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Abstract 

Nowadays the demand for intelligent control of tribological 
interactions is strongly increasing in various applications. We often 
strive to minimize friction but there are also many situations where 
high friction is desirable. In some cases, something in between, i.e. 
optimum friction, is attractive. Driven by the broad application 
prospects, many controllable friction systems regulated with external 
stimuli such as solvent, pH, temperature, electric potential, and 
magnetic fields have been designed and fabricated. When external 
stimuli are imposed on the smart materials, the macroscopic 
physicochemical properties of the materials are dramatically changed, 
making controllable friction behavior to become possible. However, 
most of these exploratory works are in nano/micro size and it is 
difficult to use these methods in macroscale directly since 
macroscopic laws of friction do not generally apply to nanoscale 
contacts. This thesis attempts to find more versatile methods of 
friction control and tries to find the possibility to achieve friction 
control at macro-size.  

Firstly, since viscosity plays an important role in 
elastohydrodynamic lubrication (EHL) at macro-size, it is 
investigated if it would be possible to adjust friction by controlling 
viscosity in a lubricated contact. By exploiting the ability to adjust the 
viscosity of the switchable ionic liquids, 1,8-Diazabicyclo (5.4.0) 
undec-7-ene (DBU)/ glycerol mixture via the addition of CO2, the 
friction could be controlled in the EHL regime (Paper Ⅰ). In order to 
understand more about the lubricating mechanism of 
DBU/glycerol/CO2 mixture, the central film thickness of the 
lubricated contact as a function of the entrainment speed was 
investigated. 

Secondly, due to that adhesion could have influence on boundary 
lubrication (BL) friction at macro-size, it is investigated if it would be 
possible to adjust friction in a lubricated contact by controlling 
environmental humidity, which can alter the H-bond types, leading to 
a change of adhesion. By exploiting the ability to adjust the 
environmental humidity by various saturated salt solutions, friction 
behavior lubricated by Choline L-Proline ([Cho][Pro]) could be 
modulated in a wide range of relative humidities (RH) (Paper Ⅱ).  
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1 Introduction 

1.1 Background 

Friction is the force resisting the relative motion of solid surfaces 
or fluid layers sliding against each other. By taking advantage of 
friction reduction, both the energy consumption and CO2 emission 
can be reduced1,2. Approximately 23 % the world’s energy 
consumption originates from tribological contacts, and friction 
reduction and wear protection in vehicles, machinery and other 
equipment worldwide can save 1.4 % of the GDP annually and 8.7 % 
of the total energy consumption in the long term; it can reduce the 
CO2 emission globally by as much as 3140 MtCO2 in the long term as 
well2. 

Often, we try to minimize friction but there are also many 
situations where high friction is desirable. While in some cases 
something in between, i.e. optimum friction is desirable. Nowadays 
both ultrahigh friction3 and ultralow friction4–7 have been studied 
extensively. Ultrahigh interlayer friction was observed when Niguès 
et al.3 investigated the friction performance of multiwalled boron 
nitride nanotubes (BNNTs), caused by the structural reorganization of 
the BNNTs layer. On the other side, not only at nano- or microscale4–

6, but also at macroscale7, ultralow friction can be attained. It was 
shown that highly oriented pyrolytic graphite, diamondlike carbon 
films and molybdenum disulfide can lead to ultralow friction under 
special lubrication conditions.  

Compared with achieving extremely high or low friction, the 
intelligent control of tribological interactions is also attractive. For 
instance, friction control is needed in many metal-forming processes, 
in which various friction behavior is desired at different locations of 
the tool/workpiece interface8. In deep-drawing processes, lower 
friction is desired in the die land zone for reducing sliding resistance 
and tensile stress of cup wall, whereas high friction is required at the 
corners for facilitating metal flow. Another example in nano-size is 
that friction control by light can be used to manipulate the gripping 
friction of a robotic finger9, in which the friction drops by a factor of 
four to five when the light is switched on. 
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Transforming the passive state of friction to an active controllable 
state can be achieved by manipulating interfacial properties and 
interactions since the frictional force depends on the interaction 
between two contacted surfaces. Currently, driven by the broad 
application prospects, many intelligent friction control systems 
regulated with external stimuli such as solvent 10,11,12, pH 13,14,15, 
temperature 16,17,18, electric potential 19,20,21, light 22,23,24, and magnetic 
field 25,26,27 have been designed and fabricated. The macroscopic 
physicochemical properties of the materials are dramatically changed, 
while external stimuli are imposed on the smart materials, leading 
controllable friction behavior become possible.  

1.2 Purpose and aims 

In general, friction between two macroscale surfaces is 
proportional to normal force. But the frictional characteristics of 
nanoscale surfaces cannot be fully described by the framework of 
Amontons' laws of friction. At the nanoscale, friction could take place 
even without an applied normal pressure and spontaneous adhesion28. 
The frictional force in nano/micro size could depend on the 
interaction between two contacted surfaces, i.e., electrostatic 
interaction, hydrophobic interaction, and adhesion effects. Thus, 
active friction control can be achieved by manipulating interfacial 
properties and interactions at the nano/micro-scale. Most of these 
measurements were performed in the absence of significant interfacial 
wear. Special care was taken to limit the applied load in the systems 
in order to avoid creating wear scars on the surface29.  

The nanoscopic/microscopic friction control is helpful for 
validating the basic principle, but the applied load is usually so low 
(in nN) that it may be ignored under actual operating conditions. 
It will be more attractive that drastically switching friction at actual 
machine operating conditions (high load, high speed, harsh 
environment etc.). However, most of current friction control methods 
do not work at the macroscale. It can be explained by that friction at 
the macroscale, often encompasses a number of phenomena that may 
not be readily mirrored in nanoscopic/microscopic experiments, such 
as elastohydrodynamic contributions, third-body effects, and chemical 
and topographical changes of rubbing interface30. Currently, 
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controllable friction at the macro-scale can be successfully achieved 
by electric potential and magnetic (detailed introduction of these 
methods can be seen in chapter 2), attributed to the strong interaction, 
e.g., electrostatic attractive/repulsive interaction and magnetic
attractive force. Finding more versatile methods of friction control at
the macro-scale can be helpful for practical application.

The purpose of this thesis is not only to find more versatile 
methods to achieve intelligent friction control, but also to explore the 
possibility of friction control under heavy load and move closer to 
practical utilization.  
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2 Summary of friction control 

In this section, various smart friction control methods regulated 
by different external stimuli are discussed. The main external stimuli 
include solvent, pH, temperature, electric potential and magnetic 
field. Our new strategies of friction control are discussed as well. 

2.1 Friction control via solvent 

The solvent can alter the micro-morphology and chemical 
composition of certain materials, leading to changes in wettability, 
surface charges, adhesion and friction. For instance, the structures of 
polymers can be switched within the various solvent. The polymer 
chains collapse to form cluster in a poor solvent, conversely the 
polymer chains swell in a good solvent.  

Recently, Leggett et al. studied the influence of different salt 
solutions on Phosphorylcholine-based Zwitterionic Polymer 
Brushes31. The coefficients of friction of poly(2-(methacryloyloxy) 
ethylphosphorylcholine) (PMPC) brushes were measured using AFM 
in salt solution with concentrations in the range of 1-300 mM. To 
evaluate the effect of cation size and valency on the nanotribological 
properties of PMPC brushes, LiCl, NaCl, KCl and CaCl2 were 
selected. From their friction results, it was found that friction 
generally decreased as the salt concentration increased. On the other 
hand, to evaluate the effect of anions on PMPC brushes, another 
series of salts were selected, including KCl, KBr, KI, and K2SO4. 
There is in general a reduction in friction coefficient as the 
concentration of salt increase, except the addition of K2SO4. Although 
the degree of swelling of the PMPC polymers is independent of the 
ionic character of the medium, the addition of ions could change the 
balance of intra- and intermolecular forces and stiffness of PMPC 
molecules, which make it possible to alter the friction behavior 
through the solvent. The controllable friction behavior of PMPC 
polymer brushes can also be found in Leggett’s previous work11. The 
friction of PMPC polymer brushes increased in the presence of 
ethanol/water mixtures at a volume fraction of 90%, which is 
attributed to brush collapse due to cononsolvency, leading to loss of 
hydration of the brush chains and hence substantially reduced 
lubrication. 



5 

The tribological properties of heterogeneous binary polymer 
brushes could be modulated by the solvent as well. Stamm et al.12 
investigated the composition dependence of friction of solvent-treated 
binary gradient brushes (polystyrene (PS) and poly (acrylic acid) 
(P2VP)). The friction coefficient of the PS + P2VP brushes treated 
with acidic water was higher than that of the PS + P2VP brushes 
treated with toluene by a factor of 4.5. PS chains were swollen and 
stretched away from the surface to preferentially occupy the top of the 
layer and P2VP collapsed on the bottom, when PS+P2VP mixed 
brushes were treated with toluene, which is the selective solvent for 
PS.  While the binary brushes treated with ethanol or acidic water 
(select for P2VP), P2VP chains were swollen and hence stretched 
away from the surface to occupy the top of the layer and PS collapsed 
on the bottom. 

Stimulus-responsive hydrogels (SRHs) are cross-linked polymer 
gels which can exhibit reversible changes in physicochemical 
properties in response to different external stimuli. The altered 
tribological properties of Poly(N-isopropylacrylamide) (pNIPAAm) 
gels was firstly investigated by Zauscher32. The gel is in the swollen 
state when imaged in water and in collapsed state when imaged in 
water/MeOH(1:1, v/v). The roughness in the collapsed state increased 
a lot compared to the swollen state, thus contact between these 
surfaces likely occurs at a multitude of contacting surface asperities. 
The COF of the collapsed gel is generally larger than that of the 
swollen gel and is mainly due to significant shearing between surface 
asperities. 

Most of the studies related to friction control through solvent are 
using AFM, since these materials could not work at heavy load. 
Irreversible interactions (i.e., wear) occurs due to the heavy load, 
which will affect the frictional response for subsequent tests. 
Therefore, a friction control strategy through solvent at heavy load is 
still challenging.  
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2.2 Friction control via pH 

It was found that the friction behavior of inorganic materials, e.g., 
Si3N4, Al2O3 and TiO2 can be altered by pH, which can change the 
electrical double-layer interaction and modulate the electrostatic 
forces between contacts. During the electrophoresis measurements, 
Gavoille et al.13 found that Si3N4 showed positive charged when the 
pH value was 3.3 and it turned to negative charge after increasing the 
pH value. Koeck et al.33 found the friction, dependent upon solution 
pH and tip composition, was interpreted in terms of the electrostatic 
interaction between two surfaces having different isoelectric points 
(IEPs) when studied pH-mediated frictional forces of Si3N4 at 
tungsten surfaces in aqueous environments. The surface is 
deprotonated at a pH above the IEPs and protonated below the IEPs. 
The altered friction behavior was reversible with changes in solution 
composition due to the reversible electrostatic forces. 

The switchable friction behavior of poly brushes modulated by pH 
has attracted more attention due to the great potential for an array of 
engineering and biomedical applications including drug delivery, 
microfluidic devices, cell culture substrates, and sensor. It was found 
that the pH-induced swelling and collapse of polymer chains via 
protonation and deprotonation is completely reversible, which can fast 
switch its practical properties34. The friction of poly(methylacrylic 
acid sodium) (PMAA) brush showed ultralow friction coefficient 
(µ~0.006) when the pH value was not larger than 7 and it showed 
moderate friction coefficient when pH value was lower than 7. When 
the pH value was lower than apparent pKa, the PMAA brushes were 
protonated and in collapsed state. On the contrary, they swell due to 
the repulsion between the carboxylate group when the pH value was 
larger than apparent pKa35. 

It was reported that the friction behavior of multilayered poly(l-
lysine) (PLL)/hyaluronic acid (HA) surfaces was sensitive to changes 
in pH33. Unlike the influence of swelling on PMAA brushes, the 
strong friction dependence of multilayered PLL/HA film on pH is not 
related to the swelling of the layers but only to the acid base 
equilibria. The equilibrium swelling behavior of multilayered 
PLL/HA film results from a balance between electrostatic screening 
and ionic crosslink breaking in the film. Recently, the friction control 
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between adsorbed layers of polyelectrolyte brush-grafted 
nanoparticles via pH-triggered bridging interactions was studied by 
Tilton et al14. The chosen pH-triggered polymer brush is poly(2-
dimethylaminoethyl methacrylate) (PDMAEMA)brush, which can 
undergo controlled changes in surface area coverage through post-
adsorption swelling or de-swelling into non-equilibrium layer 
conformations. The altered surface coverage can switch off or switch 
on particle intercalation, bridging attractions, and enhanced energy 
dissipation upon sliding.

All of these measurements above were performed in the absence 
of significant interfacial wear. Thus, special care should be taken in 
limiting the applied load in the systems in order to avoid creating 
wear scars on the surface.  

2.3 Friction control via temperature 

Hydrogels display stimulation characteristics initiated by the 
changes in the outside stimuli, e.g., solvent, pH, temperature and 
electric fields. A hydrogel manufactured to have lower critical 
solution temperature (LCST) and with LCST as a critical point, shows 
volume phase transition characteristics depending on temperature. 
Poly-NIsopropylacrylamide (PNIPAAm) is the best known of a class 
of temperature-sensitive polymers. PNIPAAm has hydrophilic 
characteristics at swelled state and hydrophobic in de-swelled state. 
Kim et al.36 found that 30% of friction force was increased by the 
transition to hydrophobic condition in glass and 80% of that in small-
intestine tissue of a pig under the normal force by a few grams mass. 
Later, nanocomposite hydrogels (NC gels), consisting of thermo-
sensitive poly(N-isopropylacrylamide) (PNIPA)/ exfoliated clay 
nanoparticles, was synthesized to study the thermo-responsive 
properties37. It was observed that the sliding frictional force decreased 
greatly on the surface of dehydrated NC gel at 50°C compared with 
its normal hydrated state at 20 °C. Similar with exfoliated clay 
nanoparticles based NC gels, graphene oxide (GO) was also used to 
synthesis thermal-responsive gels16. The addition of hydrophilic 
acrylamide (AM) in this work can reduce the dehydration. The 
friction behavior between 54°C to 65°C was controllable and 
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reversible, attributed to surface roughness and lubricating water phase 
between the two gels.  

Dedinaite et al38 studied the friction control achieved using an 
electrostatically anchored layer of a temperature-responsive block-
copolymer (poly(N-isopropylacrylamide)48-block-poly(3-
acrylamidopropyl)trimethylammonium chloride)20) where 
temperature is used as the trigger and the friction forces can be 
adjusted as required from low to high.  

The drawback of friction control of hydrogel or polymer brushes 
through temperature is that the mechanical strength of 
thermosensitive soft materials have to be improved before practical 
utilization. 

2.4 Friction control via electric potential 

Electric potential can be used as external stimulus for altering 
friction, due to the fact that it can change the surface morphology, 
chemical composition, surface charge and so on. 

In nano/micro size, the controllable friction behaviors of ionic 
liquids through electric potential were studied with AFM. Atkin et 
al.39 studied the switchable friction behavior of 1-hexyl-3-
methylimidazolium tris(pentafluoroethyl)trifluorophosphate ([HMIm] 
FAP) on highly ordered pyrolytic graphite (HOPG) surface by 
application of a potential bias. Although both negative and positive 
potentials can reduce the friction, the friction coefficient at +1.0 v is 
0.012, much lower than the values obtained at negative potentials. It 
is a consequence of the smoother anion-rich interfacial surface. Later, 
Atkin et al.40 also studied the influence of cation alkyl chain length on 
lubricity at the same negative potential. The intermediate alkyl chain 
of [BMIM]+ leads to a less defined interfacial layer than longer alkyl 
chain of [HMIM]+. 

At macro-size, Meng et al.19,20,41 studied the potential-controlled 
friction behavior of sodium dodecyl sulfate (SDS) based solutions. 
The friction increased by changing to the negative potential, attributed 
to SDS desorption on the steel surface. The SDS desorption is due to 
the repulsive force between the negatively charged surface and 
anionic surfactant. Later, Meng et al.21,42 also tried to use ionic liquids 
to replace the SDS in propylene carbonate (PC) solutions to 
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investigate the potential-controlled friction performance. The friction 
reduction of the 1-octyl-3-methylimidazolium tetrafluoroborate 
([OMIm]BF4), 1-octyl-3-methylimidazolium hexafluorophosphate 
([OMIm]PF6) and 1-decyl-3-methylimidazolium hexafluorophosphate 
([DMIm]PF6)/PC solutions illustrated similar dependence on 
electrical potential. The potential-dependent friction is owing to the 
variation of the adsorbed ion species and the surface concentration of 
the adsorbed ions under different additive concentration and electrical 
potential conditions. 

The control of macroscale surface friction by regulating the 
electric potential should be prioritized and integrated with intelligent 
devices, which is expected to alter the operational way of newly 
designed moving components and therefore relevant machines. 

2.5 Friction control via magnetic 

A Ferrofluid (FF), or magnetic fluid (MF) as it is also commonly 
referred to, consists of a stable colloidal suspension of single domain 
nanosized particles of ferri- or ferromagnetic materials in a carrier 
liquid43. The advantage of MF as lubricant is that it can be retained at 
the desired location by an external magnetic field and it can reduce 
the maintenance for the lubricant supply. 

The fluid magnetization increases with increase in concentration 
of magnetic nanoparticles, leading a reduction of friction at 
macroscale44. The reduction in friction with a magnetic field can be 
attributed to a ball bearing effect of magnetic nanoparticles. 
Furthermore, the relationship between friction and magnetic 
intensities was investigated by Wang et al44. The FF lubricant was 
retained on the rubbing surface and the low and stable friction can be 
achieved when the energy barrier of the magnetic field is high. The 
external magnetic field can draw back the escaped lubricant to the 
contact, which is an effective way of lubricant replenishment. 

The peculiar behavior of magnetic-controlled friction is that the 
magnetic particles can form wear debris and tribo-oxidation film45, 
which are harmful to the reversible friction control. 
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2.6 Friction control in this thesis 

In this thesis two ways of friction control at the macroscale have 
been investigated and the introduction of these two methods is 
described in the coming sections. 

2.6.1 Friction control through CO2 adsorption and desorption 

The atmosphere at which experiments are conducted may affect 
the friction in dry lubrication46,47, thus it has been demonstrated that it 
is possible to control friction via altering the atmosphere. Mishina et 
al.46 studied the effect of the composition of the gas atmosphere on 
the friction and adhesive wear of six different pure metals (iron, 
titanium, cobalt, nickel, zinc and gold) by using a pin-on-disc type 
wear test machine. The results showed that the friction properties of 
iron, nickel and zinc are affected differently in dry air, oxygen, and 
nitrogen atmospheres at pressures ranging from 10-5 to 105 Pa. Zhang 
et al.47 found that diamond-like carbon (DLC) film shows 
significantly different friction characteristics under different 
atmosphere (dry air, O2, N2, and vacuum) by using a ball-on-disc 
tribometer. The lowest friction coefficient (0.06) was observed in N2 
environment, whereas the highest friction coefficient (0.17) was 
observed in vacuum. The influence of the atmosphere on the friction 
behavior of fluid lubrication has been studied as well. Lee et al.48 
revealed that friction coefficient and the amount of wear of sliding 
surfaces in the compressor became larger due to the increased 
pressure of CO2, when polyol ester was used as lubricant. Their 
studies, however, did not address the possibility of friction control by 
atmosphere environment. 

It is reported that the viscosity of switchable ionic liquids can be 
increased by up to an order of magnitude after absorbing 
CO249.Viscosity is the most essential feature of lubricants, as it 
enables them, given the right conditions, to separate two solid bodies 
in relative motion50. Switchable ionic liquids /CO2 binding organic 
liquids(CO2BOLs) are the mixtures of an alcohol and an amidine or 
guanidine, based on Jessop’s switchable solvent51–53, which can 
capture and release CO2 efficiently. The mechanism of capturing CO2 
is that an amidinium or guanidinium alkylcarbonate salt is formed 
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after absorbing CO2. By heating or bubbling another gas, the CO2 will 
be reversibly released and the low viscosity liquid is obtained again. 
Inspired by the controllable change in viscosity of switchable ionic 
liquid under CO2 atmosphere, it seems that CO2 has the potential to be 
used to control tribological performance. Pohrer et al.54 found a 
significant change in viscosity after absorbing CO2 but the change of 
viscosity could not affect the friction property. The possible 
explanation is that the friction test in their work was operating in 
boundary lubrication where viscosity of lubricants has almost no 
significant impact on friction. Elastohydrodynamic lubrication (EHL) 
is a more appropriate lubricating regime to evaluate the influence of 
viscosity on friction, since the viscosity is considered to be one of the 
best single parameters for assessing the performance of fluid film 
lubrication. 

 In Paper I, switchable ionic liquids, able to capture CO2 in a 
controlled manner, were used as lubricants. The ability to adjust the 
viscosity of switchable ionic liquids was exploited by studying 
mixtures of glycerol and 1,8-Diazabicyclo (5.4.0) undec-7-ene (DBU) 
while CO2 was added. 

2.6.2 Friction control through humidity 

In various fields of applications, tribo-systems are required to 
work without damage under changing environmental conditions, 
while in many outdoor applications temperature and relative humidity 
(RH) can undergo large variations because of geographical and 
seasonal changes. The effect of humidity on tribological performance, 
however, seems not to be given the same importance as other 
environmental factors (e.g., temperature and atmosphere)55. Water, in 
the form of moisture for unlubricated contacts or water absorbed by a 
lubricant from the environment, can have a significant effect on the 
tribological performance. However, the influence of humidity on 
friction is complicated and there is no universal law. Even for dry 
lubrication, the addition of water can have different effects. For 
example, absorbed water in high RH is of benefit to reduce friction of 
graphite and diamond56,57 while molybdenum disulfide (MoS2) only 
has low friction in vacuum and dry conditions, and the friction 
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increases with absorbed moisture58. These studies, however, did not 
address the possibility of friction control by environmental humidity. 

Ionic liquids (ILs) have gained much attention due to the unique 
characteristics, including wide range of viscosity levels, low vapor 
pressure, low volatility, low melting point, superior thermal stability, 
high combustion temperature and high miscibility with organic 
compounds59,60.  Owing to the significant advantages such as 
biodegradability, non-toxicity, and environmentally benign features, 
green ILs have attracted tremendous interests from researchers in the 
fields of biomass pre-treatment and lubrication61,62,63.  

Most ILs are hygroscopic and it’s difficult to remove water 
completely unless subjected to very special treatment. Moreover, 
practical application of ILs in lubrication will in most cases inevitably 
involve the exposure of these lubricants to humid conditions. As one 
ubiquitous component of the atmosphere, humidity/moisture was 
taken into consideration when the interfacial properties of ILs was 
firstly examined by Seddon64. After that, experimental and 
computational studies conducted on ILs revealed that absorbing 
moisture can dramatically change physical and chemical 
properties65,66,67. 

Our previous work and several studies from other research groups 
have indicated that [Choline][amino acid] based green ILs can 
potentially be used as environmentally friendly lubricants68,69,70,71. We 
also found that Choline Proline [Cho][Pro] was highly hygroscopic 
when its elastohydrodynamic performance 72 was investigated. This 
means that [Cho][Pro] has high potential to be able to capture 
moisture when used as lubricant. In paper II, we set out to investigate 
if it would be possible to adjust friction by controlling the 
environmental humidity in a lubricated contact. 
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3 Materials and Methods 

In this section, the materials and methods used for investigating 
the tribological and rheological behaviors are presented. The theory of 
film thickness calculation is discussed as well. 

3.1 Friction control through CO2 adsorption and desorption 

When exploiting the possibility of friction control through CO2, 
the friction behavior is investigated in full film lubrication regime. 
The pressure–viscosity coefficients of the different 
DBU/glycerol/CO2 solutions were calculated by the Hamrock–
Dowson equation. 

3.1.1 Friction test 

In Paper I, the EHL friction behavior of the DBU/glycerol/CO2 
mixtures was investigated in a WAM (Wedeven Associates machine) 
ball-on-disc test apparatus, model 11A, at room temperature (ca 
25°C), at a load of 100 N (1.35 GPa maximum Hertzian pressure), 
with an entrainment speed between 1-5 m/s and a slide-to-roll ratio 
(SRR) between 0 -100% (0-1). Before each test, the device and 
specimens were thoroughly cleaned with acetone and ethanol. 
Thereafter, the specimens, the ball and the disc were assembled. Then 
the relative position of the ball and disc was corrected to pure rolling 
and the desired slide-roll ratio was set. The disc was constantly 
lubricated using a recirculation pumping system attached to the test 
rig. A full description of this equipment has been reported 
previously73. 

All specimens used in the tests, both balls and disc were made 
from AISI 52100 bearing steel. The balls were taken directly from the 
factory and the disc was processed in the same way as bearing 
raceway material. The balls were grade 20 with a surface roughness 
(Ra) of 30 nm, an outer diameter of 20.637 mm, and a hardness of 
about 60 HRC. The disc had a surface roughness (Ra) of 90 nm, 101.6 
mm as outer diameter, a circumferential grind and were through 
hardened to about 60 HRC.  
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3.1.2 Viscosity 

The viscosities of the DBU/glycerol/CO2 mixtures were measured 
at 25°C using a CVO Bohlin Rheometer. The low viscosity samples 
were measured with the bob/cup geometry, i.e. cylinder in cylinder 
geometry with a clearance of 1.25 mm. 
The shear rate was increased logarithmically from 0 to 100 s-1. The 
high viscosity samples with the cone/plate geometry, cone-angle =1°, 
cone radius R= 10 mm, at a constant shear rate of 10 s-1. 

3.1.3 Film thickness 

The WAM-11 was used to investigate the formation of a 
lubricating film for the DBU/glycerol/CO2 mixtures. A super-polished 
steel ball with a roughness of 10 nm (Ra) was brought into contact 
and loaded against a glass disc coated with a chromium semi-
reflecting layer with a roughness of 1 nm (Ra). The chromium layer 
acts as a beam splitter to enable interferometric measurements of film 
thickness. The disc and the ball were driven by separate motors. 
During the tests, the steel ball was partially submerged in the 
lubricant. The lubricant was entrained into the contact by the ball and 
formed a lubricating film. A full description of this process has been 
reported previously74. 

A microscope and a CCD camera were used to capture the 
chromatic interference pattern which occurs when the contact was 
illuminated by white light. The thickness of the lubricant film formed 
in the contact area was calculated by the interference color evaluation 
technique75. The setup made it possible to measure the film 
thicknesses between 80 nm and 800 nm. The elastic modulus and 
Poisson's ratio were 64 GPa and 0.2 respectively for the glass disc, 
and 210 GPa and 0.3 respectively for the AISI 52100 steel ball. The 
outer diameter of the steel ball was 20.625 mm and that of the glass 
disc was 114.3 mm. Since the glass supports a maximum Hertz 
pressure of approximately 0.6 GPa, a load of 25 N was applied to 
generate a maximum Hertzian contact pressure of 0.5 GPa and a mean 
contact pressure of 0.33 GPa in this study. The disc and the ball were 
run in the pure rolling mode, and the entrainment speed was in the 
range 0.02–1.1 m/s. All tests were carried out at room temperature (ca 
25°C).  
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The Hamrock–Dowson equation76 was employed here to calculate 
the a-value of the different DBU/glycerol/CO2 solutions. The 
Hamrock–Dowson central film thickness equation is defined as 
follows: 

HC=1.345RxU0.67G0.53w-0.0067Co (1) 
where 

U= ηoUe

RxE' (2) 

W=
2·FN

Rx
2·E' (3) 

G=2αE'   (4) 
Co=1-0.61e-0.752(Rx/Ry)0.64 (5) 

Ue= U1+U2
2

(6) 
where Rx is the radius of curvature of the ball in -x-direction, Ry is the 
radius of curvature of the ball in -y-direction, U is the dimensionless 
speed parameter, U1 is the ball speed (mm/s), U2 is the disc speed 
(mm/s), G is the materials parameter, W is the load parameter, Co is the 
ellipticity influence, η0 is the viscosity at atmospheric pressure (Pas), E′ 
is the equivalent Young modulus (Pa), FN is the normal force (N) and 
α is the pressure–viscosity coefficient (Pa−1). Since all parameters, 
except the pressure-viscosity, are known it is possible to compute a. 
One must, however, understand that effects of inlet shear thinning and 
heating are not taken into account and this implies that the absolute 
value of a may be affected by relatively large errors. Still it is possible 
to compare the computed values obtained in the same setup. 

3.2 Friction control through humidity 

When exploiting the possibility of friction control through 
humidity, the friction behavior is investigated in boundary lubrication 
regime.  

3.2.1 Friction test 

In paper II, the lubricities of the [Cho][Pro] under different 
humidities were investigated using an Optimol SRV-III oscillating 
friction test rig. The upper steel ball (52100 bearing steel, diameter 10 
mm, surface roughness (Ra) 20 nm, provided by SKF, Sweden) slides 
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under reciprocating motion against a circular disk. The tested disc is 
made of steel (100CR6 ESU hardened, Ø24 mm 7.9 mm, and surface 
roughness (Ra) 120 nm), supplied by Optimol Instruments Prüechnik 
GmbH, Germany. Before each test the device and specimens were 
cleaned with acetone and ethanol. Before each test, 0.03 g [Cho][Pro] 
was dropped on the disc as lubricant. The tests were conducted under 
the load of 5 N (0.8 GPa maximum Hertzian pressure) at room 
temperature (25°C), a sliding frequency of 50 Hz, and an amplitude of 
1 mm. The friction coefficient curves were recorded automatically 
with a data acquiring system linked to the SRV-III tester. After the 
tests, 3D topography of the disc surfaces and ball surfaces were 
determined using an optical system (Zygo 7300). It was recorded 
from the optical interferometric profilometer using 2.75´ optical 
magnification. 

3.2.2 Viscosity 

The viscosities of [Cho][Pro] containing different water contents 
were measured at 25°C using a CVO Bohlin Rheometer. The 
viscosity samples were measured with the cone/plate geometry. The 
shear rate was increased logarithmically from 0 to 100 s-1. 

3.2.3 Film thickness 

According to Hamrock-Dowson theory for elastohydrodynamic 
lubrication (EHL) of point contacts, the minimum film thickness, Hc 
can be calculated from equation(7) 77.  

 𝐻" = 3.63𝑅(𝑈*.+,𝐺*../𝑊1*.*23(1 − 𝑒1*.+,8) (7) 

where k is the ellipticity parameter,	and 
𝑈 = >?@A

BCDE
  (8) 

𝑊 =
𝐹G

𝑅(H ∙ 𝐸K
 (9) 

𝐺 = 𝛼𝐸K   (10) 
where U is the dimensionless speed parameter, G is the materials 
parameter, W is the load parameter, Rx is the radius of curvature of the 
ball in x-direction, η0 is the viscosity at atmospheric pressure (Pas), Ue 
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is the entrainment speed (mm/s), E′ is the equivalent Young modulus 
(Pa), FN is the normal force (N) and α is the pressure–viscosity 
coefficient (Pa−1). All of these are known except α. An approximation 
of this parameter for [Cho][Pro] at 25 °C is 8.0 GPa−1 has been 
computed when the water content is low than 15% in the previous 
work 72. Although we could not get the exact value of pressure–
viscosity coefficient with 20%, 25% and 30% water content, we know 
that pressure–viscosity coefficient will decrease after adding more 
water into [Cho][Pro].

In reciprocating motion, taking consideration of the changing 
speed, the minimum film thickness can achieve the largest value when 
calculated by the maximum sliding velocity. The maximum sliding 
speed can be calculated from equation (11): 

𝑈MN( = 𝜋𝑓𝐿    (11) 
where f is the sliding frequency, L is the stroke length. 

The lubrication regime can be distinguished by the method of 
using the film parameter, i.e. the ratio of the theoretical minimum film 
thickness, and can be calculated from equation (12) 78: 

𝜆 =
ℎ"
𝜎
=

ℎ"
U𝜎VH + 𝜎HH

(12) 

where s is the combined surface roughness and s1 and s2 are the 
surface roughness of the ball and disc, respectively.  
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4 Main results and discussion 

In this section the results generated with tribometers and 
rheometer described in the aforementioned sections are presented and 
discussed. 

4.1 Friction control through CO2 absorption and desorption 

The thermogravimetric analyzer (TGA) curve for the mixture of 
DBU and glycerol in 3:1 molar ratio as a function of time is presented 
in Fig.1. After 1 hour’s absorption, the maximum CO2 loading 
achieved 32% of the theoretical loading. The decomposition 
temperature of DBU/glycerol/CO2 is 60°C79, and the desorption only 
took approximately 15 minutes at 65°C. The weight loss was even 
larger than the weight of CO2 absorbed after 10 minutes’ desorption, 
which indicated that part of the DBU was evaporated during the TGA 
measurement.        

Fig. 1. CO2 absorption and desorption on the mixture of DBU and glycerol in 
3:1 molar ratio by TGA (absorption at 25°C for 60 min; desorption by N2 at 
65°C for 15 min).       

Considering the absorption/desorption and viscosity properties of 
DBU/glycerol/CO2 mixtures, four mixtures with lower CO2 loadings 
(0%, 7%, 14% and 21%) were prepared to investigate the tribological 
properties. Photos of these samples are shown in Fig. 2(a). It is 



19 

obvious that absorption of CO2 has a strong effect on viscosity. The 
viscosity of the liquid increases with increasing CO2 loading (Fig. 
2(b)), from 0.15 𝑃𝑎 ⋅ 𝑠 to 1.3 𝑃𝑎 ⋅ 𝑠, which stays in a good viscosity 
range for the EHL friction study. The viscosity is relatively 
insensitive to shear rate in the measured range as illustrated in Fig 
2(b), which will ensure a good friction measurement. 

Fig. 2. (a)Photos of DBU/glycerol mixtures with different loading of CO2, (b) 
Viscosity at different shear rates after CO2 absorption at different levels in 
DBU/glycerol mixtures. 

The first EHL study was a qualitative analysis with the aim of 
capturing general trends of the friction coefficient with and without 
CO2. Different slide-to-roll ratios (SRR) and entrainment velocities 
were used and the result is presented in Fig. 3(a). Friction coefficients 
versus SRR and entraining velocities were measured with fluids 
without CO2 and with approximately 7% CO2 loading. The results 
clearly show that introducing CO2 to the mixture reduced friction at 
all investigated entrainment speeds. 
EHL friction is greatly influenced by the pressure-viscosity behavior 
of the lubricant. When CO2 is added, it is likely that the pressure-
viscosity coefficient is reduced and thus also friction. The film 
thickness increase itself may also alter the friction since the average 
Couette shear rate is reduced when the film becomes thicker. 

To better understand the role of CO2 in controlling friction, the 
prepared DBU/glycerol mixtures with different CO2 loading (0%, 7%, 
14% and 21%) were used for studying the relationship between the 
friction coefficient and CO2 loading. The recorded friction 
coefficients as a function of CO2 concentration in the lubricants are 
shown in Fig. 3(b). At low SRR it is again shown that the friction 
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coefficient is reduced with increasing CO2 concentration. The trend 
was very similar at high SRR´s with decreasing friction with 
increasing concentration of CO2, except for the specimen of 21% CO2 
loading where the friction remained more or less constant at SRR 
higher than 75%. Here, the friction becomes larger than the mixtures 
with 7% and 14% CO2 loading.  

Fig. 3. (a) Friction coefficients as function of SRR and entraining velocity; (b) 
Friction coefficients at an entrainment speed of 3 m/s and a contact pressure of 
1.35 GPa for liquids with different CO2 loading as function of SRR; (c) Friction 
coefficients at an entrainment speed of 3 m/s and a contact pressure of 1.35 
GPa for liquids with different CO2 loading at low SRR; (d) Central film 
thickness as function of the entrainment speed in elastohydrodynamic 
lubrication contact for DBU/glycerol/CO2. 

This may be explained by the contradicting effects of CO2 and 
SRR. The viscosity becomes higher as CO2 loading increases but at 
higher SRR the high shearing and thus thermal heating may reduce 
the viscosity at the inlet to the EHL contact and thus also reduce the 
film thickness, with an increase in friction as a result. Yet, another 
possible explanation is that the switchable ionic liquids decompose at 
high shear rate. The decomposition temperature of DBU/glycerol/CO2 
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is 60°C79 , which would indicate that the energy required in this 
decomposition reaction to break down the bonds present in the 
substance is not very high. It is possible that this temperature can be 
reached locally in the high-pressure contact.80 

The friction behavior of the specimens after CO2 desorption was 
investigated as well. In order to enhance the desorption of CO2, 
heating, stirring and bubbling with N2 gas were applied. The 
regeneration temperature was set to 65 °C, same as the desorption 
temperature in TGA. After half an hour’s desorption, the CO2 loading 
decreased from 14 % to 10 %, and the friction behavior before and 
after desorption are shown in Fig. 3(c). For the mixture with partial 
desorption CO2, the expected increase in friction occurred at low 
SRR. 

In order to understand more about the lubricating mechanism of 
DBU/glycerol/CO2 mixture, the central film thickness of the 
lubricants as a function of the entrainment speed was investigated 
experimentally. The central film thickness for the different lubricants 
is shown in Fig. 3(d). At a CO2 loading below 14%, the central 
thickness increases linearly with increasing entrainment speed when 
plotted on a logarithmic scale. For the sample with 14% CO2 loading, 
the central thickness shows a linear relationship when the entrainment 
speed is lower than 100 mm/s. As can be seen in Fig. 3(a), the opacity 
of the fluid is increased with higher CO2 loading. This creates a 
problem with the interferometry measurements and the mixture with 
21% CO2 loading could not be measured. 

The experimental data were fitted using the following power 
function which is derived from the Hamrock-Dowson equation76: 

HC=a×Ue
b (1) 

Where HC is the central film thickness (nm), Ue is the 
entrainment speed (mm/s), a and b are constants. For 0 % CO2 
loading, 7% CO2 loading and 14% CO2 loading, the film thickness 
increased with the entraining speed at a rate of 𝑈\*.+/, 𝑈\*.2* and 𝑈\*.2H 
respectively. This indicates that the lubrication film formation of 
DBU/glycerol mixture is slightly more sensitive to the entrainment 
speed at higher CO2 loadings. 

As mentioned, the pressure-viscosity relationship has a large 
impact on the viscosity inside the EHL contact, and thus also the EHL 
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full film lubrication friction. Let us, for simplicity, use the concept of 
a pressure-viscosity coefficient, see for example the work of Hamrock 
and Dowson76. According to their film thickness equation, the 
pressure-viscosity coefficient is one of the most important factors that 
affect the film thickness in the EHL regime. Based on Van Leeuwen's 
work81, the Hamrock–Dowson equation can be used to calculate the 
pressure–viscosity coefficient, a, from film thickness data and this 
equation is considered to be superior to other equations used.  

Table. 1. Calculated pressure–viscosity coefficients for DBU/glycerol/CO2 
mixtures with different CO2 loading. 

lubricant 0% CO2 
loading 

7% CO2 
loading 

14% CO2 
loading 

α (×10−9 Pa−1)  23.31 19.07 17.59 

The calculated pressure–viscosity coefficients for the lubricants 
are listed in Table 1. The pressure-viscosity coefficient decreases with 
increasing CO2 loading, which maybe is one of the reasons for the 
observed trend with lower friction coefficient with increasing CO2 
loadings. A lower pressure-viscosity coefficient will lead to lower 
local viscosity in the high-pressure zone of the contact and therefore 
lower friction. Low pressure-viscosity has been given as an 
explanation for low friction in other fluids, for example glycerol82,83.  

4.2 Friction control through environmental humidity 

Before getting basic understanding of the role of humidity in 
controlling friction, the water absorption kinetics at different RH 
should be studied. Björling et al. 72 studied the water absorption 
kinetics of [Cho][Pro] at one specific humidity (15% RH). Herein, we 
studied the absorbed moisture in [Cho][Pro] at different 
environmental humidities at 25°C, presented in Figure 4. The various 
RH was achieved by the prepared saturated salt solution. The ionic 
nature of the ILs essentially makes them hygroscopic, and complete 
drying of ILs is extremely difficult 84. Before the absorption kinetic
test, [Cho][Pro] was heated in vacuum oven at 70°C for 2 hours to 
ensure that the water content is lower than 0.1 wt.%. As shown in 
Figure 4, even in the case of the lowest RH (8%), the absorbed water 
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content in [Cho][Pro] reached 8.9% after being exposed to humid air 
for approximately 3 hours. Thus, the absorption of moisture can not 
be neglected during practical application of [Cho][Pro]. On the other 
hand, not only is it sensitive to moisture, but also a large range of 
water contents can be achieved through altering environmental 
humidity. 

Figure 4. Water absorption kinetics at 25°C and different RH 

After the water absorption kinetics of [Cho][pro] was understood, 
the possibility to control friction trough environmental humidity was 
investigated, as shown in Figure 5(a). After the initial turns, stable 
friction values were observed for the tests in the RH of 8%, 33% and 
54%. The friction coefficient reached a steady state after 10 minutes 
in 75% RH. However, the friction kept increasing continuously when 
the RH reached 94%. The changing trend in the measured friction 
coefficient values in the presence of different environmental humidity 
respectively was obvious. Generally, the higher RH, the higher 
friction. In the presence of humid air, taking the average value over 
the last 5 minutes of each test (shown in Figure 5(b)), 8%, 33%, 54% 
&75% RH exhibited mean friction coefficient values of 0.083, 0.110, 
0.134 and 0.171, respectively.  

Since absorbed moisture is the major substance with significant 
volatility, the water content after friction test can be deduced by 
increased water weight. The water contents were found to be 3.2%, 
8.4%, 17.3%, 23.6%, 34.5% respectively. Herein, the water 
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absorption rate is faster than the results in Figure 4, most likely 
because of the sliding motion. The sliding motion, which induced 
shear and heat inside the fluid film, is increasing the absorbing rate or 
evaporating rate, and that explains why equilibrium state was 
achieved far quicker than shown in Figure 4. 

Figure 5. (a) Friction coefficient at different RH, (b) Mean friction 
coefficient over the last 5 minutes 

To further study the possibility of online friction control through 
humidity, friction coefficient behaviors with both increasing and 
decreasing humidity were investigated.  

Firstly, [Cho][Pro] was added between a ball and disc and 
absorbed moisture in the unclosed chamber (20% RH) for 60 minutes. 
After that, saturated sodium dichromate solution was placed in the 
closed chamber to create a higher RH(54%). The adjustable friction 
behavior after that humidity was switched from 20% to 54% is 
presented in Figure 6(a). The increase in friction lasted approximately 
1 hour and then a relatively stable friction coefficient was observed. 
Secondly, in order to investigate the influence of decreased humidity, 
[Cho][Pro] that had absorbed moisture at 54% RH for 60 minutes was 
used as initial lubricant. Then to reduce the environmental humidity, 
the chamber of the SRV friction test rig was opened to ensure that the 
RH was approximately 20%, i.e. same as in the rest of the lab. As 
shown in Figure 6(b), in the first half hour, the friction was at a 
relatively stable level, and then started to decrease. The slow 
reduction may be caused by the low evaporating rate of water in ILs. 
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Figure 6. Online friction control behavior through humidity: (a) 
absorbing moisture under higher environmental humidity (54% RH); 
(b) evaporating water under lower environmental humidity (20% RH)

The absorbed water interact with ILs by forming hygrogen 
bonds, which can modulate the ion-ion interactions and thus can 
modify the organization of the ions 85. In the structure of the 
[Cho][Pro] molecule, carboxylate can act as hydrogen bond acceptor, 
while choline hydroxyl group can be both hydrogen bond donor and 
acceptor; other H bond active groups can be found in the side chains 
of polar amino acids (e.g., serine, glutamic acid). These 
characteristics lead to the conclusion that [Cho][Pro] has the ability of 
absorbing plenty of water, thus it can be used to modulate the friction 
in a wide range of environmental humidity. 

For Choline Amino acid based ILs, the excellent tribological 
properties are related to the formation of a physically adsorbed film 
on the metallic surface, which can effectively prevent the friction 
pairs from direct contact during rubbing 71. Images of the disc 
surfaces after friction testing in this work are shown in Figure 7. 
Based on the stable friction behaviour, it is found that the friction can 
be controlled through moisture when the RH was not higher than 
54%. Herein, it is also found that the wear scars in these conditions 
are barely distinguishable, and the measured surface roughness was 
approximately the same magnitude as the original lapped surface, i.e., 
around 50 nm Ra. Therefore, no attempt was made to quantify the 
wear coefficient. At 75% RH, the wear scar was slighly more obvious 
than thoses at lower RH. Furtheremore, as shown in Figure 7(e), the 
wear became severe at 94% RH while the stable friction could not be 
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reached under this condition. In other words, the failure of friction 
control under extremely high RH may be caused by the changed 
interfacial structure.  

Figure 7. 3D images of disc at various RH: (a) 8% (KOH), (b) 33% 
(MgCl2), (c) 54% (Na2Cr2O7), (d)75% (NaCl) and (e) KNO3,94% 

From the severe wear observed at higher RH, it can be infered 
that the tribo film was broken down during the friction test. The loss 
of excellent antiwear ability could be caused by the persence of free 
water at 94% RH, while the water state keep bound water at lower 
RH. The presence of water in the ILs also largely affects the interionic 
interactions and alters their physical properties such as viscosity. 
After frition test, it was also found that the viscosities of lubricants 
varied significantly. The viscosites of [Cho][Pro] with different water 
content were investigated and Figure 8 shows how the viscosity 
decreases as a function of water content. The viscosity is relatively 
insensitive to shear rate in the measured range when the water content 
is below 20%. 
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Figure 8. Viscosity measurements of [Cho][Pro] as prepared and 
[Cho][Pro] with different water contents. 

Table 2. Calculated film thickness and film parameter 
Water content 15% 20% 25% 30% 
α (×10−9 Pa−1) 8 ＜8 ＜8 ＜8 

Hc (nm) 67.7 ＜39.8 ＜26.3 ＜20.2 
l 0.521 ＜0.306 ＜0.203 ＜0.155

The calculated minimum film thicknesses and film parameters 
are listed in Table 2. All the calculated film parameters are smaller 
than 1, which means that the tests were performed under boundary 
lubrication and therefore the viscosity difference between the 
lubricants will have small effect on friction. Instead, other factors 
such as adhesion plays a significant role in controlling tribological 
performance 86,87. Liu et al.87 has confirmed that the lubricating 
mechanism of ILs under low load is mainly attributed to the 
absorption ability of ions on the substrate surface. Thus, the friction 
behaviours altered by the environmental humidiy is probably 
influenced by the effect of adhesion on the water uptake from humid 
air by the [Cho][Pro]. The tribological behaviors lubricated by ILs 
after absorbing small amounts of water have been investigated by 
several researchers 88,89,90,91,92,30,93. Although the tribological 
performances in these studies varied depending on the particular 
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substrate/environment combination and experimental conditions, it 
has been found that the presence of water in ILs at the interface 
changed the adhesion, which contributed to altered friction 88,89,30,93. 

Another possible explaination is that the absorbed water in ILs 
can have a strong impact on the properties of a layer of IL confined 
between polar counterparts, based on the investigation using atomic 
force microscopy- and surface forces apparatus88–90,94,95. In particular, 
in the case of hydrophilic ILs, the large amount of absorbed water in 
ILs change the organization of hydrophilic ILs. Spencer et al. 89 found 
that ambient RH not only leads to significant water uptake by 
hygroscopic ILs, but also is expected to affect the organization of ILs 
film layers. The layers thickness is increased, due to the fact that 
water hydrates the anion and expands the structure across the gap, 
characterized  by extended surface forces apparatus (eSFA) and 
colloidal-probe latertal force microscopy (CPM). Later, Espinosa-
Marzal et al. 90 also found a mild swelling of the nanostructure using 
wide-angle X-ray scattering, when [HMIM]EtSO4 was exposed to 
ambient humidity. It could be related to the induced weakening of the 
electrostatic interactions and hydrogen bonding between anion and 
cation by the water molecules.		Presumably, this phenomenon could 
occur also for [Cho][Pro] and polar surfaces, including steel surfaces.  

Furthermore, it is also necessary to point out the influence of 
water concentration on the organization of the ILs layers, which is 
modulated by environmental humidity. As disccused above, the 
controllable friction behavior enabled in a wide range of humidity is 
attributed to the plenty of hydrogen bond donor and acceptor found in 
[Cho][Pro]. More importantly, Gontrani et al. found that the types of 
hydrogen bonds in Choline based ILs/water mixtures could be 
determined by the water content, based on their molecular simulation 
and experimental studies 96,97. As schematically shown in Figure 9(b), 
the water molecules prefer to establish H-bonds with the cations and 
anions in the case of lower water content. With the water 
concentration increase, IL pair formation decreases and H-bonds 
between water-water formed, shown in Figure 9(c). Thus, the active 
controllable friction could be attributed to the reversible changes of 
H-bonds types. However, in the case of hydrophilic ILs, the shift of
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the slippage plane, i.e., from ionic plane to the solid/liquid interface, 
is still uncertain and need further investigation. 

Figure 9. Schematic interpretation of the interfacial structures of 
[Cho][Pro] on steel surface (a)without water; (b) lower water 
content/RH; (c) higher water content/RH 
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5 Conclusions and future work 

In addition to previously described methods, two new friction 
control strategies at macro-scale have been reported in this thesis: 

(1) The friction control could be obtained by adding CO2 to
switchable ionic liquids. The modulation of friction is based on the 
switch of viscosity depending on CO2 loading. The EHL friction in 
ball-on-disc test switches to a lower value when CO2 is absorbed, and 
it turns higher when CO2 is released. The controllable friction is 
attributed to the altered viscosity and pressure-viscosity coefficient 
with the addition of CO2.  

(2) Friction control could also be obtained by altering the
environmental humidity in [Cho][Pro] lubrication. The boundary 
friction increases at higher RH and it turns lower when partial water is 
evaporated under lower environmental humidity. The controllable 
friction is attributed to the altered H-bonds types modified by the 
water content. 

In paper Ⅰ, friction control is enabled by adjusting the viscosity 
of switchable ionic liquids through CO2 absorption and desorption. 
The used switchable ionic liquids in this work are dual-component 
systems (DBU and glycerol), which have drawbacks, e.g., relatively 
high volatility of the constituents. Now the new generation of 
switchable ionic liquids are single-component systems, which have 
lower viscosity and no limited mass transfer problem. Therefore, for 
future work, the single component system switchable ionic liquids 
could be more optimal to use for controlling friction through CO2 
absorption and desorption. 

In Paper Ⅱ, the humidity dependent friction behavior of 
[Cho][Pro] was investigated. Its solubility and lubricity could be 
affected by CO2 absorption as well. Thus, it is possibly that 
[Cho][Pro] is used as additives into based oils (glycerol, PEG, etc.) 
for friction control through CO2 absorption. 
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A smart friction control strategy 
enabled by co2 absorption and 
desorption
Jing Hua  1, Marcus Björling  1, Mattias Grahn2, Roland Larsson1 & Yijun Shi1

intelligent control of friction is an attractive but challenging topic and it has rarely been investigated 
for full size engineering applications. in this work, it is instigated if it would be possible to adjust friction 
by controlling viscosity in a lubricated contact. By exploiting the ability to adjust the viscosity of the 
switchable ionic liquids, 1,8-Diazabicyclo (5.4.0) undec-7-ene (DBU)/ glycerol mixture via the addition 
of co2, the friction could be controlled in the elastohydrodynamic lubrication (EHL) regime. The friction 
decreased with increasing the amount of co2 to the lubricant and increased after partial releasing co2. 
As co2 was absorbed by the liquid, the viscosity of the liquid increased which resulted in that the film 
thickness increased. At the same time the pressure-viscosity coefficient decreased with the addition of 
co2. When co2 was released again the friction increased and it was thus possible to control friction by 
adding or removing co2.

Friction is the force resisting the relative motion of solid surfaces or fluid layers sliding against each other. Often, 
we try to minimize friction but there are also many situations where high friction is desirable. While in some 
cases something in between, i.e. optimum friction is desirable. Nowadays both ultrahigh friction1 and ultralow 
friction2–5 have been studied extensively. Ultrahigh interlayer friction was observed when Niguès et al.1 investi-
gated the friction performance of multiwalled boron nitride nanotubes (BNNTs), caused by the structural reor-
ganization of the BNNTs layer. On the other side, not only at nano- or microscale2–4, but also at macroscale5, 
ultralow friction can be attained. It was shown that highly oriented pyrolytic graphite, diamondlike carbon films 
and molybdenum disulfide can lead to ultralow friction under special lubrication conditions. Compared with 
achieving extremely high or low friction, the intelligent control of tribological interactions is also attractive6–9. For 
example, friction control by light can be used to manipulate the gripping friction of a robotic finger9, in which the 
friction drops by a factor of four to five when the light is switched on.

Some other methods have also been employed to control friction10,11. Meng et al.10 found that the friction 
coefficient of the brass/silicon dioxide couple sliding material pair was controllable between 0.06 to 0.21 by apply-
ing a certain range electric voltage on the material pair measured by a self-made friction tester under a load of 
9.8 N (Hertzian contact pressure ≈ 610 MPa). The friction of poly methylacrylic acid sodium (PMAA) brushes 
can be controlled via pH value under a constant load of 0.5 N (Hertzian contact pressure ≈ 0.23 MPa)11. PMAA 
showed ultralow friction coefficient (μ ∼ 0.006) under both neutral (pH ≈ 7) and basic (pH ≈ 12) solutions 
whereas at low pH value (pH ≈ 2), the negative carboxylate groups were rapidly protonated and the PMAA brush 
fully collapsed and dehydrated, which led to ultrahigh friction (μ > 1). However, one of the limitations of these 
studies is that the loads in these experiments are quite low. Instead, running experiments with full size from the 
real application has the advantage of giving realistic results in terms of power losses depending on lubricant type, 
load, speed and operating temperature12.

The atmosphere at which experiments are conducted may affect the friction in dry lubrication13,14, thus it has 
been demonstrated that it is possible to control friction via altering the atmosphere. Mishina et al.13 studied the 
effect of the composition of the gas atmosphere on friction and adhesive wear of six different pure metals and 
Zhang et al.14 found that the diamond-like carbon (DLC) film shows significantly different friction characteristics 
under different atmosphere. The influence of the atmosphere on the friction behavior of fluid lubrication has 
been studied as well. Lee et al.15 revealed that friction coefficient and the amount of wear of sliding surfaces in the 
compressor became larger due to the increased pressure of CO2, when polyol ester was used as lubricant. Their 
studies, however, did not address the possibility of friction control by atmosphere environment.

1Division of Machine Elements, Luleå University of Technology, 97187, Luleå, Sweden. 2Division of Chemical 
Engineering, Luleå University of Technology, 97187, Luleå, Sweden. Correspondence and requests for materials 
should be addressed to Y.S. (email: yijun.shi@ltu.se)

Received: 29 April 2019

Accepted: 30 August 2019

Published: xx xx xxxx

open



2Scientific RepoRtS |         (2019) 9:13262  | https://doi.org/10.1038/s41598-019-49864-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

It is reported that the viscosity of the switchable ionic liquids can be increased by up to an order of mag-
nitude after absorbing CO2

16.Viscosity is the most essential feature of lubricants, as it enables them, given the 
right conditions, to separate two solid bodies in relative motion17. Switchable ionic liquids /CO2 binding organic 
liquids(CO2BOLs) are the mixtures of an alcohol and an amidine or guanidine, based on Jessop’s switchable sol-
vent18–20, which can capture and release CO2 efficiently. The mechanism of capturing CO2 is that an amidinium 
or guanidinium alkylcarbonate salt is formed after absorbing CO2. By heating or bubbling another gas, the CO2 
will be reversibly released and the low viscosity liquid is obtained again. Inspired by the controllable change in 
viscosity of switchable ionic liquid under CO2 atmosphere, it seems that CO2 has the potential to be used to con-
trol tribological performance. Pohrer et al.21 found a significant change in viscosity after absorbing CO2 but the 
change of viscosity could not affect the friction property. The possible explanation is that the friction test in their 
work was operating in boundary lubrication where viscosity of lubricants has almost no significant impact on 
friction. Elastohydrodynamic lubrication (EHL) is a more appropriate lubricating regime to evaluate the influence 
of viscosity on friction, since the viscosity is considered to be one of the best single parameters for assessing the 
performance of fluid film lubrication.

In this article, switchable ionic liquids, able to capture CO2 in a controlled manner, were used as lubricants. 
The idea was to investigate if it would be possible to adjust friction by controlling viscosity in a lubricated contact 
between a ball and disc operating under elastohydrodynamic lubrication (EHL) conditions. The ability to adjust 
the viscosity of switchable ionic liquids was exploited by studying mixtures of glycerol and 1,8-Diazabicyclo 
(5.4.0) undec-7-ene (DBU) while CO2 was added. It was shown that the viscosity of the mixture increased when 
CO2 was absorbed. The higher viscosity mixtures were shown to increase film thickness and reduce friction 
under EHL. The friction reduction is partly attributed to the decrease of the fluids pressure-viscosity behavior 
with increasing CO2-content. The effect was reversed when CO2 was released. Altogether it is shown that the 
absorption and release of CO2 in a switchable ionic liquid can be used for online control of friction and fluid film 
under EHL.

Results
co2 absorption and desorption. The absorption loading of CO2 in the studied mixtures was calculated 
using the following equations:
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where P0 and Pt are the initial and instantaneous pressures, respectively. Comparing with the operating pressure, 
the saturated vapor pressure of the mixtures can be neglected. VA and VL represent the volumes of the absorption 
vessel and mixtures. Z1 and Z2 are the compressibility factors corresponding to the initial and instantaneous pres-
sure, respectively. The generalized second virial coefficient correlation was used to get an approximation of com-
pressibility factor Z. In equation (2), B is the correlation to critical properties of CO2. nCO2

 is the number of moles 
of CO2 absorbed by the switchable ionic liquids. nDBU is the molar amount of DBU, equal to the theoretical 
amount of absorbed CO2 and, finally, x is the absorption loading.

As shown in Fig. 1(a), the CO2 loading of DBU/glycerol mixture with 3:1 molar ratio increases as a function 
of time. The CO2 loading increased rapidly when the loading was below 20%, then the absorption rate decreased 
gradually. This is mainly because the viscosity of mixtures at high loading is too large to be stirred magnetically, 
resulting in a mass-transfer limitation22. This is the main reason we choose the low CO2 loading for friction study 
in the coming part. Figure 1(b) shows the TGA curve for the mixture of DBU and glycerol in 3:1 molar ratio as a 
function of time. After 1 hour’s absorption, the maximum CO2 loading achieved 32% of theoretical loading and 
change of absorption rate appeared to be similar with that present in Fig. 1(a). The decomposition temperature 
of DBU/glycerol/CO2 is 60 °C23, and the desorption only took approximately 15 minutes at 65 °C. The weight loss 
was even larger than the weight of CO2 absorbed after 10 minutes’ desorption, which indicated that part of the 
DBU was evaporated during the TGA measurement.

Viscosity. The most accurate three-parameter equation for describing the viscosity, named 
Vogel-Fucher-Tammann-Hesse (VFTH), was used to describe the viscosity of each component24, see equation 
4. Then a simplified two-component model was used to predict the viscosity via Eq. (5). Figure 2 shows how the 
viscosity increases as a function of CO2 loading. Like all studied switchable ionic liquids, an increase in viscosity 
can be observed after absorbing CO2 since mass-transfer limitations are easily introduced16. According to Ikenna’s 
study, the highest viscosity of DBU/glycerol mixture at 25 °C is 160 Pa · s23, which is much lower than the results 
presented here. This is mainly because the high viscosity results in an absorption rate so low that higher CO2 load-
ing (>90%) could not be achieved in short time by using magnetic stirrer. There is one thing needs to be pointed 
out here that when CO2 loading is above 30%, DBU/glycerol/CO2 mixtures become too viscous for the pump to 
cycle them for the friction test.
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where Xi is the relative concentration of each component.
Considering the absorption/desorption and viscosity properties of DBU/glycerol/CO2 mixtures, four mixtures 

with lower CO2 loadings (0%, 7%, 14% and 21%) were prepared to investigate the tribological properties. Photos 
of these samples are shown in Fig. 3(a). It is obvious that absorption of CO2 has a strong effect on viscosity. The 
viscosity of the liquid increases with increasing CO2 loading (Fig. 3(b)), from 0.15 Pa · s to 1.3 Pa · s, which stays in 
a good viscosity range for the EHL friction study. The viscosity is relatively insensitive to shear rate in the meas-
ured range as illustrated in Fig. 3(b), which will ensure a good friction measurement.

friction test. The first EHL study was a qualitative analysis with the aim of capturing general trends of the 
friction coefficient with and without CO2. Different slide-to-roll ratios (SRR) and entrainment velocities were 
used and the result is presented in Fig. 4(a). Friction coefficients versus SRR and entraining velocities were meas-
ured with fluids without CO2 and with approximately 7% CO2 loading. The results clearly show that introducing 
CO2 to the mixture reduced friction at all investigated entrainment speeds.

EHL friction is greatly influenced by the pressure-viscosity behavior of the lubricant. When CO2 is added, it is 
likely that the pressure-viscosity coefficient is reduced and thus also friction. The film thickness increase itself may 
also alter the friction since the average Couette shear rate is reduced when the film becomes thicker.

To better understand the role of CO2 in controlling friction, the prepared DBU/glycerol mixtures with differ-
ent CO2 loading (0%, 7%, 14% and 21%) were used for studying the relationship between the friction coefficient 

Figure 1. (a) CO2 absorption kinetics of mixture of DBU and glycerol in 3:1 molar ratio at 25 °C; (b) CO2 
absorption and desorption on the mixture of DBU and glycerol in 3:1 molar ratio by TGA (absorption at 25 °C 
for 60 min; desorption by N2 at 65 °C for 15 min).

Figure 2. Viscosity as function of CO2 loading at 25 °C.
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and CO2 loading. The slide-to-roll ratio was varied whereas the contact pressure and entrainment speed were kept 
constant at 1.35 GPa and 3 m/s, respectively. The recorded friction coefficients as a function of CO2 concentration 
in the lubricants are shown in Fig. 4(b). At low SRR it is again shown that the friction coefficient is reduced with 
increasing CO2 concentration. The trend was very similar at high SRR’s with decreasing friction with increasing 
concentration of CO2, except for the specimen of 21% CO2 loading where the friction remained more or less con-
stant at SRR higher than 75%. Here, the friction becomes larger than the mixtures with 7% and 14% CO2 loading. 
This may be explained by the contradicting effects of CO2 and SRR.

Figure 3. (a) Photos of DBU/glycerol mixtures with different loading of CO2, (b) Viscosity at different shear 
rates after CO2 absorption at different levels in DBU/glycerol mixtures.

Figure 4. (a) Friction coefficients as function of SRR and entraining velocity at a contact pressure of 1.35 GPa; 
(b) Friction coefficients at an entrainment speed of 3 m/s and a contact pressure of 1.35 GPa for liquids with 
different CO2 loading as function of SRR; (c) Friction coefficients at an entrainment speed of 3 m/s and a contact 
pressure of 1.35 GPa for liquids with different CO2 loading at low SRR; (d) Central film thickness as function of 
entrainment speed in EHL contact for DBU/glycerol/CO2.
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The friction behavior of specimens after CO2 desorption was investigated as well. In order to enhance the 
desorption of CO2, heating, stirring and bubbling with N2 gas were applied. The regeneration temperature was set 
to 65 °C, same as the desorption temperature in TGA. After half an hour’s desorption, the CO2 loading decreased 
from 14% to 10%, and the friction behavior before and after desorption are shown in Fig. 4(c). For the mixture 
with partial desorption CO2, the expected increase of friction occurred at low SRR.

Discussion
When absorbing CO2, the friction of the specimen of 21% CO2 loading becomes larger than the mixtures with 
7% and 14% CO2 loading at high SRR. It may be explained by the contradicting effects of CO2 and SRR. The vis-
cosity becomes higher as CO2 loading increases but at higher SRR the high shearing may reduce the viscosity at 
the inlet to the EHL contact and thus also reduce the film thickness, with an increase in friction as a result. Yet, 
another possible explanation is that the switchable ionic liquids decompose at high shear rate. The decomposition 
temperature of DBU/glycerol/CO2 is 60 °C23, which would indicate that the energy required in this decomposition 
reaction to break down the bonds present in the substance is not very high. It is possible that this temperature can 
be reached locally in the high-pressure contact25.

In order to understand more about the lubricating mechanism of DBU/glycerol/CO2 mixture, the central film 
thickness of the lubricants as a function of the entrainment speed was investigated. This requires the refractive 
index of the lubricants to be known. Consequently, the refractive index of the lubricants was measured and the 
values obtained are presented in Supplementary Table 1. As shown, the effect of CO2 is very small and can be 
neglected.

The central film thickness for the different lubricants is shown in Fig. 4(d). At a CO2 loading below 14%, the 
central thickness increases linearly with increasing entrainment speed when plotted on a logarithmic scale. For 
the sample with 14% CO2 loading, the central thickness shows a linear relationship when the entrainment speed 
is lower than 100 mm/s. As it can be seen in Fig. 3(a), the opacity of the fluid is increased with higher CO2 loading. 
This creates a problem with the interferometry measurements and the mixture with 21% CO2 loading could not 
be measured.

The experimental data were fitted using the following power function which is derived from the 
Hamrock-Dowson equation26:

= ×H a U (6)C e
b

where HC is the central film thickness (nm), Ue is the entrainment speed (mm/s), a and b are constants. For 0% 
CO2 loading, 7% CO2 loading and 14% CO2 loading, the film thickness increased with the entraining speed at a 
rate of Ue

0 69. , Ue
0 70.  and .Ue

0 72 respectively. This indicates that the lubrication film formation of DBU/glycerol mix-
ture is slightly more sensitive to the entrainment speed at higher CO2 loadings.

As mentioned, the pressure-viscosity relationship has a large impact on the viscosity inside the EHL con-
tact, and thus also the EHL full film friction. Let us, for simplicity, use the concept of a pressure-viscosity coef-
ficient, see for example the work of Hamrock and Dowson26. According to their film thickness equation, the 
pressure-viscosity coefficient is one of the most important factors that affect the film thickness in the EHL regime. 
Based on Van Leeuwen’s work27, the Hamrock–Dowson equation can be used to calculate the pressure–viscosity 
coefficient, α, from film thickness data and this equation is considered to be superior to other equations used. 
Therefore, the Hamrock–Dowson equation26 was employed here to calculate the α-value of the different DBU/
glycerol/CO2 solutions. The Hamrock–Dowson central film thickness equation is defined as follows:
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where Rx is the radius of curvature of the ball in -x-direction, Ry is the radius of curvature of the ball in 
-y-direction, U is the dimensionless speed parameter, U1 is the ball speed (mm/s), U2 is the disc speed (mm/s), G 
is the materials parameter, W is the load parameter, Co is the ellipticity influence, η0 is the viscosity at atmospheric 
pressure (Pas), E′ is the equivalent Young modulus (Pa), FN is the normal force (N) and α is the pressure–viscosity 
coefficient (Pa−1). Since all parameters, except the pressure-viscosity, are known it is possible to compute α. One 
must, however, understand that effects of inlet shear thinning and heating are not taken into account and this 
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implies that the absolute value of α may be affected by relatively large errors. Still it is possible to compare the 
computed values obtained in the same setup.

The calculated pressure–viscosity coefficients for the lubricants are listed in Supplementary Table 2. The 
pressure-viscosity coefficient decreases with increasing CO2 loading, which may be one of the reasons for the 
observed trend with lower friction coefficient with increasing CO2 loadings. A lower pressure-viscosity coeffi-
cient will lead to lower local viscosity in the high-pressure zone of the contact and therefore lower friction. Low 
pressure-viscosity has been given as an explanation for low friction in other fluids, for example glycerol28,29.

In conclusion, a novel lubricant with controllable friction properties has been investigated. The friction con-
trol is obtained by adding CO2 to the lubricant. The modulation of friction is based on the switch of viscosity 
depending on CO2 loading. It was demonstrated that the viscosity can be altered and that the lubricant does not 
suffer the problem of high mass transfer resistance at room temperature when the CO2 loading is less than 21%. 
The EHL friction in ball-on-disc test switches to a lower value when CO2 is absorbed, and it turns higher when 
CO2 is released. This study has also shown that in pure rolling condition, with higher CO2 loading, the film thick-
ness will be increased and the pressure-viscosity coefficient will be decreased, which are believed to be the main 
reasons for the observed reduction of friction.

Methods
Sample preparation. The physical properties of switchable ionic liquids can be manipulated by changing 
the alcohol used, e.g. by using glycerol, 1-hexanol, 6-amino-1-hexanol, L-prolinol and so on. Glycerol can be 
looked upon as a green lubricant, which can generate a very low friction coefficient28,30–32. In this work, glycerol 
(Aldrich, 99 + %) and 1,8-Diazabicyclo (5.4.0) undec-7-ene (DBU) (Aldrich, 98%) were selected as the alcohol 
and the base, respectively.

The DBU glycerol carbonate was prepared via bubbling of CO2 through a 3:1 molar ratio solution of DBU 
and glycerol. DBU (127.38 g) and glycerol (25.42 g) were used when preparing a 3:1 molar ratio of the mixture. 
Thereafter, a narrow tube was inserted and CO2 (AGA, 99.7+%, H2O < 100 ppm) was bubbled through the liquid. 
The reaction was exothermic and the mixture was stirred mechanically throughout the bubbling cycle. The CO2 
loading was calculated by the weight increment. The accuracy of the analytical balance used was 0.01 g. The water 
content was checked with a Karl Fisher titration device to be less than 0.5 wt% before and after each test.

co2 absorption and desorption. The experimental apparatus for measuring the gas absorption loading 
has been described previously33. It contains a gas reservoir, an absorption vessel, a magnetic stirrer and two 
pressure transducers. The water bath was heated to the set temperature (25 °C) and maintained for 1 hour. An 
accurate amount (3.3 ml) of a 3:1 molar ratio solution of DBU and glycerol was added into the absorption vessel. 
The dissolved gas was removed by a vacuum pump. Thereafter an accurate amount of pure CO2 gas was pumped 
in to absorption vessel, and the pressure decrease was recorded.

In order to evaluate the performance of DBU/glycerol mixtures on CO2 absorption and desorption, a thermo-
gravimetric analyzer (TGA, Perkin Elmer 8000) was used. The initial activation of the sorbent was carried out by 
heating 5.127 mg of sample loaded in the platinum pan of the thermal analyzer, to 25 °C in pure nitrogen (99.99% 
purity) at a flow rate of 20 ml/min. Pure CO2 (99.99% purity) was then introduced at the same flow rate and the 
temperature was kept at 25 °C. The CO2 absorption rate of the sample was calculated from the mass gain after 
holding it at 25 °C in CO2 for 60 minutes. Subsequently, the desorption of CO2 was carried out by increasing the 
temperature to 65 °C for 15 minutes in an atmosphere of pure N2 at a flow rate of 20 ml/min.

Viscosity. The viscosities of the DBU/glycerol/CO2 mixtures were measured at 25 °C using a CVO Bohlin 
Rheometer. The low viscosity samples were measured with the bob/cup geometry, i.e. cylinder in cylinder geom-
etry with a clearance of 1.25 mm.

The shear rate was increased logarithmically from 0 to 100 s−1. The high viscosity samples with the cone/plate 
geometry, cone-angle = 1°, cone radius R = 10 mm, at a constant shear rate of 10 s−1.

friction tests. The EHL friction behavior of the DBU/glycerol/CO2 mixtures was investigated in a WAM 
(Wedeven Associates machine) ball-on-disc test apparatus, model 11A, at room temperature (ca 25 °C), at a load 
of 100 N (1.35 GPa maximum Hertzian pressure), with an entrainment speed between 1–5 m/s and a slide-to-roll 
ratio (SRR) between 0–100%. Before each test, the device and specimens were thoroughly cleaned with acetone 
and ethanol. Thereafter, the specimens, the ball and the disc were assembled. Then the relative position of the 
ball and disc was corrected to pure rolling and the desired slide-roll ratio was set. The disc was constantly lubri-
cated using a recirculation pumping system attached to the test rig. A full description of this equipment has been 
reported previously34.

All specimens used in the tests, both balls and disc were made from AISI 52100 bearing steel. The balls were 
taken directly from the factory and the disc was processed in the same way as bearing raceway material. The balls 
were grade 20 with a surface roughness (Ra) of 30 nm, an outer diameter of 20.637 mm, and a hardness of about 
60 HRC. The disc had a surface roughness (Ra) of 90 nm, 101.6 mm as outer diameter, a circumferential grind and 
were through hardened to about 60 HRC.

film thickness investigation. The WAM-11 was used to investigate the formation of a lubricating film for 
the DBU/glycerol/CO2 mixtures. A super-polished steel ball with a roughness of 10 nm (Ra) was brought into 
contact and loaded against a glass disc coated with a chromium semi-reflecting layer with a roughness of 1 nm 
(Ra). The chromium layer acts as a beam splitter to enable interferometric measurements of film thickness. The 
disc and the ball were driven by separate motors. During the tests, the steel ball was partially submerged in the 
lubricant. The lubricant was entrained into the contact by the ball and formed a lubricating film. A full description 
of this process has been reported previously35.
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A microscope and a CCD camera were used to capture the chromatic interference pattern which occurs when 
the contact was illuminated by white light. The thickness of the lubricant film formed in the contact area was 
calculated by the interference color evaluation technique36. The setup made it possible to measure the film thick-
nesses between 80 nm and 800 nm. The elastic modulus and Poisson’s ratio were 64 GPa and 0.2 respectively for 
the glass disc, and 210 GPa and 0.3 respectively for the AISI 52100 steel ball. The outer diameter of the steel ball 
was 20.625 mm and that of the glass disc was 114.3 mm. Since the glass supports a maximum Hertz pressure of 
approximately 0.6 GPa, a load of 25 N was applied to generate a maximum Hertzian contact pressure of 0.5 GPa 
and a mean contact pressure of 0.33 GPa in this study. The disc and the ball were run in the pure rolling mode, and 
the entrainment speed was in the range 0.02–1.1 m/s. All tests were carried out at room temperature (ca 25 °C).

Before each test, the refractive index (n) of the lubricant was determined with a Zeiss Abbe Refractometer.
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Abstract 

Intelligent control of friction is an attractive but challenging topic. In this work, it is 

investigated if it would be possible to adjust friction in a lubricated contact by controlling 

environmental humidity. By exploiting the ability to adjust the environmental humidity by 

various saturated salt solutions, friction behavior of contacts lubricated with Choline L-

Proline ([Cho][Pro]) could be modulated in a wide range of relative humidity (RH). The 

friction increased when the environmental humidity was increased and decreased when water 

was partially evaporated to a lower RH. It was thus possible to control friction by 

environmental humidity. The addition of water in ILs caused a decrease in viscosity, but 

since the tests were calculated to be performed in boundary lubrication the viscosity change 

is not the main factor for the change in friction. The friction sensitivity of RH can be 

explained by the effect of adhesion on the water uptake from humid air by [Cho][Pro]. 

Furthermore, the reversible changes of H-bonds types determined by the water content could 

be another explanation to the altered friction. 

 
  



1.  Introduction 

Today the demand for intelligent control of tribological interactions is strongly 

increasing in various applications.[1-4] We often strive to minimize friction but there are also 

many situations where high friction is desirable. In some cases, something in between is 

attractive, i.e., optimum friction. Driven by the broad application prospects, many 

controllable friction devices regulated with external stimuli have been designed and 

fabricated. Some examples of external stimuli are solvent,[5-7] pH,[8-10] temperature,[11-13] 

electric potential,[14-16] light,[17-19] and magnetic fields.[20-22] When external stimuli are 

imposed on such smart materials, the macroscopic physicochemical properties of the 

materials are dramatically changed. 

In various fields of applications, tribo-systems are required to work without damage 

under changing environmental conditions, while in many outdoor applications temperature 

and relative humidity (RH) can undergo large variations because of geographical and 

seasonal changes. The effect of humidity on tribological performance, however, seems not to 

be given the same importance as other environmental factors (e.g., temperature and 

atmosphere).[23] Water, in the form of moisture for unlubricated contacts or water absorbed 

by a lubricant from the environment, can have a significant effect on the tribological 

performance, but the influence of humidity on friction is complicated and there is no 

universal law. Even for dry lubrication, the addition of water can have different effects. For 

example, absorbed water in high RH is of benefit to reduce friction of graphite and 

diamond,[24,25] while molybdenum disulfide (MoS2) only has low friction in vacuum and dry 

conditions, and the friction increases with absorbed moisture.[26] These studies, however, did 

not address the possibility of friction control by environmental humidity. 

Ionic liquids (ILs) have gained much attention due to the unique characteristics, 

including wide range of viscosity levels, low vapor pressure, low volatility, low melting 



point, superior thermal stability, high combustion temperature and high miscibility with 

organic compounds.[27,28] Owing to the significant advantages such as biodegradability, non-

toxicity, and environmentally benign features, green ILs have attracted tremendous interests 

from researchers in the fields of biomass pre-treatment and lubrication.[29-31] 

Most ILs are hygroscopic and it’s difficult to remove water completely unless subjected 

to very special treatment. Moreover, practical application of ILs in lubrication will inevitably 

involve the exposure of these lubricants to humid conditions. As one ubiquitous component 

of the atmosphere, humidity/moisture was taken into consideration when the interfacial 

properties of ILs was firstly examined by Seddon.[32] After that, experimental and 

computational studies conducted on ILs revealed that absorbing moisture can dramatically 

change physical and chemical properties.[33-35] 

Our previous work and several studies from other research groups have indicated that 

[Choline][amino acid] based green ILs can potentially be used as environmentally friendly 

lubricants.[36-39] We also found that Choline Proline [Cho][Pro] was highly hygroscopic when 

its elastohydrodynamic performance was investigated.[40] This means that [Cho][Pro] has 

high potential to be able to capture moisture in when used as lubricants. In this work, we set 

out to investigate if it would be possible to adjust friction by controlling the environmental 

humidity in a lubricated contact.  

2. Results and discussion 

Before getting basic understanding of the role of humidity in controlling friction, the 

water absorption kinetics at different RH should be studied. Björling et al.[40] studied the 

water absorption kinetics of [Cho][Pro] at one specific humidity (15% RH). Herein, we 

studied the absorbed moisture in [Cho][Pro] at different environmental humidities at 25°C, 

presented in Figure 1. The various RH was achieved by the prepared saturated salt solution, 

listed in Table 2. The ionic nature of the ILs essentially makes them hygroscopic, and 



complete drying of ILs is extremely difficult.[41] Before the absorption kinetic test, 

[Cho][Pro] was heated in vacuum oven at 70°C for 2 hours to ensure that the water content is 

lower than 0.1 wt.%. As shown in Figure 1, even in the case of the lowest RH (8%), the 

absorbed water content in [Cho][Pro] reached 8.9% after being exposed to humid air for 

approximately 3 hours. Thus, the absorption of moisture can not be neglected during practical 

application of [Cho][Pro]. On the other side, not only is it sensitive to moisture, but also a 

large range of water contents can be achieved through altering environmental humidity.  

After the water absorption kinetics of [Cho][pro] was understood, the possibility to 

control friction trough environmental humidity was investigated, as shown in Figure 2(a). 

After the initial turns, stable friction values were observed for the tests in the RH of 8%, 33% 

and 54%. The friction coefficient reached a steady state after 10 minutes in 75% RH. 

Unfortunately, the friction kept increasing continuously when the RH reached 94%. The 

changing trend in the measured friction coefficient values in the presence of different 

environmental humidity respectively was obvious. Generally, the higher RH, the higher 

friction. In the presence of humid air, taking the average value over the last 5 minutes test 

(shown in Figure 2(b)), 8%, 33%, 54% &75% RH exhibited mean friction coefficient values 

of 0.083, 0.110, 0.134 and 0.171, respectively.  

Since absorbed moisture is the major substance with significant volatility, the water 

content after friction test can be deduced by increased water weight. The water contents were 

found to be 3.2%, 8.4%, 17.3%, 23.6%, 34.5% respectively. Herein, the water absorption rate 

is faster than the results in Figure 1, because of sliding motion. The sliding motion, which 

induced shear and heat inside the fluid film, is increasing the absorbing rate or evaporating 

rate, and that explains why equilibrium state was achieved far quicker than shown in Figure 

1. 



To further study the possibility of online friction control through humidity, friction 

coefficient behaviors with both increasing and decreasing humidity were investigated. Before 

friction test, [Cho][Pro] was heated in a vacuum oven at 70°C for 2 hours to ensure that the 

water content is lower than 0.1 wt.%. Two different environmental humidity conditions were 

created in the chamber: (a) lower humidity, lab air with approximately 20 % RH was 

introduced to the chamber and (b) higher humidity, saturated sodium dichromate solution was 

inserted into the closed chamber to create 54% RH. As shown in Figure 3, it is obvious to see 

that the changing environmental humidity can greatly modulate the friction.  

Firstly, [Cho][Pro] was added between a ball and disc and absorbed moisture in the 

unclosed chamber (20% RH) for 60 minutes. After that, saturated sodium dichromate 

solution was placed in the closed chamber to create a higher RH. The adjustable friction 

behavior after that humidity was switched from 20% to 54% is presented in Figure 3(a). The 

increase in friction lasted approximately 1 hour and then a relatively stable friction 

coefficient was observed. Secondly, in order to investigate the influence of decreased 

humidity, [Cho][Pro] that had absorbed moisture at 54% RH for 60 minutes was used as 

initial lubricant. Then to reduce the environmental humidity, the chamber of the SRV friction 

test rig was opened to ensure that the RH was approximately 20%, i.e. same as in the rest of 

the lab. As shown in Figure 3(b), in the first half hour, the friction was at a relatively stable 

level, and then started to decrease. The slow reduction may be caused by the low evaporating 

rate of water in ILs.  

The absorbed water interact with ILs by forming hygrogen bonds, which can modulate 

the ion-ion interactions and thus can modify the organization of the ions.[42] In the structure 

of the [Cho][Pro] molecule, carboxylate can act as hydrogen bond acceptor, while choline 

hydroxyl group can be both hydrogen bond donor and acceptor; other H bond active groups 

can be found in the side chains of polar amino acids (e.g., serine, glutamic acid). These 



characteristics lead to the conclusion that [Cho][Pro] has the ability of absorbing plenty of 

water, thus it can be used to modulate the friction in a wide range of environmental humidity. 

The reaction taking place within the contact area can play a central role in tribological 

behavior. Our previous work studied the influence of CO2 absorption on [Cho][Pro] and the 

formation of carbamate groups which strengthen the interfacial adhesion between ILs and the 

solid surface.[37] The chemical reaction caused by CO2 can, however, be neglected due to the 

small amount of CO2 in the chamber. 

For Choline Amino acid based ILs, the excellent tribological properties are related to the 

formation of a physically adsorbed film on the metallic surface, which can effectively prevent 

the friction pairs from direct contact during rubbing.[39] Images of the disc surfaces after 

friction testing in this work are shown in Figure 4. Based on the stable friction behaviour, it is 

found that the friction can be controlled through moisture when the RH was not higher than 

54%. Herein, it is also found that the wear scars in these conditions are barely 

distinguishable, and the measured surface roughness was approximately the same magnitude 

as the original lapped surface, i.e., around 50 nm Ra. Therefore, no attempt was made to 

quantify the wear coefficient. At 75% RH, the wear scar was slighly more obvious than 

thoses at lower RH. Furtheremore, as shown in Figure 4(e), the wear became severe at 94% 

RH while the stable friction could not be reached under this condition. In other words, the 

failure of friction control under extremely high RH may be caused by the changed interfacial 

structure.  

From the severe wear observed at higher RH, it can be infered that the tribo film was 

broken down during the friction test. The loss of excellent antiwear ability could be caused 

by the persence of free water at 94% RH, while the water state keep bound water at lower 

RH. The presence of water in the ILs also largely affects the interionic interactions and alters 

their physical properties such as viscosity. After frition test, it was also found that the 



viscosities of lubricants varied significantly. The viscosites of [Cho][Pro] with different water 

content were investigated and Figure 5 shows how the viscosity decreases as a function of 

water content. The viscosity is relatively insensitive to shear rate in the measured range when 

the water content is below 20%. 

According to Hamrock-Dowson theory for elastohydrodynamic lubrication (EHL) of 

point contacts, the minimum film thickness, Hc can be calculated from equation(1).[43]  

 
               𝐻" = 3.63𝑅(𝑈*.+,𝐺*../𝑊1*.*23(1 − 𝑒1*.+,8) (1) 

 
where k is the ellipticity parameter,	and 

 𝑈 = >?@A
BCDE

   (2) 

 𝑊 =
𝐹G

𝑅(H ∙ 𝐸K
 (3) 

 𝐺 = 𝛼𝐸K    (4) 

where U is the dimensionless speed parameter, G is the materials parameter, W is the load 

parameter, Rx is the radius of curvature of the ball in x-direction, η0 is the viscosity at 

atmospheric pressure (Pas), Ue is the entrainment speed (mm/s), E′ is the equivalent Young 

modulus (Pa), FN is the normal force (N) and α is the pressure–viscosity coefficient (Pa−1). 

All of these are known except α. An approximation of this parameter for [Cho][Pro] at 25 °C 

is 8.0 GPa−1 has been computed when the water content is low than 15% in the previous 

work.[40] Although we could not get the exact value of pressure–viscosity coefficient with 

20%, 25% and 30% water content, we know that pressure–viscosity coefficient will decrease 

after adding more water into [Cho][Pro].  

In reciprocating motion, taking consideration of the changing speed, the minimum film 

thickness can achieve the largest value when calculated by the maximum sliding velocity. 

The maximum sliding speed can be calculated from equation (5): 



 𝑈MN( = 𝜋𝑓𝐿    (5) 

where f is the sliding frequency, L is the stroke length. 

The lubrication regime can be distinguished by the method of using the film parameter, 

i.e. the ratio of the theoretical minimum film thickness, and can be calculated from equation 

(6):[44] 

 𝜆 =
ℎ"
𝜎 =

ℎ"
U𝜎VH + 𝜎HH

 (6) 

where s is the combined surface roughness and s1 and s2 are the surface roughness of the 

ball and disc, respectively.  

The calculated minimum film thicknesses and film parameters are listed in Table 1. All 

the calculate film parameter are smaller than 1, which means that the tests are performed 

under boundary lubrication and therefore the viscosity difference between the lubricants will 

have small effect on friction. Instead, other factors such as adhesion plays a significant role in 

controlling tribological performance.[45,46] Liu et al.[46] has confirmed that the lubricating 

mechanism of ILs under low load is mainly attributed to the absorption ability of ions on the 

substrate surface. Thus, the friction behaviours altered by the environmental humidiy is 

probably influenced by the effect of adhesion on the water uptake from humid air by the 

[Cho][Pro]. The tribological behaviors lubricated by ILs after absorbing small amounts of 

water have been investigated by several researchers.[47-53] Although the tribological 

performances in these studies varied depending on the particular substrate/environment 

combination and experimental conditions, it has been found that the presence of water in ILs 

at the interface changed the adhesion, which contributed to altered friction.[47,48,52,53] 

Another possible explaination is that the absorbed water in ILs can have a strong impact 

on the properties of a layer of IL confined between polar counterparts, based on the 

investigation using atomic force microscopy- and surface forces apparatus.[47–49,54,55] In 



particular, in the case of hydrophilic ILs, the large amount of absorbed water in ILs change 

the organization of hydrophilic ILs. Spencer et al.[48] found that ambient RH not only leads to 

significant water uptake by hygroscopic ILs, but also is expected to afftect the organization of 

ILs film layers. The layers thickness is increased, due to the fact that water hydrates the anion 

and expands the structure across the gap, characterized  by extended surface forces apparatus 

(eSFA) and colloidal-probe latertal force microscopy (CPM). Later, Espinosa-Marzal et al.[49] 

also found a mild swelling of the nanostructure using wide-angle X-ray scattering, when 

[HMIM]EtSO4 was exposed to ambient humidity. It could be related to the induced 

weakening of the electrostatic interactions and hydrogen bonding between anion and cation 

by the water molecules.		Presumably, this phenomenon could occur also for [Cho][Pro] and 

polar surfaces, including steel surfaces.   

Furthermore, it is also necessary to point out the influence of water concentration on the 

organization of the ILs layers, which is modulated by environmental humidity. As disccused 

above, the controllable friction behavior enabled in a wide range of humidity is attributed to 

the plenty of hydrogen bond donor and acceptor found in [Cho][Pro]. More importantly, 

Gontrani et al. found that the types of hydrogen bonds in  Choline based ILs/water mixtures 

could be determined by the water content, based on their molecular simulation and 

experimental studies.[56,57] As schematically shown in Figure 6(b), the water molecules prefer 

to establish H-bonds with the cations and anions in the case of lower water content. With the 

water concentration increase, IL pair formation decreases and H-bonds between water-water 

formed, shown in Figure 6(c). Thus, the active controllable friction could be attributed to the 

reversible changes of H-bonds types. However, in the case of hydrophilic ILs, the shift of the 

slippage plane, i.e., from ionic plane to the solid/liquid interface, is still uncertain and need 

further investigation. 

 



3. Conclusions 

In summary, [Cho][Pro], a green ionic liquid with controllable friction properties has 

been investigated. The friction control is obtained by altering the environmental humidity. 

The friction increases at higher RH and it turns lower when partial water is evaporated under 

lower environmental humidity. Since the experiments are performed in boundary lubrication, 

the modulation of friction is hypothesized to be based on the changing adhesion depending 

on water content. The analysis of H-bonds types modified by the water content could 

probably give another explanation of controllable friction. 

4. Material and methods 

4.1. Materials and preparation of ILs 

In this work, ILs, namely [Cho][Pro], was synthesized from choline hydroxide solution 

(46 wt. % in water, Sigma-Aldrich, USA) and L-proline (purity>99.99 wt. %) by previous 

method.[37] Firstly, 12.21 g (0.105mol) proline was added into 26.344 g choline hydroxide 

solution with 0.1mol choline hydroxide. The mixture was stirred for 48 h at room 

temperature. Then, it was washed with ethyl acetate to remove the excessive amino acids. In 

the end, the obtained mixture was subjected to rotary evaporation under 70 °C for 1 h, then 

dried in a vacuum oven at 70 °C for 2 days to get the final products. 

4.2. Humidity control 

A saturated solution of salt in water can be used to maintain particular values of RH 

inside containers.[58] In this study, we chose 5 saturated salt solutions to control the 

environmental humidity, listed in Table 2. All of them were purchased from Sigma-Aldrich. 

To achieve the targeted RH, the chosen saturated salt solutions were placed in the closed 

chamber and the humidity inside the chamber was continuously monitored with a commercial 

humidity sensor (Amprobe TH-1). 

 



4.3. Friction and wear tests 

The lubricity of the [Cho][Pro] under different humidity was investigated using an 

Optimol SRV-III oscillating friction test rig. The upper steel ball (52100 bearing steel, 

diameter 10 mm, surface roughness (Ra) 20 nm, provided by SKF, Sweden) slides under 

reciprocating motion against a circular disk. The tested disc is made of steel (100CR6 ESU 

hardened, Ø24 mm 7.9 mm, and surface roughness (Ra) 120 nm), supplied by Optimol 

Instruments Prüechnik GmbH, Germany. Before each test the device and specimens were 

cleaned with acetone and ethanol. Before each test, 0.03 g [Cho][Pro] was dropped on the 

disc as lubricant. The tests were conducted under the load of 5 N (0.8 GPa maximum 

Hertzian pressure) at room temperature (25°C), a sliding frequency of 50 Hz, and an 

amplitude of 1 mm. The friction coefficient curves were recorded automatically with a data 

acquiring system linked to the SRV-III tester. After the tests, 3D topography of the disc 

surfaces and ball surfaces were determined using an optical system (Zygo 7300). It was 

recorded from the optical interferometric profilometer using 2.75´ optical magnification. 

4.4. Water content analysis 

The absorbed water amount was obtained by measuring the mass gain with an analytical 

balance with an accuracy of 0.0001 mg.  

4.5. Viscosity 

The viscosities of [Cho][Pro] containing different water contents were measured at 25°C 

using a CVO Bohlin Rheometer. The viscosity samples were measured with the cone/plate 

geometry. The shear rate was increased logarithmically from 0 to 100 s-1. 
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Figure 1. Water absorption kinetics at 25°C and different RH 



 

Figure 2. (a) Friction coefficient at different RH, (b) Mean friction coefficient over the last 5 minutes 

 

Figure 3. Online friction control behavior through humidity: (a) absorbing moisture under higher 

environmental humidity (54% RH); (b) evaporating water under lower environmental humidity (20% 

RH) 

 

Figure 4. 3D images of disc at various RH: (a) 8% (KOH), (b) 33% (MgCl2), (c) 54% (Na2Cr2O7), 

(d)75% (NaCl) and (e) KNO3,94% 



 

Figure 5. Viscosity measurements of [Cho][Pro] as prepared and [Cho][Pro] with different water 

contents. 

Figure 6. Schematic interpretation of the interfacial structures of [Cho][Pro] on steel surface 

(a)without water; (b) lower water content/RH; (c) higher water content/RH 

 

Table 1 Calculated film thickness and film parameter 

Water content 15% 20% 25% 30% 

α (×10−9 Pa−1) 8 ＜8 ＜8 ＜8 
Hc (nm) 67.7 ＜39.8 ＜26.3 ＜20.2 
l 0.52 ＜0.31 ＜0.20 ＜0.15 

 

 



Table 2 Saturated salt solution and targeted RH 

Saturated Salt Solution Targeted RH (%), 25 ºC 
Potassium hydroxide 8 
Magnesium chloride 33 
Sodium dichromate 54 
Sodium chloride 75 
Potassium nitrate – KNO3 94 

 

 


