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Abstracts

Due to the outstanding tribological and wear properties at cryogenic temperatures, Diamond-Like Carbon
(DLC) materials are widely used in fields such as deep space exploration and superconducting magnets.
Wherein, the temperature dependent frictional behavior of DLC is expected to follow the conventional

thermally activated process. In this article, the frictional properties of DLC are scrutinized in the
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temperature range of 300 to 100 K by reciprocally scanning a DLC coated atomic force microscopy (AFM)
tip against a DLC substrate in ultra-high vacuum (UHV) conditions. The results reveal a remarkable
monotonical temperature dependence of frictional behavior, which remains robust under varying normal
loads and sliding velocities. Specially, the overall friction force raises as temperature decreases, with a
distinct friction peak at Tmax = 215 £ 10 K. While a logarithmic dependence of friction on velocity is
observed at temperatures far from 7max, friction becomes nearly velocity-independent in the vicinity of
Tmax. This non-monotonically temperature dependence of friction beyond conventional thermally
activated framework is well interpreted involving the formation/rupture of interfacial bonds. This work
provides new insights into the interfacial bonding mechanisms affecting the tribological properties of DLC

materials at cryogenic temperatures.
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1. Introduction

Solid lubricants are the inevitable option for interfacial lubrication of moving mechanical
components at cryogenic/high temperatures or vacuum conditions, where the viscosity of fluid lubricants
is significantly enhanced and even solidification. Attributable to the extraordinary low friction force, low
wear rate and more provocative the multifunctionality of chemical and structural characteristics, DLC
materials are one of the most widely utilized solid lubricants under the aforementioned extreme working
conditions [1], [2]. From an application perspective, previous studies on the tribological properties of DLC
films have essentially engaged in the macroscopic lubrication mechanism. The impacts of isolated
variables, e.g. the formation of transfer layer and graphitization, wear progression, crack inception and
thermal stability at elevated temperatures [3], [4], [5], [6] have been extensively probed. However, the

interplay of these factors at different temperatures complicities mechanistic interpretation of DLC friction



behavior, hindering practical implementation [7].

As an example, the microscale friction measurements demonstrate that the friction coefficient (COF)
of DLC based multilayer coatings increases monotonically when the sample temperature decreases from
25°C to -100°C [8]. Later studies reveals that the DLC film can maintain a superlubricity state even when
the sample cools to -40°C, after which, considerable fluctuations in friction force arise as a consequence
of competing factors like graphitization, wear initiation and transfer film formation, etc. [9]. Recent results
suggest that the COF of DLC increases with the decrease of temperature, attributed to the reduced
hydrogen passivation [10], [11]. The variability in outcomes stems from the fact that cryogenic
temperature promotes crack nucleation and coating delamination during sliding. Although numerous
studies have been conducted on the macroscopic frictional properties of DLC materials at cryogenic
temperature for the purpose of application, the microscopic lubrication mechanisms remains scientifically

intriguing and largely uncharted.

Generally, the micro/nanoscale frictional dynamics between solid surfaces is thermally activated
process. In this process, thermal excitation endows extra energy to overcome the local sliding energy
barrier. Accordingly, the classical thermal activation frictional theory trends toward predicting that the
friction force gradually and monotonically increases with the decrease of temperature and typically follow
the conventional Prandtl-Tomlinson (PT) model across a wide temperature range. Especially, the PT model
agrees better with experimental data in the cryogenic regime. Intriguingly, recent results [11], [12], [13],
[14] have revealed a nonmonotonic variation of dry nanoscale friction at cryogenic temperatures, which
stems from the competing processes between the thermally activated formation/rupture of two bond types
in the sliding interface. DLC is a class of carbon-based materials that exists in diverse phases, with varying
fractions of C(sp*)-C(sp>) bonds and C(sp?)-C(sp?) bonds. Consequently, bonds formation/rupture process
trends to dominant the frictional behavior at different temperatures, which remains experimentally

unverified.

In this article, we present nanoscale AFM friction experiments in ta-C DLC/DLC interface as a

function of temperature (100 K - 300 K), where both the sliding velocity v as well as the external applied



normal force Fn are varied systematically. Friction force shows a non-monotonic temperature dependence
with a clear distinct friction peak at Tmax = 215 £ 10 K, which challenges the conventional PT model. By
performing a systematic analysis with regard to the influence of v and FN, our experiments thereby
demonstrate that the peak temperature is unaffected by Fn but slightly increases with v, besides, the peak
height decreases with Fx and v while the peak width stays nearly constant. By incorporating the multiple
bonds formation/rupture theoretical framework, we reveal that the formation/rupture of the interfacial
bonds dominates the frictional properties. This study allows for comparing the tribological behavior of
DLC at different cryogenic temperatures under UHV conditions, which is essential for the further

application of DLC under extreme conditions.

2. Experimental Approach

We selected ta-C as our sample since it has been widely used as solid lubricant under extreme
conditions due to its long-time stability and smooth operation[15], [16]. In order to acquire a clean surface
for the friction force measurements, the DLC sample was degassed at 453 K for 2 h in the UHV chamber
to remove physical adsorbates and water layers. To study the effects of temperature on the nanoscale
friction in the ta-C/ta-C interface, a commercial AFM cantilever (ContDLC from BudgetSensors, bending
stiffness is 0.19 N/m) with a DLC coated tip was utilized in all measurements. The sample and AFM tip
were assembled in a variable-temperature atomic force microscope (VI-AFM, ScientaOmicron) under
UHYV conditions, as illustrated in Fig. 1(a). We first cooled the DLC sample to a preset temperature and
then waited for at least 2 hours with the aim of diminish the thermal drift caused by the temperature
variation. Additionally, we normally waited for several minutes after the tip contacting with the cooled
DLC surface. The lateral forces were carefully calibrated by exploiting the scanner tube’s bending
deformation during large-size scans, which sets up a correlation between the torsional stiffness and the
bending stiffness of the rectangle cantilever [17]. An exemplary topography image of the degassed DLC
surface (50 nm x 50 nm), captured at 7= 205.0 £ 0.1 K under a applied normal force of 6.8 nN and a scan

velocity of 50 nm/s, is presented in Fig. 1(b). We then evaluated the surface roughness of DLC to be RMS
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~0.21 £ 0.04 nm. Fig. 1(c) display a typical height cross-sectional line affiliated with the black line in Fig.
1(b). In general, as a consequence of the intrinsic amorphous structure of DLC surface, the measured
friction forces even by using the same AFM tip may vary with individual regions and also scan sizes. To
obtain stable and intrinsic friction forces, a fixed scan area of 50 nm x 50 nm was used unless otherwise

specified (See Figure S1 in SM for more information).

Fig. 1(d) plots the representative lateral force curves during the friction force measurements. More
precisely, the red solid line (/1) was acquired during the scanning from right (x = 50 nm) to left (x = 0 nm)
while the blue one (Ft) was recorded in the opposite direction, as indicated by the red and blue horizontal
arrows respectively. We can thereby calculate the friction force as F'= (< Fr > — < F;>)/2. To quantitatively
probe the friction properties and minimize experimental errors, for each set of parameters, three
independent friction measurements were carried out in different regions, and thus each data point in the

article was determined from the average value.

Initially, the tip was sharp and not stable. Before starting the friction force measurements, we
performed a pre-scan procedure on the DLC surface for 0.5 hours using a normal force of 20 nN and a
scan velocity of 500 nm/s. Through this pre-scan procedure, a stable tip configuration was reached. At the
onset of experiment, the adhesion force between the DLC tip and DLC substrate was 6.8 + 0.5 nN. After
0.5 hours pre-scan, the adhesion force increased slightly to 10.2 £ 0.7 nN. This small change in the tip
configuration is consistent with the fact that ta-C exhibits exceptionally high wear resistance (See Figure
S5 in SM for more information). Subsequently, the same AFM cantilever was used throughout the friction
measurements. To prevent damage and wear to both tip and sample, we maintained small normal forces
of less than 17.7 nN throughout all measurements. During subsequent friction measurements, no obvious
changes in the adhesion force were noticed at the same temperature, confirming that the tip was stable in

the entire measurement (See Figure S2 in SM for more information).
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Fig. 1 Experimental details for nanoscale friction measurements and temperature effects on the
friction force and adhesion force between the DLC tip and DLC substrate. (a) Graphic demonstration of
the experimental system for friction measurements at various temperatures under UHV conditions (p < 4
x 107! mbar). (b) Typical AFM topography image recorded at 7= 205.0 + 0.1 K with the external applied
normal force of 6.8 nN and scan velocity of 50 nm/s. (¢) A typical cross-sectional height profile affiliated
with the black line marked in Fig. 1(b). (d) Representative recorded lateral force curves, where the red
line (Fr) is the retrace scan while the blue one (F%) is the trace scan. (e) Friction force shows a linear
dependence on the externally applied normal force. (f) Temperature effects on COF. (g) Temperature

dependence of adhesion force.

3. Results and discussion

To better perceive the frictional properties on DLC surface, one of the notable topics is how friction
force Fr is influenced by temperature and normal force. Fig. 1(e) plots exemplary friction forces as a
function of normal load at three temperatures, demonstrating a linear dependence, which indicates that the

increase of friction with Fn is associated with the increase of real contact area. With the purpose of
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evaluating the COF, which is little affected by probable tip configuration variations and/or adhesion
changes, we carried out a linear fit to normal load-friction force data for each temperature (Fig. 1(e)). The
evaluated COFs are hence plotted as a function of temperature in Fig. 1(f), ranging from 0.06 to 0.23.
These values are equivalent to macroscopic measured COFs on DLC [18], [19], [20]. At this stage it is
also fascinating to mention that the overall COF remains nearly invariant before 7max =215 £ 10 K and
then continuously increases with the decrease of temperature. The continuous increase of COF as
temperature decreases is consistent with the previous results [8], [10], [11]. Fig. 1(g) presents the measured

adhesion force as a function of temperature, indicating a nonlinear dependence.

We then focus on the temperature effects on friction. Fig. 2(a) plots 6 friction results at different
temperature obtained with normal forces from 1.4 nN to 15.0 nN and velocity v = 500 nm/s. Across the
normal forces range, a systematic increase of friction with decreasing temperature was observed. This
observation is well in line with the framework of thermally activated friction [21], [22]. In addition to this,
friction force at all temperatures increases with the normal force. Notably, an additional friction peak can
be recognized for each normal load around the temperature between ~175 K and ~250 K (Fig. 2(a)),

where a straight comparison of all peaks is provided in the upper panel of Fig. 2(a).

A closer inspection of the friction peak can thereby be done on the basis of peak fits [23] as manifest
by the purple dashed line in the upper panel of Fig. 2(a). To quantitively manifest the impact of normal
force on the friction peak, we define 7Tmax as the temperature at the maximum friction, FWHM as the full
width at half maximum of the friction peak, AF as the absolute height of the friction peak and AF/Fo as
the relative friction peak height. These variables can be extracted though the peak fits, as schematically
indicated in the upper panel of Fig. 2(a). The results of these variables are plotted in Fig. 2(b)-(e). The
straight solid lines in Figs. 2(b)-(e) signify the overall trends of the load dependence: while the Tmax and
the FWHM holds virtually constant to the normal load, the AF and AF/Fo decrease linearly with F.

Finally, we measured the velocity effects on friction at different temperatures. More specifically, we
performed velocity dependent measurements with changing sliding velocities from 50 nm/s to 10000 nm/s

at a fixed normal force of 6.8 nN for 13 different temperatures. Three exemplary results for temperatures



at 7=300.0 K, 7=195.0 K, and 7= 100.0 K are plotted in Figs. 3(a)-(c). In all instances, the velocity

dependence of friction follows a logarithmic trend, as indicated by the straight solid lines.
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Fig. 2 Temperature and normal load effects on friction force. (a) The recorded friction force as a
function of temperature at different normal loads (lower panel), where the solid lines are theoretical curves.
Straight comparison of all friction peaks from 160 K to 275 K is additionally shown in the upper panel.
The vertical black arrow manifests the increase of the normal force direction. (b) Tmax, (¢) FWHM, (d) AF

and (e) AF/Fo as a function of normal force.

Nevertheless, distinct differences in the semi-logarithmic plot slopes can be obviously detected.
Positive slopes, as expected based on the concept of thermally activated friction [21], [22], are observed
for the two temperatures (i.e. 7= 300.0 K and 7= 100.0 K) away from 7max, while zero or even negative
slopes are evident in Fig. 3(b) in the vicinity of 7Tmax. This contrast is furthermore emphasized by Fig. 3(d),
which shows all semi-logarithmic plot slopes versus temperature. The slope decreases with the decrease
of temperature before ~ 240 + 10 K, then remains nearly invariant to temperature between 150.0 K and
240.0 K, and finally increases with the further decrease of temperature. These slopes are generally positive
and only become nearly zero or negative in the temperature range of 150.0 K - 240.0 K, which indicates

a fundamental change of the energy dissipation mechanism.



On the basis of the same data-set, we then scrutinized the temperature-dependent friction data for
different sliding velocities as exemplified by Fig. 4(a) for sliding velocities of v = 50 nm/s and v = 5000
nm/s. Once more, the velocity dependence of Tmax, FWHM, AF, and AF/Fo are plotted in Figs. 4(b)-(e).
We notice that Tmax (Fig.4(b) moderately increases with sliding velocity and FWHM = 65 + 5 K again
stays generally constant, while both AF' (Fig.4(d) and AF/Fo (Fig. 4(e) decrease logarithmically with the

sliding velocity v.

Previous friction force measurements on diverse substrates including HOPG, Si, NaCl, etc. have
unveiled that friction changes non-monotonically with temperature [24], [25], [26], [27], which are
analogous to the results presented in Figs. 2 and 4. Kinetic Monte Carlo simulations [28] and multi-contact
theoretical models [12], [29] have revealed that the mechanism of unanticipated temperature dependence
of friction is originated from the formation/rupture of interfacial strong and weak bonds. Within this
framework, the velocity dependence of friction also varies with temperature [30]. The variation of
adhesion force (Fig. 1(g)) additionally manifests the change of the tip- substrate interaction. Since both
the DLC substrate and the DLC tip contains a large amount of free dangling bonds, the interfacial bonds
formation/rupture during relative sliding is crucial in determining the frictional behavior[31], [32] (See

Figure S3 and S4 in SM for more information).

We turn to the theoretical approach to understand the effects of multiple bonds formation/rupture on
friction [14], [30], [33]. The overall friction force is expressed as F= F' + F!!. Superscripts i = I and II
represent the strong and weak bonds within the interface, respectively. The friction force resulted from a

single type of bond F' is analytical expressed as [14], [30]:

_ kT 1, (0,)B'e” O(B')

F' — .
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Fig. 3 Temperature and normal load effects on friction force. (a) The recorded friction force as a
function of temperature at different normal loads (lower panel), where the solid lines are theoretical curves.
Straight comparison of all friction peaks from 160 K to 275 K is additionally shown in the upper panel.
The vertical black arrow manifests the increase of the normal force direction. (b) Tmax, (¢) FWHM, (d) AF

and (e) AF/Fo as a function of normal force.
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Fig. 4 Temperature and normal load effects on friction force. (a) The recorded friction force as a
function of temperature at different normal loads (lower panel), where the solid lines are theoretical curves.
Straight comparison of all friction peaks from 160 K to 275 K is additionally shown in the upper panel.
The vertical black arrow manifests the increase of the normal force direction. (b) Tmax, (¢) FWHM, (d) AF

and (e) AF/Fo as a function of normal force.

Here, N is the number of interfacial bonds, xs = 0.032 nm is the distance between the minimum and

saddle point in the potential landscape [14]. o, =3(F, +F,)/(2za’) represents the maximum normal

stress in the center of tip, a=Q3R(F, +F.)/4E")" is the contact radius obtained by using the Hertzian
p N a y g

contact model, E = is the effective Young’s modulus. The Young’s modulus and Poisson’s

2(1-v?)
ratio for the DLC substrate and the DLC tip are £ = 759 GPa and u = 0.17 [34]. In order to account for

the temperature dependence of adhesion force, the adhesion force can be simply expressed as

F =62x10"°.-T*-5.5x107-7° +0.02-T*> —2.3-T+115.75 by fitting the adhesion data points as shown

in Fig. 1(g) as a solid line. r, = (k. / koy)exp[(AE,, —AE, )/ k,T] denotes the ratio between creating

on on
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and breaking interfacial bonds. k), =k, =10 Hz is the attempting frequencies for bonds formation and

rupture. AE =FE -o, and AE . =FE;—o,)  are the barrier heights for creating bonds and

O

breaking bonds with Von and Vott  representing the activation volume.

B=(k, T/ k,x )k exp(—AE, . / k,T), EI(B)=I:idx and O(B)= wae*&dx [14], [30], [33].
X X

We then used Eq. (1) to fit the temperature dependence of friction force by fixing the tip radius to R=
15 nm. The fitted results are then plotted in Fig. 2(a) as solid lines. Consistent with experimental
observations, friction force increases firstly then decreases and finally increases again. The fitting
parameters are EL, =0.50+0.01eV, Elp =137£021eV,NM=2+1, V}, =1.0+0.1 A3, V)i =53
+43 A% EL =0.10+£0.01 eV, E.

(0]

b =044£002eV,Nu=7=x2, VI =73x£27A3 Vl=1.0x0.1
A3. The errors represent the standard deviation among different fits at different normal forces. Within the
multi-bond formation/rupture theoretical framework, the bond number is treated as primarily constant
since it i1s assumed to be determined by contact area. The bond numbers may vary with temperature,
however this represents an important and complex phenomenon that warrants dedicated theoretical and

experimental investigation in future works.

The reported interfacial bond density falls within the range of 0.1/nm? < n < 10/nm? [14], [30]. In our
measurements, the AFM tip radius is approximately 15 nm. For a typical external normal load of 10 nN,

3FR(1— 1)

2/3
=1.4 nm?,
2F

the contact area is estimated using the Hertz contact model to be A4 =7{

resulting in an estimated number of interface bonds ranging from 0.14 to 14. These values align well with
the fitted results. Additionally, the remaining parameters are directly comparable to those reported in Ref.
[30] and Ref. [14]. Notably, the energy barrier for creating a strong bond is 0.5 eV, derived from fitting
the AFM experimental data. This value also falls within the expected range for formation of C-C bonds
(0.4-0.8 eV) [35], [36]. Finally, our theoretical approach estimates an energy barrier of 1.37 eV for
breaking the strong interfacial bond, which is consistent with the range of 1-4 eV reported for breaking

carbon bonds in DLC [37].
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Based on the multiple bonds formation/rupture model, the influence of velocity on the temperature-
dependent behavior of friction (Fig.4 (a)) can be qualitatively explained. Only a few bonds can form during
sliding in the cryogenic temperature regime. In contrast, the time-averaged friction force reaches its
equilibrium value in the high temperature regime. Therefore, the formation and rupture of contacts play a
minor role in determining the velocity dependence of friction in both the cryogenic and high temperature
regimes and friction increases logarithmically with velocity as shown in Figs. 3(a) and (c). Whereas,
unexpected velocity dependent behaviors (Fig. 3(b)) appear since the friction is dominated by
formation/rupture of interfacial bonds in the moderate temperature regime. In this temperature regime, the
overall number of bonds with higher energy barriers decreases with velocity, leading to that friction force

decreases with velocity[14].

4. Conclusions

Inconclusion, our investigation is an extensive characterization of nanoscale friction on DLC under
UHV conditions in a wide range of temperatures, velocities and normal forces. Our experiments reveal a
distinct peak in friction at Tmax = 215 £ 10 K. The temperature of the friction peak is independent of the
normal force and slightly increases with velocity. The width of friction peak remains invariant to normal
force and velocity. The magnitude of the friction peak decreases with normal force and velocity. While
logarithmic dependence of friction on velocity is observed far from 7max as expected based on the concept
of thermally activated friction, a nearly constant friction is observed in the vicinity of 7Tmax. The thermally
activated and shear assisted formation/rupture of the interfacial bonds primaries the whole process. Our
results reveal the frictional properties of DLC in UHV conditions in a systematic way, which may guide

the application of DLC at cryogenic temperatures.
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