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1. Alloy manufacturing and heat treatment

1.1. Composition of the Inconel 718 powder

Supplementary Table 1. The chemical composition of the Inconel 718 powder (wt.%).

Fe Ni Cr Nb Mo Ti Al |Co| Cu | Mn Si Ta C
50- 0.65- | 0.2-
Rem. 55 17-21 | 4.75-5.5 | 2.8-3.3 115 | 08 <1 | <0.3 | <0.35 | <0.35 | <0.05 | <0.08
1.2. Phase prediction after heat treatment
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Supplementary Figure 1. Predicted phase evolution of Inconel 718 due to heat treatment.
Thermo-calc software (TCNI12 database, version 2023b) was used to calculate the phase volume
fraction of Inconel 718 as a function of temperature. Phases with significant volume fractions
(larger than 5 vol%) are labeled. Other phases in small amount (less than 5 vol%) are not included
in the plot, such as MB2 C32 carbide, BCC B2, FCC_L12 and the intermetallic T phase.
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1.3. Microstructure of as-printed and heat-treated samples

a As-printed b Heat-treated c Heat-treated
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Supplementary Figure 2. Microstructure of Inconel 718 samples before wear test. Secondary
electron microscopy images of a as-printed and b heat-treated Inconel 718 measured from
secondary electron detector (SED) and backscattered electron detector (BED). ¢ BED images and
elemental maps from Energy Dispersive X-ray Spectroscopy (EDS) of heat-treated sample.
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1.4. Effects of heat treatment on diffusion paths
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Supplementary Figure 3. Effects of heat treatment on diffusion paths for surface oxidation
of AP700 and HT700. a SEM images b filtered phase map ¢ processed phase map for diffusion
areas, and d schematic plots of concentration profiles for HT700 (left column) and AP700 (right
column) samples.
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Note on Supplementary Figure 3

The region encapsulated by the white circles denote a high Cr concentration zone, with the
HT sample exhibiting a more uniform distribution. Furthermore, assuming that the HT and AP
samples possess average phase boundary distance of D1 and D2 respectively, where D1 is less
than D2. Cr exhibit fast diffusion at phase boundaries and its bulk diffusion is neglected in this
model. Given a specific time frame. the HT and AP samples will have a concentration of Ci and
C: at their median points along its concentration gradient, where Ci is higher than Ca. This implies
that the HT sample would present a more uniform Cr diffusion on its surface, precluding the
formation of expansive corundum structures.

1. Initial Analysis: We initiated our study by mapping the distribution of the niobium (Nb) element
across our samples (Supplementary Figure 3a). This mapping served as the preliminary input for
our analysis.

2. Phase Boundary Identification: Through image filtering techniques, we isolated the phase
boundaries within the samples (Supplementary Figure 3b). These boundaries are critical as they
facilitate the diffusion of chromium (Cr).

3. Diffusion Region Determination: We identified the diffusion-covered regions (Supplementary
Figure 3c¢), which are areas where Cr diffusion is notably effective.

4. Comparative Study: We observed a marked difference in the diffusion-covered regions between
the HT700 and AP700 samples. This was accomplished by measuring the distance from the black
points (non-boundary regions) to the nearest phase boundary.

5. Distance Measurement: Our measurements revealed that the HT700 had a more extensive
coverage by phase boundaries, indicated by a shorter average distance of Di1= 0.133 um compared
to the AP700 sample's average of D2= 0.238 um.

6. Diffusion Illustration: To illustrate the process, we employed Fick’s second law in a two-
dimensional model. 'D:' and 'D>' represent the average distances between phase boundaries, with
D1 being less than Da.

7. Concentration Assumption: For simplification, we assumed a high and constant Cr
concentration (Co) at the phase boundaries.

8. Diffusion Simulation: We then simulated Cr diffusion from both the left and right boundaries
over a given time t.

9. Concentration Analysis: The schematic in Supplementary Figure 3d illustrates that the midpoint
concentration for HT700 and AP700 samples will be Ci and Cz, respectively. Notably, Ci is
significantly closer to Co than Cz, indicating a more uniform Cr distribution.

10. Conclusion: The analysis concludes that HT700 samples are likely to exhibit a more uniform
surface distribution of Cr compared to AP700 samples, which can be attributed to the more
extensive and effective phase boundary coverage. Such uniform distribution minimizes the
formation of large spherical corundum structures seen in AP700. AP900, and HT900 samples.
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2. High temperature hardness measurements
2.1. Procedure

Hardness tests were conducted at four temperature points (20 °C, 600 °C, 700 °C, and
800 °C) using a diamond indenter with high-temperature indentation equipment (Manufacturer:
Rtec-Instrument, Model: MFT5000, Serial: RTECH3010) in an argon environment.
Supplementary Figure 4 shows the photo of the machine and the test setup. The maximum
achievable temperature, limited by the equipment, was 800 °C. Four indentations were made at
each temperature point to determine the average hardness and standard deviation. A 30 N load was
applied for 10 seconds during each indentation. Following the indentations, the samples were
cooled in an argon environment. Once the samples reached room temperature, the diagonal
dimensions of the indents were measured using a microscope on a separate microhardness testing
device (Manufacturer: ITW Test & Measurement GmbH, Model: Tukon 2500-3):.

The Vickers Hardness (HV) was calculated using the following equations:

2rsint2’
HV = constant x testjorce ) __ _ 9102 x ——2-=0.1891 X =, (1)
surface area of the indent d? d?
d= % (average diagonal length). 2)

The Vickers Hardness (HV) was then converted to hardness in GPa using the following equation:

Hardness (GPa) = 0.009807 X Vickers Hardness (HV) 3)

High Temperature Hardness Tester

Supplementary Figure 4. High temperature indentation equipment. a Photo of the heating
chamber of the indentation machine. b A view of the indenter and the Inconel sample.

2.2. Results

Supplementary Figure 5 presents the results for HT and AP samples, with representative
indent images shown in Supplementary Figures 5b and Sc. The measurements at room temperature
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align with the results shown in Section 5. At all elevated temperatures tested, the HT samples
exhibited higher hardness than the AP samples.
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Supplementary Figure 5. a. High-temperature hardness of (unworn) as-printed (AP) and heat-
treated (HT) Inconel 718 samples. Indent SEM images of b HT and ¢ AP sample tested at 700 °C.
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3. High temperature tribological tests
3.1. Test setup and validation

Supplementary Figure 6 shows the setup for the high temperature wear test, including a
photo of the heating chamber and the sample mounting. To evaluate the test setup using the Rtec
tribometer, we performed wear tests using stainless steel 316 coupons against Al2O3 ball. Tests
were conducted at room temperature under ambient conditions, with a sliding speed of 20 mm/s
and a Hertzian contact pressure of 1.59 GPa, replicating the conditions reported in Ref!. As shown
in Supplementary Figure 7a, the COF of stainless steel 316 against Al2O3 ball has an average value
of 0.57, which agrees well with the value (COF=0.56) reported in Ref .

In addition, we also evaluated the extent of how counterbody material type affect the
frictional response by performing wear test under the same conditions (i.e. sliding speed, Hertizan
pressure) using tungsten carbide (WC) ball as counterbody. The results in Supplementary Figure
7b shows that a lower COF (COF=0.51) was obtained using WC counterbody than that using Al2O3
ball (COF=0.57). Based on these observations, we limit the literature data in Fig 1h to include only
those using Al2O3 counterbodies.

High Temperature Tribometer

» = R B e

Supplementary Figure 6. Photographs of the high-temperature tribological tester (Rtec
MFT-5000). a A close-up of the tester with the heating chamber installed. b A view of the ball
holder and Inconel sample with the heating chamber removed. The inset in b shows a top-down
view of the sample, secured by two side screws.
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a Al,O, Ball b WC Ball
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Supplementary Figure 7. Validation test results using two different counter bodies: (a) COF
of stainless steel 316 against an Al-Os ball and (b) COF against a WC ball. Tests were conducted
at room temperature under ambient conditions, with a sliding speed of 20 mm/s and a Hertzian
contact pressure of 1.59 GPa, replicating the conditions reported in Ref !. COF values presented
in this figure are obtained after processing via RTECviewer software. See supplementary
information section 3.3 for details.

3.2. List of references used in Figure 1h

A literature survey was performed on the COF values reported so far for metals from room
temperature to 1000 °C are obtained from the following references: %3436 78,9, 10. 11,12, 13, 14,15, 16,
17,18,19,20,21,22,23, 24,25,26,27, 28, 29,30, 31, 32,33, 34, 35,36,37,38,39.40.41,42_ A oo these reports, data from
those using Al2O3 as counterbody was plotted in Figure 1h.i of the paper (see second tab of the
Source Data for the paper titles). The raw data from this literature review is provided in the Source
Data.
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3.3. Raw vs. processed data
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Supplementary Figure 8. Comparison of raw and processed data. a Schematic of the reciprocal
motion between the ball and the Inconel sample. b Schematic showing the ball's position on the
sample as a function of time, with f representing the testing frequency. ¢ Example of raw versus
RTECviewer software-processed COF data for the HT700 sample from 200 to 210 seconds.
Examples of raw versus RTECviewer software-processed friction force (Fx, as defined in a) for
the d AP700 and e HT700 samples from 200 to 210 seconds. The total duration of the wear test
for both samples is 600 seconds. 1%, 2", and 3 rd represents three repeated tests.

In reciprocal wear, it is important to understand that for a test conducted at a frequency of
f, the period for the ball to move back and forth once and return to its initial position will take a
time of 1/f, as illuastrated in Supplementary Figure 8a,b. In this work, f =1 Hz, so that the period
is 1 sec. Thus the raw data of Fx (frictional force) fluctuates between a positive and negative value
when the ball swithches direction in the reciprocal motion, resemebling a square waveform, as
shown in Supplementary Figure 8d,e. Supplemantery Figure 9 and 10 show such oscilation of the
normal (F7) and frictional force (Fx) due to this cyclic motion for AP700 and HT700 samples from
three repeated tests.
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Supplementary Figure 9. Raw data of the frictional force (Fx). a,c Raw data (not processed by
the RTECviewer software) of frictional force (Fx, as defined in Supplementary Figure 8a) of
AP700 and HT700. Fx from 200 to 210 seconds of b AP700 and d HT700 sample. 1%, 2™, and 3rd

represent three repeated tests.
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Supplementary Figure 10. Raw data of the frictional force (F.). a,c Raw data (not processed
by the RTECviewer software) of normal force (Fz, as defined in Supplementary Figure 8a) of
AP700 and HT700. Fz from 200 to 210 seconds of b AP700 and d HT700 sample. Values in <>
from b, d represent average values of F, from the entire test (600 sec). 1%, 2", and 3 rd represents
three repeated tests.
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Using such raw data, COF (defined as the absolute value of Fx/Fz) of all samples are
obtained, as shown in Supplementary Figure 11. A closer examination shows that there is
significant fluctuation of the COF values due to COF becoming very close to zero every time the
motion changes direction, i.e. every 0.5 sec, as shown in Supplementary Figure 12.

For such raw data, the default processing by the RTECviewer software (Version 1.4) is to
perform the following treatment of Fx, Fz, and COF mathematically to minimize the effects of
these near-zero values. For example, the force (Fx or F7) at time t is processed as:

t
F txdt
M’ 5t = = = 0.5 sec. (4)
5t 2f

where Force_t is the raw data of force at time ¢, and Force t mean is the software processed force
at time 7.

Force_t_mean =

a b c d
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Supplementary Figure 11. Raw data of COF. a,c Raw data (not processed by the RTECviewer
software) of COF of a AP600, b AP700, ¢ P800, d AP900, e HT600, f HT700, g HT800, and h
HT900. 1%, 2™, and 3™ represent three repeated tests.

Supplementary Figure 12 shows that such processed data smooths the raw COF curve for
AP700. However, for HT700, whose raw COF shows little fluctuation, the amplitude of processed
data is even higher than the original raw data. For example, Supplementary Figure 13b-c shows
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that the amplitude of processed data is lower than raw data for AP700, AP900, and HT900 sample,
but is higher than raw data for HT700. We also performed an analysis to evaluate whether such
treatment affects the average value of COF. As shown in Supplementary Figure 13a, the difference
between average COF between the raw and processed data is negligible for most samples (i.e.
AP700, AP800, AP900, HT800, and HT900). However, it becomes noticeable for AP600, HT600,
and HT700, likely due to their relatively higher COF during the running-in (see the first ~ 50 -100
sec of Supplementary Figure 11a,e, and f) than that of the steady-state period, which caused the
COF of'the processed data to be slightly higher than that of the raw data. For this reason, only raw
data is used in Figures 1 and 2 of the main text, including Fx, Fz, and COF. The COF values,
including the average and standard deviation from the raw data, are summarized in Table R1 below.

a AP700 b AP700
0.5 0.5
—— Processed Processed
—— Raw data —— Raw data
0.4 0.4
'MHH IRV
S i ('t A ’|
O o2 ’ ‘ ‘ | | ¥
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Supplementary Figure 12. Raw vs. processed data of COF. a,c Raw vs. processed COF data
by the RTECviewer software of a,b AP700, and ¢,d HT700 near 200 sec.
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Supplementary Figure 13. Comparison of COF from raw vs. processed data. a Average COF
from raw vs. processed data by the RTECviewer software for all samples. b Raw and ¢ processed
COF data for AP700, HT700, AP900, and HT900 samples.
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Supplementary Table 2. Summary of average and standard deviation of raw COF data. <COF>
represents the average value while SD represents the standard deviation. The raw data used to
generate this table is provided in the Source Data.

Temperature HT AP
(*C) <COF>| SD | <COF>| SD
600 0.0976  0.0226 0.284 0.0191
700 0.109 0.009 0.262 0.0139
800 0.261 0.0163 0.281 0.008
900 0.295  0.00859  0.322 0.01

3.4.Power spectrum of COF

Supplementary Figure 14 shows the power spectrum of raw COF data for the 700 °C and 900 °C
wear tests. Typically, in dry sliding wear with stick-slip, the self-organized criticality in COF
results in a linear relationship in its power spectrum ***+ 45 This is indeed observed in AP700,
AP900 and HT900 samples. However, the HT700 sample's COF(t) power spectrum exhibits large
fluctuations from 0.1 Hz (10! Hz) to 1 Hz (10° Hz) that deviates from the linear slope of the higher
frequencies (above 1 Hz), suggesting the presence of an instability in this system, which could
possibly be due to phase transitions between the cubic and tetragonal spinel phases in the surface
oxide layer. Previously, Yu et al. * reported similar breakdown of COF power law due to phase
transformation and structural relaxation in metallic glass.

In Supplementary Figure 14 and 15, it is also noted that in the power spectrum of the wear tests
performed at 1 Hz, prominent peaks at and above 1 Hz reflects the test itself. Similar patterns can
be found in the literature 4> %8, where the lowest frequency sharp peak precisely corresponds to
sample spinning, the subsequent peaks being its harmonics. Additionally, the 1/f noise was
identified as a low frequency pattern below 0.01 Hz *8. Therefore, to investigate wear-driven phase
transition, we focus on frequencies in the 0.1-1 Hz range, potentially driven by the reciprocal
movement. At a given location on the wear track, if the phase transition is driven by the sliding
wear at 1 Hz, we assume that such phase transition at this location have a period larger than 1
second (1/f). Phase transitions could manifest in various modes with different periods. First, partial
phase transitions within 1 second may result in total transfer frequencies lower than 1 Hz. Second,
location on the wear track influences the transition periods. The center point in the stroke length
experiences scratching every 0.5 seconds, while edge points may encounter 0.1-second and 0.9-
second intervals (see Supplementary Figure 8a-b). For these reasons, the 0.1-1 Hz range power
spectra should be most relevant regarding the phase transitions.

From an energy perspective, both stick-slip and phase transitions occur at energetically favorable

points. Stick-slip happened at shorter times, while phase transitions (e.g., between spinel and

corundum phases or between high and low symmetry spinel phases) on the wear track is driven by

the sliding frequency, which is 1 Hz in the current work. Thus, phase transition is expected to

occur at lower than 1 Hz frequencies while stick-slip at higher than 1 Hz frequencies. In other

words, the stick-slip and phase transition events likely coexist, but in different frequency domains.
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Given that a stress of 3.88 GPa is enough for spinel-corundum transition and 0.5 GPa is enough
for the Jahn-Teller effect at ideal situation from DFT calculations, the above phase transitions
could occur during the wear test.

To better investigate the influence of wear test frequency on the frictional response, and to verify
that the sharp peaks at 1 Hz is indeed introduced by the testing frequency itself, we conducted
additional tests at 2 Hz using heat-treated Inconel and stainless steel 316 as a reference under the
same testing condition (8 N load, 700 °C, Al2O3 counter body). These results are summarized in
Supplementary Figures 15-16. Indeed, for 2 Hz tests using either Inconel or stainless steel samples,
the sharp peak shifts to 2 Hz, as indicated by the green dashed lines. With the 2 Hz wear test, it is
also noticed that the phase transition feature in HT700 sample disappeared. In other words, the
slope at frequencies below the test frequency is different for that above the test frequency at 1 Hz,
but the same at 2 Hz. This could be due to less oxidation at higher sliding frequency, which results
in less noticeable phase transition, hence resumes the traditional linear relationship in the power
spectrum. Nonetheless, more work is required to systematically investigate the frequency-
dependent instabilities due to stick-slip and phase transitions in the future.
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Supplementary Figure 14. Power spectra of raw COF data for a AP700, b HT700, ¢ AP900,
and d HT900 samples. 1%, 2", and 3™ represent three repeated tests.
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3.5.Effects of testing frequency
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Supplementary Figure 15. Raw COF data as a function of testing frequency. a,c COF and b,d
power spectrum of HT700 sample. 1%, 2", and 3™ represent three repeated tests.
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Supplementary Figure 16. Raw COF data as a function of testing frequency. a,c COF and b,d
power spectrum of stainless steel 316 at 700 °C. 1%, 2™, and 3™ represent three repeated tests.

4. Characterization of surface structure and chemistry
4.1.SEM and EDS results of Inconel samples

a

Unworn AP sample

Unworn HT sample

Ra=1.704 + 0.317 ym

Supplementary Figure 17. Surface roughness from AP and HT samples before wear test.
Optical images of unworn a AP and b HT Inconel 718 samples with scan regions overlayed for
surface roughness measurement. The reported Ra values are calculated as the average of the
surface's peaks and valleys.

Ra =2.560 + 0.500 um

Page 20 of 48

102



Unworn regions

Mild oxidational wear

Worn regions

Supplementary Figure 18. Surface morphology from unworn and worn regions on Inconel
718 samples. SEM images of surfaces from a-d unworn and e-h regions, and i-I the corresponding
oxygen elemental maps of AP700, HT700, AP900, and HT900 samples. Arrows in e-h represent
the sliding direction.

Note on the wear mechanism in Figure 18:

As previously observed in the surface analysis of Al.Os, material transfer predominantly occurs
from the oxidized Inconel surface to the ball, suggesting that the wear debris mainly originates
from the oxide layer on Inconel. Supplementary Figure 18e-h shows a smooth wear track surface
morphology in HT700 sample, consistent with its low COF, where the oxide acts as a lubricant
layer, also known as a ‘wear-protective layer’ *°. In the worn regions of HT700, grooves in the
sliding direction are primarily due to substrate deformation under shear stress. Conversely, the
wear region of AP700 shows higher oxygen content (Supplementary Figure 181) compared to the
unworn area, likely due to the agglomeration, compaction and/or sintering of oxidized wear debris
on the track. This accumulated oxide layer has not reached the critical thickness for spallation,
remaining largely intact on the wear surface. However, unlike HT700, this oxide accumulation
does not reduce the wear rate due to the abrasive nature of the oxide formed. Despite this, the wear
rates of AP700 and HT700 remain within the same order of magnitude (~107° mm?3/(N*m)),
classifying them as mild oxidative wear. For AP900 and HT900, the wear track regions have
similar oxygen concentrations as the unworn areas (Supplementary Figure 18k-1), indicating a
balance between wear debris compaction and removal. At these higher temperatures, both
oxidation and material removal rates are increased compared to those at 700 °C, leading to their
classification as moderate oxidative wear.
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Supplementary Figure 19. Characterization of worn surface oxide layer of Inconel 718
samples. SEM image and corresponding elemental maps of a AP700, b HT700, ¢ AP900, and d
HT900 cross-sectional samples. e-h The corresponding oxygen elemental maps from the arrow
directions in a-d. x- and z- in the inset of a-d indicate the sliding and normal direction respectively,

as defined in Supplementary Figure 8a.
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4.2.GIXRD results of Inconel samples
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Supplementary Figure 20. Phase identification of the worn surface oxide on Inconel 718
samples. GI-XRD results for a HT700, b AP700, ¢ HT900, and d AP900 sample within the wear
track region, where each phase is labeled using the index legend at the bottom. The incident angle
(o) 1s varied to probe the ultrathin surface oxide layer where the smallest a value indicates the

outermost surface.
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4.3.XPS results of Inconel samples
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Supplementary Figure 21. XPS depth profile of Inconel 718 samples. XPS line profiles of O,
Al, Cr, Fe, Ni, and Nb from the (a, b) unworn bulk samples, and (c-f) wear track region of AP700,
HT700, AP900, and HT900 samples. Sputter time 0 corresponds to the outermost surface and
higher sputter time corresponds to deeper location below the surface. The compositions listed on

the right shows the average compositions (at.%) from the first 10 min of sputter time of each
sample.
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Supplementary Figure 23. XPS survey profile of Inconel 718 samples. a AP700, b HT700, ¢
AP900, and d HT900.
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Supplementary Figure 24. Surface oxide oxidation state analysis. High-resolution XPS spectra
of Ni 2p from the wear track regions of a AP700, b HT700, ¢ AP900, and d HT900 sample.
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Supplementary Figure 25. Surface oxide oxidation state analysis. High-resolution XPS spectra
of Fe 2p from the wear track regions of a AP700, b HT700, ¢ AP900, and d HT900 sample.
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Supplementary Figure 26. Surface oxide oxidation state analysis. High-resolution XPS spectra
of Cr 2p from wear track regions of a AP700, b HT700, ¢ AP900, and d HT900 sample.
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4.4.TEM results of Inconel samples

vBF

vADF

Supplementary Figure 27. Virtual bright field and annular dark field reconstructed STEM images
of the oxide regions of the HT700 and HT900 cross-sectional samples highlighting the difference
in apparent grain size between the samples. The regions associated with the phase maps in Fig.
4(c, d) are indicated with red dashed boxes.

To provide additional insight into the typical grain sizes of the HT700 and HT900 samples, we
created virtual bright field and annular dark field reconstructions from the 4D-STEM data collected
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in the oxide regions of the two samples. An integration range of 0-3 mrad was used to construct
the virtual bright field images and 15-38 mrad was used to construct the virtual annular dark field
images. We find that the feature sizes in the phase maps in Fig. 4(c, d) are consistent with the grain
sizes observed with these virtual images. From the 1 x 1 um? virtual images, we identify the grain
size in the HT700 sample to be on the order of 5-30 nm and in the HT900 sample to be on the
order of 50-200 nm.

4.5.SEM and EDS results of Al,O3 ball

The surface roughness of Al2O3 is primarily influenced by its porosity. The initial surface
morphology of Al2O3 was characterized using SEM, as shown in Supplementary Figure 28 a-b.
The porosity on the Al2O3 surface measures to be 3.84 + 1.84 pm. When compared to the surface
morphology of the ball after the wear test against Inconel samples (Supplementary Figure 28 c-f),
it is observed that these defects within the wear contact areas are largely covered by the transfer
layer. As a result, they become less significant in determining the nature of the two-body contact
after the initial running-in period.
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Unworn
Al,O5

Supplementary Figure 28. Surface morphology from as-received and worn Al,O3 surface.
SEM images of surfaces from a-b as-received, unworn surface of Al2O3 ball, and c-f contact area
on Al203 ball after wear tests against ¢ AP700, d HT700, e AP900, and f HT900 sample. Dashed
lines in c-f represent the boundary of contract area.
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Al,O; worn against HT700 Al,O5 worn against AP900 Al,O; worn against HT900
v ‘ v T '. “j‘. Y :_;.. fl Uikt ¥ v

Al,O5 worn against AP700

Supplementary Figure 29. Surface morphology and elemental mappings from worn Al,O3
surface. SEM images and corresponding EDS mappings of Al2O3 ball after wear test against a
AP700, b HT700, ¢ AP900, and d HT900 sample.
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a Al,O; worn against AP700

1st 8.6 9.8 10.7 N/A 46.0
2nd 76 12.0 8.1 N/A 9.6 45.0
3rd 9.6 16.4 57 0.3 6.3 46.5

4th 5.1 11.0 7.0 04 8.4 46.3

Sth 72 16.0 1/ 0.3 6.6 46.3
Avg. (at.%) 7.6 13.0 7.7 0.3 7.8 46.0
SD (at.%) 1.51 268 1.67 0.05 1.22 0.53

1st 43 10.7 08 38.7
2nd 16 8.1 9.4 18 1.7 445
3rd 7 6.5 1.9 11 26 454
4th 73 6.7 14 13 1.9 43.4
5th 57 6.2 12.9 08 7.7 44.4

Avg. (at.%) 7.2 6.2 1.8 1.2 44 43.3

SD (at.%) 245 157 1.61 037 293 238

1st 82 72 8 16 456
2nd 10.4 6.1 74 2 6.3 474
3rd 1.1 74 13 14 2 462
4th 58 53 78 1.1 135 452
5th 8 9 10.9 1.1 5 466

Avg. (at.%) 8.7 7.0 9.1 14 66 462

SD (at-%) 1.89 1.26 167 034 379 077

1st 3.6 10.3 0.7 30.8
2nd 1.5 04 117/ 0.2 21 33.3
3rd 7.8 76 47 1.2 29 326

4th 48 52 94 0.8 54 36.2

Sth 9.5 5 111/ 1.5 21 349
Avg. (at.%) 5.44 5.12 6.76 0.88 6.36 33.6
SD (at.%) 2.88 2.59 3.17 0.44 7.5 1.864

Supplementary Figure 30. EDS composition analysis from worn Al,O3 surface. SEM images
(left) and compositions (right) in atomic percent (at.%) of Al2Os3 ball after wear test against a
AP700, b HT700, ¢ AP900, and d HT900 sample. Stars in SEM images (left) mark the EDS point
analysis locations listed in the table (right). Avg. and SD in the table represent average and standard
deviation from all measurements respectively.
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4.6. Discussion on material transfer

In Supplementary Figure 28, the surface morphology of the Al2O3 counterbody before
(Supplementary Figure 28a-b) and after (Supplementary Figure 28c-f) high-temperature wear tests
against AP700, HT700, AP900, and HT900 Inconel samples was characterized using SEM. The
dashed lines in Supplementary Figure 28c-f indicate the boundary of the contact area. Notably, in
the Al203 sample worn against the HT900, a long fiber is present near the boundary of the wear
region, likely due to accidental surface contamination from tissue paper during sample handling.
Since the Al2O3 ball was already coated with a thin layer of gold for conductivity before SEM
imaging, several attempts were made to remove this fiber using compressed air, but unfortunately,
these efforts were unsuccessful. Consequently, EDS mapping was performed in an adjacent region
to avoid this contamination (see Supplementary Figure 29d below).

In terms of surface morphology, after the wear test at 700 °C, the Al2O3 ball used against
HT700 (Supplementary Figure 28d) exhibits discontinuous patches of light-colored regions within
the contact area. In contrast, the ball used against AP700 shows a relatively uniform light-colored
region across the entire contact area. Additional EDS mappings of these two surfaces
(Supplementary Figure 29a-b) reveal that these light-colored regions have lower concentrations of
Al and higher concentrations of Ni, Cr, Fe, and Nb compared to the unworn regions, which contain
only Al and O.

Quantitative compositional analysis from EDS point analysis at five random locations
within these light-colored areas (Supplementary Figure 30) indicates concentrations of
approximately 5.4-8.7 at.% Cr, 5.1-13 at.% Fe, 6.8-11.8 at.% Ni, 0.3-1.4 at.% Nb, 4.4-7.8 at.% Al,
and 33.6-46.2 at.% O. This suggests that these materials were primarily transferred from the
Inconel sample surface to the Al2Os3 ball during the high-temperature wear test. The surface
morphologies and material transfer on the ball also correlate well with the wear track depth profiles
on the Inconel surfaces (Supplementary Figures 32b-c), where the HT700 sample shows shallow
and flat wear profiles, and the AP700 sample displays deeper and curved profiles. At 900 °C, the
Al203 ball tested against HT900 shows a wider wear track compared to that tested against the
AP900 sample (Supplementary Figures 28e-f). Notably, the ball used against AP900 has the
smallest contact width among all samples, which is consistent with the wear depth profiles
observed on the Inconel samples (Supplementary Figures 32b-c).

To confirm that material transfer primarily occurs from the Inconel sample to the Al2O3
ball, additional XPS depth analysis, including the Al element, was performed on the unworn and
worn surfaces of the Inconel samples, as shown earlier in Supplementary Figure 21. Note that as
shown in Supplementary Figure 21a-b, in the unworn bulk Inconel samples, XPS analysis of the
top surface (averaging the composition from sputter time 0 to 10 min) shows AP and HT samples
already have an Al concentration of 1.47 at.% and 1.19 at.% respectively. After wear tests at 700 °C,
these is not much Al concentrated on the Inconel sample surface, as evidenced by the lower Al
content (0.45-0.65 at.%) in the surface oxide layer, as compared to the slightly higher Al content
(1.05-3.49 at.%) observed at 900 °C. This finding is consistent with the TEM cross-section analysis
(see Figure 4b in the paper) where there are some Al clusters ~ 200 nm within the surface oxide
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of HT900 sample. Such very small amount of Al detected on the surfaces of the AP900 and HT900
samples indicate either there is some material transfer from the ball to the Inconel surface or
enhanced diffusion of Al from the Inconel bulk to the surface. At this point, we are not able to rule
out either of the two possibilities. Nonethless, based on these characteristics, we conclude that in

the Inconel/Al203 contact pair, material transfer primarily occurs from the Inconel surface to the
AlO3 ball.

It is worth noting that at 700 °C, the HT700 sample has a higher hardness than the AP700
sample (see high temperature hardness data in the Response to Reviewer 1 Q1.6 and
Supplementary Figure 5), which would result in a smaller contact area per Archard’s law .
However, the opposite is observed in this case. Both the ball and the Inconel sample show a
relatively large contact area, characterized by discontinuous rather than continuous material
transfer between the two surfaces. This suggests that the oxide layer formed on HT700 is lubricious,
and its formation on the discrete contact areas leads to a relatively large yet flat worn surface on
the Inconel, contributing to the low wear rate of HT700. During dry sliding wear, the initial contact
area is often small during the running-in period, which typically develops into more severe wear
over time, resulting in deep and curved surface profiles, such as those observed on AP700
(Supplementary Figure 32b). The fact that the contact area remains patchy on the Al20O3 ball used
against HT700 (Supplementary Figure 32b) further confirms the lubricity of the oxides formed at
the contact points, which helps lubricate the sample surface and prevents it from progressing into
more severe wear.
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5. Nanomechanical measurements
5.1. Nanomechanical measurement procedure
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Supplementary Figure 31. Nanoindentation setup and results for SLM Inconel 718 samples.
a Load profile for each indent with a maximum load of 10 mN, where the extended loading and
unloading time ensured smooth curves for precise interpretation. b Typical indentation results for
the AP and HT samples. Inset in b show a schematic of the Berkovich diamond tip. ¢ Nano-
indentation setup and d hardness map of HT700 sample.
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5.2.Nanomechanical properties of worn surfaces

Supplementary Table 3. Nano-indentation hardness (H), reduced elastic modulus (Er), Ev/H, and
Vickers hardness (HV) measured from the unworn surface of AP and HT samples, and wear track

region of HT700, HT900, AP700, and AP900 samples.

Sample
AP HT AP700 HT700 AP900 HT900
Propert
15.96 + 15.12
H (GPa) 557+0.61 | 6.83+0.76 | 8.69+1.88 | 7.46 + 5.35 436 536
E. (GPa) 253.63 283.69 + 251.41 = 232.99 + 260.87 £ 260.54 +
' 16.77 16.59 19.34 43.29 36.24 36.24
E/H 45.54 41.54 28.93 31.23 16.34 17.23
v 360.9 £ 483.4 + 397.6 £ 465.9 + 449.0 + 396.6 =
11.2 13.4 11.3 18.6 18.3 18.1

The nanomechanical properties of worn surfaces, including hardness (H), reduced elastic
modulus (Er), and E//H were examined by nano-indentation, as summarized in Supplementary
Figure 32d-h and Supplementary Table. 3. Typical load-displacement curves of both samples are
shown in Supplementary Figure 31b. For the unworn samples, the HT sample had larger H (Figure
32d) and E:, but lower E/H ratio than the AP sample (Figure 32d). The hardness increased from
5.57 GPa to 6.83 GPa (~ 22.6% increment) after heat treatment, likely due to the formation of
various strengthening phases, as discussed previously. A lower E/H ratio also indicates that the
HT sample is more wear-resistant than the AP sample " >2, which is largely consistent with the
tribological results. For the worn samples tested at 700 °C, the worn area hardness of both HT700
(7.46 GPa) and AP700 (8.69 GPa) are higher than that of the unworn samples (6.83 GPa for HT
and 5.57 GPa for AP sample). A combination of wear-induced plastic deformation and the high
temperature wear condition likely leads to further strengthening of the material. At 900 °C, the
worn surface shows much higher hardness (~ 15 GPa) accompanied by a large standard deviation
of ~ 5 GPa. Such a large variation of surface hardness is likely due to the formation of surface
oxide that covers the worn surface, which is indeed confirmed by cross-sectional elemental
mapping shown in the Figure 3 of the main text. At 900 °C, oxidation is more significant than 700
°C, which leads to the formation of 2-4 um thick oxides on both HT900 and AP900 samples. As
shown in the nanomechanical maps in Supplementary Figure 32g,h, much higher hardness has
been observed in the worn regions at 900 °C than 700 °C for both samples, likely due to thicker
coverage of the surface oxides. Note that the maximum load of nanoindentation is 10 mN, which
results in penetration depth of less than ~ 400 nm for the samples tested. Thus, nanoindentations
made right on the oxides likely have higher hardness values than those indented on thin oxides or
uncovered bare metal.
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Supplementary Figure 32. Worn surface morphology and nanomechanical properties. a SEM
images b,c¢ surface profiles measured perpendicular to the sliding direction of worn surfaces of AP700,
HT700, AP900, and HT900. Scale bar in a: 250 um. Arrows in b, ¢ indicate the edge of wear track.
Summary of d hardness (H), e reduced elastic modulus (E;), f E/H ratio, and maps of g E; and h H from
the worn surfaces of HT and AP samples after high temperature wear test at 700 °C and 900 °C. Dashed
lines in g, h separates the unworn (top area) and worn regions (bottom area). Scale bar: 5 um. All figures
in g and h have the same scale bar.
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6. Mechanical stability and property of oxides
6.1. Reported hardness of oxides

Supplementary Table 4. Data for hardness and oxide crystal structure from Ref %3,

Oxide Type Crystal Structure Hardness (kg/mm?)
Fe304 spinel structure 690
Co304 spinel structure 713
a-Fe203 corundum structure 986-1219
Cr203 corundum structure 1820-3270
a-Al203 corundum structure 2160

As shown in Supplementary Table 4, oxides with a corundum structure have hardness in the range
of 986-3270 kg/mm?, while those with a spinel structure range from 425 to 713 kg/mm?. Spinel-
structured oxides generally exhibit lower hardness compared to corundum-structured oxides. This
trend is also observed in shear modulus, which is similarly related to bond strength. For example,
NiCr20s4 has a lower shear modulus than Cr.0Os, consistent with their hardness differences. Nano-
indentation tests on the wear tracks reveal hardness values of 7.46 GPa for HT700, 8.69 GPa for
AP700, 15.12 GPa for HT900, and 15.96 GPa for AP900, with HT700 showing the lowest
hardness. Given that the indentation depths are under ~400 nm, these results likely reflect the

mechanical response of the oxide layers.
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6.2. Thermodynamic calculations
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Supplementary Figure 33. Calculated oxide phase fraction on the worn surface. Simulated
phase fraction (a) at the worn surface, and (b-c) under hydrostatic compressive pressure of all
samples using Thermo-calc software TCOX12 database, version 2023b, where ‘top’ and ‘bot’ after
each sample name represents the outmost and inner oxide respectively. Composition data is from

XPS depth profile.
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6.3.DFT calculations

Cr,0, (167) FeCr,0, (227) NiCr,0, (9) NiFe,0, (227)
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Supplementary Figure 34. Metal oxide structures used in DFT calculations. Structures for all
metal oxides calculated in the Supplementary Table 5. The numbers in the parentheses represent
the space group number of the corresponding structure.
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Supplementary Table 5. Summary of the shear modulus, cohesive energy, and formation energy
of various oxides from DFT calculations in this study. In the first column, the composition of the
oxide is followed by its space group international number and crystal system in the parentheses.
For the unstable oxide, shear modulus listed are obtained from literature experimental or
computational results.

Shear Mechanical Cohesive Formation
Oxide Modulus Stability under Energy Energy
(GPa) minor shear (eV/atom) (eV/atom)
Cr203
(167, trigonal) 126.4 Stable -5.61 -2.133
CrFeOs
(148, trigonal) 103.9 Stable -5.593 -1.911
FeCr204
(98, tetragonal) 77.7 Stable -5.735 -2.076
FeCr0s - 69.7 Stable -5.735 -2.077
(12, monoclinic)
FeCr204 54
(227, cubic) 30.9 Not stable -5.598 -1.939
CrFexOq4 55
(227, cubic) 48.9 Not stable -5.320 -1.515
NICrOs 76.9 Stable 15,529 11.888
(12, monoclinic)
NiCr204 Exp 37.04 3¢
(227, cubic) 407 57 Not stable -5.550 -1.909
NiCr204
(9, monoclinic, N/A Not stable -5.547 -1.906
inverse spinel)
NiCr204
(46, orthorhombic, N/A Not stable -5.547 -1.906
inverse spinel)
NiFe204 58
(74, orthorhombic, Eg‘g gg 6 Not stable 5342 -1.408
inverse spinel) )
FeNi2O4
(227, cubic) 60.3 Stable -5.045 -1.128
NiFe204 55
(227, cubic) 47.7 Not stable -5.140 -1.206
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Supplementary Figure 35. Spinel structure formation energy from DFT calculations. a.
Energy per atom for cubic NiCr204 spinel under different minor shear strain. Projected density of
states (PDOS) for b Ni in NiCr204, and ¢ Ni in NiFe20O4 at shear strain y = -0.002, 0, +0.002
demonstrating the John-Teller effect.
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