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ABSTRACT: Three a-alkene lubricants, differentiated by chain length, were selected
as model compounds to investigate the influence of chain length on tribological
properties. The novelty of this study lies in setting chain length as the sole variable to
explore its impact on surface and adsorption energy. Based on the above findings, the
study provides a unique explanation of the intrinsic relationship between chain length
and tribological performance. The tribological properties of the three a-alkenes were
compared, and subsequent characterization methods elucidated the wear mechanisms
and explored tribochemical reactions. The study employed the Owens—Wendt—
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13 Rabel—Kaelble (OWRK) method and density functional theory (DFT) to investigate 0_10-%
14 each compound’s surface energy and adsorption energy. Experimental results revealed 1-Qctadecene
15 that the average friction coefficients (abridged as COF) for 1-decene, 1-tetradecene, 005 o pA o 180
16 and 1-octadecene decreased sequentially to 0.125, 0.099, and 0.075, respectively. The Time (min)
17 wear volume of 1-tetradecene decreased by 53.2% and that of 1-octadecene decreased
18 by 64.0% compared to 1-decene. This can be attributed to the simultaneous enhancement of the surface energy and adsorption
19 energy with increasing chain length. On the one hand, the increase in surface energy facilitates tribochemical reactions positively
20 influencing the formation of tribofilms. On the other hand, the increase in adsorption energy enhances the adsorption of lubricants
21 on the substrate surface. The synergy of these two effects allows 1-octadecene and 1-tetradecene (long-chain a-alkenes) to exhibit
22 superior tribological performance compared to that of 1-decene (short-chain a-alkenes). Ultimately, this study offers unique insights
23 into understanding lubrication mechanisms.
2+ Il INTRODUCTION with different chain lengths on different substrates has been 46
25 In mechanical engineering and industrial production, the investigated by molecular simulation and friction tests, and 47
26 energy losses and equipment damage caused by friction are sogie result%hleze been (;)btt}eluned.h lecular d . ®
27 staggering,' ~ making the development of lubrication technol- SUMMErs - discovered through mofectiar dynamics simu- 49
2 ogy key to ensuring the performance and efficiency of lations that the mechanism by which the in-plane arrangement so
2 machinery.’ Poly a-olefins (PAOs) synthetic base oils of monolayer chains controls monolayer wear is achieved by s1
. ) . . . .
30 prepared through the oligomerization of one or more linear promoting 1ncFeased chain-to-chain contact between‘ mono- 52
. . layers. Increasing the length of the monolayer chains can s3
31 a-alkenes in the presence of catalysts, represent a high- f he infl ¢ sob deali deradati
32 performance lubricating oil, gaining extensive utilization across reduce the nfluence of su strate nonideality on degra at1.0n 34
- . . behavior, with C10 and C12 monolayers exhibiting consid- ss
33 a range of precision machinery equipment and greatly -
e L 45 - . erably greater stability than C6 monolayers through an s6
34 mitigating friction and wear.”” As a significant class of organic hanced di . I Erdemi T loved ab
35 compounds, a-alkenes have always been the raw material for enhanced dispersion ne‘.cwor . Srdemir et al smployed ab sz
3 the synthesis of P AOs.5~® The feedstocks for producing low- initio molecular dynamics (AIMD) and reactive molecular ss
47 viscosity PAOs are primarily Cg—C,, linear a-alkenes with 1- dynar.nlcs (RMD) simulations to model the tr1bolo.g1c.al 59
38 decene being the main component, while longer chain a- chemistry of a-alkene (pentene) on copper surfaces within 60
39 alkenes are used to synthesize higher viscosity PAOs.” It is
40 evident that the chain length of a-alkenes significantly impacts Received: ~September 11, 2024

41 the properties of lubricants and thus their tribological
4 properties. The length of the lubricant molecular chain is
43 directly related to its viscosity,'* and changes in viscosity can
44 lead to alterations in the COF, wear mechanisms, and oil film
45 thickness.'"'* Recently, the tribological behavior of a-alkenes
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PAOs, discovering that the pentene in PAOs facilitated the
formation of a carbon-based solid lubricant film through
dissociative extraction from themselves and this solid lubricant
film plays an important role in improving lubrication
performance. Li et al.'” utilized RMD simulations to
investigate the effect of linear a-alkenes of varying chain
lengths in PAOs on the frictional behavior of a-C films. The
experiments revealed that the synergistic action of thermal and
shear effects led to the severe dissociation of a-alkene
molecules at different parts of the C—C backbone. These
show that the long-chain a-alkene lubricants are more prone to
breakage on a-C surfaces under high friction forces, reducing
the intact numbers of CsH;,, CsH ¢, and C,H,, molecules by
58, 60, and 70%, respectively.

In systems such as liquid films, engine oils, and ionic liquids,
changes in the chain lengths of the constituents will clearly
alter their properties, as well as tribological performance. For
instance, Jiménez et al.' investigated the influence of alkyl
chain length and anion type on the lubricating ability in room-
temperature ionic liquids. The results revealed that maintain-
ing a consistent anion and extending the normal alkyl chain
length (from n = 2 to 6 or 8) could reduce tribo-corrosion.
Zhang et al.'” conducted molecular dynamics (MD)
simulations to study the frictional characteristics of six mixed
alkane liquid films with different chain lengths between gold
substrates, finding that the addition of short-chain alkane
molecules, such as the n-hexane/dodecane mixed film
exhibited the highest COF. This is attributed to the fact that
short-chain molecules could decrease the density of the solid-
like layer, causing the film transition from a solid-like state to a
liquid state, and this transition in the film state increases
friction. Mandal'® demonstrated that additives with longer
aliphatic chains exhibited stronger surface protective properties
and lower COF in paraffin oil by comparing additives
synthesized with different aliphatic chain lengths. Cyriac'
employed a neutron reflectometer (NR) to study the influence
of varying carbon chain lengths of organic friction modifiers
(OFMs) on film formation, finding that long-chain and linear
structured OFMs exhibited lower COF and wear, which is
attributed to the fact that films formed by OFMs with longer
chains is more effective at withstanding shear forces. The
results of Booth et al.”’ showed that the tribological properties
of monolayers depended on the surface groups, chain lengths,
and head groups of the adsorbates, in which n-alkanethiolate
monolayers with a chain length of 12 were irreparably damaged
by a single pass of the probe under a force of 9.8 mN, whereas
monolayers with longer chain lengths were more stable under
the shear force of the probe and also exhibited better
tribological properties, which was because increasing chain
length improves the cushioning properties of the monolayers.

Computational simulations and tribological tests have both
demonstrated that the chain length of lubricants or additives
can significantly impact the manifestation of their tribological
performance. The relationship between chain length and
tribological properties requires further investigation, as this
area has yet to be thoroughly explored. Herein, we must
address a key question: what is the intrinsic relationship
between chain length and the manifestation of its tribological
performance? Additionally, another issue in the aforemen-
tioned research is that considering chain length variation as
one of the factors inevitably leads to interference from other
factors, such as base oils and additives, which prevents an
accurate investigation of changes in lubrication performance

caused solely by chain length variation. In this study, three a-
alkenes of different chain lengths are used as model lubricants
to uniquely study the impact of the chain length on lubrication
performance. Friction experiments were conducted on three a-
alkenes. The resulting wear scars and wear debris were
characterized in detail, and the relationship between chain
length and both adsorption and surface energies was also
calculated. At the end of this article, a mechanism for the effect
of chain length on the lubricating performance of lubricants
was proposed. Ultimately, this study aspires to deepen the
understanding of the relationship among chain length,
tribological performance, and friction mechanisms.

B EXPERIMENTAL SECTION

Materials. Three distinct a-alkenes, 1-decene, 1-tetradecene, and
1-octadecene, were acquired from Sinopharm Chemical Reagent Co.,
Ltd. and were utilized as is, without any additional processing. The
molecular structures and photographs of these a-alkenes are
illustrated in Figure 1. Any other solvents required for the experiment
were procured from commercial sources.
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1-Decene 1-Tetradecene
/

1-Octadecene

Figure 1. Structure and photograph of three a-alkenes.

Friction Test. For the friction testing, a ball-on-disc apparatus
(MS-9000, Lanzhou Huahui Instrument Technology Co., Ltd.) was
used, consisting of a stationary upper ball with a diameter of 10 mm
and a mean roughness (R,) of 0.10 ym, made of GCrlS steel with
hardness ranging between 650 and 700 HV and a rotating lower disc
with a diameter of 24 mm and a thickness of 7.9 mm, also made of
GCrlS5 steel with the same hardness range. The schematic diagram of
the friction pair is given in Figure 2. In the friction test, 10 mL of a-
alkene was added to the oil box and three repetitive measurements
were performed for each sample. The conditions of friction
experiments were as follows: load of 200 N, speed of rotation of
300 rpm, radius of S mm, test duration of 180 min, and room
temperature (RT).

Characterization. After the friction test, the a-alkene samples
with debris were collected and centrifuged with a high-speed
centrifuge to separate the lubricant and debris. The lower test disc
and the centrifuged debris were cleaned twice with petroleum ether
(PE) to remove the a-alkene attached to the surface. Wear debris and
tribofilm were analyzed by a Raman spectroscope (HORIBA LabRam
HR Evolution Confocal Raman microscope). The Raman system was
utilized with the wavenumber range of 100—4000 cm™" (laser = 532
nm, ND filter = 25%). X-ray photoelectron spectroscopy (XPS, Nexsa,
Thermo Fisher Scientific Corporation) data were obtained on a
spectrometer with Al Ko radiation as the exciting source. Micrographs
were obtained via scanning electron microscopy (SEM, JSM-S601LV)
coupled with energy dispersive X-ray spectroscopy (EDS), trans-
mission electron microscopy (TEM, FEI Tecnai G2 F20), and high-
resolution TEM (HRTEM).

Calculation of Wear Rate. The associated wear rate was
determined utilizing eq 1:
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Figure 2. Experimental setup. Ring on disk tribometer. Test conditions: GCrl15 steel versus GCr1S steel. a-Alkenes as a lubricant.

K= SXL
173 Fxl (1)

174 where K (mm?®/N/m) is the wear rate of the disc; F (N) and ! (m) are
175 the vertical force and moving length, respectively; L (mm) is the
176 circumference of a circular wear scar; and S (mm?) is the cross-
177 sectional area of wear scar, which was photographed and calculated by
178 a 3D profiler (VHX-6000).

179 Calculation of Adsorption Energy. Density functional theory
180 (DFT) simulations were performed by using the Vienna Ab initio
181 Simulation Package (VASP), employing plane-wave basis sets in
182 conjunction with the projector augmented-wave technique. The
183 treatment of exchange—correlation effects was facilitated through the
184 utilization of the generalized gradient approximation (GGA),
185 specifically with the Perdew—Burke—Ernzerhof (PBE) parametriza-
186 tion.”’7**> To account for van der Waals interactions, Grimme’s DFT-
187 D3 model corrections were integrated.”* A vacuum space of
188 approximately 18 A was introduced to eliminate interactions across
189 adjacent images. The energy cutoff parameter was determined to be
190 450 eV. For Brillouin-zone sampling, a I'-centered Monkhorst—Pack
191 scheme with a mesh size of 2 X 1 X 1 was adopted.”® Structural
192 optimizations continued until the maximal force on any atom was
193 reduced below 0.02 eV/A, with an energy convergence criterion of
194 107 eV being applied. Ultimately, adsorption energies (Eadsorpﬂon)
195 were calculated according to the following equation: E,gption =
196 Elubricant/ substrate(Elubricant + Esubstrate)l where Esubstrate is the total energy of
197 the isolated substrate, Ej .y is the energy of the lubricant molecule
198 alone, and Ejypricant/substrate 1S the energy of the combined stable
199 lubricant/substrate system.

200 Surface Energy Test. The steel disc underwent an initial
201 ultrasonic cleaning process in n-hexane for a duration of S min,
202 following a period of drying and cooling to mitigate potential
203 contamination. Then, 0.05S mL of three a-alkenes was individually
204 applied onto the surface of each cleaned and cooled disk.
205 Subsequently, the samples were left at RT for 2 h, during which an
206 adsorption film developed on the disk surfaces. The cleaning of
207 residual lubricant from the disc was accomplished by using n-hexane.
208 Once dried, the disc was subjected to contact angle measurements to
209 assess their surface properties based on test methods in the
210 literature.*

211 To elucidate potential alterations on the surface, the surface
212 energies of the disc, both prior to and following the formation of the
213 adsorption film, were determined employiné; the Owens—Wendt—
214 Rabel—Kaelble (OWRK) method (eq 2).>’ " For this analysis, water
215 and diiodomethane were chosen as the probing liquids, with their
216 respective surface tensions presented in Table 1. The contact angles of
217 these model liquids on the investigated surfaces were accurately
218 measured using a video-based measuring device (DSA100, Kriiss).

_ DD PP
o KL +cosO) =2(rn + xn) )

220 In the equation, y; represents the total surface energy of the liquid;
221 O denotes the contact angle of the liquid on the solid surface; yg
222 signifies the surface energy of the solid’s dispersive component; yp
223 corresponds to the surface energy of the liquid’s dispersive

[

Y

Table 1. Surface Energy and Its Components of Model
Liquids®’

polar dispersive total surface
component yf component y]L) energy ZL
model liquids (mJ/m?) (mJ/m?) (mJ/m*)
water 51.00 21.80 72.80
diiodomethane 0 50.80 50.80

component; y% is the surface energy of the solid’s polar component; 224
and 7 indicates the surface energy of the liquid’s polar component. 225

Film Thickness Calculation. The utilization of the Hamrock— 226
Dowson formulation in point contacts facilitates the estimation of the 227
minimum lubrication film thickness under tribological stress for three 228
classes of a-alkene.’’ The mathematical expression is delineated as 229
(eq 3): 230

G0.53U0.67R

-0.73k
s (1-o061e )

h. = 2.6
¢ ’ (3) 21
In this equation, h, signifies the minimum film thickness, G = @E, U 232
= nv/ER, and W = F/ER? corresponding to the dimensionless 233
parameters for the material’s elastic modulus, rotational speed, and 234
applied load, respectively. Within this context, a denotes the 235
lubricant’s pressure—viscosity coefficient, E represents the effective 236
elastic modulus of the contacting bodies, and F is the applied load. k is 237
the ellipticity factor, v is the sliding linear velocity, which is calculated 238
from the derivation of the following equation (eq 4), 7 is the viscosity 239
of the lubricant at the RT, and n is the rotational speed. 240

_ 2XTXrXn
60 X 1000 4) 241

The effective radius (R) of the steel ball is calculable through eq S. 242
In this context, D specifies the contact area of the steel ball, which can 243
be determined from the diameter of the wear scar. The values of the 244

parameters in eqs 3—5 are listed in Table 2. 245 £2
ED’
R=—"—
6F (8) 26
B RESULTS AND DISCUSSION 247

Friction Test. The COF of the steel—steel pair lubricated 248
by three a-alkenes at 200 N is shown in Figure 3a. The average 249 3
COF (Figure 3b, line graph) of 1-decene, 1-tetradecene, and 1- 250
octadecene after running 180 min is 0.125, 0.099, and 0.075, 251
respectively. The COF of 1-decene, 1-tetradecene, and 1- 252
octadecene decrease sequentially, and its wear rate gradually 253
decreases (Figure 3b, bar graph), which suggests that the chain 254
length has an important effect on its tribological properties. In 255
the friction tests described in this article, a high COF 256
corresponds to a high wear rate, which is due to the fact 257
that high COF causes thermal fatigue, oxidization, and 258
detachment of the surface, thus increasing the wear rate.*” 259
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Table 2. Values of the Parameters in Equations 3—5

parameter (unit) value

a (GPa™) 1-decene 14
1-tetradecene 1.9
1-octadecene 2.5

E (GPa) 208

F(N) 200

k 1

v (m/s) 0.157

n (Pas) 1-decene 7.59 x 1074
1-tetradecene 1.66 x 1073
1-octadecene 345 x 1073

n (rpm) 300

D (m?) 1-decene 1.01 x 107°
1-tetradecene 8.07 x 1077
1-octadecene 5.30 X 1077

Meanwhile, the wear volume of 1-tetradecene decreases by
53.2% and that of 1-octadecene decreases by 64.0% compared
to that of 1-decene, indicating that with the increase of the a-
alkene chain length, its wear resistance increases.

The surface roughness of tribological pairs is a crucial factor
influencing tribological performance.” To gain more profound
insight into wear patterns, Figure 4 presents the three-
dimensional (3D) topography and two-dimensional (2D)
profile curves of wear tracks lubricated with the tested
lubricants. It can be seen from 3D morphologies (Figure
4a—c) and the average 2D profiler (Figure 4d) that the wear
scar with 1-decene as the lubricant has the deepest grooves and
the largest wear rate, 1-tetradecene has shallow grooves and
medium wear rate, and 1-octadecene has the lightest furrows
and the smallest wear rate. In particular, the surface roughness
of 1-decene, 1-tetradecene, and 1-octadecene decreases
sequentially. Compared to 1-decene, the surface roughness of
1-tetradecene and 1-octadecene is reduced by 58 and 63.3%,
respectively. This suggests that the chain length of the
lubricant plays a crucial role in influencing its tribological
performance.

Analysis of the Wear Scars and Wear Debris. Raman
Spectra of Wear Scars. Figure S shows the Raman spectra of
the blank steel as well as the abrasion marks of the steel block
after the friction test. All of the surfaces of the steel blocks
lubricated with a-alkenes showed obvious brownish-black wear
scars, while there is no recognizable Raman peak on the blank
steel surface. Further comparison with the reference iron
oxides (Fe,05 and Fe;0,) shows that the Raman spectra of the
wear scars of the a-alkenes are more similar to those of Fe;O,,

and this indicates that the friction process of the three a-
alkenes is dominated by oxidative wear, which also explains the
sharp fluctuation of their COF.** In addition, in Figure
Sby,cy,d;, Raman absorption occurs at 2914 cm™!, which is
caused by the absorption of hydrogenated carbon present in
the tribofilm.**

SEM and EDS Analysis of Wear Scars. In order to
understand the lubrication mechanism, the wear scars were
analyzed by using SEM (Figure 6) and EDS (Figure 7). As
shown in Figure 6a,al (enlargement of Figure 6), it can be
seen that the surface of the steel block with 1-decene has
obvious furrows after the friction test. Evidently, the sliding
surfaces have sustained significant damage with distinct metal
deformation and pitting due to fatigue spalling on the worn
surfaces. The wear characteristics are indicative of a composite
mode of wear, where adhesive wear coexists with fatigue wear.
In contrast, 1-tetradecene (Figure 6b) and 1-octadecene
(Figure 6¢), which have smaller wear rates after friction,
show slight wear and further magnified observation of their
surfaces (Figure 6bl,cl). Specifically, the worn surface of 1-
tetradecene does not exhibit metal deformation or spalling but
features broad scratches and furrows, which are characteristic

297
298 f6f7
299
300

of an abrasive wear mechanism. Similarly, the wear surface of 312

1-octadecene also shows slight furrowing; however, the broad
scratches are absent and the surface becomes smoother,
indicating that its wear mechanism is also attributed to abrasive

wear. The above results show that the antiwear performance of 316

a-alkenes increases with the chain length.

The EDS test results, as shown in Figure 7, indicate that the
primary constituents identified on the surfaces of wear marks
are C, O, and Fe. Notably, the concentrations of C and O in
wear scars escalate sequentially with 1-decene, 1-tetradecene,
and 1-octadecene, while Fe content diminishes progressively.
This trend suggests that the content of C and O elements on

317

323

the surface of the wear scar is enhanced with the elongation of 324

the a-alkenes chain, and this may be attributed to the varying
frictional chemical reactivity of a-alkenes. Consequently, these
reactions facilitate the formation of a carbonaceous and oxide
layer, augmenting the surface levels of C and O. The ensuing
formation of carbonaceous and oxide films acts as a protective
barrier, mitigating the metal surface’s direct exposure and,
thereby curtailing the direct abrasion and corrosion of metallic
iron components, which results in a relative decrease in Fe
content. Growing evidence® >’ supports the notion that even
pure hydrocarbons can generate carbon-based films on friction
interfaces, suggesting that the frictional decomposition of a-
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Figure 3. (a) Friction coefficient curves. (b) The wear rate of the steel disc lubricated by three a-alkenes.

D

https://doi.org/10.1021/acs.langmuir.4c03592
Langmuir XXXX, XXX, XXX—XXX

32§


https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c03592?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

8

Langmuir

pubs.acs.org/Langmuir

Sq=0.531pm

1-Octadecene

(b) 3
5
Sq=0.223pm
4
3
’ L §
\\ 2
K ’/f,,-&_\?i‘ff\“?f\\‘ gﬁ&& 1
2% |-Tetradecene &,
( ) 2 — 1-Decene
~— 1-Tetradecene

— 1-Octadecene

0 3I|)0 660

900

1200

Width (pm)

1500

Figure 4. (a—c) 3D morphologies of wear scars lubricated by three a-alkenes, respectively. (d) The average 2D profile of three wear scars.

1-Decenel (c)

1-Tetradecene

a,)

Fe, 0, powder reference

Blank steel b 1-Decene
—— Fe,0 powder referencel 1 Fe,0; powder reference
Fe,O, powder reference|
|
|
v

1-Tetradecene
Fe,0, powder reference
Fe;0, powder reference

1-Octadecene
Fe,0; powder reference
—— Fe;0, powder reference

Al 3 (i 3 i 3|l
: P JWM < b" ) Iw b4 \J (W W
ek £ i e B 1 o i [
]| ] B 111 N G 1 | 1% N E A Y
W W it A\ JI':' i T S HE f T
'\-'J W Nu' km\___“ N j.'dw*’ W
1000 2000 3000 4000 1000 2000 3000 4000 1000 2000 1000 2000 3000

Raman shift (cm™) Raman shift (em™)

3000
Raman shift (cm™)

4000

4000

Raman shift (cm")

Figure S. (a) Optical micrographs of a blank steel surface. Wear scars of steel surface lubricated by (b) 1-decene, (c) 1-tetradecene, and (d) 1-

octadecene and their Raman spectra (a,), (b,), (c;), (d,), respectively.

336 alkenes, catalyzed by frictional heat and shear forces, may be a
337 pivotal mechanism in this process.

338 XPS Spectra of Wear Scars. In order to better understand
339 the friction of the surfaces during the rubbing process, XPS
340 measurements of the three wear scars were performed to
341 analyze the differences in the chemical compositions of the
342 wear surfaces. Figure 8 shows the XPS spectra of C 1s, O 1s,
343 and Fe 2p of the wear surfaces of the three a-alkenes. In the C
344 1s spectra of the three a-alkenes, 289.3 and 284.8 eV are
345 attributed to C=O or COO— and adsorbed carbon,*®
346 indicating that a layer of carbon deposit is formed on the
347 wear surface due to the decomposition of the lubricant during

friction. The peaks appearing in 1-tetradecene at 286.3 eV and
the peak appearing in 1-octadecene at 285.6 eV are both
attributed to C—0,”® whereas the peak appeared in the C Is
spectra of 1-decene at only 281.6 eV, which was attributed to
Fe;C, indicating the combination of C and Fe. However, the
peak is absent in the spectra of 1-tetradecene and 1-
octadecene. This absence may be attributed to the fact that
these two a-alkenes are more actively involved in tribochem-
ical reactions compared to 1-decene. As a result, they generate
more carbon oxides that cover Fe;C, making it undetectable by
the instruments, and this is consistent with the results of the
EDS analysis. The peak at 533.1 eV in the O 1s spectrum is
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Figure 6. SEM images of wear marks of (a) 1-decene, (b) 1-tetradecene, and (c) 1-octadecene and enlarged images of (a;) 1-decene, (b;) 1-

tetradecene, and (c;) 1-octadecene.

360 assigned to FeOOH, while the peaks at 530.1 and 529.5 eV are
361 attributed to Fe—O bonds,>® combined with the Fe 2p peak
362 near 725.6 eV, which corresponds to Pe30440’41 this indicates
363 that tribochemical reactions occurred on the wear surface due
364 to direct contact of friction pairs, resulting in the formation of
365 iron oxides and this is a primary factor in achieving excellent
366 antiwear performance. Meanwhile, the peaks at 529.5 eV for 1-
367 decene, 1-tetradecene, and l-octadecene gradually intensify,
368 suggesting an increase in iron oxides on the wear surface,
360 leading to further degradation in wear resistance.** The
370 binding energy at 532.1 eV in the O 1s spectrum is attributed
371 to C—O bonds, considering other Fe 2p peaks located at
372 approximately 713.2, 712.5, and 711.4 eV, and these can be
373 identified as Fe,0,, Fe(OH)O, or FeQ.*>*

374  ldentification of Components for Wear Debris. TEM
375 is frequently used to study the internal structure and
376 composition of matter."¥*> The analysis of the wear debris
377 can reflect the tribofilm composition from another perspective.
378 Therefore, the morphology of wear debris collected after the
379 friction test was investigated by TEM. It can be seen intuitively
380 from Figure 9a—c that the granularity of the wear debris
381 generated by the friction of 1-decene, 1-tetradecene, and 1-
3s2 octadecene decreases gradually, the distribution of the wear
383 debris becomes finer and more uniform as the particle size
384 decreases, and the smaller wear debris can help to form a more
385 homogeneous and stable tribofilm on the sliding surfaces,
386 which can effectively reduce the direct contact of metal and
387 thus reduce the wear and improve the tribological perform-
3ss ance, which is quite similar to the friction results described
389 above. Typical lattice stripe spacings of 0.29 and 0.25 nm are
390 seen in Figure 9a;,b),c;, which correspond to the crystal
391 spacings of the (220) and (311) faces of Fe;0,, respectively.”’
392 This is corroborated by Raman’s results. It is noteworthy that
393 there are no lattice fringes of C in the image, which may be due
394 to the fact that C produced by the friction reaction is
395 amorphous carbon.

O

Analysis of Different Lubrication Properties of Three 39
Different a-Alkenes. Effect of Surface Energy on Tribo- 397
logical Properties. The formation of an adsorption film by 398
lubricant molecules on a steel substrate invariably modifies the 399
substrate surface’s physicochemical characteristics. To quantify 400
the changes in surface energy following adsorption film 401
formation, contact angle measurements were conducted 402
(Figure 10a,b). The correlation between the surface energy 403 f1o
of samples with an adsorption film at ambient temperature and 404
the COF is depicted in Figure 10c. The surface energy of 4o0s
pristine steel (30.64 mJ/m?) is observed to be lower than that 406
of steel with an adsorption film. These findings indicate that 407
the modeled lubricants are capable of forming adsorption films 408
on the steel surface at room temperature. Analysis of frictional 409
behavior reveals a negative correlation between the wear rate 410
and COF with surface energy; namely, lubricant molecules 411
exhibiting higher surface energy are associated with reduced 412
wear rates and COF. In this study, the surface energies of 1- 413
decene, 1-tetradecene, and 1-octadecene were determined to 414
be 47.26, 48.42, and 49.06 m]/m? respectively, with 415
corresponding average COF and wear rates (mm?/(N'm)) of 416
0.125, 0.099, and 0.075 and 1.213 X 1077, 5.676 X 1078, and 417
437 x 1078, respectively, aligning with the aforementioned 418
relationship. Surface energy is elucidated as the excess energy 419
of surface particles relative to those in the interior, with higher 420
energy substances being more prone to instability.*® 41
Consequently, lubricant molecules in adsorption films with 422
elevated surface energies are more susceptible to a 423
tribochemistry reaction. Furthermore, wear rate and the 424
COF are associated with the capacity of lubricant molecules 425
to establish a film at the friction interface, suggesting that 426
molecules with higher surface energies can therefore more 427
easily form a protective film under frictional conditions and 428
then mitigate direct contact between frictional surfaces and 429
resulting in lower COF and wear rates.”” It is imperative to 430
acknowledge that while friction tests are subject to influences 431
beyond surface energy, this investigation primarily elucidates 432
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Figure 7. SEM images of 1-decene (a;), l-tetradecene (a,), and l-octadecene (a;) and their DES images (b,—d,), (b,—d,) and (b;—d,),

respectively. (e) Elemental content of wear marks.

433 the interplay between surface energy and the rates of wear and
434 friction without delving into other contributory factors.

w35 Effect of Adsorption Energy on Tribological Properties. As
436 early as 1956, Bowden and Tabor proposed the theory of
437 adhesive friction,”” which states that the adsorption and film-
438 forming properties of lubricants are important factors affecting
439 the lubrication mechanism. In the friction process, before
440 friction starts, the first step is the physical adsorption of the
441 lubricant on the surface of the friction partner, and the size of
442 the adsorption energy reflects the lubricant film-forming
443 properties, thus directly affecting its lubricating properties.***”
444 Therefore, the study of the adsorption behavior of three a-
445 alkene molecules with different chain lengths on steel
446 substrates is of guiding significance for understanding the
447 differences in their lubricating properties.

448 DFT calculations were employed to determine the
449 adsorption energies of a-alkene molecules on the steel surface,
450 as shown in Figure 11a. The adsorption energies for 1-decene,

1-tetradecene, and 1l-octadecene are negative, indicating
spontaneous adsorption, and the chain length of the a-alkenes
markedly influences their adsorption energy. It is observed that
an increase in the a-alkene chain length leads to an increase in
the adsorption energy. This trend is attributed to the presence
of additional carbon atoms and extended carbon chains in
longer a-alkene molecules, which enhance the potential for
interactions with the substrate. As depicted in Figure 11b, a
higher adsorption energy correlates with a lower COF. The
adsorption energy is computed by the difference between the
total energy of the system postadsorption and the sum of the
individual energies prior to adsorption. A greater adsorption
energy signifies a more stable adsorption configuration,
facilitating the adherence of lubricant molecules to the
substrate surface. During relative motion, these lubricants
can establish a film on the metal surface, anchoring at the head
(C=C), with the flexible long alkyl chains extending along the
direction of motion. Interactions between the long-chain tails
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Figure 8. XPS of the wear scars on the steel—steel counterpart lubricated by (a) 1-decene, (b) 1-tetradecene, and (c) 1-octadecene.
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Figure 9. TEM images of wear debris of (a) 1-decene, (b) 1-tetradecene, and (c) 1-octadecene and their HRTEM image of wear debris (a,), (b),
and (c,), respectively.
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Figure 11. (a) Model lubricant molecules and Fe substrate employed in DFT calculations, (b) adsorption energies and COF (RT, 200 N, 300 rpm,
180 min) of three kinds of a-alkene molecules on the steel surface, and (c) tribofilm thicknesses of a-alkenes under friction conditions calculated

using the Hamrock—Dowson theory.

469 of the adsorbed lubricant, primarily due to van der Waals

470 forces, result in a densely packed adsorption layer.

471
472
473

50-52

This adsorption layer reduces friction at the interface due to
the collective strength of van der Waals forces, forming a film
with remarkable durability capable of enduring considerable

474 mechanical loads. Under the simultaneous action of load and

475
476
477
478
479
480

shear stress, the incompressible adsorbed layer is predisposed
to slip, culminating in the diminution of both frictional and
adsorptive forces. Thus, molecules with enhanced adsorption
energies exhibit a greater propensity to bond to the substrate
and establish a stable adsorbed layer, resulting in a
concomitant reduction in the COFE.*™>°

Film Thickness Calculation. Differences in the adsorption
energies of a-alkenes inevitably influence their adsorption
behaviors on substrate surfaces, ultimately resulting in
variations in the thicknesses of the a-alkene adsorption films.
To investigate the differences in the minimum film thicknesses
of three types of a-alkenes under identical friction conditions,
the Hamrock—Dowson model was applied to ascertain the
minimal film thicknesses of three a-alkenes under specified
frictional conditions, with the results exhibited in Figure 1lc.
This delineation shows a progressive increase in the film
thicknesses for 1-decene, 1-tetradecene, and 1-octadecene,
corroborating the previously inferred relationship that links the
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493 augmenting chain length of a-alkenes with enhanced
494 adsorption energy. Consequently, under identical frictional
495 circumstances, a-alkenes with a longer chain length demon-
496 strate an increased tendency to adsorb to the substrate surface.
497 This phenomenon leads to the formation of a thicker
498 adsorption layer with longer chain a-alkenes for the same
499 duration.

soo Il DISCUSSION

so1 In this research, the influence of chain length on the
so2 tribological characteristics of 1-decene, 1-tetradecene, and 1-

High COF Middle COF Low COF
High Wear Rate Middle Wear Rate ' Low Wear Rate
50+
48
{-6
46 |

Surface energy (mJ/m?)
IS

w
Adsorption Energy (eV)

1-Decene 1-Tetradecene 1-Octadecene

Figure 12. Relationship between adsorption energy and surface
energy of a-alkene molecules on steel surfaces based on the coeflicient
of friction and wear rate.

503 octadecene was investigated. It was observed that as the chain
so4 length increased (from 10 to 14 and 18), the average COF
s0s progressively diminished (from 0.125 to 0.099 and 0.075) and
506 the wear rate also showed a significant decreasing trend. EDS
507 results disclosed that the amounts of C and O elements in the
s08 wear scars of 1-decene, 1-tetradecene, and 1-octadecene
s09 increased in succession, suggesting that the extent of the
s10 tribochemical reaction involving the three a-alkenes also
s11 escalated. The C in the a-alkenes ultimately contributed to
512 C detected in the wear scars. The thickness of the tribofilm of
s13 three a-alkenes increased sequentially, and this rise was

positively associated with the decrease in the COF and wear s14
rate. These findings imply that an increase in chain length is s1s
advantageous for improving the tribological performance of a- 516
alkenes. Contact angle measurements and DFT calculations 517
indicated that the surface energy and adsorption energy of the s18
three a-alkenes showed an increasing tendency. 519

The varying surface energy and adsorption energy endow a- 520
alkenes with distinct tribological properties. Long-chain a- s21
alkenes, characterized by high surface energy and high s22
adsorption energy, benefit from the synergistic interaction of 523
these two factors, resulting in superior tribological performance s24

compared to short-chain a-alkenes, as elucidated in Figure 12. s25f12

Based on the analysis of experimental results and relevant s26
literature reports, the mechanisms of tribological performance s27
of different chain length a-alkene molecules have been s

summarized, as depicted in Figure 13. The variance in chain s29 f13

lengths endows the a-alkene molecules with distinct s30
adsorption energies and surface energies. Prior to the onset s31
of friction, a-alkenes on the sliding interface form bonds of s32
varying strengths with the steel substrate, with long-chain a- s33
alkenes possessing greater surface energies and higher s34
adsorption energies more readily adsorbing onto the steel s3s
surface and forming a thin film. Once friction commences 536
under the action of load and shear forces, the adsorption layer 537
will inevitably be disrupted. However, long-chain a-alkenes s3s
with higher adsorption energies can readsorb onto the steel s39
substrate surface more swiftly, repairing the damaged layer in a s40
timely manner and maintaining a relatively intact adsorption s41
layer (Figure 13c). Conversely, shorter-chain a-alkenes, with s
lower adsorption energies, engage in weaker interactions with 343
the steel substrate and an inability to repair the layer damaged s44
by shearing promptly in time (Figure 13ab), resulting in a s4s
consistently higher COF throughout the process. 546

In conclusion, this review elucidates the differing tribological s47
properties of a-alkenes with varying chain lengths by analyzing s4s
their surface and adsorption energies, which provides novel s49
insight into lubrication mechanisms of lubricants. 550

B CONCLUSIONS 551

In this study, we evaluated the tribological properties of a- ss2
alkenes with varying chain lengths and analyzed the ss3
composition of their wear scars and debris. We explored the ss4
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Figure 13. Mechanism of the chain length effect on the tribological properties of (a) 1-decene, (b) 1-tetradecene, and (c) 1-octadecene.
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sss intrinsic relationship between the a-alkene chain length and
ss6 their tribological behavior. Compared to 1-decene (C,,), 1-
ss7 tetradecene (C,,) and 1l-octadecene (C;5) demonstrated
ss8 reductions in the COF by 20.8 and 40.0%, respectively, and
ss9 decreases in wear rate by 53.2 and 64.0%, respectively,
s60 indicating that within this experimental scope, long-chain a-
s61 alkenes exhibit superior tribological performance compared to
562 their short-chain counterparts. Subsequent Raman, TEM, EDS,
s63 and XPS analyses confirmed that the friction-derived products
se4 from a-alkenes of varying chain lengths primarily consist of
s6s Fe;0, and carbonaceous materials. Notably, the proportion of
s66 carbon and oxygen elements in the friction-derived products
s67 increases with the elongation of a-alkene chain length,
ses facilitating the formation of films rich in carbonaceous and
s69 oxide materials. These films act as barriers, mitigating direct
570 contact with the metal surface, thereby reducing wear, and this
571 results in differing wear mechanisms. The morphological
572 observations indicate that the wear mechanism with 1-decene
573 as a lubricant is characterized as mixed wear, comprising both
574 adhesive and fatigue wear. Conversely, when 1-tetradecene and
575 1-octadecene are used as lubricants, the wear mechanism is
576 identified as abrasive wear.

577 Further investigation through surface energy and adsorption
578 energy measurements revealed the intrinsic correlation
579 between chain length and tribological properties, indicating a
580 positive relationship between the a-alkene chain length and
s81 both surface and adsorption energies. Higher surface energy
s82 facilitates tribochemical film formation, while increased
583 adsorption energy enhances the lubricant’s ability to form a
584 robust adsorptive layer on the substrate surface. The effect of
sss these two factors enables long-chain a-alkenes (1-octadecene
ss6 and 1-tetradecene) to exhibit better tribological properties
s87 than short-chain a-alkenes (1-decene). This research deepens
sss the understanding of the interplay between chain length,
s89 tribological properties, and wear mechanisms.
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