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Atomic-scale friction between single-asperity
contacts unveiled through in situ transmission

electron microscopy

Xiang Wang ®'3, Zhenyu Liu'3, Yang He', Susheng Tan

2, Guofeng Wang ®'™ and Scott X. Mao® 12

Friction and wear are detrimental to functionality and reduce the service life of products with mechanical elements. Here,
we unveil the atomic-scale friction of a single tungsten asperity in real time through a high-resolution transmission electron
microscopy investigation of a nanocontact in countermotion, induced through a piezo actuator. Molecular dynamics simula-
tions provide insights into the sliding pathway of interface atoms and the dynamic strain/stress evolution at the interface. We
observe a discrete stick-slip behaviour and an asynchronous process for the accumulation and dissipation of the strain energy
together with the non-uniform motion of interface atoms. Our methodology allows for studying in situ atomic-friction phenom-
ena and provides insights into friction phenomena at the atomic scale.

of devices and unexpected energy dissipation in mechanical

applications’. Unravelling the underlying friction mechanism
at the atomic scale is desired to reduce the energy consumption
and extend the devices' service life*’. Atomic force microscopy
(AFM)-based technologies have been applied to investigate the
atomic friction processes. Atomic stick-slip friction, one typical
case manifested by a periodic sawtooth-like oscillation in the lateral
force-displacement function, was first observed in the sliding of a
tungsten probe on a graphite surface under AFM". Thereafter, simi-
lar atomic-friction behaviour has been observed in ceramics’, met-
als” and two-dimensional materials®. Numerous atomic-friction
mechanisms, especially on the transition between stick-slip and
superlubricity, have been proposed through investigating the friction
dependence on contact configuration®”'° and the scan conditions®”".
However, the physical sliding scenario between the contacts and the
buried surface/interface deformation during friction are still elusive
due to the lack of direct interface observation. In situ experiments,
especially transmission electron microscopy (TEM) observation,
are thus preferable to directly visualize the actual atomic-friction
processes. Pioneer in situ TEM unveiled liquid-like tribological phe-
nomena'” and the formation and shear deformation of a nanojuc-
tion'*'* between metal surfaces and directly captured shear-induced
interlayer sliding in two-dimensional materials>. Moreover, the for-
mation and motion of nanosized wear particles'® and a stress-assisted
atom-by-atom wear process'” were disclosed by in situ TEM obser-
vation. Despite progress, visualizing the atomically resolved friction
process with a clear-cut interface has not been achieved yet. As a
result, the relationship between the friction mechanisms and inter-
face structure has not been fully understood. Recently, an advanced
in situ TEM platform with high resolution'®" has permitted us to
image the interface structure between nanocontacts and further
investigate the dynamic atomic-friction processes. Complementarily,
molecular dynamics (MD) simulations can render insights into inter-
face dynamics, such as the dynamic evolution of surface morphol-
ogy”” and the movement of interacting atoms?' in atomic friction.

| riction and wear are the major sources of the service failure

In this article, by designing nanocontacts and performing
in situ countermotion driven by piezo actuators between tung-
sten (W) asperities, the real-time single-asperity atomic friction
with explicit interface evolution was successfully visualized under
high-resolution TEM (HRTEM). The sliding pathway of interface
atoms and the dynamic strain/stress evolution on the interface
have been elaborated by atomistic MD simulations. Importantly,
by examining the interface structure and the scanning conditions
between asperities, the processes underlying the observed unique
sliding behaviour and the abnormal interface dynamics have been
investigated. This allowed us to obtain a fundamental understand-
ing at the atomic scale of (1) the discrete stick-slip friction and (2)
the asynchronous accumulation and dissipation of the strain energy
between single-asperity contacts.

Discrete stick-slip friction

To visualize the single-asperity atomic-friction processes, a
face-to-face nanocontact and subsequent countermotion were per-
formed between a mobile W tip controlled by the piezo actuator
and a stiff W substrate under HRTEM (Fig. 1 and Supplementary
Video 1). Detailed procedures are given in Methods. The atomic
friction showed typical stick-slip behaviour’, in that the shear force
(friction force) fluctuated periodically with the sliding displacement
(Fig. 1a). We found that there exist two distinct slipping events,
indicated by Slipl and Slip2, within one lattice period, suggesting
a discrete stick-slip behaviour* (Fig. 1a), rather than a consecutive
slipping described by the Prandtl-Tomlinson (P-T) model” in the
cases of sliding on Cu® and NaCl surfaces'.. The sequential friction
process indicated by the letters in Fig. 1a is shown in Fig. 1b-f. The
flat substrate and tip contacted with each other face-to-face along
[110] and a well-arranged interface was presented without the dif-
fusion interference from soft metals™* (Fig. 1b). The starting point
(Fig. 1b) possessed a negative shear force due to the lattice distor-
tion induced by the interplay between asperities” or caused by the
existence of defects such as vacancies formed after in situ melting®.
As the tip moved horizontally, the shear force increased gradually
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Fig. 1] In situ atomic observation of stick-slip behaviour between single-tungsten asperity nanocontacts. a, Variation of the shear force with the sliding
displacement of the tip. The first and second slippings are indicated by Slip1and Slip2, respectively and two sliding periods are indicated by Period 1

and Period 2. The error bars represent the standard deviation of the shear force. b-f, Serial images of the friction process at one period. The theoretical
value of lattice spacing along the [110] direction on the (170) plane is 4.46 A, indicated in b. The relative motion between asperities is indicated by the
white arrows. The normal force was controlled by adjusting the asperity separation distance (-2.14 A, less than the plane spacing of 2.23 A) and the
countermotion was set up along [110] (b). The top layer of the tip and the reference layer of the substrate are indicated by the red and blue solid circles
(b) and the short dotted lines (c-f), respectively and are numbered 1-7 and 1~7’. The bottom layer in the substrate is indicated by the broken circles. Two
atom columns, indicated by the red and yellow vertical lines in the substrate and tip, respectively, served as the reference coordinates to determine the
relative displacement between the asperities. The absolute distance between the reference layer and the interface layer along [110] is indicated by yellow

numbers and the relative displacement between the substrate and the tip is indicated by white numbers. Scale bars, 1Tnm. Panel d is repeated for ease of
interpretation.
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to reach the first peak (Fig. 1c). Then, Slip1 occurred and the shear
force dropped dramatically as the tip had shifted by ~3.3 A (Fig. 1d).
Similar to the first stick-slip, the shear force climbed to the sec-
ond stick point and subsequently descended after Slip2 (Fig. 1e,f).
The total sliding displacement of the tip was ~5.5A, close to the
lattice spacing along [110]. Period 2 showed an analogous pattern to
Period 1. The slipping of the tungsten tip appeared to possibly fol-
low a zigzag route containing two sliding steps within one period>*.

Interestingly, we discovered that the movement of the top layer
was not synchronous with the sliding of the tip. Two atoms at either
end on the top layer (indicated by red circles and numbered 1’ and 7)
were selected to assess the motion of the top layer relative to the
substrate, one immovable layer with negligible deformation (atoms
indicated by the blue circles and numbered 1 and 7, Fig. 1b). The
initial distances between atoms 1 and 1’ and atoms 7 and 7" were
—0.54 and 0.18 A, respectively along the sliding direction (Fig. 1b)
and this increased to 0.14 and 0.44 A (Fig. 1c). Relative displace-
ments for both sides of the top layer with respect to the substrate
were only 0.68 and 0.26 A, smaller than the relative sliding dis-
placement (1.0 A) of the whole tip, implying a hysteretic motion
of the top layer compared to the whole tip. The subsequent sliding
process exhibited similar phenomena indicated by the yellow and
white numbers in Fig. 1d-f. These results showed that the displace-
ment within the tip was progressively transmitted from the bottom
(drive end) to the top, consistent with the assumption treating the
nanoscale tip as the spring in the classical model**.

To gain insights into the observed discrete stick-slip process, MD
simulations were carried out to simulate our experiments. As shown
in Fig. 2a, the predicted lateral force (friction force)-displacement
curve also exhibited two stick-slips (indicated by numbers 3-7)
within one period of relative motion. The first force-drop (points
2-3) was found to be the force fluctuation induced by the interface
structure relaxation (Fig. 2b,c and Extended Data Fig. 1). The lat-
eral force reached the first stick point (point 4) and then dropped
sharply after Slipl (point 5 in Fig. 2a). The second stick-slip fol-
lowed a similar routine (points 5-7 in Fig. 2a). Notably, the first
slip did not lead to the dramatic drop of the lateral force, which was
supposed to be attributed to the undulation of forces along other
directions®””. The slight deviations in the lateral force-displacement
curve between the experiment and MD results (Figs. la and 2a)
possibly resulted from the statistical discrepancy between the
two-dimensional lattice measurement by TEM images and/or the
algorithm for the average stress/force used in the MD simulation®.
Sequential movement traces of interface atoms (deep-blue atoms,
the top layer of the tip) are presented in Fig. 2b-h corresponding
to points 1-7 in Fig. 2a. As shown in Fig. 2c-f, the interface atoms
first shifted forwards along [110] and then some of them slipped
into the hollow sites (indicated in Fig. 2j) along [111], while the
rest stayed at their previous positions during slipping (Fig. 2c-f).
For Slip 2, the majority of atoms moved further along [111] rather
than [110] to complete the remaining movement of one period
(Fig. 2g,h), implying a zigzag slipping pathway. This discrete stick-
slip can be divided into two sliding events along two (111) directions
to accomplish one entire period countermotion between asperities,
consistent with the proposed pathway in two-dimensionally dis-
crete friction”>** and dislocation-assisted slip®’. Remarkably, we
found the motion of atoms in the same layer was non-uniform in
the simulation. For instance, the five atoms, indicated in different
colours, showed different movement routes indicated by the circles
in Fig. 2i. Compared to the red and grey atoms walking through one
complete route (Fig. 2b-h), the black and yellow atoms just finished
a half journey along the [111] or [111] directions (Fig. 2f-h). By
contrast, the green atom only shifted a little near the initial position.
The variety in the slipping pathways of these five atoms was in stark
contrast to the uniform motion of the interface atoms predicted
in the simulation of the Pt/Au system®. Our MD results further
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confirmed that the tip experienced a continuous elastic deforma-
tion, like a spring without severe plastic deformation (Extended
Data Fig. 2). Additionally, the estimated friction coefficients from
the experiment and MD were ~0.39 and ~0.21, respectively, com-
parable to the values reported in single-asperity stick-slip friction
of, for example, copper (~0.8)° and MoS, (~0.2)*. The normal forces
in the experiment and simulation are shown in Extended Data
Figs. 3 and 1, respectively and the calculation is in Supplementary
Discussion 2.

Similar results showing the discrete stick-slip friction have
been found in the scenario with 11 contact atoms (Fig. 3 and
Supplementary Video 2). As the tip slid almost 4.65A over one
period, the shear force experienced two raise-drops, representing
two separate slipping events. The asynchronous movement of inter-
face atoms, as indicated by the yellow numbers in Fig. 3b-f, was
consistent with the results shown in Fig. 1. The corresponding MD
simulation verified similar phenomena with two stick—slips in one
period (Extended Data Fig. 4a) and different sliding routes of the
interface atoms (Extended Data Fig. 4b-i). However, it is worth not-
ing that its slipping showed a higher friction force compared to the
case in Figs. 1 and 2. For example, the detected maximum shear
force and average friction force were 76.14 and 32.16 nN, respec-
tively in the case with 11 contact atoms (Fig. 3), higher than those in
the case with 7 contact atoms (Fig. 1). The difference of the friction
force in these two cases should be ascribed to the differences in the
contact area’’ and normal load''. An extra in situ friction experi-
ment can be found in Supplementary Video 3.

Asynchronous accumulation and dissipation of strain
energy

Furthermore, the dynamic evolution of lattice strain on the inter-
face was surveyed as shown in Fig. 4. The shear strain on the top
layer (layer 2, red atoms) was analysed by determining the posi-
tion change of seven atoms (indicated by numbers 1-7) relative to
the neighbouring layer (layer 1, blue atoms), as shown in Fig. 4a.
Generally, the interface plane-strain distribution in friction is pre-
dicted by contact mechanics®**, or relies on indirect tools such as
Raman spectra®™ for a rough estimation. Here, the accurate lattice
strain could be directly measured from HRTEM images. The ini-
tial strain showed an inhomogeneous distribution with opposite
shear strains, indicated by the red (positive) and blue (negative)
arrows in Fig. 4a. As the friction went on, the accumulated elastic
strain increased gradually (Fig. 4b,c) to a maximum value for acti-
vating the consequent slipping (Fig. 4d). All shear strain switched
to positive and the distribution inhomogeneity in the magnitude
and direction of strain was reduced (Fig. 4d). Then, the accumu-
lated strain was only partly released after slipping and exhibited
an inhomogeneous distribution again (Fig. 4e). This indicated that
the accumulation and release of strain energy during friction are
asynchronous and consistent with what is predicted by the modi-
fied Frenkel-Kontorova-Tomlinson (FKT) model*’, but in stark
contrast to the uniform process described by the P-T model”’. The
shear strains measured from two selected atoms (atoms 1 and 7)
confirmed this character, where the magnitude and direction of the
shear strain for atom 1 differed from those for atom 7 during the
friction process, and these two atoms displayed incompatible strain
evolutions (Extended Data Fig. 5). The out-of-step movement of
these two atoms was in accordance with the phenomenon shown in
Fig. 2, implying the dynamic diversity of interface atoms.

To further verify the asynchronous accumulation and dissipa-
tion of strain energy, the stress evolution on the interface during the
friction process was investigated using MD simulations. According
to the force equilibrium between the substrate and tip during the
friction process, the dynamic evolution of the shear stress field in
the bottom layer of the substrate was analysed as shown in Fig. 5a—e.
Here, the lateral shear stress is o,, and the vertical shear stress is
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Fig. 2 | Discrete stick-slip behaviour between tungsten asperities revealed by MD simulations. a, Variation of the lateral force with the sliding
displacement of the tip. b-h, Snapshots of the dynamic movement of atoms in the top layer of the tip with respect to the substrate. The bottom layer in
the substrate (cyan atoms) served as the reference for the movement of atoms (deep blue) in the top layer of the tip. Some vacancies were included in the
atomistic structure (b) used in our MD simulations (in MD methods). i, Motion traces of the selected five atoms, indicated by circles, within one friction
period. The five selected atoms are coloured in yellow, green, red, black and grey, respectively in b-i. j, The interface potential landscape showing the
potential variation with the interface structure. The red and blue regions correspond to the atom site and the hollow site, respectively. The lowest energy
value in the landscape is set as zero. The color scale is in eV.

o,, and the corresponding sequences are indicated by the Roman  inhomogeneous o, field (Fig. 5a). As the friction progressed, the
numerals in Fig. 2a. Initially, o,, displayed a relatively homogeneous  negative stress dominated the o,, field with the local region preserv-
distribution with little area holding negative stress, compared to the  ing high positive values while o, experienced little change (Fig. 5b).
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Fig. 3 | In situ TEM observation of atomic friction with 11 contact atoms. a, Variation of shear force with the sliding displacement of the tip. The error

bars represent the standard deviation of the shear force. b-f, Serial images of the friction process at one period. The relative motion between asperities

is indicated by the white arrows. The top layer of the tip and the reference layer of the substrate are indicated by the red and blue solid circles (in b) and
short dotted lines (in c-f), respectively. The bottom layer in the substrate is indicated by broken circles. Two atom columns, indicated by the red and yellow
vertical lines in the substrate and tip, respectively, served as the reference coordinates to determine the relative displacement between asperities. The
absolute distance between the reference layer (substrate) and the interface layer (the top layer of the tip) along [110] is indicated by yellow numbers and
the relative displacement between the substrate and the tip is indicated by white numbers. Scale bars, Tnm. Panel d is repeated for ease of interpretation.
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Fig. 4 | Strain evolution on the top layer of the tip during friction. a-f, Sequential images of the top layer during one friction period and the corresponding
intensity profile. The selected top layer and the reference neighbouring sublayer are indicated with red lines 2 and 1, respectively. The atoms accounting for
the strain are indicated by numbers 1-7. Geometric centres of atoms on the top layer and the reference neighbouring sublayer are indicated by orange and
blue lines, respectively and the positive and negative shear strains are indicated by red and blue arrows, respectively.

Both o,, and ¢, exhibited severely inhomogeneous distribution in
the magnitude and direction of stress and such a high inhomogene-
ity in stress distribution is expected in incommensurate contacts™.
Over the maximum point (III in Fig. 2a), o,, displayed a scattered
distribution along [110], the countermotion direction, instead of
disordered distribution as before (Fig. 5c). This implied that the
atoms in the deep-blue region with high stress (Fig. 5¢) would first
slide followed by the motion of the rest of the atoms, showing the
non-uniform movement of the interface atoms. This was consistent
with our experimental results and the previous simulation results®.
As the tip moved further, most accumulated o, was released and it
exhibited a strongly inhomogeneous distribution, whereas the o,,
field displayed a relatively homogeneous distribution (Fig. 5d,e).
The inhomogeneous stress distribution was also observed when
using 11 contact atoms in the MD simulation. Both ¢, and o,, expe-
rienced the transition from homogeneous to inhomogeneous dis-
tribution over one sliding period (Extended Data Fig. 6). Especially,
they showed noticeably inhomogeneous stress distribution along
the sliding direction after the second slipping (Extended Data
Fig. 6e), which would possibly occur in friction hypothesized with
multiple-dislocation-cooperated slip™.

In situ HRTEM observation combined with MD simulation pre-
sented a dynamic picture of atomic discrete stick-slip friction in W
single-asperity nanocontacts. The atomistic simulation implied that
the nanoscale asperity tends to adopt a zigzag sliding route contain-
ing multiple steps with low energy barriers rather than a rigid slip
along a given scanning direction, which is mainly attributed to the

contact structure and sliding conditions between the asperities. For
body-cubic centred (bcc) W, the easy-glide direction of disloca-
tions is (111) in preference to (110)™, the preset scanning direc-
tion in friction. Furthermore, the atoms of the tip encounter the
two-dimensional interaction potential landscape in contact (Fig. 2j)
instead of the energy barrier along a single direction”. Another fac-
tor leading to discrete slipping is the alignment condition between
the asperities™. As designed in our experiment, the substrate and
the tip were aligned with a quite small misorientation, which allows
us to image the contact of two asperities in a joint zone axis with
atomic-scale resolution by TEM and avoids the incommensurate
registry and the destruction of the surface potential periodicity”*.
The periodic symmetry of the interface potential with the diversity
in sliding directions such as on the closely packed contact surface in
face-cubic centred (fcc)**, bec and hexagonal-structured materi-
als>*, gives rise to the discrete stick-slip. In addition, the scanning
velocity of the tip (~0.01nm s~ used in the in situ experiments),
which is even much lower than the sliding speed in AFM-based
experiments (normally, several nanometres per second)®, provided
adequate time for the discrete stick-slip by allowing the atoms to
move collectively to stable sites. This discrete stick—slip will lower
the energy dissipation by increasing discontinuous stick points®,
whereas it is unlikely to occur in macro contacts due to the imper-
ceptible pinning effect”” and irregular asperity geometry”.
Meanwhile, the convoluted surface potential and complex slid-
ing pathway of the tip jointly raise the possibility that the movement
of the atoms become inconsonant. The incommensurate contact
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Fig. 5 | Dynamic evolution of shear stress field on the bottom layer of the substrate using MD simulation. a-e, Evolution of ¢, (5,,) distribution on the
bottom layer of the substrate. The corresponding sequences are indicated by the red Roman numerals in Fig. 2a. This virial stress is defined to account for
the effects of momentum change of both mechanical forces and mass transport and has units of pressure x volume (bar x A3) where the volume is that of

an individual atom®°.

by tailoring the orientation relationship between asperities™*>*’

should contain a divided stress field with alternative negative and
positive regions™, suggesting that the strain incompatibility or the
movement discordance of interface atoms plays a critical role in the
magnitude change of the friction force and the transition between
superlubricity and stick-slip. Implanting interface defects such as
vacancies or interstitial atoms is believed to enhance the inhomoge-
neity of the surface structure and strain field”. In addition, preset-
ting in-plane strain can be a practical approach to reduce the net
friction force® by changing the surface or interaction potential cor-
rugation. Nevertheless, it should be noted that the inhomogeneous
in-plane stress field accompanied by atomic discreteness in flat con-
tacts is different from the stress corrugation with the strain-induced
atomic-scale roughness in models composed of the round tip-flat
substrate couple’™. Additionally, the hysteretic transmission of
the strain/displacement within the nanoscale asperity regarded as
a spring” may further facilitate the inhomogeneous stress distribu-
tion and non-uniform movement, which may directly cause energy
dissipation by the irregular emission of phonons®. Notably, the fric-
tion between nanoscale W asperities did not exhibit the liquid-like
or diffusion-mediated sliding reported in soft metal friction sys-
tems'>'**, which is attributed to the excellent thermal stability of W
with the high cohesive energy* and high diffusion barriers*** com-
pared to Au and Ag"”. In addition, the sliding velocity is ultralow
(~0.1nm s7"), which contributes little to the sliding-induced heating
rather than the linear friction welding*.

In this study, two main sets of experiments and simulations were
conducted with different contact areas as well as the cases with 7
and 11 contact atoms. Compared to the case with 7 contact atoms,
the case with 11 contact atoms has ~2.35 times the contact area and
more than 3 times the average normal load but shows ~1.98 times
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the average friction in the experiment. Notably, the contact area
here was decided by the size of the sliding tip instead of depending
on the normal load described in contact mechanics* and did not
change appreciably in the whole friction process. This implies that
the normal load might contribute in a limited way to the change of
contact area in the atomically flat contact, compared to the classical
tip-sample model (Figs. 1 and 3). The friction force only experi-
enced a little change when the normal load dramatically decreased
(Fig. 1a and Extended Data Fig. 3). The detected normal load also
did not evolve periodically with the friction force as predicted by the
simulation®. Admittedly, there existed uncertainty in the force mea-
surement, which might hide the actual load dependency in friction.
Nevertheless, these results still indicated that the contact area plays a
more important role in deciding the magnitude of the friction force
compared to the normal load”"**. Meanwhile, the low surface corru-
gation® and adhesive effect’*"* between W asperities might make
the friction force insensitive to the normal load. On account of the
high vacuum under TEM, the passivation effect from adsorption on
the W surface is limited. In contrast to the load-independence fric-
tion understood by thermolubricity in Krylov’s model”, our results
showed a typical stick-slip with high friction rather than ultralow
friction. Thus, the thermolubricity cannot explain the observed
results here. Further studies are necessary to clarify the lack of load
dependence of friction between single-asperity contacts. On the
other hand, the design in atomic friction between the same crys-
tals without misorientation here may be employed to estimate the
ideal strength or lattice friction in the bulk crystal (Supplementary
Discussion 3). It is worth noting that the shear strength obtained
in our friction tests did not change appreciably as the normal load
increased, indicating that the shear strength is not sensitive to the
normal load but to the contact area.
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Compared to the experimental results, the simulation results
showed an extra force-drop in one sliding period (Fig. 2 and
Extended Data Fig. 4). This extra force-drop is believed to result
from the interface structure relaxation rather than a separate slid-
ing (Fig. 2b,c and Supplementary Table 1). The high sliding speed
(Im s™') employed in the simulation indeed increases the possibili-
ties of force fluctuations®*’. Moreover, compared to similar heights
for two sticks in the experiment (Figs. la and 3a), the heights of
the two peaks obtained from the MD simulations are quite different
(Fig. 2a and Extended Data Fig. 4a). The second ‘lower peak’ in
the simulation is supposed to be induced by the relaxation of the
mechanical stress along the z direction (Extended Data Fig. 1), as
observed in previous simulations®*>*’. However, this difference has
rarely been captured in AFM-based experiments>*. This implies
that the high sliding speed in the simulations may be another plau-
sible explanation for the second ‘lower peak, by suppressing the fast
force-drop. Bridging this speed gap’ by employing advanced MD
methods™' could help reduce the difference between the experi-
ments and the simulations. As the tip behaveslike a spring (Extended
Data Fig. 2), the displacement of the top layer lags behind the rela-
tive motion between two asperities causing the wider first stick
phase compared to the second one in the simulations. This is hard
to detect in experiments with ultralow sliding speed. In addition,
the unreleased strain energy after the first slip may accelerate the
second stick-slip process. Nevertheless, the experiments and MD
simulations are in agreement about the discrete stick-slip atomic
friction with non-uniform strain/stress distribution.

Conclusions

This work demonstrates a practical approach to visualizing the
real-time friction at an atomic scale by designing single-asperity
nanocontacts and performing controlled countermotion between
asperities. Atomistic simulation revealed that the nanoscale tip
adopts a zigzag pathway through two slipping steps along (111)
to complete one full-period friction along (110) on the W {110}
contact surface. The accumulation and release of strain energy
on the friction interface underwent an asynchronous evolution,
accompanied by the inhomogeneous strain/stress distribution and
a non-uniform movement of interface atoms during the friction
process. These unique behaviours mainly resulted from the inter-
face structure and sliding conditions of the asperities. Compared to
the normal load, the contact area may play a more important role
in atomic friction. The detailed motion trajectory and strain analy-
sis of the interface atoms constructed an informative paradigm to
clarify the dynamic diversity in real atomic friction, contributing to
interpreting the friction mechanisms at the atomic scale.
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Methods

Probe and substrate preparation. W rods (99.97 wt% purity, 0.13-inch diameter)
purchased from ESPI Metals were chemically etched. In the experimental

set-up, multiple nanoteeth of a fractured surface in a cut-off W rod*> with

desired orientations served as the stiff substrate (Supplementary Fig. 1) and one
electrochemically etched W tip acted as the mobile asperity (Supplementary Figs.

2 and 3). A bulk W rod was fractured to obtain numerous nanosized tips and one
nanosized crystal with a [001] zone axis was selected as the asperity candidate in
the in situ TEM experiments. A bias was applied between the selected nanocrystal
(the asperity as the substrate) surface and the prepared W probe (the asperity as
the mobile tip) after making them contact and the substrate and the tip would
weld together due to the Joule heating. These two asperities, the sample-side
substrate and the probe-side tip, slid with each other and were then separated

by controlling the lateral and longitudinal movement of the probe, driven by a
scanning transmission microscope-holder piezo system. The contact, welding, slide
and separation process was repeated to obtain the final substrate and tip with a
perfectly smooth surface. The lattice constant of tungsten is 3.16 A and its melting
point is ~3,422°C. The comparable stiffness between the tip and substrate (which
are made of the same materials) could effectively prevent the severe deformation of
one asperity.

In situ experiments. The finite top area of the W tip prepared was on purpose
smaller than that of the substrate to allow the countermotion to be conducted
conveniently. By further precisely tuning the separation distance and the alignment
between the tip and the substrate, the nanocontact was acquired to form the
friction pair (Supplementary Video 4). The W tip with a smooth top surface

was controlled to approach the substrate bottom through the piezo system.

The friction was carried out by driving the lateral motion of the W tip and the
scanning velocity was controlled by the tip motion step (~0.004 nm). Thus, the
atomic-friction process was visualized during a controlled countermotion between
the two tungsten asperities. The real-time friction was captured by the continuous
imaging snapshots (4 frames per second) of the software TIA provided by FEI
under the observation of aberration correction transmission electron microscopy
using an FEI Titan Themis G2 200 instrument at 200kV with a high vacuum
value of <2x 1077 Torr. The screen current density is 2 X 10°~10*e As™". The
excellent thermal stability of the W sample depresses the radiation effect from the
electron beam during TEM imaging and a high vacuum environment alleviates
the existence of interfacial contamination. The measurement of the lattice strain/
stress from HRTEM images (Supplementary Fig. 4) performed using TIA provides
an effective method to estimate the shear and compression forces™, avoiding the
complex calibration for lateral force required in AFM-based technology**.

MD simulations. The atomistic MD simulations were performed using the
LAMMPS code®. The interatomic potential within the embedded atom method
(EAM)** formalism was employed in the simulations”. All the MD simulations
were performed in the canonical ensemble. The temperature of the system was set
at 300K by applying a Nosé-Hoover thermostat™. The equation of motion was
integrated using the velocity Verlet algorithm with a time step of 1fs. The probe
was modelled with a truncated cone-shaped slab consisting of 1,242 atoms (for

the case of 11 contact atoms in Extended Data Fig. 4 the probe contained 1,467
atoms) and the substrate was modelled with a rectangular-shaped slab consisting
of 4,666 atoms in Fig. 2. Several vacancies were introduced to the top surface of
the probe to ensure the friction event occurred at the interface, otherwise the shear
would happen within the 2-3 layers of atoms in the probe-side crystal away from
the interface. The positions of the atoms at the boundary zone containing three
atom layers were fixed whereas all the other atoms were allowed to move. During
the MD simulations, non-periodic boundary conditions were assumed along all
dimensions. The friction process was modelled in two stages: (1) the W probe first
approached the substrate at a speed of 0.01 nm ps~' in the direction normal to the
surface. After every 0.025 nm step, the system was subjected to a 15 ps equilibration
to relax the structure; (2) at a desired vertical distance between the probe and

the substrate, the probe slid parallelly at a controlled speed of 1 m s~'. The force,
virial stress between the probe and the substrate and the resulting structures

were extracted for further analysis. In addition, the interface potential landscape

at the given separation distance between the probe and substrate was plotted by
evaluating the system energy after rigidly shifting the probe along the vectors
parallel to the friction plane. During the simulation, only the positions of the atoms
along the normal direction of the interface were allowed to relax.
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Extended Data Fig. 1| Three force components of the interface atoms in MD simulation with 7 contact atoms. (Fig. 2) When the interface atoms
completed the second slipping along the zig-zag route, the accumulated stress along z-direction in the first slipping would release, leading to the drop of

the friction force. In experiments, since the shear force was obtained by measuring shear strains of seven/eleven atoms along x-direction in contact, the
effect from the stress release along z-direction on the friction force might not be noticed.
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Extended Data Fig. 2 | The friction process within one period in MD simulation. (a-g) The structure evolution of the single asperity W-W contacts during
friction, corresponding to the points of numbers 1-7 in Fig. 2a.
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Extended Data Fig. 3 | Variation of normal force with the displacement of the tip in the experiment (Fig. 1). The error bars represent the standard deviation
of the normal force.
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Extended Data Fig. 4 | Discrete stick-slip behavior between tungsten asperities revealed by molecular dynamics (MD) simulation (The width of the

contact region is 11 atoms’ space). (a) The function of the lateral force with the sliding displacement of the tip. (b-h) The snapshots of the dynamic
movement of atoms in the top layer of the tip with respect to the substrate. The cyan balls represent the atoms in the bottom of the substrate. Four

selected atoms were colored in yellow, orange, red, dark respectively. (i) The motion traces of the selected four atoms marked by the broken circles within

one friction period.
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Extended Data Fig. 5 | The shear strain evolutions measured from two selected atoms marked by 1and 7 in Fig. 4 during friction within one period.
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Extended Data Fig. 6 | Dynamic evolution of shear stress field on the bottom layer of the substrate in MD simulation. (a-e) The evolution of ¢, (5,,)
distribution on the bottom layer of the substrate and the corresponding sequences are indicated by red Roman numbers in Extended Data Fig. 4a.
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Extended Data Fig. 7 | Variation of normal force with the displacement of the tip in the case with 11 contact atoms. The error bars represent the standard
deviation of the normal force.
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