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Supplementary Figure 1: Unstable stacking fault energy of the model potentials. Potential
energy curves as a function of parallel stacking displacement for different potentials (P1-P6 in figure
2). The maximum value of energy represents the unstable stacking fault energy for each potential.
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Supplementary Figure 2: Hardness variation of the model potentials. Contact pressure
versus indentation depth obtained from the MD indentation simulations. The contact pressure
is computed as the indentation force (see the inset of figure 2) divided by the projected contact
area. The peak in each curve corresponds to the first dislocation nucleation. It is followed by
rather constant contact pressure due to continued nucleation of dislocations. The constant value is
considered to be the hardness. see Supplementary Table 1
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Supplementary Figure 3: Interfacial model potentials. Interfacial potential energy curves cor-
responding to the brittle potential (P6), which controls the adhesion between the sliding surfaces.
See Supplementary Table 2 for further information.
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Supplementary Figure 4: Simulation geometry and boundary conditions. Two extreme
boundary conditions were applied on the top boundary, vertically fixed and constant applied pres-
sure.
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Supplementary Figure 5: Individual contribution of bulk and interfacial shear strength.
In (a), the data corresponds to cases of full interfacial adhesion, whereby the junction strength is
governed by the bulk shear strength. This figure clearly shows that a more ductile potential needs
a larger junction size to produce a fracture-induced debris particle. In (b), the data corresponds to
the cases of reduced interfacial adhesion, whereby the junction strength is governed by the shear
strength of the interfacial adhesion. In (a), the x-axis is normalized by the max bulk shear strength
whereby in (b) it is normalized by the bulk shear strength for the particular case (see Supplementary
Tables 1 and 2). Vertical dash lines show the corresponding potential for each simulation point
where colors are consistent with figure 2. This figure demonstrates that the critical junction size
scales with aj*z, consistent with equation 3, and independent of whether o; is governed by the shear
strength of the bulk material or the interfacial shear strength.
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Supplementary Figure 6: Scalability of the released elastic energy. (a) shows the debris
formation in two simulations with different initial asperity sizes (20r¢ and 40r¢) and the strain
energy evolution per atom. (b) compares the corresponding evolution of total strain energy during
the debris formation event. As shown, a simulation with twice as large junction size displayed
approximately four times greater release in strain energy upon debris particle formation, which
confirms the scalability of stored strain energy with the junction size (see equation 1). Note that

the scalability relation is F¢ ~ d? in 2D and E. ~ d for 3D, which is consistent with previous
1,2

literature.
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Supplementary Figure 7: Influence of asperities shape and configuration. Atomistic simu-
lation results of dry sliding with the most brittle (P6) potential for four initial geometries. Severe
shape changing plastic deformation occurs at the onset of contact in all cases. Thus, the initial
geometry does not have a considerable effect on wear debris formation mechanism at the asperity
level. Note that we compute the junction size as the true contact area between asperities when the
contact angle and the tangential forces reach zero and maximum values, respectively.
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Supplementary Figure 8: Adhesive wear mechanisms transition during sliding between a
single asperity and a flat surface. Atomistic simulation results of dry sliding between a single
asperity and a flat surface with (a) the most ductile (P1) and (b) the most brittle potential (P6).
The transition in adhesive wear mechanisms is observed similar to the interlocking asperities cases
(figure 3). Figure b clearly shows the correlation of the worn volume with the asperity junction
size (and not the asperity size), consistent with the analytic model. This outcome supports the
geometrical and configuration independency of the adhesive wear mechanisms.
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Supplementary Figure 9: Detailed version of figure 4. First label represents the body potential
while the second shows the interfacial potential. The third label (if any) displays asperity shape
where T or S stands for triangular and square initial asperity shapes. Empty symbols represent
single asperity simulations, while full symbols display simulations with interlocking asperities. The
logarithmic x axis is used for a better representation of simulations’ labels.
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Supplementary Figure 10: Schematic of fracture-induced debris formation in an adhesive
AFM wear experiment. Having equations 1-3 and assuming o = § = 1 (which is corresponding
to the removal of an idealized 3D spherical particle from the AFM tip), A = 3 is obtained for a
3D case. This value is used to estimate the critical junction size for different AFM tip materials in
table 4.
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Supplementary Figure 11: Absence of fracture-induced debris formation in 3D simulations
with standard potentials due to the length scale constraint. Snapshots from largescale 3D
simulation with (a) Si Tersoff potential® and (b) Fe EAM potential* showing lack of debris forma-
tion in first asperity collision. The same interatomic potentials are used to model the interaction
between surface atoms (i.e. full adhesion). The coloring of atoms is artificial and for better visual-
ization of the wear mechanisms.
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Supplementary Table 1: Parameters of body potentials.

Potential | Normalized cut off Surface Unstable stacking | 4., | Shear modulus, | Shear Strength, | Normalized Shear Strength
label radius, Teut/To energy, Ysurt | fault energy, yuse Yust G T T/Tpe
- - (ery) (ery?) - (ery?) (ery?) -

P1 1.71 1.0 0.37 2.70 2.7 0.23 0.33
P2 1.60 1.0 0.47 2.12 2.7 0.29 0.41
P3 1.56 1.0 0.61 1.64 2.7 0.39 0.55
P4 1.47 1.0 0.77 1.43 2.7 0.49 0.70
P5 1.44 1.0 0.90 1.11 2.7 0.60 0.87
P6 1.42 1.0 1.0 1.0 2.7 0.69 1.0
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Supplementary Table 2: Parameters of interfacial potentials.

Potential | Normalized cut off Surface Unstable stacking | ~g .+
label radius, reut/To energy, Vsurf | fault energy, vust Yust
- - (€751 (€751 -
P6-1 1.42 0.8 0.8 1.0
P6-2 1.42 0.7 0.7 1.0
P6-3 1.42 0.6 0.6 1.0
P6-4 1.42 0.5 0.5 1.0
P6-5 1.42 0.4 0.4 1.0
P6-6 1.42 0.3 0.3 1.0
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Supplementary Table 3: Parameters examined by atomistic simulations. All units are given in
reduced Lennard-Jones units.

Parameter Value
ly 200-600
Ly 400-1000
asperity size 20-140
spacing 10-100
load per atom | 0.00-0.01
velocity 0.001-0.05
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Supplementary Table 4: Physical properties of common AFM probe materials and the correspond-
ing critical junction size estimated by equation 3. Bold numbers in the last column are the average
of the values found in literature. o; is estimated from hardness using the relation on page S3. For

Diamond, the critical shear strength is equal to hardness.

5,7

AFM tip Material ElaSt(iél;;)duluS Poisson_’s Ratio Nan(ocl;;r;i)ness Sur(f;creni?(;rgy Estimated critical junction size from equation 3
Diamond 930-1200°° 0.007-0.115° 60-90°7 4.1-6.2%9 2-6.5nm (4nm)
ilicon nitride - - .20-0.271% -37 10 AE -40nm (22nm
Sili itrid 230-28010712 | 0.20-0.27111 | 20-3710:11 1.1% 10-40 22
Silicon 107-130'617 | (0.27-0.35'® 1319 1.5-28%0 56-98 nm (76nm)
Gold 804 0.40 1-2% 1-1.2% 1-5 mm (3mm)
Silver 832 0.38 1-1.7%8 1.1% 2-6 mm (4mm)

15



Supplementary Table 5: Detailed information of AFM
corresponding wear mechanisms.

wear experiments available in literature and

Applied load

AFM tip Diameter

(normal force could not be directly measured)

Authors AFM tip material | Substrate material \ Observed wear mechanism Remarks
(uN) (um)
Liu et al., Si UNCD Only adhesive force 40 +£10 (TEM) Continuous gradual wear High work of adhesion
50 £ 10 (TEM) Tip fracture Room temperature ~ 20-50% RH
SiNg UNCD Only adhesive force 50+ 10 (TEM) Tip fracture
90 £ 20 (TEM) Tip fracture
Chung and Kim,™ Si Si 10.8 40 £+ 10 (SEM) Continuous gradual wear Room temperature ~ 20% RH
Si Si 104.5-325 570 =200 (WV) Tip fracture
SisN, Si 21 40 £ 10 (SEM) Tip fracture
Chung ot al,® Si Si 0 20 & 10 (TEM) Gradual wear Room temperature
Gotsmann and Lantz?7 Si Polymer 5-100 40 £ 20 (TEM) . C%’mlual ‘chqr Room temperature
(No sign of fracture)
Valdat ot al,T SiN. UNCD 30-60 7 (TEM) Gradual wear by plasticity Room temperature~ 15% RH
Chung®™ Si Si 100 0 (TEM) Gradual wear Room temperature
SiN, Si 10 6 (TEM) Gradual wear Room temperature
Jacobs and Carpick? Si Diamond Only adhesive force 15+ 5 (TEM) Gradual wear vacuum
Tao and Bhushan® Si Si 100-300 40 (TEM) Gradual wear vacuum
Khurshudov and Kato®! SizNy Si 10 20-40 Tip fracture Air
Sato et al, % Ag Ag Only adhesive force 212 (TEM) Sradual wear Ultra-high vacuum
Merkle et al.,% Au Au Probably only adhesive force 4200 (TEM) | liquid-like behavior (plastic flow) Ultra-high vacuum
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