving Wsolving, the interfacial energy γ13, the Hansen solubility parameter, or the
interaction radius R can also be used as (approximate) measures for the ability of sorption
within the polymer matrix.

Table 1 summarizes the relevant mathematical expressions, and the model parameters
are described near the references to the equation.

Table 1. Table of equations.

Property Equation

Interfacial energy W13 = 2·
√

γ
p
11·γ

p
33 + 2·

√
γd

11·γd
33

(1)

Spreading energy of system Wspreading = W12 + W33 −W13 −W23 (2)

Solving energy of lubricated
thermoplastic Wsolving ≤ γ13 = 1/2W11 + 1/2W33 −W13 (3)

Hansen solubility
parameters in comparison to

interaction radius R

[
4(δd2 − δd1)

2 +
(
δp2 − δp1

)2
+ (δh2 − δh1)

2
]
≤ R2 (4)

Correlation of surface and
the cohesion energy to the

Hansen solubility parameter
γ = 0.0146·

[
2.28δd

2 + δp
2 + δh

2]M0.2
vol (5)

Minimal isothermal 3-factor
model for mixed

lubricated friction
µ ∼

[
Ra
h

]m
→ µcrit

[ p
H
]n[ Ra

hv
p

]m
(6)

Minimal isothermal 3-factor
model for mixed
lubricated wear

.
w
v ∼

[
Ra
h

]s
→ kcrit

[ p
H
]r[ Ra

hv
p

]s
(7)

Time-dependent relative
mass uptake of a plate by

Fickian diffusion
φ(t) = φ∞ ×

(
1− 8

π2

∞
∑

n=1

1
(2n+1)2 exp

(
−D(2n+1)2π2t

l2

))
(8)

The discussions in the current paper are based on the measured mass uptake (8) by
sorption of lubricant, the coefficient of friction in boundary lubrication on a polished-like
steel surface, the surface hardness of a polymer with an equivalent indentation depth of
attacking grinding grooves of the frictional partner and the resulting run-in wear rate
and COF in mixed lubrication on a finish ground steel surface. Although time-dependent
sorption experiments are performed in this study, for interpretation in the following, only
the relative mass uptake after 105 days φ105d = φ(t = 105d) in an isothermal experiment
will be used.

The wear of polymers can be explained on a fundamental level as the interaction of
cohesive and interfacial wear [7]. The abrasive effect of the frictional partner of the polymer
needs to be described on the one hand by the mechanical characteristics of the polymer
and on the other hand by the surface topography of the frictional partner. They lead to
different “modes of interaction”, i.e., smoothing, plowing or cutting [9,20,21]. Ultimately,
the tribological interactions need to be viewed as highly dynamic processes, where, e.g.,
local heating of the polymer by the frictional power changes the mechanical (specifically
the viscoelastic) characteristics of the polymer (up to local melting of the polymer) and
the transfer of the polymer to the frictional partner changes the structure and property of
the contact partner. Here, one should differentiate between effects that are predominantly
due to interfacial interactions of the system and occur only close to the surface (spreading,
solving of polymer chains in the lubricant or formation of brushes) and those due to the
sorption of the lubricant in the polymer matrix and the related plasticization. Further
effects are tribo-chemical reactions in the presence of organic lubricants, which will not be
considered in this paper.
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Despite the variety of modes of interaction of lubricated polymers, adhesive interaction
between the polymer and frictional partner always occurs, either by contact of the polymer
with a “smooth” frictional partner, or by the local contact of the polymer with the asperities
of a “rough” frictional partner. As a result, studies of the adhesive friction of lubricated
polymers with “smooth” surfaces can potentially yield some insight into some aspects
of the friction of lubricated polymers with rough surfaces. The local contact area of the
polymer with an asperity in boundary lubrication should be higher for a material with a
higher equivalent indentation depth. Furthermore, the indentation depth should be higher
for a polymer swollen with lubricant. One has to keep in mind that at higher velocities in
the mixed lubrication regime, the contact area of the polymer and hard partner is gradually
reduced to a few asperities when the transition to hydrodynamic friction occurs. The
chosen minimal isothermal 3-factor model for mixed lubricated friction µ (6) and wear
coefficient k (7) factorizes the transition behavior in mixed lubrication with respect to
effective roughness Ra and the mechanical interaction intensity with respect to surface
hardness H. The system and loading parameters p: pressure, v: velocity, h: viscosity were
used as well as the remaining material and system factors µcrit and kcrit for definition of the
µ: friction and k: wear coefficients. An attempt to visualize the described interaction was
made in the graphical abstract.

3. Materials and Methods
3.1. Materials

A polyoxymethylene homopolymer (POM) from DuPont (Delrin 100 NC010) and
unfilled polyamide (PA46) from DSM (Stanyl TW300) were chosen as polymer materials.
The tribological experiments were performed with POM and PA46 in ball-on-plate and pin-
on-disc tests geometry. The polymer specimens were in contact with a steel tribosystem with
a 100Cr6 steel ball (diameter 1

2 ”, Ra = 0.15 µm: Rz = 1.4 µm, Rku = 3.85, RPc = 37/cm), which
was integrated in the tribometer and used as a tribological partner. Axial bearing rings
INA AS6590 with technical roughness (diameter of track 82 mm, Ra = 0.27 µm, Rz = 2.4 µm,
Rku = 4.0, RPc = 193/cm) were used as a tribological partner for pin-on-disc tests.

Polar polyalkylenglycole (pPG, viscosity η = 30 mm2/s at 40 ◦C), non-polar (nPG,
viscosity η = 30 mm2/s at 40 ◦C), ester oil η = 30 mm2/s at 40 ◦C (Ester, viscosity
η = 23.5 mm2/s at 40 ◦C), and polyalphaolefin (PAO, viscosity η = 30 mm2/s at 40 ◦C)
were obtained from Klüber Lubrication München SE and Co. KG, München, Germany.

The POM and PA46 specimens were prepared in the shape of rectangular plates
(6 × 4 × 15 mm3) for the ball-on-plate contact or cylindric pins for the pin-on-disc test
(height 4 mm, diameter 5 mm), which were cut from molded plates (Konzelmann GmbH,
Löchgau, Germany) by micro-abrasive-water cutting (Figure 1).

Lubricants 2022, 10, x FOR PEER REVIEW 6 of 22 
 

 

 
Figure 1. Tribological testing set-up: ball-on-plate and pin-on-disc experiments and polymer discs 
after cutting out of specimen (pins and bars, and not used rings). 

3.2. Tribological Experiments 
Ball-on-plate experiments (Figure 1) were used to carry out oscillatory tribological 

experiments. A rotational rheometer developed by Anton Paar GmbH, Ostfildern, Ger-
many, was used, which was equipped with a tribological measuring unit. In this way, 
very low but also high velocities and deflections (0.1 µm/s to 1.4 m/s) can be obtained by 
a rotation of a polished steel ball. To achieve stable and reproducible system conditions, a 
testing sequence was applied to form a run-in situation [5]. Conducting the oscillatory 
experiments in this range of sliding speeds (oscillatory mode) makes it possible to record 
friction data in the static friction and boundary–lubrication regimes. Using a data acqui-
sition rate of 10 data points per decade, the loading torque was increased on a logarithmic 
scale at an oscillation frequency of 1 Hz. The repeatability was tested for each system by 
a series of 5 transitions from sticking to gliding (resulting, e.g., in a standard deviation of 
10% for POM and nPG).  

Pin-on-disc tests (Figure 1) were used to characterize the lubricated polymer contact. 
The tribometer is a custom-made device that can be used for high temperatures up to 250 
°C, requiring only small amounts of lubricant and different sizes of axial bearings as the 
counterpart. Carrying out a continuous measurement of the pin height with an inductive 
displacement transducer, wear depths >0.1 µm can be recorded, however, requiring a long 
measuring time. A wear and friction map by variation of v and p was recorded prior to 
the wear test to check the applicability of the 3-factor model and choose the testing condi-
tions for run-in measurements.  

Friction and wear maps were recorded to be able to choose a mild loading scenario 
for the run-in condition. Mild loading should show a high transfer-film forming ability, a 
low but measurable wear rate and prevent frictional heating. The maps (Figure 2) were 
obtained from a 5-day test procedure for each system. Increasing load levels (1, 3, 10 MPa) 
and decreasing velocities were chosen. In this way, a continuously increasing frictional 
power density was applied to the frictional surface and an increasing roughness interfer-
ence was achieved. The mild loading conditions at p = 3 MPa and velocity v = 0.25 m/s 
result in low friction values that induce a frictional heating of less than 10 K. The resulting 
dependence of the friction and wear coefficients could be parameterized by the chosen 3-
factor model (7) and (8). Both factors had to be used to describe the transition behavior in 
mixed lubrication with respect to viscosity η and the mechanical interaction intensity with 
respect to surface hardness H for all combinations of p and v. In this context, the chosen 
wording “minimal” 3-factor model was validated. 

The running-in pin-on-disc tests were performed for 4 h at room temperature with a 
pressure p = 3 MPa at v = 0.27 m/s. If the coefficient of friction stays below µ = 0.1, frictional 
temperature calculations according to [3] result in an increase in polymer surface temper-
ature less than 15 K. The selected mild loading condition will result in run-in states for at 

Figure 1. Tribological testing set-up: ball-on-plate and pin-on-disc experiments and polymer discs
after cutting out of specimen (pins and bars, and not used rings).



Lubricants 2022, 10, 93 6 of 21

All polymer specimens were dried at 70 ◦C in a chamber with less than 3 mbar gas
pressure for 4 days. The specimens used for tribological and hardness experiments were
conditioned in the lubricants and under N2 atmosphere for 1000 h at 100 ◦C. The storage or
conditioning for 1000 h at 100 ◦C or 96 h at 130 ◦C is named “stored” for all lubricants or
“N2” for nitrogen gas atmosphere and will be used in combination with the thermoplastic.
It should be noted here that the “stored” in the lubricant causes aging and sorption of the
“soluble” polymers.

3.2. Tribological Experiments

Ball-on-plate experiments (Figure 1) were used to carry out oscillatory tribological
experiments. A rotational rheometer developed by Anton Paar GmbH, Ostfildern, Germany,
was used, which was equipped with a tribological measuring unit. In this way, very low
but also high velocities and deflections (0.1 µm/s to 1.4 m/s) can be obtained by a rotation
of a polished steel ball. To achieve stable and reproducible system conditions, a testing
sequence was applied to form a run-in situation [5]. Conducting the oscillatory experiments
in this range of sliding speeds (oscillatory mode) makes it possible to record friction data
in the static friction and boundary–lubrication regimes. Using a data acquisition rate of
10 data points per decade, the loading torque was increased on a logarithmic scale at an
oscillation frequency of 1 Hz. The repeatability was tested for each system by a series of
5 transitions from sticking to gliding (resulting, e.g., in a standard deviation of 10% for
POM and nPG).

Pin-on-disc tests (Figure 1) were used to characterize the lubricated polymer contact.
The tribometer is a custom-made device that can be used for high temperatures up to
250 ◦C, requiring only small amounts of lubricant and different sizes of axial bearings as the
counterpart. Carrying out a continuous measurement of the pin height with an inductive
displacement transducer, wear depths >0.1 µm can be recorded, however, requiring a long
measuring time. A wear and friction map by variation of v and p was recorded prior to the
wear test to check the applicability of the 3-factor model and choose the testing conditions
for run-in measurements.

Friction and wear maps were recorded to be able to choose a mild loading scenario for
the run-in condition. Mild loading should show a high transfer-film forming ability, a low
but measurable wear rate and prevent frictional heating. The maps (Figure 2) were obtained
from a 5-day test procedure for each system. Increasing load levels (1, 3, 10 MPa) and
decreasing velocities were chosen. In this way, a continuously increasing frictional power
density was applied to the frictional surface and an increasing roughness interference was
achieved. The mild loading conditions at p = 3 MPa and velocity v = 0.25 m/s result in low
friction values that induce a frictional heating of less than 10 K. The resulting dependence
of the friction and wear coefficients could be parameterized by the chosen 3-factor model (7)
and (8). Both factors had to be used to describe the transition behavior in mixed lubrication
with respect to viscosity η and the mechanical interaction intensity with respect to surface
hardness H for all combinations of p and v. In this context, the chosen wording “minimal”
3-factor model was validated.

The running-in pin-on-disc tests were performed for 4 h at room temperature with
a pressure p = 3 MPa at v = 0.27 m/s. If the coefficient of friction stays below µ = 0.1,
frictional temperature calculations according to [3] result in an increase in polymer surface
temperature less than 15 K. The selected mild loading condition will result in run-in states
for at least the second half of the duration of the experiment and estimated wear rates of
about 1 µm/h.
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Figure 2. Single-specimen maps of run-in friction (a) and wear coefficient k (b) of PA46 lubricated
with PAO.

3.3. Indenter Measurements

Indentations were performed with a Fischerscope H100C Xyp. The test was performed
with a Vickers indenter, which generates indentations of a few µm into thermoplastics
for a load of 75 mN. Indentations were carried out on a matrix grid, to generate statisti-
cally comparable results for the surface and the underlying morphology and composition.
Marten’s hardness can directly be derived from the applied force F and indentation depth
h by HM = F/26.4 h2. Reduced elastic modulus EIT and Vickers hardness HV of plastic
behavior can be derived in a standardized way from the indentation curve [22]. A ma-
trix of 20 indentation points was applied on injection-molded surfaces and cut surfaces.
The resulting hardness measurements show a standard deviation of 22% for POM. A
standard deviation of 6% for POM was found after flattening the tested area by a run-in
wear experiment.

3.4. Contact Angle Measurements

The sessile drop method placing 2 µL droplets on the samples was used on a contact
angle measurement device produced by Data Physics GmbH, Filderstadt, Germany. Three
standard liquids (water [23], ethylene glycol [23] and diiodomethane [24]) were used to
characterize the unknown surface and interfacial energies. The droplet profile is recognized
and recorded by the software of the instrument, and the contact angle is calculated automati-
cally. All the calculations and interpolations were carried out according to Equations (3)–(8).
A detailed description of the procedure was given in the previous study [5]. The robust-
ness of the standard regression method of surface and cohesive energies was increased by
including measurements on float glass, PTFE-foils and Mg-PSZ ceramic surfaces and fitting
all parameters in all equations simultaneously with shared parameters.

3.5. Mass Uptake

To measure the uptake of the lubricants by the thermoplastics and to calculate Fick’s
diffusion coefficient, specimens of POM and PA46 with a thickness l of 600 µm were first
pre-dried at a temperature of 70 ◦C and a gas pressure less than 3 mbar until a weight
equilibrium was reached. The specimens were then weighted, immersed in the lubricants
and stored in ovens at the temperature of interest (here: 100 ◦C) for up to 105 days. During
storage, a constant flow of nitrogen gas passed through the lubricants along the specimens
to suppress thermo-oxidative aging. Specimens were removed from the ovens at increasing
time intervals, cleaned in the same manner, and weighed. The mass fraction of lubricant
in the specimen can be recalculated from the mass data and fitted [25] by (8) to fit Fick’s
diffusion coefficients.
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3.6. Dynamic Mechanical Analysis

The temperature dependence of the real (G′) and imaginary part (G′′) of the complex
dynamic shear modulus (G* = G′ + iG′′) of POM and PA46 was measured by a dynamic me-
chanical analyzer of type ARES (TA Instruments, Newcastle, United States) at a frequency
of 1 Hz. Specimens of POM and PA46 were pre-dried as described above and analyzed in a
temperature range from −140 to 100 ◦C and 0 to 220 ◦C, respectively. The heating rate was
1 K/min. Measurements were performed under a nitrogen gas atmosphere. In this work,
only the values at 20 ◦C are used for interpretation.

3.7. Applied Correlation Method

If not stated otherwise, all data refer to properties at 25 ◦C and all experiments were
performed at 25 ◦C. The values of R2 in the diagrams are the coefficient of determination
defined by regression theory for linear or exponential fits to allow a linearity test of the
chosen diagram. The use of R2 is helpful, but it should be interpreted with caution since
it will be used for 3 to 4 different lubrication systems and systematic deviations and
non-statistic errors should be expected.

4. Results and Discussion
4.1. Contact Angle Measurements and Interaction Energies

As stated above, the work of spreading Wspreading (2) and the work of solving Wsolving
(3) can be determined from surface- and interfacial energies, which in turn are determined
by contact angle measurements. All calculations and interpolations for the interaction
energies were carried out according to the procedure described by Wahed et al. [5], and the
resulting energies are summarized in Table 2.

Table 2. Table of lubricant characteristics.

lubricant or
Body

Viscosity Cohesive or Surface Energy PA46 POM

at 40 ◦C
(mm2/s)

γ Polar
(mN/m)

γ Dispersive
(mN/m)

Wsolving
(mN/m)

Wspreading
(mN/m)

Wsolving
(mN/m)

Wspreading
(mN/m)

PAO 30 0.6 31.5 11.3 13.0 1.7 5.1
Ester 23.5 0.7 31.6 10.7 12.1 1.5 4.5
nPG 30 0.27 30.1 12.7 15.3 2.3 6.5
pPG 30 1.4 34.7 9.1 9.9 1.0 3.4
PA46 - 16.4 24.8 - - - -
POM - 4.2 29.3 - - - -
Steel - 6.8 25.2 - - - -

The closer the solubility parameters of the polymer and lubricant, the more likely
the polymer can be solved in the lubricant. The interaction radius R depends on the
type of polymer. The surface and the cohesion energy γ of the polymer or liquid and its
dispersive, polar contributions and hydrogen bonding contribution are correlated to the
Hansen solubility parameter (5) [19]. The sorption of lubricant in the polymer is also related
to the dispersive, polar interactions and hydrogen bonding (which is usually neglected)
between the molecules since solution and sorption have similar molecular origins. The
corresponding interactions are expressed in the work of solving Wsolving, which can also be
used as a measure of the sorption ability of the lubricant within the actual polymer matrix.

With increasing values of the work for spreading (spreading energy: Wspreading), the
tendency for spreading decreases, which leads to an increase in adhesive contacts in the
frictional contact.

For the lubricants studied, the following trends regarding spreading and solving
(sorption) can be seen for POM and PA46: POM has a mild solving/sorption and a mild
spreading tendency, whereas PA46 has no solving/sorption and no spreading tendency.



Lubricants 2022, 10, 93 9 of 21

The consequences of these trends on the tribological behavior will be considered below,
regarding the hypotheses formulated above.

4.2. Mass Uptake

In Figure 3, the relative mass uptake φ versus time is shown for POM (a) and PA46 (b)
during isothermal storage in the lubricant indicated or in nitrogen atmosphere (PA46) for up
to 105 days at 100 ◦C. The time-dependence of the mass uptake is a measure of the diffusive
transport (diffusion coefficient) and the equilibrium sorption for a given lubricant within
the semicrystalline polymer. Both are coupled to the free volume of the amorphous phase.
By fitting the data using Equation (8) (dotted lines in Figure 3a), the equilibrium values of
the relative mass uptake φ∞ = φ(t→ ∞) and the diffusion coefficients are estimated for
the systems that show a mass uptake (Table 3). Since the sorption–time curve of ester oil in
POM cannot be fitted properly by the diffusion equation, the values for the mass uptake
after 105 days of storage time φ105d = φ(t = 105d) are used for further interpretation and
given in Table 3. φ105d is within a range of 6% to φ∞. As shown in Figure 3b for PA46, no
mass uptake but a slight mass loss is detected for the organic lubricants studied as well as
for storage (thermal aging) under nitrogen atmosphere. Therefore, no measurable solution
of significant amounts of the PA46 or additives in the lubricants (acting as solvents) was
found. The results of the sorption experiment for POM can be summarized as follows:
The diffusion coefficients of the lubricants in POM increase with increasing polarity (see
Table 2), and the tendency for sorption is coupled to the solving energy. As expected from
the parameters in Table 2, PA46 does not show a sorption tendency in the experiments. The
slight mass decrease can be explained by diffusion (extraction) of additives or degradation
products (including residual water) into the lubricants.
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Figure 3. Relative mass uptake φ versus time for POM (a) and PA46 (b) during storage in the lubricant
indicated or in nitrogen atmosphere (PA46).

Table 3. Diffusion and sorption of lubricant in POM at 100 ◦C.

Lubricant Diffusion Coefficient D
(10−13 m2/s)

Equilibrium Sorption φ∞
(%)

Sorption φ105d
(%)

Ester – 1.23
PAO 0.61 0.1 0.105
nPG 0.11 1.53 1.45
pPG 1.22 2.45 2.51
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As a pragmatic solution, the value of relative mass uptake for sufficiently long times
φ105d = φ(t = 105d) is plotted versus the solving energy Wsolving for different polymer-
lubricant pairings (Figure 4). POM (with Wsolving < 5 mN/m for all lubricants) shows
a significant mass uptake for pPG, nPG and Ester, which is decreasing with increasing
values of Wsolving. Surprisingly, a low mass uptake was measured for PAO. Therefore, the
applicability on more systems was tested and confirmed with a different supplementary
system PK/pPG (polyketone). However, for PA46 systems, no significant uptake of oil was
measured after storing in nitrogen. This finding confirms the hypothesis for the sorptive
POM-systems that the tendency for sorption of lubricants can be expressed by Wsolving. The
solving tendency seems to be well correlated in a logarithmic or at least power dependence
to the mass uptake: φ105d ~ exp(−Wsolving).

On the other hand, there is no swelling observed for PA46 by all organic lubricants. In
this case, Wsolving should be related to local interfacial interactions.
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Figure 4. Relative mass uptake φ105d versus solving energy (Wsolving) for different polymer–lubricant
pairings after an estimated long-time storage in the lubricant indicated by the labels. The systems
that showed no mass uptakes were included to visualize the range of theoretical extrapolation of
possible uptake for PA46 systems.

4.3. Hardness Measurements

To study solving, sorption, the related plasticization and thermal aging effects, the
hardness was measured following the results of Bormuth et al. [6]. In order to distinguish
near-surface effects from bulk effects, specimens were cut, and the indentations were carried
out on the cut surface 300 µm below the sample surface. For sorptive polymer–lubricant
pairings, plasticization is expected to be observable within the bulk (here 300 µm below
the surface), whereas for samples without sorption, changes in hardness at 300 µm below
the surface are expected to represent effects due to thermal aging (i.e., chemical reac-
tions and/or post-crystallization). Shear flow and/or thermal conditions during injection
molding are known to lead to morphology gradients within the sample, such as oriented
structures and differences in crystallinity. In a separate study, the depth dependence of
the hardness for swollen and unswollen POM was investigated. The depth-depending
changes in the hardness due to sorption and plasticization are found to considerably ex-
ceed those due to spatial changes in the crystallinity. If the crystallinity differences are
small, the processing-induced hardness gradients are of second order for sorption-induced
mechanisms since lubricant transport and sorption take place in the amorphous phase of
the semicrystalline polymer.

The Martens’ hardness (HM) is expected to reflect both elastic deformation and—to a
smaller extent—plastic deformation, whereas the Vickers hardness (HV) is rather related to
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plastic deformations. This allows a certain separation between (possible) elastic (HM) and
plastic (HV) contributions.

Figure 5 shows the Martens’ (HM) and Vickers (HV) hardness at a depth of 300 µm
below the sample surface after storage in the lubricants or under a nitrogen atmosphere.
Since for PA46 no sorption could be measured, the hardness data are not plotted versus
lubricant uptake.
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Figure 5. (a) Martens’ (HM), and (b) Vickers hardness (HV) at a depth of 300 µm below the surface
versus the relative mass uptake φ105d after storage in the lubricant or nitrogen atmosphere.

As expected, HM and HV are both decreasing due to the plasticization of the POM
with the lubricant absorbed in the polymer matrix. It is surprising that with the exception
of ester (open symbols), this seems to be independent of the detailed chemical structure of
the lubricant (specific volume, polarity, etc.). The deviation of the POM-ester pair could be
explained by a lower tendency for plasticization for the same amount of the sorbate or a
simultaneous counteracting hardening due to chemical aging (e.g., crosslinking) accelerated
by the ester oil. In comparison, for the thermal aging in PAO (which is almost not swelling
POM) and under nitrogen, only a slight increase in the hardness due to thermal aging can
be found. The difference can possibly be explained by the differences in heat transfer or
different transport and solubility properties of reaction products in PAO.

Based on these data, the ratio of Martens’ hardness of samples stored in lubricants
(HMstored) and the pristine ones (HM) are plotted in Figure 6 versus the solving energy
Wsolving to differentiate between aging effects. The samples stored in oil are assumed to
have reached equilibrium sorption.

The significant decrease in HMstored/HM for the POM-lubricant pairings (Wsolving < 5 mN/m)
with decreasing Wsolving reflects the swelling tendency of those systems (see Figure 3).
Thus, Wsolving is for the POM-pairings an (inverse) measure of the sorption tendency of
organic lubricants.

In contrast to the sorptive POM-lubricant pairings, the ratio of HMstored/HM for the
non-sorptive PA46-pairings (see also Figure 6) tends to increase with Wsolving. It should be
emphasized that the hardness at 300 µm depth is a bulk rather than a surface property, and
no significant bulk changes were observed during thermal storage. The oil dependence
of HMstored/HM from Wsolving could be related to a migration from the polymer into the
lubricants related to the solubility of reaction products (or reactants) or to sorption in
the polymer. However, since the amorphous phase of POM is at room temperature in a
rubber-like state, and the amorphous phase of dry PA46 is in the glassy state, the higher
plastic hardness HV of PA46 systems and significant differences in transport behavior
between POM and PA46 is not surprising.
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Figure 6. Dependence of the relative Martens’ hardness (HMstored/HM) for POM (open triangles) and
PA46 (open circles) versus Wsolving after storage in oil.

As stated above, the measurement of Martens’ hardness (HM) and Vickers hardness
(HV) at the same position allows a certain separation between possible elastic (HM) and
plastic (HV) contributions. Therefore, in Figure 7, HM is plotted versus HV measured at a
depth of 300 µm. It can be concluded that the swelling and the related plasticization of the
POM-pairings (open triangles in Figure 7) are accompanied by a reduction in both elastic
and plastic contributions (related to HM). The corresponding comparison between unaged
POM and POM stored in a nitrogen atmosphere (filled triangles) shows a strong reduction in
the plastic fraction, represented by the Vickers hardness (HV), while the Martens’ hardness
HM is almost unchanged by the thermal treatment. One possible explanation is an increase
in chain mobility responsible for shear or creep, which is due to the degradation of chains in
the rubbery amorphous phase of POM without any significant change in rubber-elasticity.
In pristine PA46, the amorphous phase is in the glassy state, and the degradation during
aging may increase both elastic (HM) and plastic contribution (HV).
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Figure 7. Martens’ hardness (HM) versus Vickers hardness HV (both measured 300 µm below the
surface) for PA46 (triangles) and POM samples (circles). The open symbols label samples that are
stored in the oil or nitrogen. The closed symbols indicate pristine samples (-).

However, there is a similar reduction in the Martens hardness for PA46 without any
swelling for the polar lubricant pPG (open symbols). The reason for this reduction in
hardness for PA46 is not yet understood and is possibly related to the above-mentioned
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differences in different interface transfer and/or solubility of reaction products (or re-
actants) for lubricants with different Wsolving. One may speculate on chemical degrada-
tion by the interplay of chain scission and post-condensation, which are well-known for
polyamides, and/or changes in crystallinity by thermal aging and/or degradation-driven
so-called “chemo-crystallization”. The assumption of diffusion-controlled chemical aging
or structural changes by thermal treatment in non-swollen PA-pairings is supported by the
significant difference between the unaged PA46 sample and a sample stored under nitrogen
without oil (filled symbols).

4.4. Dynamic Shear Modulus

In Figure 8, the real part of the dynamic shear modulus G′ of POM, measured at 1 Hz
at 20 ◦C, is plotted versus the relative mass uptake φ105d. The samples were stored in oil
at 100 ◦C. The reduction in the real part G′ of the shear modulus for POM with φ105d in
the different lubricants correlates with the reduction in Marten’s hardness in Figure 5. The
significant increase in G′ due to aging under nitrogen (without oil) is surprising since the
Marten’s hardness HM that covers elastic and partially plastic behavior did not show such
a strong increase. However, there is a significant reduction in plastic behavior represented
by HV. G′ is a bulk property representing the response of an amorphous and crystalline
phase to a shear deformation, and an increase in G′ can, therefore, be related to chemical or
physical crosslinking in the rubber-like amorphous phase and/or an increase in crystallinity.
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Figure 8. Shear modulus G′ versus relative mass change φ105d (lubricant uptake to saturation).
In addition to stored polymer–lubricant pairs, samples stored under nitrogen atmosphere (filled
symbols) are included in the graph.

Figure 9 plots the shear modulus G′ against the Vickers hardness (HV) at 300 µm depth
for samples stored in oil and in nitrogen. The shear modulus values are for a temperature
of 20 ◦C, which is above the glass transition temperature for POM in the plateau region,
where the amorphous phase is in a rubbery state.

A comparison of the different pairings and conditioning procedures reveals the fol-
lowing: For POM (green symbols) stored in sorptive oils (nPG and pPG) a reduction in G′

roughly correlating with HV is observed due to plasticization. For PA46 (blue symbols)
stored or in the different lubricants, hardness and modulus change only for pPG to a
relevant extent and in a similar way as for POM. In contrast, thermal aging in a nitrogen
atmosphere without oil results for POM and PA46 (filled symbols) in an opposing trend: G′

decreases with reduction in plastic HV hardness at a depth of 300 µm. The simultaneous
reduction in G′ and HV for sorptive lubricants such as pPG can be related to plasticization,
whereas the increase in G′ and the decrease in HV can be attributed to thermal aging
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(changes in chain or superstructure) in the bulk without significant swelling. For the latter,
the changes in the shear modulus and HV are not coupled in a simple manner.
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4.5. Static Friction and the Onset of Gliding

An essential question for the investigation of the transition from static to dynamic
friction is the detection of the onset of gliding. By using an oscillatory deflection method,
the transition from sticking to gliding can be investigated by repeating the transition events
several times. That way, one can distinguish between the elastic sticking and viscous gliding
response of the system. The beginning of the gliding motion was defined at tan(δ) ~ 1 in
the oscillatory experiment, which is the tangent of the phase angle between oscillatory
excitation and the sample response.

PA46 (blue circles), which does not show mass uptake in the organic lubricants, shows
an increase in µ stiction in Figure 10 with the spreading energy for both the samples stored
in the lubricants as well as the pristine samples (open circles). Since the tendency for
spreading decreases with increasing values of Wspreading, the positive slope can be explained
by an increase in the adhesive contact with decreasing spreading.
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The POM-lubricant pairings, which show significant sorption for most of the studied
lubricants, do not show the expected dependence on the spreading energy for both samples
swollen in the lubricants (open triangles) and pristine samples (filled triangles). The values
of µ stiction for the swollen samples are somewhat higher than those for the unswollen ones
because of swelling of the polymer chains at the surface of a sorptive polymer) (here, for
POM, sorption is expected to occur immediately. The sorption of the lubricants is expected
to occur preferentially in the rubber-like state of the amorphous phase of POM and is
related to Wsolving, and in such a case, Wspreading is not relevant.

In Figure 11, µ stiction is shown as a function of the spreading energy for PA46 mea-
sured at room temperature (blue circles) and at 100 ◦C (read circles). At room temperature,
dry PA46 is tested below its glass transition temperature (Tg), whereas at 100 ◦C, it is tested
above Tg. The chain mobility is almost frozen in the glassy state, and therefore, the increase
in the adhesive contact with decreasing spreading is a dominant mechanism (see Figure 11).
Above the glass transition temperature (red symbols), the chain mobility is expected to
become more important. The temperature dependence of a rate and state conditions is
the reason for lower values of µ stiction at 100 ◦C [5]. Such an increase in chain mobility is
similar to plasticization by sorption of an organic liquid, with similar effects on stiction as
plasticization by a “solvent”. Unfortunately, the surface energy of PA46 at 100 ◦C could not
be measured by contact angles to test the concept of interaction energies below to above the
glass temperature. An equivalent test for POM was not possible since the glass temperature
was as low as −70 ◦C. It should be mentioned that above the glass transition temperature,
solvent transport becomes easier, and an additional plasticization effect cannot be excluded.
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4.6. Wear Experiments

In the following graphs, the results of the tribological run-in experiments are summa-
rized with respect to the solving tendency, stiction, hardness and sorption, as well as to the
imaginary part of the complex dynamic shear modulus G′ and G′′. Four wear experiments
were performed for each system.

To systematize the tribological results, Wsolving is used in Figures 12 and 13 as an
indicator for sorption, solubility and plasticization but also for degradational mechanisms.
The run-in wear rate shows a tendency to decrease with increasing solving energy Wsolving.
The wear rate is somewhat lower for the pristine samples. For the POM-pairings, the
decrease in wear rate with Wsolving can be related to the plasticization by the lubricants,
which is also expected for the upper layers of the pristine sample due to the lubricant
applied during the experiment. The swelling and plasticization are expected to increase
the contact and/or to lower the chain interactions responsible for cohesive failure. The
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reason for the decrease in the wear rate with increasing Wsolving for the PA46-pairings is not
clear yet. However, one may speculate that near-surface interactions such as hardening by
chemical and/or morphological changes in crystallinity as well as brush-like dangling or
solved chains, etc., which are represented as well in Wsolving, influence the wear rate.

In Figure 13, no systematic correlation between the friction coefficient (µ run-in) and
solving energy for the stored POM samples was found. For PA46, which is not swollen
by the lubricants, µ run-in appears to have a slight tendency to increase with the solving
energy solely because of the spreading behavior. For the others, an increase in µ run-in
with the solving energy should indicate polymer–lubricant interface interactions localized
close to the surface and, in the case of POM, related to property changes due to sorption
and plasticization in the bulk.
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Figure 12. Run-in wear rate versus Wsolving for different POM-lubricant (triangles) and PA46-lubricant
pairings (circles) measured at room temperature versus solving energy (experimental parameters:
3 MPa, 0.25 m/s, 4 h) for samples stored in the lubricants (open symbols) and pristine samples
(filled symbols).
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Figure 13. Friction versus Wsolving for different POM-lubricant (triangles) and PA46-lubricant pairings
(circles) measured at room temperature versus solving energy (experimental parameters: 3 MPa,
0.25 m/s, 4 h) for samples stored in the lubricants (open symbols) and pristine samples (filled symbols).

In Figure 14, the run-in wear rate is plotted versus µ stiction for POM (triangles) and
PA46 (circles) of pristine samples (filled symbols) and samples after storage in the lubricants
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measured at room temperature. For adhesive wear, a positive slope of the run-in wear rate
versus µ stiction is expected. For the POM-lubricant pairings (triangles), the run-in wear
rate increases with µ stiction for pristine samples (filled symbols) and samples stored in
the lubricants (open symbols). The trend is heavily pronounced for the plasticized POM
samples and should be related to an increased contact area or a lower cohesion energy due
to plasticization. On the other hand, the wear rate is almost independent of the stiction for
the non-plasticized PA46-pairings. Here, adhesive friction has a minor impact.

Lubricants 2022, 10, x FOR PEER REVIEW 18 of 22 
 

 

 
Figure 14. Run-in wear rate versus µ stiction for POM (triangles) and PA46 (circles) prior to (filled 
symbols) and after storage in the lubricants (open symbols). 

In Figure 15, the run-in wear rate is plotted versus the ratio HMstored/HM for samples 
stored for POM (triangles) and PA46 (circles). With an increasing surface hardness ratio 
(HMstored/HM), the run-in wear rate does decrease. It is generally expected that an increase 
in the surface hardness leads to a decrease in real contact area and, consequently, to a 
reduction in the wear rate. In the case of POM-lubricant pairings, the softening due to 
mass uptake and plasticization leads to the expected increase in the wear rate (Figure 16).  

 
Figure 15. Run-in wear rate versus the ratio of Martens’ hardness at the surface for samples stored 
in the lubricants and pristine ones (HMstoredl/HM) for POM (triangles) and PA46 samples (circles) 
measured at room temperature. 

Figure 14. Run-in wear rate versus µ stiction for POM (triangles) and PA46 (circles) prior to (filled
symbols) and after storage in the lubricants (open symbols).

In Figure 15, the run-in wear rate is plotted versus the ratio HMstored/HM for samples
stored for POM (triangles) and PA46 (circles). With an increasing surface hardness ratio
(HMstored/HM), the run-in wear rate does decrease. It is generally expected that an increase
in the surface hardness leads to a decrease in real contact area and, consequently, to a
reduction in the wear rate. In the case of POM-lubricant pairings, the softening due to mass
uptake and plasticization leads to the expected increase in the wear rate (Figure 16).
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Figure 15. Run-in wear rate versus the ratio of Martens’ hardness at the surface for samples stored
in the lubricants and pristine ones (HMstoredl/HM) for POM (triangles) and PA46 samples (circles)
measured at room temperature.
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Figure 16. Run-in wear rate versus relative mass uptake φ105d for different POM-lubricant pairings
stored in the lubricant.

For the non-swelling PA46-lubricant pairings, a lower wear rate is found for a higher
surface hardness. The increase in HMstored/HM for PA46 can be explained by structural
changes close to the surface or in the bulk due to thermal treatment (e.g., by crosslinking
or post-crystallization) and are represented by the surface hardness. For polyamides, the
chemical and structural aging effects such as crosslinking by post-condensation and chain
scission at higher temperatures are well-known.

To test the hypothesis that the friction coefficient is related to the viscoelastic loss
within the polymer, the run-in friction was plotted versus the imaginary part of the shear
modulus G′′ for POM-lubricant pairings (circles) stored in oil. For the POM-lubricant
pairings, saturation by sorption is almost received. The G′′ data represent measurements
of the stored samples at 20 ◦C and 1 Hz. However, the data scattered significantly and
(R2 < 0.1) no dependence on the run-in friction on G′′ was found.

In Figure 17, the run-in friction is plotted versus µ stiction for specimens stored in oil
(open symbols). It was found that run-in friction increases only for plasticized systems
(POM) with the adhesion friction µ. No change was found for pristine POM as well as for
pristine and aged PA46 (Not shown, R2 < 0.14).
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4.7. Discussion for the Sorptive Polymer-Lubricant Pairings

The POM-lubricant pairings with Ester, nPG and pPG show significant sorption of
the lubricants within the polymer matrix. The sorption tendency is related to the solving
energy of these pairings. Values of 0 mN/m < Wsolving < 5 mN/m can be classified as
sorptive POM-lubricant pairings. For these pairings, even small amounts of lubricants in
the polymer matrix can change the tribological behavior significantly. Spreading by the
lubricants, which is related to the spreading energy, is only a secondary effect of friction
and wear for these pairings.

The sorptive polymer-pairings (POM with Ester, nPG and pPG) show an increasing
wear rate and an increase in the run-in friction with increasing amount of lubricant absorbed
by the polymer matrix (expressed by a decrease in Wsolving). The swelling of POM (high
values of φ∞ and low values of Wsolving) results in a decrease in interchain forces, shear
modulus and hardness. Thus, swelling leads to a higher real contact area and consequently
to a higher wear rate and a larger value of run-in friction. In addition, the hardness can
change due to thermal degradation, which can occur during thermal treatment in oil as
well as in a nitrogen atmosphere.

4.8. Discussion for the Non-Sorptive Polymer-Lubricant Pairings

For PA46-pairings with almost non-spreading and non-swelling tendencies, an in-
creasing surface hardness and stiction were found for increasing values of Wsolving and
Wspreading. In this case, the changes in the solving energy Wsolving are related rather to
local polymer–solvent interactions in the close vicinity of the polymer-solvent interface.
Possible mechanisms are partially solved polymers at the surface, brush-like dangling
chains, polymer transfer to the metal surface and/or an increased real contact. These are
rather adhesive polymer–lubricant interactions compared with a reduction in cohesive
forces by sorption. However, the understanding of these effects on a molecular level needs
further research.

These non-sorptive pairings show a decrease in the wear rate for increasing values of
Wsolving and Wspreading, which is related to an increasing hardness and an increasing shear
modulus. The changes in the mechanical properties are addressed to the thermal aging
of the semicrystalline polymer matrix during storage. Chemical aging by degradation or
post-crosslinking, post-crystallization or chemo-crystallization are possible mechanisms.
The influence of different oils and especially polar pPG on the tribological properties is not
yet understood. Different diffusivity and/or solubility of reaction products (or reactants) in
the polymer matrix and the lubricants, respectively, are possible effects. For temperatures
above the glass transition temperature of PA46, µ stiction is considerably lower as in the
glassy state that is related to the solving character when the spreading character becomes
irrelevant, such as for sorptive POM. This solving dependent behavior is explained by the
higher molecular mobility in the amorphous phase above Tg.

5. Conclusions

Pairings of semicrystalline thermoplastic polymers with lubricants of different solu-
bility within the polymer and different spreading tendencies were studied by oscillatory
tribometry and standard gliding experiments to differentiate between tribological effects
due to sorption and plasticization and those due to speeding.

Stiction, run-in wear and friction of polyoxymethylene (POM)- and polyamide (PA46)-
lubricant pairings were studied under mild loaded mixed lubrication conditions. At room
temperature, the amorphous phase of POM is in the rubber-like state, whereas it is in the
glassy state for dry PA46. For the lubricants, a polar polyalkylene glycol (pPG), a non-polar
polyalkylene glycole (nPG), an ester oil (EST), and a poly-α-olefin (PAO) solubility and
spreading tendency were chosen. To elucidate the underlying molecular mechanisms, the
tribological experiments were combined with material characterization. For this purpose,
sorption measurements, dynamic mechanical analysis, and hardness measurements on
unswollen and swollen specimens were performed. The samples are stored within the
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solvents at 100 ◦C to reach equilibrium swelling/sorption prior to testing. To differentiate
between sorption-induced effects and those due to thermal aging, unswollen samples were
stored at the same temperature and for the same time in dry nitrogen and measured.

The main findings are:

(1) Pairings of POM with Ester, nPG and pPG show a significant sorption of lubricants.
The solving energy for the sorptive pairings is 0 mN/m < Wsolving < 5 mN/m. These
pairings, show a significant dependence of run-in friction, stiction and wear on
the equilibrium mass uptake of the lubricant. The sorption of lubricants leads to
an increase in the real contact area due to a reduced mechanical modulus by the
plasticization. Lubricant sorption and the related plasticization are found to depend
on the solving energy Wsolving. The tribological properties of the POM pairings are not
sensitive to the spreading energy (Wspreading), which is needed for separation of the
metal and polymer interface by the lubricant. Only a small additional impact on the
tribological properties due to thermal aging was found.

(2) None of the PA46-lubricant pairings show a measurable mass uptake by sorption,
and the tribological behavior is predominantly related to spreading and changes
in hardness due to thermal aging. Near-surface effects due to the lubricants such
as localized swelling, brush-like dangling chains, partial solution of polymer in the
lubricant, mass transfer to the metal surface, etc., must be considered. These effects are
also related to the interaction energies. For temperature above the glass temperature
of PA46, the values of µ stiction are lower than those for the glassy state and decrease
with the spreading energy. This can be explained by the significantly higher chain
mobility above Tg.

In summary, the decrease in hardness and mechanical modulus due to sorption and
plasticization was confirmed as the main factors for a decrease in wear rate with dominant
abrasion behavior and mixed lubrication. Changes in chemical or semicrystalline structure
during thermal treatment also influence hardness, which dominates abrasion and friction.
In addition, specific interactions at the interface between the polymer and lubricant must
be considered.

The influence of the roughness of the polymer, as well as the hard counterpart and the
transfer of the polymer to the metal surface, needs to be investigated in the future. Further-
more, detailed investigations on the dependence of the real horizontal and vertical contact
area on the plasticization, the temperature and the tribological parameters are required.
The same applies to the viscoelastic and hysteretic mechanisms in the rubbery amorphous
phase and the influences of the semicrystalline superstructure and the processing-related
morphology gradients.
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