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In the present work, the biobased protic ionic liquid crystal bis(2-hydroxyethyl) ammonium palmitate (DPA) has
been studied as neat lubricant under linear reciprocating sliding at 75 °C, in the liquid crystalline region, and at
110 °C, above its melting point. Three different tribopairs have been studied using AISI 52100 steel, AISI 316L
stainless steel and sapphire balls against AISI 316L disks. Tribological results at 75 °C are in agreement with the
different sliding pairs and contact conditions. At 110 °C, a sharp friction coefficient reduction to reach an ul-
tralow steady state value of 0.007-0.009, is observed for the sapphire-AISI 316L contact. Wear rate is also

reduced in one order of magnitude. Results are related to water content in DPA, as determined by TG-MS. Wear
mechanism are discussed upon the basis of optical and scanning electron microscopy (SEM/EDX) and of surface

analysis by XPS.

1. Introduction

The reduction of energy loss due to friction and materials failure
caused by wear are currently major technological and economic issues
that need to be solved [1,2].

Tonic liquids (ILs) [3-17] have been studied as lubricants, lubricant
additives and coatings to achieve friction and wear reduction. Tribo-
logical tests are usually carried out at ambient conditions, but for a
growing number of sliding applications, they should withstand
increasingly severe conditions. Very recently, the use of ionic liquids in
an environment similar to that used in space lubrication have been
described [14], and new functionalities of IL lubricants are being
explored [15].

Environmentally benign, sustainable lubricants, including fatty acids
and their derivatives [16-36], are currently being developed. In
particular, bio-based protic ammonium carboxylate ionic liquids (PILs)
[16,17,21,25-36] are a more ecofriendly alternative to conventional ILs
composed of inorganic or heteroatom containing organic anions and
heterocyclic cations.

PILs have been used both as neat lubricants [25-32] and as additives
in aqueous or mineral [33-35] lubricants. Short alkyl chain ammonium
carboxylate PILs [26-29] can be used as neat liquid lubricants at room
temperature, while long alkyl chain PILs are solid at room temperature,
as melting points increase with increasing alkyl chain length. This is the
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case of bis(2-hydroxyethyl)ammonium palmitate (DPA) [21].

DPA has been studied as lubricant additive both in water [32-35]
and in a short alkyl chain PIL [36]. We have recently described the
lubricant behavior of DPA as additive in water at room temperature and
at 37 °C [34,35]. The results have opened up its potential for biocom-
patible applications.

There is a need for environmentally friendly lubricants under higher
temperatures and contact pressures. However, the studies on environ-
mentally friendly ionic liquid lubricants at high temperature are still
scarce [37-39].

DPA is an ionic liquid crystal [40] i.e., a ionic liquid with transitions
to mesomorphic phases. DPA presents two transition temperatures: from
crystalline solid to liquid crystalline mesophase at 42.1°C, and the
melting point to isotropic liquid at 105.2 °C [21].

DPA viscosity variations with temperature and shear rate have been
recently described [21,34,35], in particular its non-Newtonian behavior
at different temperatures, including those selected for the present study
[34,35]. At 75 °C, in the liquid crystalline state, molecular interactions
in the mesogenic structures determine the shear flow resistance, and a
continuous viscosity decrease is observed under increasing shear rates,
while at 110 °C, over its melting point, DPA is an isotropic fluid and
viscosity reaches asymptotic constant values for shear rates higher than
150 s~ L. The thermal transitions from crystalline solid to liquid crystal
and from liquid crystalline phase to isotropic liquid induce structural
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Fig. 1. TG-MS for DPA: a) Weight percentage vs temperature and time; b) Ion current vs time with integration of m/z = 18 peaks.

changes which could have a pronounced influence in the tribological
results when DPA is used as neat lubricant.

Thus, in the present work, DPA has been used as neat lubricant under
linear reciprocating sliding tests at high temperature using AISI 52100,
AISI 316L and sapphire balls, against AISI 316L disks.

PILs that contain -NH groups and —~OH substituents, such as is the
case of the hydroxyethylammonium cations present in DPA, form
hydrogen bonds and are strongly hydrophilic. This highly hydrophilic
nature increases their water absorption capability [41].

Under the experimental conditions used in the present work, below
and above 100 °C, the tribological results could be also determined by
water contents, thus thermogravimetric-mass spectrometry studies have
been carried out in order to measure water percentages present in the
ionic liquid crystal lubricant.

DPA has been previously described as lubricant and lubricant addi-
tive at room temperature. The main aims of the present research are to
establish the feasibility of using this renewable source lubricant under
conditions close to those of a broader range of practical applications,
and to study surface interactions and wear mechanisms for both steel-
steel and ceramic-steel contacts.

2. Experimental

Synthesis and characterization of DPA have been previously
described [21]. Thermogravimetric mass spectrometry analysis
(TG-MS), was performed using a TGA/DSC 1HT (Mettler-Toledo) with a
Thermostar, QMS 300M3 quadrupole mass spectrometer (Balzers),
heating from 30 to 350 °C at a heating rate of 5 °C/min in a N atmo-
sphere with a flow of 50 mL/min. Samples (8.8 mg) were placed in
closed perforated aluminium pans.

Calibration with calcium oxalate monohydrate (CaC204-H20; Alpha
Aesar; 99.99% purity) was carried out before water determination in
DPA. Water loss from calcium oxalate monohydrate takes place on the
temperature range from 100 to 240 °C. During this interval, ion current

for m/z = 18, corresponding to loss of water, increases. Integration of
the curve allows the calculation of the ratio between mass of water (mg)
and variation of ion current with time (nA~s‘1).

Tribological tests were carried out using a tribometer (Anton Paar,
Switzerland) at the reciprocating configuration (sliding frequency of 2
Hz; sliding distance 175 m, amplitude 5 mm), under a normal load of 1
N. Steel-steel and steel-ceramic contacts were selected as counterparts,
as these materials are used in tribological applications both at room
temperature and at high temperature.

AISI 316L disks (25 mm diameter; 5 mm thick; Ra < 0.15 pm) were
used against three different ball materials: AISI 52100 steel [1.6 mm
diameter; contact pressure: 1.03 GPa (average); 1.55 GPa (maximum)];
AISI 316L stainless steel [1.6 mm diameter; contact pressure: 1.01 GPa
(average); 1.51 GPa (maximum)] and sapphire [1.5 mm diameter: 1.30
GPa (average); 1.95 GPa (maximum)]. Hertzian contact pressures were
calculated from Young’s modulus and Poisson’s ratio values [42]. Before
each test, the surface of the AISI 316L disk was covered with 5 mg of
DPA.

Tribological tests were performed at 75 °C (in the mesomorphic re-
gion) and at 110 °C (in the isotropic liquid state). All tribological tests
were repeated at least three times in order to ensure reproducibility.

Surfaces were cleaned with n-hexane and dried in hot air, before and
after each test. Wear rates, calculated [43] from volume loss measure-
ments, were determined with an optical profiler (Talysurf CLI). Element
maps were obtained by means of SEM micrographs and EDX, using a
Hitachi S3500 N. XPS analysis was obtained with a K-Alpha
Thermo-Scientific equipment, with 0.1 eV precision for binding energy
values; thickness of the analyzed surface layer: 3-5 nm. AISI 316L disk
surface was analyzed before the tests, as a reference.
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Table 1
Friction coefficient and wear rate variation with temperature and ball material.
75°C
Ball material COF Wear rate (mm>/N-m)
AISI 52100 0.201 (40.005) (4.12 £+ 0.55)-10™*
AISI 316L 0.078 (40.004) (5.68 + 0.22)-1077
Sapphire 0.100 (£0.009) (1.19 + 0.47)-10°°
110 °C
AISI 52100 0.212 (+0.011) (4.94 + 0.19)-1074
AISI 316L 0.091 (£0.003) (1.71 £ 0.11)-107°
Sapphire 0.015 (£0.002) (3.05 + 0.14)-10°°
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Fig. 2. Coefficient of friction vs sliding distance: a) 75 °C; b) 110 °C.
3. Results and discussion
3.1. Thermal stability and water loss

The complete TGA thermogram and degradation temperatures of
DPA has been recently reported [34]. TGA thermogram in Fig. 1a shows
that DPA presents two water loss steps, a first weight loss step between
70 and 135 °C assignable to absorbed water (as determined by mass
spectroscopy, from m/z = 18; Fig. 1b).
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This absorbed water accounts for a 5.46 wt %, calculated as the
integration under the first curve (Fig. 1b). Tribological tests at 75 and
110 °C are therefore within this first water loss region and before the
second weight loss step. This second weight loss step, in the range
170-240 °C (Fig. 1a), also corresponds to loss of HyO (2.76 wt %, from
the integration of the second peak in Fig. 1b), and could be assigned to
thermal degradation of DPA.

3.2. Tribological results

In order to study the influence of temperature on the tribological
performance of the ionic liquid crystal DPA, preliminary variable tem-
perature tests were programed for sapphire-stainless steel, heating from
60 °C (when DPA is in the liquid crystalline state) to 110 °C (just over
DPA melting point) under a constant temperature rate of 2 °C/min. The
results showed that friction coefficient decreases from 0.17 to 0.08,
between 60 °C and 75 °C. From 75 °C to 110 °C, friction coefficient
values around 0.08-0.10 are maintained. These results confirm the
reduction of friction coefficient with increasing temperature for DPA
within its liquid crystalline range. The lower friction coefficient values
for the 75 to 110 °C interval could be associated to water evaporation, as
we have seen in Fig. 1. However, no transition to ultralow friction values
as those previously described at room temperature for a protic ammo-
nium succinate ionic liquid [26] are observed. This is attributed to the
severe wear experienced by the stainless steel disk during the high
friction period, from 60 °C to 75 °C.

In view of these preliminary results, 75 and 110 °C were selected for
constant temperature tests for sapphire-stainless steel and also for
stainless steel against itself or against 52100 steel.

Table 1 shows the tribological results for each temperature and
sliding pair. At 75 °C, the order of friction coefficients and wear rates for
stainless steel disk as a function of ball material is: AISI 52100 ball >
Sapphire ball > AISI 316L ball. However, at 110 °C, the order changes
to: AISI 52100 ball > AISI 316L ball > Sapphire ball.

It is worth noting that while steel-steel contacts show the expected
friction coefficient and wear rate increase with temperature increase,
the corresponding values for sapphire-AISI 316L decrease when tem-
perature increases. Particularly relevant is the reduction in the average
friction coefficient, from 0.10 at 75 °C to 0.015 at 110 °C.

Representative friction coefficient-sliding distance records for all
materials at 75 °C and 110 °C are shown in Fig. 2a and b, respectively. At
75 °C, a smooth friction coefficient variation with distance is only
observed for AISI 316L against itself, in agreement with lower average
friction and wear rate values. At 110 °C, friction records for steel-steel
pairs are similar to those recorded at 75 °C. For sapphire-stainless
steel, initial running-in friction record is similar to that observed at
75 °C, but an immediate friction drop quickly leads to steady-state
values of 0.007-0.009 from 20 m to the end of the test.

Running-in friction coefficient values are very high (0.17) as corre-
spond to the severe contact conditions. At both temperatures, friction
drops rapidly below 0.10. At 75 °C this value is then maintained along
the entire sliding distance. In contrast, at 110 °C, the sharp reduction of
friction coefficient is maintained until an ultralow steady-state friction
value of 0.007-0.009 is reached, approximately after 20 m.

Superlubricity [44] in sapphire sliding against itself under lubrica-
tion with a solution of phosphoric acid in water, at room temperature,
has been recently described [45]. Friction coefficient evolution with
sliding distance were similar to those described in the present work at
110 °C (Fig. 2b), with a high friction running-in period. Friction
decrease and transition to superlubricity was associated with water
evaporation during the running-in period and formation of an adsorbed
thin film which forms a hydrogen bonding network with the surfaces.

We have seen (Fig. 1) that DPA is losing absorbed water between 70
and 135 °C. This water evaporation could contribute to the ultralow
friction coefficient observed at 110 °C, when formation of an efficient
DPA boundary layer is more favored than at the lower temperature of
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Fig. 3. AISI 316L-AISI 316L at 75 °C: a) Optical micrograph and b) SEM micrograph of AISI 316L ball; ¢) SEM micrograph of the wear track on AISI 316L disk; d)

Carbon element map on wear track shown in c).

w HV 150 KV WD 16,0 mm

MAG: 300 x HV: 16.0 kW WD: 16.0 mm

Fig. 4. AISI 316L-AISI 316L at 110 °C: a) Optical micrograph and b) SEM micrograph of AISI 316L ball; ¢c) SEM micrograph of the wear track on AISI 316L disk; d)

Carbon element map on wear track shown in c).
75 °C, closer to the water evaporation onset.

3.3. Surface analysis

Sapphire and steel balls and stainless steel disks surfaces were
examined after the tests in order to determine the main wear and surface
damage mechanisms. Figs. 3 and 4 show wear tracks on AISI316L ball
and AISI316L disk after the tests at 75 °C (Fig. 3a-d) and 110 °C
(Fig. 4a-d).

Optical and SEM micrographs of the ball surface (Fig. 3a—c and 4a-
4c) show parallel abrasion marks, in correspondence with the parallel
grooves present on the disk (Figs. 3c and 4c). EDX carbon maps (Figs. 3d
and 4d) show a higher carbon (in green) content inside the deep abra-
sion grooves, assigned to DPA lubricant tribolayer.

Fig. 4a—d shows that the abrasive mechanism we have seen for the
AISI 316L-AISI 316L contact becomes more severe when temperature is
raised to 110 °C. Both optical (Fig. 4a) and electron (Fig. 4b) micro-
graphs of the ball show that the severe abrasion has produced a large flat
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MAG: 150 x HV:15.0 kV WD: 15.0 mm

MAG: 2000 x HV:15.0 kV WD: 15.0 mm

Fig. 5. AISI 52100-AISI 316L at 75 °C: a) AISI 52100 ball; b) Wear track on AISI 316L disk; ¢) Carbon element map on the wear track shown in b); d) Wear debris

from AISI 316L disk.

MAG: 1000 x HV: 15.0 kV WD: 15.0 mm

MAG: 2000 x_HV: 15.0 kV_WD: 15.0 mm

Fig. 6. AISI 52100-AISI 316L at 110 °C: a) Optical micrograph of AISI 52100 ball; b) SEM micrograph of wear track on AISI 316L disk; ¢) Magnification of b) with
detail showing wear debris chip removal; d) Wear debris aggregate and detail showing chip morphology.

circular scar.

AISI 52100 ball (Fig. 5a) shows deep abrasion grooves after the test
against AISI 316L disk at 75 °C, without the changes in spherical ge-
ometry observed for AISI 316L ball (Fig. 4a). As expected, the substi-
tution of AISI 316L ball by the AISI 52100 increases the severity of
surface damage on AISI 316L disk (Fig. 5b and c). The wear track pre-
sents some abrasion marks but, in this case, the main mechanism is
adhesive wear. A marked stick-slip effect is also present as evidenced by

the periodic variation in wear track width (Fig. 5b). EDX element map
(Fig. 5¢) shows the presence of carbon inside the wear track.

In this case, the severity of the contact conditions produces the loss of
wear debris (Fig. 5d), including large particles formed by adhesion of
more finely divided ones, as is characteristic of steel adhesive wear.

When heated at 110 °C, the severity of the AISI 52100-AISI 316L
contact further increases, giving rise to an abrasive mechanism (Fig. 6a-
c), clearly illustrated in the magnification of the wear track surface on



M.D. Avilés et al.

SE MAG: 400 x HV:15.0 kv WD: 15.0 mm

MAG: 1000 x_HV: 15.0 kV_WD: 16.0 mm

Wear 484-485 (2021) 204020

Fig. 7. Sapphire-AISI 316L at 75 °C: a) SEM micrograph of the wear track; b) Carbon element map; ¢) SEM micrograph of wear debris; d) Iron element map of

wear debris.

MAG: 500 x HV: 15.0 kv WD: 15.0 mm

Fig. 8. Sapphire-AISI 316L at 110 °C: a) SEM micrograph of the wear track on AISI 316L disk; b) Carbon element map.

AISI 316L shown in Fig. 6¢c. A machining chip removal mechanism can
also be observed (see details in Fig. 6¢ and d). In agreement with this
mechanism, wear debris are not only the result of particle adhesion, but
also show a chip morphology.

As expected, sapphire balls show no surface damage after the
tribological tests against AISI 316L disk. Wear track on the steel disk at
75 °C (Fig. 7a) shows an adhesive mechanism, with the presence of
carbon uniformly distributed, mainly at the bottom of the track and on
the edge (Fig. 7b). Some wear debris are also removed from the steel
surface (Fig. 7c and d).

At 110 °C lubrication with DPA of the sapphire-AISI 316L contact
produces a mild adhesive wear, with a wear track (Fig. 8a) free from
abrasion marks and also free from the high carbon concentration
(Fig. 8b) observed for steel-steel contacts. No wear debris are recovered
in this case. These observations are in agreement with friction coeffi-
cient and wear rate values shown in Table 1 and confirm the best per-
formance of DPA lubricant at 110 °C for sapphire-AISI 316L contact.

XPS surface analysis was used to determine the composition of the
surface layer on the wear track on AISI 316L disk after the tests against
AISI 52100 and sapphire balls at 110 °C, and the results are shown in

Table 2.

AISI 316L disk XPS analysis before the test shows C1s peaks at 285.0
eV, 286.6 eV and 289.2 eV. Wear tracks show additional Cls peaks
around 288 eV, assigned to C=O0 (see Table 2). O1s peaks for AISI 316L
before the test (530.6 eV, 532.4 eV and 533.9 eV) are similar to those
found inside the wear tracks. The additional 531.5 and 531.4 eV peaks
(Table 2) are assigned to the presence of hydroxide groups. Fe 2p3/2 and
Cr 2p3/2 peaks of the original disk are similar to those found after the
tribological tests (Table 2).

The main differences in the composition of the wear scar surfaces
between steel-steel and steel-sapphire (Table 2), are a decrease in total
Cls atomic percentage, in agreement with EDX observations (Fig. 8b),
and an increase in total Ols contents on stainless steel after the test
against AISI 52100 steel.

A weak Cls peak at 289.2 eV (Table 2), which could be due to
carboxylate anions, is only present after the test against sapphire.

O1s peaks for sapphire-steel at 531, 532 and 534 eV can be assigned
to metal oxides or hydroxides, carboxylate and carbonyl groups,
respectively.

For steel-steel, high concentrations of the O1s signals at 530 and 531
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Table 2
XPS surface analysis (binding energies and atomic percentages) inside the wear
track on AISI 316L disk after the tests at 110 °C.

Element  AISI 52100 ball Sapphire ball Chemical state
L. . o R assignments
Binding Atomic  Binding Atomic
energy (eV) % energy (eV) %
Cls 285.0 29.1 285.0 56.9 Aliphatic carbon
286.2 10.5 286.3 16.6 c-0
288.0 8.0 287.9 2.7 C=0
- - 289.2 2.2 COO™
Ols 530.0 13.3 - - Metal oxides
531.5 19.0 531.4 8.1 OH
- - 532.8 6.7 COO™
533.7 5.7 - - H,0
- - 534.2 1.2 Cco
N1s 400.0 1.0 400.0 1.8 HN-C
401.3 0.2 401.4 0.4 N-C
Cr 2p3/ 574.1 0.5 - - Cr (0)
2 575.9 1.8 575.2 0.2 Cr-CO
577.1 1.9 577.4 1.0 Cr-OH
578.5 0.7 578.8 0.7 Cry03
Ni 2p3/ 852.8 0.6 - - Ni(0)
2 853.9 0.1 854.1 0.2 NiO
Fe 2p3/ 706.8 1.2 - - Fe (0)
2 707.8 0.9 708.2 0.3 FeO
710.4 4.3 709.3 0.3 Fe,03
- - 711.8 0.6 FeO(OH)
713.2 0.9 - - Fe?' (satellite)

- - 714.3 0.1 Fe3* (satellite)

eV, corresponding to oxides and hydroxides are found. In particular, the
O1s peak found at 530 eV for the steel ball is assigned to iron oxide (FeO)
[46].

A strong increase in atomic percentage for the Ols signal at 531.5 eV,
corresponding to metal hydroxides, such as Ni(OH); or Cr(OH)s is
observed for the steel-steel case.

A new high O1s binding energy at 533.7 eV, with a high atomic
concentration, which is assignable to adsorbed water, is not present
inside the wear path for the sapphire ball. The fact that Ols binding
energies assignable to CO and COO groups are only detected on the steel
surface after sliding against sapphire could be attributed to a stronger
surface interaction which could be responsible for the better tribological
performance found in this case, and is in agreement with very recently
described results [47] on fatty acid derived ILs composed of quaternary
ammonium cations and carboxylate anions.

Two N1s signals are found in both cases. The most abundant peak, at
400 eV is assignable to the ammonium cation nitrogen, while the minor
peak at 401 eV could be due to N-C [41] The presence of N1s peaks from
the cation and the absence of binding energies assignable to the presence
of Fe-N has been proposed as evidence of the physical interaction be-
tween protic ammonium carboxylate lubricants and iron surfaces [41].

The main Cr2p3/2 signal at 577 eV could be due to chromium hy-
droxide, while the minor signals at 575 and 579 eV are tentatively
assigned to Cr-CO- and Cr,0s, respectively. The weak Cr (0) binding
energy at 574 eV is only present in the steel-steel wear path.

A weak Ni2p3/2 peak at 854 eV, due to NiO, is found in both cases.
Ni(0), at 853 eV, is only present in the steel-steel wear track.

Fe 2p3/2 at 708 eV, assignable to Fe30y, is only observed inside the
wear path for sapphire-steel, while Fe (0) binding energy, at 706 eV, is
only found for steel-steel. Three signals between 708 and 712 eV, pre-
sent in the stainless steel wear path after the test against sapphire, are
assigned to FeO, Fe;O3 and FeO(OH), respectively. In steel-steel, the
most abundant Fe 2p3/2 binding energy is that at 710.4 eV, due to the
presence of iron oxides.

In steel-steel pairs, strong adhesion between steel pair materials and
severe abrasion mechanisms cause lubricant failure. A similar mecha-
nism occurs for sapphire-stainless steel at 75 °C, with the significant
reduction of abrasion due to the absence of wear of the sapphire ball.

In contrast, for the sapphire-steel contact at 110 °C, the lubricant film
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is acting as friction and wear reducing. The higher contact pressure and
the lower thermal conductivity of sapphire with respect to steel, could
increase the temperature at the interface [48], thus further reducing
water content in DPA. The above discussed XPS results are in agreement
with a lower water content at the stainless steel surface after the test
against sapphire at 110 °C.

Previous results for fatty acid PILCs at room temperature have shown
that water evaporation increases friction and wear for sapphire-stainless
steel pair due to precipitation of the solid at the interface. This solidi-
fication upon loss of water does not occur when the temperature is
maintained above the melting point, thus an outstanding friction coef-
ficient reduction is achieved.

4. Conclusions

A hydrophilic diprotic ammonium palmitate ionic liquid crystal has
been studied as neat lubricant at high temperature in steel-steel and
sapphire-steel reciprocating sliding conditions.

Two temperatures were selected for tribological tests, the first one
above the transition from crystalline solid to liquid crystal mesophse,
and the second one above the transition from liquid crystalline meso-
phase to isotropic liquid.

At 75 °C, when the lubricant is in the mesomorphic region, severe
wear and high friction coefficients are found for all tribopairs.

At 110 °C, when the lubricant is in the isotropic liquid state, friction
coefficients and wear rates increase for steel-steel. In contrast, for
sapphire-stainless steel, 85% reduction in friction coefficient and 75%
reduction in wear rate is observed with respect to values at 75 °C. The
sharp friction coefficient reduction to 0.015 is only observed when a
constant temperature of 110 °C has been reached before the sliding
starts.

Wear mechanisms are severe abrasion for steel-steel pairs and mainly
adhesive wear for sapphire-stainless steel. Surface analysis of the wear
tracks show a higher concentration of metal oxides and hydroxides and
adsorbed water on the surface of stainless steel after the test against AISI
52100 steel ball at 110 °C.

The protic ammonium palmitate ionic liquid is hydrophilic and
presents two water loss steps, the first step in the temperature range
selected for tribological tests, between 70 and 135 °C. The presence of
water could favor tribocorrosion at the steel-steel interface, however,
surface analysis indicates a physical rather than tribochemical interac-
tion between the steel surface and the lubricant. The higher temperature
at the contact asperities in the case of sapphire-stainless steel could
contribute to remove a higher proportion of adsorbed water and to
enhance the tribological performance of the lubricant. Surface analysis
of the stainless steel wear track after sliding against sapphire at 110 °C,
as compared with the same surface before the tribological tests, confirms
the presence of functional groups from the lubricant, which could be
responsible for the ultralow friction coefficient.
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