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Abstract
The aim of the present work was to investigate in detail the influence of running-in with acetylacetone on the friction behav-
ior of 5CB liquid crystal between steel surfaces. Friction tests were carried out using a sliding ball-on-disk tribometer. The 
coefficient of friction (COF) decreased significantly after a running-in process with acetylacetone. Tribochemical reactions 
between steel and acetylacetone generated Fe(acac)3 and groove-structured wear on the ball. Their synergistic effect is the 
reason for the ultralow friction, and without either one, the COF increases. Special attention was given to the rheological 
behavior of 5CB. Shear history has a significant influence on the viscosity and storage moduli of 5CB. In addition, the COF 
under the same low speed decreased by 37% after a friction test at higher speed. The possible mechanism is discussed, and 
an in-depth understanding of this tribological system is needed to develop possible future applications.
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1  Introduction

Approximately 23% (119 EJ) of the world’s total energy is 
consumed by friction and wear between moving components 
[1]. There is an increasing demand to minimize friction and 
wear so as to increase energy efficiency in various mechani-
cal devices. It is estimated by Holmberg and Erdemir that 
energy losses due to friction and wear could potentially be 
reduced by 40% in 15 years if new technologies in surfaces, 
materials, and lubrication are used [1]. The industry is now 
in urgent need of new lubricating methods that can further 
reduce friction and wear.

Liquid crystals (LCs) are substances that exhibit a meso-
phase between liquid and crystalline solid within a certain 
range of temperature or concentration. The specific physical 
behavior endows liquid crystals with the fluidity of liquids 
and some of the ordered molecular arrangement of crystals 
[2]. In addition to their wide commercial use in liquid crystal 

display (LCD) [3], LCs are of great interest in tribology as 
lubricants [4–7] or additives [7–10] because of their encour-
aging lubricating properties. The encouraging lubricating 
properties of LCs are believed to be related to molecular 
orientation. For example, surface anchoring and electrical 
field-induced molecular orientation significantly influences 
the lubricating behavior of LCs [11, 12].

Despite the notable improvement in lubricating perfor-
mance, lubricating with LCs, however, in most cases can 
only reduce the COF to a certain extent (by a factor of two 
or less) in research, and no ultralow friction was reported 
except by Eidenschink [13]. Unfortunately, Eidenschink’s 
pioneering findings did not attract enough attention from 
researchers for 10 years until 2009 [14]. Based on Eiden-
schink’s research, Amann and co-workers conducted a 
more in-depth study. Superlow friction (0.005) is achieved 
between steel surfaces in a reciprocating line-contact friction 
system when lubricated with specific types of LCs [14–16]. 
They found that tribochemical reactions between LC and 
steel during the running-in process decrease contact pres-
sure dramatically and form a specific surface texture on wear 
areas, and these are important factors responsible for the 
ultralow friction [15, 17]. Simulations of the friction process 
show that molecular orientation plays an important role in 
reducing friction [18–20]. In addition, the potential techni-
cal application of these specific types of LCs in sintered 
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bearings has shown lower friction and longer life time com-
pared to standard oils [21].

In our prior work [22], the tribological performance of 
4-Cyano-4′-pentylbiphenyl (5CB) LC was investigated after 
a running-in process with acetylacetone (Hacac). The COF 
between steel surfaces in a ball-on-disk sliding friction test 
decreased from 0.055 to 0.013. Tribochemical reactions 
between Hacac and steel surfaces lead to the generation of 
tris(acetylacetonato) iron(III) (denoted as Fe(acac)3), lower 
contact pressure, and an evenly distributed grooved structure 
on wear area of the ball. The results show that lower con-
tact pressure cannot directly lead to the ultralow friction of 
5CB. Therefore, the groove-structured wear and Fe(acac)3 
are assumed to be the reasons for the encouraging tribologi-
cal performance. This work aims at a deeper insight into the 
influence of the groove-structured wear and Fe(acac)3 on 
the friction behavior of 5CB. Combined with the dynamic 
rheology of 5CB, a possible mechanism for the ultralow fric-
tion is proposed.

2 � Experimental Section

Commercially available LC 4-Cyano-4′-pentylbiphenyl 
(5CB, 99.5%, Shijiazhuang Huarui Scientific and Techno-
logical Co.) was used in friction tests. 5CB has rod-shaped 
molecules and exhibits a nematic phase within about 
22–35 °C [23, 24]. Acetylacetone (Hacac, 99%, Chengdu 
Kelong Chemical Co., Ltd.) was used for the running-in 
process at the initial stage of the friction tests. Hacac exists 
as an equilibrium mixture of keto-enol tautomers, and its 
keto fraction is approximately 20% [25]. Figure 1 shows 
the chemical structure of 5CB and Hacac. All reagents were 
used without further purification.

The specimens were GCr15 steel balls (d = 6  mm, 
Ra = 25 nm) and disks (Ra < 100 nm). Before tests, the 
balls and disks were cleaned in an ultrasonic bath using 

acetone and ethanol for 15 min. Friction tests were carried 
out for 3 h in one direction plus 2 h in the reverse direction 
(COFs obtained in the reverse direction were negative) on 
a ball-on-disk tribometer (THT, Anton Paar, Switzerland) 
at 23–25 °C. Final COFs were obtained by averaging the 
absolute values measured in two reverse sliding directions 
to eliminate measurement errors [26, 27]. A normal load 
of 5 N was applied providing the initial maximum contact 
pressure of 1127 MPa. During friction tests, the disc rotated 
at 200 rpm with a track radius of 17.2 mm, corresponding to 
a linear speed of 360 mm/s. During the running-in process, 
Hacac was introduced multiple times (about 0.05 ml each 
time) between the ball and the disk to prevent its complete 
depletion [22]. The Fe(acac)3 generated from the reactions 
between Hacac and steel remained on the wear track after 
running-in. Approximately 0.03 ml of 5CB was applied as 
lubricant on the wear track of the disk after running-in.

A series of tests (running-in time was kept at 240 s, and 
the test duration was 5 h) were conducted to investigate the 
influence of Fe(acac)3 and the regular groove-structured 
wear on the COF of 5CB: (a) lubricating directly with 5CB 
after running-in with Hacac, denoted as acac-5CB; (b) wash-
ing out the Fe(acac)3 left on steel surfaces with acetone and 
ethanol repeatedly after running-in, and then lubricating 
with 5CB, denoted as acac-Washed; (c) lubricating with 
ethanol for 60 s after washing out Fe(acac)3, and then lubri-
cating with 5CB, denoted as acac-Et60; and (d) lubricating 
with ethanol for 120 s after washing out Fe(acac)3, and then 
lubricating with 5CB, denoted as acac-Et120.

The topography and surface texture of the wear areas 
were investigated using an optical microscope (VHX-6000, 
Keyence). The autocorrelation function and 2D contour 
plots of the wear areas were obtained using an optical pro-
filing system (white light vertical scanning interferometry, 
Wyko NT9300, Veeco). All friction surfaces were cleaned 
by sonication in acetone and then ethanol before any further 
investigation. The rheological behavior of 5CB was studied 
by a rotary rheometer (MCR302, Anton Paar) using cone-
and-plate geometry with 20 mm diameter and 2°cone angle. 
The middle thickness of the sample between the peltier plate 
and cone was maintained at 0.105 mm in all measurements. 
As the rheological properties of LCs are dependent on shear 
history [2], the 5CB LC was gently added on the top of the 
plate, and then the cone was slowly lowered to the measur-
ing position. The 5CB squeezed out between the cone and 
plate was then carefully removed. All measurements were 
carried out at 25 °C. The steady shear measurement was 
performed with shear rates varying from 1000 to 0.1 s−1. 
Before steady shear measurement, 5CB was allowed to rest 
for 30 min to relax from the deformation stress and attain 
temperature equilibrium. The influence of shear history on 
viscosity was studied by comparing the apparent viscosity 
of 5CB at shear rate of 0.1 s−1 before and after shearing the Fig. 1   Chemical structure of a Hacac and b 5CB
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sample at a shear rate of 100 s−1. The measurement of the 
dynamic rheological behavior consisted of a steady shear 
for 120 s between two oscillatory time sweep measurements 
to study the influence of shear history on the storage mod-
uli (G′) and loss moduli (G″) of 5CB. The oscillatory time 
sweep measurement was performed at an oscillatory strain 
of 1% and a shear frequency of 6.28 rad/s (1 Hz).

3 � Results and Discussion

The results of 5CB friction tests after running-in with Hacac 
for different times (ranging from 0 to 480 s) are shown in 
Fig. 2. Once Hacac was introduced on the disk, the generated 
Fe(acac)3 was dissolved by Hacac. As Hacac is a liquid with 
very low viscosity (0.7 mm2/s at 40 °C), excessive Hacac 
(and the Fe(acac)3 dissolved in it) left the wear track as a 
result of centrifugal force. So after application, only a small 
amount of Hacac was left on the wear track. The remain-
ing Hacac reacted with steel, generating Fe(acac)3. Given 
the same amount of Hacac applied each time (0.05 ml) and 
the same rotation speed, Hacac left on the wear track was 
basically the same, and hence, the generated Fe(acac)3 was 
presumed to be basically the same despite the difference 
in running-in time. The 5CB shows a stable COF value of 
about 0.055 during the whole testing period. In contrast, 
COFs are much smaller when 5CB was used as a lubri-
cant after the running-in process with Hacac. As shown in 
Fig. 2, the COFs are reduced notably as the running-in time 
increases from 0 s to 240 s and reaches its minimum value 
(0.013) at 240 s. The COF value is basically the same when 
the running-in time increased from 240 to 480 s.

By running-in with Hacac for 0, 60, 120, 240 and 480 s, 
the wear diameters on the balls were measured to be 239, 

343, 374, 446 and 494 µm, corresponding to the contact 
pressure of 116, 54, 46, 32 and 26 MPa, respectively. Con-
tact pressure between sliding surfaces is very important in 
determining the COF, as lower contact pressure may trans-
form the system from boundary lubrication to elastohydro-
dynamic lubrication, which decreases the COF notably. In 
our prior study, however, friction tests under contact pressure 
as low as 9 MPa reveal that reducing the contact pressure 
alone does not reduce the COF for 5CB [22]. Actually, as a 
result of the tribochemical reactions, running-in for different 
times leads to different wear topography on the ball as well 
as different contact pressure. Few shallow furrows could be 
found on wear area of the ball when the running-in time was 
120 s, and a regular grooved structure was observed when 
the running-in time reached 240 s (optical images and the 
3D plots in Fig. 5 in our prior study [22]). Reduced contact 
pressure was unavailable in the generation of the regular 
groove-structured wear that relies on the rapid wear of the 
ball caused by tribochemical reactions. Considering the phe-
nomena mentioned above, it is reasonable to assume that 
wear topography rather than reduced contact pressure is the 
reason for the reduced COF.

Figure 3 shows the COF in the first 450 s of the acac-
Et60 friction test. It can be seen that there is an obvious 
difference in the COF for Hacac and ethanol, even though 
they are all low viscosity, volatile organic liquids. Hacac 
and ethanol were applied on wear track of the disk occa-
sionally to prevent depletion. The diagram depicts the COF 
of Hacac decreasing quickly before it was replenished, and 
once Hacac was replenished, the COF was restored to about 
0.2 and began to decline again. In contrast, the COF of etha-
nol increased quickly before ethanol was replenished, and 
once ethanol was replenished, the COF was restored to about 
0.15 and began to increase again. The different lubricating 

Fig. 2   Comparison of the COFs when lubricating with 5CB after a 
running-in process with Hacac for 0, 60, 120, 240 and 480 s

Fig. 3   The difference in the COF of Hacac and ethanol in the first 
450 s of the acac-Et60 friction test
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performance is believed to stem from the generation of 
Fe(acac)3, which has been used as an additive in lubricat-
ing oils and reduces friction [28]. The increasing content of 
Fe(acac)3 in Hacac as a result of the consumption of Hacac 
and the generation of Fe(acac)3 is a possible reason for the 
decreasing COF. On the contrary, no tribochemical reactions 
occurred between ethanol and steel, and that is why its COF 
presents an opposite change compared to Hacac.

The wear morphologies after friction tests of acac-Et120, 
acac-Et60, acac-Washed and acac-5CB are shown in Fig. 4. 
Lubricating with ethanol after running-in evidently damages 

the evenly distributed groove-structured wear on the ball. As 
shown in Fig. 4a, b, the wear surfaces for acac-Et120 and 
acac-Et60 are rough and irregular, with apparent exfoliation. 
The wear of acac-Et120 is more severe as the time lubricat-
ing with ethanol was longer. The wear area of acac-Washed 
(Fig. 4c) is much better than acac-Et120 and acac-Et60. 
Just washing out Fe(acac)3 does not change the wear sur-
face morphology obtained by running-in with Hacac before 
lubricating with 5CB, but compared to acac-5CB (Fig. 4d), 
the regular grooved structure becomes less obvious after 
lubricating with 5CB for acac-Washed. This result indicates 

Fig. 4   Morphology and autocorrelation function (perpendicular to the 
sliding direction) of the wear area on the ball after friction tests with 
different treatment conditions after running-in with Hacac: a acac-

Et120, b acac-Et60, c acac-Washed and d acac-5CB. The background 
color images are the 2D contour plots of the corresponding wear sur-
face
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that Fe(acac)3 has the effect of protecting sliding surface. 
The autocorrelation functions and 2D contour plots of the 
wear areas also indicate that the furrows on the wear surface 
of acac-5CB are more uniform and regular.

The surface bearing curve of wear areas on the ball after 
friction tests are shown in Fig. 5. Compared to acac-5CB, 
washing out the generated Fe(acac)3 makes the slope of the 
bearing area curve less gentle (Washed in Fig. 5), whereas 
lubricating with ethanol makes the slope much steeper (Et-
60 and Et-120 in Fig. 5). The height distribution of acac-
5CB is more concentrated than the other three, with more 
than 91% of the surface height distributed within a range of 
± 100 nm (acac-5CB in Fig. 5). Considering that a height 
that is too small or too high will be influenced by a few 
abnormal high peaks or deep valleys, it can be said that the 
height distribution of acac-5CB is very uniform.

Figure 6 depicts the COFs of acac-Et-120, acac-Et-60, 
acac-Washed and acac-5CB. As shown in the diagram, just 
by removing the Fe(acac)3 on sliding surfaces, the COF 
of acac-Washed increased to 0.029 from 0.013. The obvi-
ous increment in COF verifies our prior assumption that 
Fe(acac)3 does reduce friction. To further prove the benefit 
of Fe(acac)3 in reducing friction, Fe(acac)3 and 5CB were 
washed out after the friction test of acac-5CB from sliding 
surfaces and approximately 0.05 ml of ethanol solution that 
contained 0.03 g/ml Fe(acac)3 was applied on the wear track. 
A few minutes later, the ethanol volatilized completely and 
only Fe(acac)3 was left on the wear track. About 0.03 ml 
of 5CB was then applied on the wear track. The COF was 
measured to be 0.016, which is a little higher than acac-5CB 
but is much smaller than acac-washed. As for acac-Et60 and 
acac-Et120, the regular grooved structure on wear area of 
the ball was removed by lubricating with ethanol, increas-
ing the COF. Corresponding to their wear morphology, the 
COF of acac-Et120 is 0.057, which is higher than 0.042 for 
acac-Et60.

Except for different wear morphologies, the other condi-
tions of acac-Washed, such as the lubricant, contact pressure 
(lubricating with ethanol after running-in has little effect 
on the contact pressure) and sliding speed, are identical to 
those of acac-Et-120 and acac-Et-60. However, the COF of 
acac-Washed is smaller than that of acac-Et-120 and acac-
Et-60, indicating that the regular groove-structured wear on 
the ball is beneficial for reducing friction as well. The results 
above demonstrate that both the groove-structured wear on 
the ball and the Fe(acac)3 induced by tribochemical reac-
tions are beneficial in reducing friction, and without either 
one, the COF increases. In other words, the ultralow friction 
of 5CB is a result of synergy between the groove-structured 
wear and Fe(acac)3.

The rheological behavior of lubricants is crucial for 
determining their lubricating performance. Flow of LC 
causes molecular realignment (shear alignment), which 

results in shear thinning [29]. The dependence of the 
apparent viscosity on shear rate in Fig. 7 reveals the typi-
cal shear thinning behavior of 5CB.

Figure 8 depicts the influence of shear history on the 
apparent viscosity of 5CB. First, the viscosity of 5CB was 
measured at a shear rate of 0.1 s−1, and then the viscosity 
of the same sample was measured at shear rates of 100 
and 0.1 s−1, successively. The subsequent measurement 
was made immediately after the previous one to make sure 
that there was no time for 5CB to relax from the deforma-
tion stress. Under the same shear rate, the viscosity of 
5CB at the first and the third stages of the measurement is 
very different. The viscosity of 5CB changed from about 
85 mPa·s to 53 mPa·s after being sheared at 100 s− 1, a 
reduction of 37.6%, indicating that under the same shear 

Fig. 5   The surface bearing curve of wear areas on the ball after fric-
tion tests of acac-Et120, acac-Et60, acac-Washed and acac-5CB

Fig. 6   COFs of 5CB with different treatment conditions after run-
ning-in with Hacac
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rate, the viscosity of 5CB is deeply influenced by its shear 
history.

In addition, as shown in Fig. 9, not only is the viscosity 
of 5CB affected by shear history but also the storage moduli 
(G′) and loss moduli (G″). At the first stage of the measure-
ment, the G′ of 5CB is negligible, consistent with the litera-
ture [30]. However, after shearing at 100 s−1, the G′ of 5CB 
rose by three orders of magnitude, and there was basically 
no change in G″. The result indicates that G′ of 5CB is no 
longer negligible under the conditions of shear. Moreover, 
the shear rates in friction tests are much higher than in rhe-
ology measurements due to the thinner film thickness, and 
thus G′ of 5CB in friction tests could be more prominent. 
The rise of G′ reflects the internal structure change, which 
may affect friction behavior of 5CB.

The molecules of nematic LC tend to align along a com-
mon direction, the so-called director n⃗ . The orientation of 

the director is influenced by many factors, such as tempera-
ture, shear, surface conditions (anchoring), electric and 
magnetic fields, etc. In rheology measurements and friction 
tests, shear flow and surface anchoring are the main factors 
influencing director orientation of LC. LC molecules will be 
subject to torque in a shear flow, and hence, the director ori-
entation will be disturbed and fluctuate. Nematic LCs can be 
divided into two groups according to the tumbling parameter 
λ, used to describe the torque equilibrium of n⃗ under steady 
shear flow. For LCs with |λ| < 1, no torque equilibrium for 
n⃗ can be reached, so n⃗ keeps rotating continuously in shear 
flow, and this type of LC is designated as flow tumbling. 
Whereas for LCs with |λ| ≥ 1, the torque disappears when n⃗ 
is at an angle θ relative to the flow direction, and this type of 
LC is designated as flow aligning [31]. The value of θ can be 
calculated by the following equation [17, 32]:

where α2 and α3 are Leslie coefficients of LC. For 5CB, 
λ > 1 [33] and the angle θ between the n⃗ and the flow direc-
tion is about 13° in a steady shear flow [17]. The shear thin-
ning behavior of LC is believed to result from the shear 
alignment, which induces a possibly better orientational 
order [29, 34]. The orientation change of n⃗ in shear flow 
causes the LC molecules to be subjected to a restoring force 
(restore n⃗ to the orientation without shear flow), which is the 
reason for the sharp increase in G′ after shear [35].

The lubricating performance of a lubricant is closely 
related to its viscosity. In addition, director orientation plays 
an important role in determining friction of LC lubricants. 
For example, an electric field can affect the friction of LC 
by influencing the director orientation [12, 36]. As shear 
has a significant influence on 5CB viscosity, director orien-
tation and storage moduli (elastic moduli), an experiment 
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Fig. 7   The dependence of apparent viscosity of 5CB on shear rate

Fig. 8   The influence of shear history on the apparent viscosity of 
5CB

Fig. 9   The influence of shear history on the G′ and G″ of 5CB
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was designed to investigate the influence of shear history on 
the COF of 5CB. The 5CB left on the wear track after the 
acac-5CB friction test was first allowed to rest for 30 min to 
eliminate the influence of previous shear, and then friction 
tests were carried out at 50, 400 and 50 rpm successively. As 
shown in Fig. 10, after the friction test at 400 rpm, the COF 
at 50 rpm dropped from about 0.046 to 0.029, a decrease 
of 37%, and the COF of 0.029 lasted for the test time of 
60 min. The result suggests that friction of 5CB is deeply 
influenced by its shear history. It has been reported in the 
literature that the low friction of LC is attributed to the flow 
alignment at high shear rates [6]. The molecular orientation 
deduced by shear at high shear rates is believed to change 
some properties of the boundary film formed by 5CB mol-
ecules, and these changes may avoid intimate contact of the 
sliding surfaces [36]. The result means that when LCs are 
used as lubricants, we can obtain lower COFs at low sliding 
speeds by prelubricating the friction pairs at high sliding 
speed, and the lower COF lasts for a long time under low 
sliding speeds.

Other than flow alignment, surface anchoring affects the 
molecular orientation and hence the viscosity of LC. The 
surface with microgrooves forms uniform planar anchoring 
in which n⃗ is parallel to the surface and to a certain in-plane 
direction (along the microgroove direction) [37, 38]. Thus, 
the grooved structure generated by running-in with Hacac 
very likely induces uniform planar anchoring of 5CB. The 
flow alignment and uniform planar anchoring streamline the 
5CB molecules along the flow direction, and they can more 
readily pass each other, so the COF decreases. That may be 
the reason for the ultralow friction of 5CB after running-in 
with Hacac. The grooved structure was damaged by lubri-
cation with ethanol after running-in, and thus, the uniform 
planar anchoring of 5CB was altered to other anchoring con-
ditions, for instance, random planar anchoring ( ⃗n parallel to 

the surface with arbitrary angle) or homeotropic anchoring 
( ⃗n perpendicular to the surface). It can be assumed that the 
increment of COF (Fig. 4) after damaging the wear surface 
on the ball (Fig. 6) is caused by changing the 5CB anchor-
ing conditions that make 5CB molecules less streamlined.

4 � Conclusion

In this study, the ultralow friction behavior of 5CB liquid 
crystal achieved by running-in with acetylacetone was inves-
tigated. Shear history has a significant effect on the viscosity, 
storage moduli (G′) and COF of 5CB. We obtain lower COF 
at low sliding speeds by prelubricating the friction pairs at 
high sliding speed, and the lower COF lasts for a long time 
under low sliding speeds. The groove-structured wear gener-
ated during the running-in process very likely induces uni-
form planar anchoring of 5CB along the grooves, and hence, 
under the combined action of shear alignment, the molecules 
of 5CB become more streamlined along the flow direction 
and can more readily pass each other, so the COF decreases.

In summary, both the Fe(acac)3 and groove-structured 
wear on the ball induced by the tribochemical reactions 
between Hacac and steel surfaces are beneficial for reduc-
ing friction, and without either one, friction will increase 
notably. So, the ultralow friction of 5CB liquid crystal 
achieved by running-in with acetylacetone is a result of the 
combined action of Fe(acac)3 and the groove-structured 
wear. The mechanism for the beneficial effect of Fe(acac)3 
that protects the wear surface and reduces friction needs 
more investigation. In addition, in situ observation of the 
molecular orientation of 5CB during friction should be car-
ried out in future work to prove our assumption directly. An 
in-depth understanding of this tribological system is needed 
for development and possible future applications.
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