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This file contains Supplementary Figures S1–S10 and Supplementary Tables S1–S3 referenced in the main text.
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	Supplementary Fig. S1. Schematic of the tribometer (disc–disc, System A). (a) Overview showing upper/lower disc arrangement (12Kh2N4A steel) on the friction machine. (b) Contact zone: upper disc, oil wedge, AE waveguide, and WD (PAC) sensor; diaphragm separates heating and cooling zones. (c) WD (PAC) AE sensor with waveguide for elastic-wave coupling through the oil wedge (100–1000 kHz). Tribosystem: disc–disc rolling with 20% sliding; material: 12Kh2N4A–12Kh2N4A; lubricant: Б3В; load: 1600 N; v = 0.5 m/s.
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	Supplementary Fig. S2. W* dynamics during stepwise loading (Tribosystem B). Tribosystem: sliding; VB23NTs bronze – 30Kh3VA steel (nitrided, 780 HV); lubricant ТС-1; load range 800–1600 N (200 N steps, 5 min/step); v = 0.5 m/s.
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	Supplementary Fig. S3. SEM micrographs of friction surfaces (Tribosystem C). Tribosystem: disc–disc rolling with 20% sliding; 30Kh3VA steel + MoN–TiAlN coating; lubricant ТС-1; load 1600 N; v = 0.5 m/s; magnification ×300. a1, a2 – Mode I surfaces: a1 – stationary element, a2 – moving element; b1, b2 – Mode II surfaces: b1 – stationary element, b2 – moving element.
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Supplementary Fig. S4. Gravimetric wear of tribosystem elements versus time (Tribosystem B). Tribosystem: sliding; VB23NTs bronze – 30Kh3VA steel (nitrided); lubricant ТС-1; loads 1400 N and 1600 N; v = 0.5 m/s. Curves 1,2 – stationary element; 3,4 – moving element; 5,6 – total wear.

	[image: ]

	Supplementary Fig. S5. Friction coefficient f and temperature T versus time at different loads (Tribosystem B). Tribosystem: sliding; VB23NTs bronze – 30Kh3VA steel (nitrided); lubricant ТС-1; loads 1400 N and 1600 N; v = 0.5 m/s.
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	Supplementary Fig. S6. SEM fractography of the upper disc surface at the transition to minimum wear intensity (Tribosystem A). Tribosystem: rolling with 20% sliding; 12Kh2N4A–12Kh2N4A; lubricant Б3В; load 1600 N; v = 0.5 m/s; quasi-wearless regime. (a) ×250; (b) ×5000.
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	Supplementary Fig. S7. High-resolution SEM images of the upper specimen friction surface at transition to ultra-low wear (Tribosystem A). Tribosystem: rolling with 20% sliding; 12Kh2N4A–12Kh2N4A; lubricant Б3В; load 1600 N; v = 0.5 m/s; magnification ×10000. (a) Oblique cross-section of the surface layer; (b) Fragment of rotational meso-structure.
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	Supplementary Fig. S8. SEM fractography of bronze friction surfaces at different loads (Tribosystem B). Tribosystem: sliding; VB23NTs bronze – 30Kh3VA steel (nitrided); lubricant ТС-1; v = 0.5 m/s; magnification ×300. (a) Load 1400 N – equilibrium regime; (b) Load 1600 N – Mode II ultra-low wear.
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	Supplementary Fig. S9. EDS chemical composition maps of friction surfaces in the central track region (Tribosystem B). Tribosystem: sliding; VB23NTs bronze – 30Kh3VA steel (nitrided); lubricant ТС-1; v = 0.5 m/s. (a) Load 1400 N (equilibrium self-organisation); (b) Load 1600 N (non-equilibrium self-organisation, Mode II).
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	Supplementary Fig. S10. Microhardness depth profile across the friction surface layer (Tribosystem A). Tribosystem: rolling with 20% sliding; 12Kh2N4A–12Kh2N4A; lubricant B3V; load 1600 N; v = 0.5 m/s; quasi-wearless regime. h1 – hardened layer, lower disc; h2 – hardened layer, upper disc; h3 – plastified sub-layer, upper disc.



Supplementary Table S1. EDS chemical composition (wt.%) of the friction surface, Tribosystem B (VB23NTs bronze – 30Kh3VA steel, nitrided; lubricant ТС-1; sliding, v = 0.5 m/s), central wear track, load 1400 N — Mode I (equilibrium self-organisation).
	Element
	Line
	Intensity (counts)
	C, wt.%

	Ti
	K
	4134
	3.80

	Fe
	K
	91
	0.06

	Ni
	K
	5297
	4.35

	Cu
	K
	77375
	62.36

	Zn
	K
	3894
	2.53

	Sb
	L
	5409
	9.79

	Pb
	M
	7367
	17.11

	Total
	–
	–
	100.00



Supplementary Table S2. EDS chemical composition (wt.%) of the friction surface, Tribosystem B (VB23NTs bronze – 30Kh3VA steel, nitrided; lubricant ТС-1; sliding, v = 0.5 m/s), central wear track, load 1600 N — Mode II (non-equilibrium self-organisation).
	Element
	Line
	Intensity (counts)
	C, wt.%

	Ti
	K
	1692
	1.82

	Fe
	K
	1302
	0.79

	Ni
	K
	8008
	4.70

	Cu
	K
	66462
	35.54

	Zn
	K
	3866
	1.57

	Sb
	L
	6717
	16.03

	Pb
	M
	17122
	39.55

	Total
	–
	–
	100.00



Supplementary Table S3. Comparative change in surface elemental composition between Mode I (1400 N) and Mode II (1600 N), Tribosystem B.
	Element
	1400 N, wt.%
	1600 N, wt.%
	Ratio (1600/1400)
	Trend

	Ti
	3.80
	1.82
	0.48×
	Depleted, 2.1× decrease

	Fe
	0.06
	0.79
	13.2×
	Strongly enriched (>12-fold)

	Ni
	4.35
	4.70
	1.08×
	Near-constant (slight increase)

	Cu
	62.36
	35.54
	0.57×
	Depleted, 1.76× decrease

	Zn
	2.53
	1.57
	0.62×
	Depleted, 1.6× decrease

	Sb
	9.79
	16.03
	1.64×
	Enriched, 1.6× increase

	Pb
	17.11
	39.55
	2.31×
	Strongly enriched, >2-fold
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