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Version 0:
Reviewer comments:
Reviewer #1

(Remarks to the Author)

The paper "Spinel Oxide Enables High-Temperature Self-Lubrication in Superalloys” with reference number NCOMMS-24-
09031 is focused on investigating the high temperature sliding friction and wear behaviour of SLM produced Inconel 718, in
as-printed and heat treated conditions, during sliding against AI203. The work involves detailed material characterisation,
high temperature tribological characterisation, analysis of oxide layers using a large number of methods, and computational
work to assess shear strength of oxides as well as oxidation thermodynamics. The overall aim of the study is to demonstrate
that friction and wear control can be achieved by in-situ oxidation of a metal surface to facilitate formation of spinel-based
oxide layers.

The manuscript is well-written and the work is presented in a logical and easy to follow manner. Sufficient number of
relevant references are provided to motivate the need for this specific study.

The work is relevant to the field of high temperature tribology and contributes with some new insights and explanations as to
why simultaneous low friction and wear can be achieved when two solid surfaces (at least one metal) slide against each
other at high temperature in an oxidating environment.

However, despite the comprehensive work behind this study there are a number of aspects that will require further analysis
and/or clear justification by the authors before the paper can be published. The following are the detailed questions and
concerns about the work:

1. On page 2, line 60, the authors mention a “frictionless” surface. This term should be changed since a surface does not
have friction. Friction is not an intrinsic material property; it is a system response when sliding against another solid material.

2. In any friction and wear test, the measured friction force and the material removal is a system response that depends on
four main elements: solid body 1, solid body 2, the interfacial media, and the surrounding atmosphere. In the data provided
by the authors there is no analysis at all of the Al203 counter body which is main shortcoming of the current work.

3. The main aspects to be addressed pertaining to the Al203 ball are:

a. What is the hardness if the Al203?

b. What is the initial surface roughness of the Al203 balls?

c. What does the worn surface of the AlI203 balls look like after sliding against the AP and HT samples at the different
temperatures? Any signs of wear? Material transfer? Formation of oxide layers?

4. The surface roughness of the AP and HT samples should be reported since this will have a significant effect on the initial
running-in behaviour of the system.

5. If the Al203 ball suffers wear during the tribological test, and judging by the difference in wear scar width of the AP700
and HT700 samples this seems very likely, a number of factors will affect the resulting friction and wear response:

a. The contact area will increase and the contact pressure will reduce during the test. This will result in lower wear of the
Inconel sample as well as promote easier formation of a homogenous oxide layer on the Inconel surface. l.e., the lower wear
measured for HT700 may not be due to the heat treatment resulting in different oxides but rather a difference in contact
geometry that preferentially forms a layered oxide structure. See mechanism description by Stott et al. [Ref: F. H. Stott,
Tribology International (1998)] on how oxide layers develop and correlate to contact geometry/size and contact pressure.



b. The material removed from the Al203 ball will very likely be integrated into the wear scar on the Inconel surface. How will
this affect the composition of the oxide layer? What will this do to the kinetics discussed in the paper pertaining to the
formation of a layered oxide?

6. The high temperature hardness of the Inconel will have a significant effect on the ability of the bulk material to resist
deformation during the tribological test as well as to be able to support the hard oxide layers that develop on the surface.
This aspect should be discussed and also if the AP and HT materials are expected to exhibit differences in hot hardness.

7. Is there any reason for reporting the time in ms for the CoF(t)? Please comment on this.

8. In the friction graphs shown in Fig. 2a, it is clear that the frictional stability of the AP samples are better than that of the HT
samples when sliding against AI203 at both 700 and 900°C. This should be discussed in the paper and correlated to the
formation of different oxides as well as the mechanical properties of the AP and HT samples.

9. The comparison of friction data in Figure 1h is somewhat questionable since the data obtained from literature is very likely
measured using different tribosystems (counter body) and different tribometers (type of motion etc.) which makes a direct
comparison of the absolute values impossible. The authors are recommended to revisit this analysis and perhaps extract
only the data that is obtained from tribosystems using Al203 as counter body.

10. The hypothesis on page 6, line 160, and page 13, line 341 stating that the periodic variation of the measured friction
force is connected to a quasi-periodic structural change of the surface, explained as a constant phase transformation
between the two states of spinel, is an interesting theory. However, in the reviewer’s opinion this is very unlikely to be the
main source of the observed fluctuations since the fluctuation period is so short that the phase transformation would need to
take place several times during the contact time (if considering one point on the plate moving across the contact length
created by the ball). Also, for this to occur with such repeatability from the very initial sliding is not plausible since formation
of the oxide layer is not instantaneous but requires some time before it stabilise. The authors are encouraged to reevaluate
this theory and consider stick-slip phenomena at the sliding interface combined with the dynamics of the test setup, e.g.
stiffness of the ball holder and eigenfrequencies of the mechanical components, which are more likely to be a root cause that
results in the observed vibrations/instabilities.

11. The term corundum is used in the manuscript to describe e.g. Cr203. This was somewhat confusing as corundum
usually means Al203. The reviewer understands that the authors refer to the corundum structure, as a type of oxide, but
encourages the authors to clarify this in the manuscript. Especially when corundum is used a standalone term.

12. The analysis of the worn surfaces shown in Supplementary Figs. 5 and 6 should be complemented with sliding direction
labels as well as identification of the dominant wear mechanisms. From Fig.5 e-h itis clear that the mechanisms are very
different, and this will likely play an important role in explaining the material removal from the Inconel surface as well as the
friction response that is measured.

13. The hardness of the worn surfaces is only mentioned at one point on the manuscript (page 6, line 172) and a discussion
in Supplementary material related to Fig. 13. There is however some interesting findings in Fig. 13 with a quite
homogeneous hardness increase inside the wear track on AP700 compared to HT700. A comment on this and any
correlation to the detailed descriptions of the oxide layers would be valuable.

Reviewer #2

(Remarks to the Author)

This manuscript investigates the origins of low friction behavior of Inconel 718 with a specific heat treatment. It is claimed
that when testing the friction and wear behavior of this material at high temperatures (600-900°C), the friction coefficient of
the heat-treated sample was found to be lower than those reported in the literature for this material previously. The authors
attribute this low friction behavior to the formation of a spinel-based surface oxide, which serves to lubricate the interface. A
computational approach was developed to predict oxide lubricity based on shear modulus, formation energy, cohesive
energy, and phase stability. While the authors do demonstrate a potential method for predicting lower friction oxides which
are stable at high temperatures using DFT, the reported friction coefficients and associated proposed mechanisms are not
sound. The primary discussion for this paper focuses on the low friction result, fluctuation in the measurement, and a
proposed structural mechanism, all of which stem from what is likely an incorrect interpretation from a measurement artifact.
As such, | recommend rejection of this manuscript. The section below addresses these concerns in more detail.

Major Questions/Comments:

Major concern/Comment 1: The friction data shown for HT700 in Fig 2 and in the mechanism Fig 6¢ shows this significant
variation in friction (in what appears to be a waveform), which is cyclic in nature and repeats every 1 second. During testing
on the tribometer, the authors utilized a sliding speed of 10 mm/s and a stroke length of 5mm (10mm per cycle), which
means that one reciprocation cycle takes 1 second. The significant friction variation occurs exactly in sync with this
reciprocation, which was not addressed by the authors. These fluctuations of friction synced with cycle can be attributed to a
number of things, including measurement artifacts (e.g. cross talk on signals, misaligned samples, etc.) or possibly a non-
uniform, spatially variable friction coefficient, and indicates an issue with the measurement itself and not a
structural/mechanistic origin. The variation in friction observed cannot be attributed to the proposed mechanism (structural
change from cubic to tetragonal oxide), and is most likely due to: 1) a misalignment of the sample stage, 2) issue with



acquisition sampling, 3) heterogeneous, spatially varying friction, 4) mis-processed data or 5) other testing error. The authors
point to a quasi-periodic surface structural change occurring at “timescales much shorter than the wear test”, which cause
these oscillations. this is completely false; they are, in fact, exactly at the same time scale of the reciprocation cycle (which is
more relevant than the wear test duration) and these fluctuations are not structural in nature. As such, this friction result and
proposed mechanism are not sound.

Comment 2: In Fig 1i, the presentation of the results of this work compared to that of other reported coefficients of friction from
the literature are misleading. The histograms of friction data are shown across a wide range of temperatures and different
structures. Only one result from this work was reported. However, this one data point is picked off of the minimum of the
friction waveform. The authors should justify this comparison as they are not comparing apples-to-apples.

Comment 3: The authors report an average friction coefficient of 0.12 with a standard deviation of 0.009 for sample HT700
(Pg 5, line 147). Figure 2 a,b shows the friction coefficient of this sample to vary between ~0.04 and 0.24, in a large
waveform. How was the average and standard deviation of this measurement calculated? A variation between such a large
range of friction coefficients should not result in a standard deviation as low as 0.009.

Comment 4 In the methods section, the authors state that all tests on the tribometer were carried out 3 times. The friction data
shown in Fig 2 is the acquired data of one test. Was the extreme, cyclical variation observed for each test on sample
HT700? How were the error bars shown for the COF data shown in Fig. 1f calculated? Again, a standard deviation value of
0.009 for a friction coefficient which varies 0.04-0.22 is not correct. Does this error bar reflect the standard deviation between
the 3 separate tests performed?

Comment 5: The friction power spectrum is just dropped in the paper and not really useful or discussed. Why?

Comment 6: DFT: While | am not an expertin DFT and cannot adequately assess the merits of it, it appears that the authors
were able to predict which types of oxides could produce low friction interfaces — a novel and interesting contribution.
However, the issues with the friction results/reporting are significant and the results are not sufficient to support the claims
made in this paper. The primary discussion of the paper focuses on a mechanistic understanding of the friction behavior
which was interpreted from an unsound measurement. As such, | recommend that this paper be rejected from Nature
Communications. It might be reconsidered in its parts to specialized journals, as the computational results seem powerful.
The tribological experiments should be repeated and carefully interpreted.

Reviewer #3

(Remarks to the Author)
Comments for Authors

In this manuscript, Zhang et al. demonstrated low coefficient of friction (COF) at high temperatures can be achieved by
controlling the oxidation on the surface of Inconel superalloy made by selective laser melting (SLM). Post-printing heat
treatment led to the formation of high density interphase boundary, which promoted the formation of spinel oxides which
have lower COF than other oxides. DFT calculations on shear modulus, formation energy, cohesive energy, and energy per
atom under shear strain were performed to predict oxide lubricity. Based on this analysis, the authors proposed design
guidelines for producing lubricious oxide with high thermal stability. Overall, the experiment and analysis are well executed
and the work should be published. | have several comments for the authors:

1. Are there any surface oxide after the heat treatment? | assume there is some surface oxide as the specimen was air
cooled from 954°C after solutionization (pg. 14, line 369). In that case, what is the thickness and nature of the oxide on the
specimen before wear test? Without this data (XPS survey and high resolution scan of AP and HT surface, cross-sectional
TEM/STEM), it is difficult to fully trace the structural origin and evolution of the lubricious spinel oxide. As it stands, it is not
clear when the spinel oxide was first formed.

2. The microstructure of the surface oxide is not clearly shown in the STEM data and only dark contrast can be observed
within the oxide layer on the HAADF images. For instance, what is the grain size of the surface oxide? Perhaps this can be
addressed with bright field TEM imaging.

3. How does the grain size of the surface oxide layer compare to the size of the features on the phase map presented in
Figure 4?

4. Pg 15, line 425, it should be Transmission electron microscopy and diffraction simulation

5. Pg 15, line 427, .. using four-dimensional scanning transmission electron microscopy (4D-STEM)

6. In standard practice of XPS, survey scans should be included for the reader better comprehend the high resolution XPS
scans of the material under investigation.

Reviewer #4

(Remarks to the Author)



| co-reviewed this manuscript with one of the reviewers who provided the listed reports. This is part of the Nature
Communications initiative to facilitate training in peer review and to provide appropriate recognition for Early Career
Researchers who co-review manuscripts.

Version 1:
Reviewer comments:
Reviewer #1

(Remarks to the Author)

The revised paper "Spinel Oxide Enables High-Temperature Self-Lubrication in Superalloys” with reference number
NCOMMS-24-09031A is focused on investigating the high temperature sliding friction and wear behaviour of SLM produced
Inconel 718, in as-printed and heat treated conditions, during sliding against AI203. The overall aim of the study is to
demonstrate that friction and wear control can be achieved by in-situ oxidation of a metal surface to facilitate formation of
spinel-based oxide layers.

The Authors have made a very thorough job with addressing all the comments and questions raised by the Reviewer. The
additional high temperature hardness measurements, in-depth analysis of the Al203 counter-body (SEM/EDS, XPS) after
the tribological tests, and the detailed analysis and explanation of the friction data has significantly improved the quality of
the manuscript. The Reviewer particularly appreciates the comprehensive and pedagogical explanations/justifications
provided by the authors in the Response to Reviewers Comments.

With the implementation of all these changes, the Reviewer considers the manuscript to be acceptable for publication.

Best regards,

Jens Hardell

Professor, Head Division of Machine Elements
Lulea University of Technology

Sweden

Reviewer #3

(Remarks to the Author)
The authors have addressed all of my comments with the exception of Q3.4. Pg 15, line 425, it should be Transmission
electron microscopy and diffraction simulation. (pg 16, line 455 on the revised manuscript)

Open Access This Peer Review File is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were
made.
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Response to Reviewer Comments (NCOMMS-24-09031)

We sincerely thank all reviewers for the careful reading of our manuscript and for their
constructive feedback. The questions raised and suggestions provided by the reviewers have been
instrumental in improving the quality of our work, and we are truly grateful for their time and
effort dedicated to this review.

We provided below a detailed response to all the points raised in the reviewers’ comments.
Revisions made to the manuscript appear in red font for ease of visualization. We also want to
point out that since we do not have a high-temperature indenter for hardness measurement, the
additional high-temperature indentation experiments were performed in collaboration with Prof.
Bai Cui’s group at University of Nebraska-Lincoln. As a result, Md Rezwan Ul Islam, Xin Chen,
and Bai Cui are now added as co-authors due to their contribution to the revised manuscript.

Revisions made are highlighted below:

1. High temperature hardness measurements are now added, including the procedure and
results in Supplementary Information section 2.

2. High temperature tribological tests setup, validation, and results (including raw data) are
added in Supplementary Information section 3, updated in Figures 1 and 2 of the main text.

3. Characterization results of the Al20s ball are now added in Supplementary Information
section 4.

4. Discussion on material transfer is now added in Supplementary Information section 4.6.

Added figures and tables:

1. Supplementary Figures 4-17, 22-23, 27-30
2. Supplementary Table 3

Revised figures and data:

1. Figure 1e,g,h,i

Figure 2

Figure 3b,d

Figure 6¢

Supplementary Figures 21
Source data file
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Reviewer #1

Q1.1. On page 2, line 60, the authors mention a “frictionless” surface. This term should be changed
since a surface does not have friction. Friction is not an intrinsic material property; it is a system
response when sliding against another solid material.

Response: We completely agree that the frictional response of the surface is a result of the whole
system’s behavior, which not be confused as an intrinsic material’s property. We have made the
following revisions to clarify this point in the revised manuscript.

Original statement in the second paragraph of the introduction:

“To minimize the overall material loss at high temperatures, a wear-resistant and frictionless
surface is desired.”

Modified text:

“To minimize the overall material loss at high temperatures, a wear-resistant and self-lubricating
surface is desired.”

Q1.2. Inany friction and wear test, the measured friction force and the material removal is a system
response that depends on four main elements: solid body 1, solid body 2, the interfacial media, and
the surrounding atmosphere. In the data provided by the authors there is no analysis at all of the
Al203 counter body which is main shortcoming of the current work.

Response: We completely agree on the importance of the counterbody, which is Al2Oz ball in this
work. We provide additional characterization results of the counterbody before and after each wear
test using SEM and EDS. This information is now added to both the manuscript Methods section
(for the properties of the counterbody before wear test including purity, sphericity, and Rockwell
hardness) and the Supplementary Information Section 4 (for surface morphology of the
counterbody before and after wear test, and EDS mapping and composition analysis of the worn
area on the Al203 ball against the Inconel samples). More details about characterization of the
counterbody is also provided in the answer to the next question.

Q1.3. The main aspects to be addressed pertaining to the Al.Os ball are:
a. What is the hardness of the Al203?

b. What is the initial surface roughness of the Al.Os balls?



c. What does the worn surface of the Al203 balls look like after sliding against the AP and HT
samples at the different temperatures? Any signs of wear? Material transfer? Formation of oxide
layers?

Response: We provide additional information about the Al.Os ball, as detailed below. The
following information is also added to the revised manuscript and Supplementary Materials
Section 4.3-4.5.

a. The Al20s ball was produced and supplied by Rtec Instruments, CA, USA. It has a 96-99.8
wt.% purity, Rockwell hardness of 45N (i.e. 45-kgf load) scale 83, which is comparable to
alumina grade 995 with (nom.) 995 wt% Al.Os from other vendors (e.g.
(https://www.modernceramics.com/material-properties).

The following statement is now added to the Methods section of the paper.

“All tests were carried out for 3 repeated times in a reciprocating ball-on-plate mode using
alumina ball (Al20s, diameter of 6.35 mm, 96-99.8 wt.% purity, sphericity of 99.9975%,
Rockwell hardness of 45N 83) as the counterbody,”

b. The surface roughness of Al2Os is primarily influenced by its porosity. The initial surface
morphology of Al2Os was characterized using SEM, as shown in Supplementary Figure 28
a-b. The porosity on the Al203 surface measures to be 3.84 + 1.84 um. 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. The duration of the running-in
period is provided in the answer to question Q1.4. Briefly, running-in observed in AP600,
HT600, and HT700 samples for the first 50-100 sec, which is largely absent in AP700, P800,
HT800, AP900, and HT900 samples.
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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 Al.Os ball, and c-f contact area
on Al20s 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.



C.

In the previously shown Supplementary Figure 28, the surface morphology of the Al20s
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 Al2O3 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 Al203 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 Al203 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 (as shown in 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 Al2Os 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 Al20s 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).
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Supplementary Figure 29. Surface morphology and elemental mappings from worn Al>Os
surface. SEM images and corresponding EDS mappings of Al2Os ball after wear test against a

AP700, b HT700, ¢ AP900, and d HT900 sample.
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Supplementary Figure 32. Worn surface morphology and nanomechanical properties. b,c Surface
profiles measured perpendicular to the sliding direction of worn surfaces of AP700, HT700, AP900, and

HT900. Arrows in b, ¢ indicate the edge of wear track.



a Al,O5 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 5.7 0.3 6.3 465
4th 5.1 11.0 7.0 0.4 8.4 463
5th 72 16.0 7 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 1.67 005 122 0.53

1st 43 10.7 0.8 38.7
2nd 116 8.1 9.4 18 17 445
3rd 7l 6.5 11.9 1.1 26 454
4th 73 6.7 14 13 1.9 434
5th 57 6.2 12.9 0.8 7.7 44.4

Avg. (at.%) 7.2 6.2 1.8 1.2 44 433

SD (at.%) 2.45 157 161 037 293 2.38

1st 82 7.2 8 16 456
2nd 10.4 6.1 74 2 63 474
3rd 1.1 74 13 1.4 2 462
4th 58 53 78 1.1 135 452
5th 8 9 10.9 1.1 5 466

Avg. (at.%) 87 7.0 9.1 14 6.6 462

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

1st 3.6 74 10.3 0.7 30.8
2nd 15 0.4 17 0.2 21 33.3
3rd 7.8 76 47 12 2.9 32.6
4th 48 52 9.4 0.8 5.4 36.2
5th 9.5 5 0 15 2.1 34.9

Avg. (at.%) 5.44 5.12 6.76 088 636 336

SD (at.%) 2.88 2.59 3.17 0.44 75 1.864

Supplementary Figure 30. EDS composition analysis from worn Al,O3 surface. SEM images
(left) and compositions (right) in atomic percent (at.%) of Al.Os ball after wear test against a
AP700, b HT700, c 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.



To confirm that material transfer primarily occurs from the Inconel sample to the Al20O3 ball,
additional XPS depth analysis, including the Al element, was performed on the unworn and worn
surfaces of the Inconel samples, as shown 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
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. Nonetheless, based on these characteristics, we conclude that in
the Inconel/Al203 contact pair, material transfer primarily occurs from the Inconel surface to the
Al203 ball.

Finally, 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 [1].
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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Supplementary Figure 21. XPS depth profile of Inconel 718 samples. XPS line profiles of O,
Al, Cr, Fe, Ni, and Nb from the (a, d) unworn bulk samples, and (b-c, e-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 inset composition
in a-f shows the average compositions (at.%) from the first 10 min of sputter time in all samples.

Q1.4. The surface roughness of the AP and HT samples should be reported since this will have a
significant effect on the initial running-in behavior of the system.

Response: We provide additional characterization of the surface roughness of the AP and HT
samples in Supplementary Figure 17 below. Briefly, the samples underwent progressive griding
using 240-320-400-600-800-1200 grit sand papers, followed by polishing using 1 um Al203
colloidal suspension solution prior to the tribological testing. The unworn AP sample and HT
sample has Ra values of 1.7 and 2.56 um respectively. Some porosity can be seen on both samples,
which are likely keyhole and lack-of-fusion defects from laser-based additive manufacturing.



a Unworn AP sample b Unworn HT sample

Ra =1.704 + 0.317 ym Ra =2.560 + 0.500 pm

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.

QL.5. If the Al203 ball suffers wear during the tribological test, and judging by the difference in
wear scar width of the AP700 and HT700 samples this seems very likely, a number of factors will
affect the resulting friction and wear response:

a. The contact area will increase and the contact pressure will reduce during the test. This will
result in lower wear of the Inconel sample as well as promote easier formation of a
homogenous oxide layer on the Inconel surface. I.e., the lower wear measured for HT700
may not be due to the heat treatment resulting in different oxides but rather a difference in
contact geometry that preferentially forms a layered oxide structure. See mechanism
description by Stott et al. [Ref: F. H. Stott, Tribology International (1998)] on how oxide
layers develop and correlate to contact geometry/size and contact pressure.

b. The material removed from the Al203 ball will very likely be integrated into the wear scar
on the Inconel surface. How will this affect the composition of the oxide layer? What will
this do to the kinetics discussed in the paper pertaining to the formation of a layered oxide?

Response: We sincerely thank the reviewer for pointing out this very important paper by Stott that
we overlooked. We have added this reference [2] and related discussion in the Results section of
the revised manuscript. To summarize the key points in the Stott’s paper, we agree with all the
claims on the oxidation mechanism, where “low sliding speed, low load and high rates of oxidation
helps to reduce wear”. However, while Stott’s paper summarizes wear behavior trend from 400-
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600°C, our work provides additional insight into a higher temperature range from 600-900 °C that
shows a different behavior, especially those at 700 °C due to the formation of a special crystal
structure and microstructure of the surface oxide due to heat treatment of the as-printed material,
which is the key novelty of this work. In other words, all the tests performed in this work under
600-900 °C results in the formation of a glaze layer (i.e. a continuous oxide layer as noted by Stott),
yet the glaze layer formed at 700 °C on the heat treated samples has different mechanical property
and results in different friction and wear response, as compared to those not heat-treated.

Per Stott’s opinion that ‘During low-speed, reciprocating sliding, under conditions where debris
can be retained between the contacting surfaces, such debris can be compacted into the surfaces,
giving effective wear protection.” [2] This is indeed in agreement with our observation in this work.
Additionally, Stott claimed that “the main effects of increasing temperature are that the rate of
generation of wear debris particles, particularly oxide debris is increased, more debris particles are
involved in establishment of the compacted wear-protective layers and the compaction of such
particles into a surface layer is facilitated.” This claim was formulated based on the wear data
presented from room temperature to 600 °C in Stott’s paper (as shown in Figure Rla below),
which is completely different from what we observed from a higher temperature range from 600-
900°C, where the wear rate of both AP and HT samples increased when the temperature increased
from 600 to 900 °C.

In terms of material transfer between the two contacting bodies, as discussed in the previous
question, based on the top surface XPS analysis (Supplementary Figure 21), as well as TEM
analysis of the oxide composition from cross-sectional Inconel samples after wear (Figure 4), we
did not detect any significant material transfer from the Al2O3 ball to the Inconel surface at 700
and 900 °C.

In terms of different contacting geometry, as shown earlier in the wear track morphology on both
the Al203 ball and Inconel surface at 700 °C and 900 °C, the larger and flatter contact area in
HT700 sample distinguishes it from all other cases. Notably, the HT700 contacting surface is even
larger than that of AP700. As shown later in the hardness data (Supplementary Figure 5), HT700
has a higher hardness than AP700, which is often assumed to result in smaller contact area, should
there be no oxide layer present. Based on these discussion above, we believe that (1) oxide
reactively formed on Inconel surface is mainly affecting the frictional response and contact
geometry, and (2) the low COF and wear rate of HT700 is mainly due to that lubricious oxide
formed on Inconel as a result of heat treatment, while others form oxides that are more abrasive.
The above discussion is concisely summarized in the revised manuscript Results section.
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Figure R1. a. Figure 11a from Stott’s paper (ref[2]) and b summary of wear rate and COF from
this work at 700 °C (AP700 and HT700) and 900 °C (AP900 and HT900).

Q1.6. The high temperature hardness of the Inconel will have a significant effect on the ability of
the bulk material to resist deformation during the tribological test as well as to be able to support
the hard oxide layers that develop on the surface. This aspect should be discussed and also if the
AP and HT materials are expected to exhibit differences in hot hardness.

Response: We performed additional hardness tests 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.
These results are now added to Supplementary Information Section 2. 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:

2Fsint2s’
HV = constant x testjorce () ___ _ 9102 x ——2 = (.1891 x —, (1)
surface area of the indent d2 d?
dqy+d; .
d = ——= (average diagonal length). 2

2

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

Hardness (GPa) = 0.009807xVickers Hardness (HV) (€))
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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.

Supplementary Figure 5 presents the results for HT and AP samples, with representative
indent images shown in Supplementary Figures 5b and 5c. The measurements at room
temperature align with the results shown in Supplementary Information Section 5. At all elevated
temperatures tested, the HT samples exhibited higher hardness than the AP samples.

a 501
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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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QL.7. Is there any reason for reporting the time in ms for the CoF(t)? Please comment on this.

Response: The time step is chosen in the tribometer controlling software with a high sampling
rate to allow subsequent power spectrum analysis of COF data to help understand the friction
kinetics [3-5]. In the literature, similar or even higher sampling rate (e.g. 10 MHz = 10x 10° Hz)
was selected [6]. In our experiment, the reciprocal wear test is done at a frequency of 1 Hz, we
thus chose a sampling rate of 1 ms (10 sec). After transforming the COF(t) data into a power
spectrum, we analyzed the frequency components. The raw data for COF of all samples are now
provided in the source data excel file. To minimize confusion, the raw COF data is plotted using
second (s) instead of millisecond (ms) in Figure 2 of the paper.

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 [3-5]. 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. [7] 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 [8, 9], 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 [9]. 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. 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.
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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, Al20s 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.

Normal load

p
z

t=3/4f t=1/2f

203 ) g

a b t=0 t=1/4f

Stroke
length

Supplementary Figure 8. 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.
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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.

16



a

b

Cc

d

HT700 1Hz HT700 1Hz HT700 2Hz HT700 2Hz
1] 200 400 600 0 200 400 600 o
4 HT700-1 1 4o HTT0D-2Hz-154 P
086 3rd " Slope -0 :n Hz 1w Shope nr.: 2 Hz
<COF>=0.13 " -
10 o Vg
04 5 o~ g Py
S0 S0
[-% a
10 10
0z v
o N S— 102 S —
0.0 0w w1 100 1 w0 et 100 100 0
Frequency (Hz) Freguency (Hz)
06 2nd s HT700-2Hz-2nd
- <COF>=0.13 10 HT700-2nd 1 Hz 1w Jope 050 2Hz
Slope 052 -
0 10°
04 o - Vi
g : "
B0 W ikl 2w
Wi
02 . R 10
102 1ot
0.0 ., 0*
s : T n : 0007 10 L
100 10 w0t 10 100 1
08 —1st Frequency (Hz) Frequency (Hz)
<COF>=0.11 N ET—— ; g pumrrepererw " o
" Siope 048 Hz 107] — siope 050 2 Hz
0.4 e 10¢
10 . Py
] B10° iy
= Yo z
0.2 S “y Sw W
10" 10
0.0 0 102
10° 10*
0 200 400 600 w0 W W W w0 w0 0 200 400 600 0 w? et 10 a0t 0
. Frequency (Hz) . Frequency (Hz)
Time (s) Time (s)
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Q1.8. Inthe friction graphs shown in Fig. 23, it is clear that the frictional stability of the AP samples
are better than that of the HT samples when sliding against Al203 at both 700 and 900°C. This
should be discussed in the paper and correlated to the formation of different oxides as well as the
mechanical properties of the AP and HT samples.

Response: Thank you for pointing this out. We provide the raw data for the frictional force (Fx)
and normal force (Fz) for both AP700 vs. HT700 and AP900 vs. HT900 samples below. There is
no apparent difference in frictional stability between the AP vs. HT samples. The main difference
is due to its different surface lubricity in HT700, as discussed in the responses to questions Q1.5.
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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 3
rd represents 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 (F, 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.

Q1.9. The comparison of friction data in Figure 1h is somewhat questionable since the data
obtained from literature is very likely measured using different tribosystems (counter body) and
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different tribometers (type of motion etc.) which makes a direct comparison of the absolute values
impossible. The authors are recommended to revisit this analysis and perhaps extract only the data
that is obtained from tribosystems using Al203 as counter body.

Response: We agree. We revised this figure to only focus on data using Al.Os3 as the counter body.
Fig. 1h-i shows the modified plot, showing that oxide type alone does not determine lubricity,
leading to our discussion on oxide layer structure in the next section. For metal oxides with halite,
spinel, and corundum structures, the coefficient of friction (COF) typically ranges widely from
0.12t0 0.5.
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Figure 1. h. Summary of COF from literature using Al.O3 as counterbody (source data are provided as a
Source Data file) and this work. For surface with more than one oxide type, all oxides are plotted as
overlapping points in h. i. COF histogram of various oxides (halite, corundum, rutile, and spinel). M in i
represent average value of the COF.
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Q1.10. The hypothesis on page 6, line 160, and page 13, line 341 stating that the periodic variation
of the measured friction force is connected to a quasi-periodic structural change of the surface,
explained as a constant phase transformation between the two states of spinel, is an interesting
theory. However, in the reviewer’s opinion this is very unlikely to be the main source of the
observed fluctuations since the fluctuation period is so short that the phase transformation would
need to take place several times during the contact time (if considering one point on the plate
moving across the contact length created by the ball). Also, for this to occur with such repeatability
from the very initial sliding is not plausible since formation of the oxide layer is not instantaneous
but requires some time before it stabilise. The authors are encouraged to reevaluate this theory and
consider stick-slip phenomena at the sliding interface combined with the dynamics of the test setup,
e.g. stiffness of the ball holder and eigenfrequencies of the mechanical components, which are
more likely to be a root cause that results in the observed vibrations/instabilities.

Response: Thank you for this insightful point. Indeed, considering both phase transition and stick-
slip phenomena can provide a more comprehensive explanation [6]. When answering both this
question and question 2.1 by reviewer 2, we discovered that the somewhat sine wave form of COF
is due to the RTECviewer software processed the raw COF to minimize the influence of near-zero
COF values whenever the motion is switched. More details about the COF data processing is
provided in the answer to Q2.1. As shown in the revised Figure 2 below, the raw data for COF
(not those processed by RTECviewer software in the original Figure 2) is provided. Among the
four samples (AP700, HT700, AP900, and HT900), HT700 exhibited the lowest average COF of
0.11. The large amplitude in the COF data is attributed to the reciprocal motion of the wear test,
which causes periodic oscillations in the frictional force (Fx) between positive and negative values
(Figure 2c). This results in a near-zero COF every time the motion changes direction,
approximately every 0.05 seconds (with a sliding frequency f = 1 Hz). Figure 2b shows examples
of these oscillations in the COF data for AP700 and HT700. More details on the raw data for the
frictional force (Fx), normal force (Fz), and COF for all samples, as well as repeated test results,
are provided in Supplementary Information Section 3.

We performed Fourier transformation to obtain the power spectrum of this raw COF data, as shown
previously in Supplementary Figure 14. Power spectrum analysis can be used to reveal
information about the stick-slip behavior [3-5]. From an energy perspective, both stick-slip and
phase transitions occur at energetically favorable points. Stick-slip happened at shorter time, 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. 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. Nonetheless, more work
is required to systematically investigate the frequency-dependent instabilities due to stick-slip and
phase transitions in the future. As a results of the above considerations, we removed all discussions
about the hypothesis about the variation of COF is related to phase transformation, as well as the
statement about the breakdown of power law in the revised paper.
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Figure 2. Temporal evolution of COF and friction force Fy. a COF of AP and HT samples from 700 and
900 °C. The unit of time is second (s). b COF of AP700 vs. HT700, c Frictional force (Fx) for AP700 and
HT 700 samples from 200-210 s.

Q1.11. The term corundum is used in the manuscript to describe e.g. Cr203. This was somewhat
confusing as corundum usually means Al203. The reviewer understands that the authors refer to
the corundum structure, as a type of oxide, but encourages the authors to clarify this in the
manuscript. Especially when corundum is used a standalone term.

Response: Thank you for pointing this out. We revised accordingly. The term ‘corundum’ is either
deleted or replaced by ‘corundum-structured’ in the revised paper.

Q1.12. The analysis of the worn surfaces shown in Supplementary Figs. 5 and 6 should be
complemented with sliding direction labels as well as identification of the dominant wear
mechanisms. From Fig.5 e-h it is clear that the mechanisms are very different, and this will likely
play an important role in explaining the material removal from the Inconel surface as well as the
friction response that is measured.

Response: We have labeled the sliding directions in both figures. In all cases, the oxide layer, also
known as glaze layer is present and protects the surface from developing into severe wear, which

22



corresponds to the ‘Low-speed reciprocating sliding at elevated ambient temperatures’ condition
per Stott’s paper [2]. Based on the differences in wear rate, we labeled the wear mechanism to be
mild oxidational wear at 700 °C (with wear rate on the order of 10° mm3/(N*m)) and moderate
oxidational wear at 900 °C (with wear rate on the order of 10° mm3/(N*m)) [10]. Outside the wear
region, the unworn region at 900 °C for both HT and AP samples shows greater signs of oxidation,
as indicated by the higher surface roughness in Supplementary Figures 18c-d. Within the wear
track, our cross-sectional TEM (Figure 4) and SEM (Supplementary Figure 19) shows that the
oxide layer thickness is less than ~ 0.5-1 um at 700 °C and ~ 2-4 um at 900 °C.

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, aligning with Stott's [2] ‘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 18i) 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°
mm3/(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. As the paper primarily focuses on frictional
response, this discussion on wear mechanisms is detailed in Supplementary Information Section
4.1.
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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-1 the corresponding
oxygen elemental maps of AP700, HT700, AP900, and HT900 samples. Arrows in e-h represent
the sliding direction.
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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.

Q1.13. The hardness of the worn surfaces is only mentioned at one point on the manuscript (page
6, line 172) and a discussion in Supplementary material related to Fig. Q1.13. There is however
some interesting findings in Fig. 13 with a quite homogeneous hardness increase inside the wear
track on AP700 compared to HT700. A comment on this and any correlation to the detailed
descriptions of the oxide layers would be valuable.

Response: Thank you for this suggestion. As shown in Supplementary Table 3 [12], oxides with
a corundum structure have a hardness range of 986-3270 kg/mm?, while those with a spinel
structure range from 425 to 713 kg/mm2. 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, NiCr20O4 has a lower shear modulus than Cr20s,
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. Such
discussion is now added to Supplementary Information section 6.1.

25



Reported hardness of oxides

Supplementary Table 3. Data for hardness and oxide crystal structure from Ref [11].

Oxide Type Crystal Structure Hardness (kg/mm?)
FesOa spinel structure 690
Co0304 spinel structure 713
a-Fe203 corundum structure 986-1219
Cr203 corundum structure 1820-3270
a-Al203 corundum structure 2160
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Reviewer #2

Q2.1. The friction data shown for HT700 in Fig 2 and in the mechanism Fig 6¢ shows this
significant variation in friction (in what appears to be a waveform), which is cyclic in nature and
repeats every 1 second. During testing on the tribometer, the authors utilized a sliding speed of 10
mm/s and a stroke length of 5mm (10mm per cycle), which means that one reciprocation cycle
takes 1 second. The significant friction variation occurs exactly in sync with this reciprocation,
which was not addressed by the authors. These fluctuations of friction synced with cycle can be
attributed to a number of things, including measurement artifacts (e.g. cross talk on signals,
misaligned samples, etc.) or possibly a non-uniform, spatially variable friction coefficient, and
indicates an issue with the measurement itself and not a structural/mechanistic origin. The
variation in friction observed cannot be attributed to the proposed mechanism (structural change
from cubic to tetragonal oxide), and is most likely due to: 1) a misalignment of the sample stage,
2) issue with acquisition sampling, 3) heterogeneous, spatially varying friction, 4) mis-processed
data or 5) other testing error. The authors point to a quasi-periodic surface structural change
occurring at “timescales much shorter than the wear test”, which cause these oscillations. this is
completely false; they are, in fact, exactly at the same time scale of the reciprocation cycle (which
is more relevant than the wear test duration) and these fluctuations are not structural in nature. As
such, this friction result and proposed mechanism are not sound.

Response: We sincerely thank the reviewer for pointing out this important question. We provide
additional information to clarify this point, including the following aspects:

1) We provide raw data of the COF from three repeated tests for all samples in this paper. See
‘COF raw data’ tab in the Source data file.

2) We re-plot the raw data of COF instead of the ones generated using the tribometer’s default
software setting, the latter of which was used in the original submission to result in the
sine-shaped waveform.

3) We bench mark our machine using stainless steel 316, and duplicated the wear response
from the literature using identical wear testing condition.

4) We also provide additional information about our tribology instrument setup and sample
mounting photos.

5) Most importantly, we provide a comparison of the raw vs processed COF data, including
a python code to visualize the processing algorithm. More details about this analysis and
our conclusion is discussed next.

In the original submission, the COF curves in Figure 2 were plotted using the RTECviewer
software of the tribometer (Rtec MFT-5000). When evaluating this data again, we discovered that
the raw COF data has been processed by the default algorithm of RETCviewer software (Version
1.4) to output Fx (frictional force), Fz (normal force) and COF at each point in time by integrating
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all data points from the previous 0.5 sec. In reciprocal wear, it is important to note 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 (the frictional force) fluctuates btween
a positive and negative value when the ball swithches direction in the reciprocal motion,
resemebling a square wave form, as illuastrated in Supplementary Figure 8d,e. Supplemantery
Figure 9 and 10 shows a close look of such oscilation of the normal (F;) and frictional force (Fx)
due to this cyclic motion for AP700 and HT700 samples from three repeated tests.
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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" in d represents 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 3™
represents 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 (F, 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.

Using such raw data, COF (defined as the absolute value of Fx/Fz) of all samples are
obtained (see 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.
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For such raw data, the default RTECviewer software performs the treatment of Fx, Fz, and
COF data according to egn. 4 to minimize the effects of these near-zero values. For example, the
force (Fx or Fz) at time t is processed as:

ftt_&Force_txdt 1
— o ot = T 0.5 sec (4)

Force_t_mean =
where Force_t is the raw data of force at time t, and Force_t_mean is the software processed force
at time t. This data is plotted in the software by default, which we used to plot the original Figure
2 without knowing that it was processed. We verified using Python (see algorithm in the appendix)
that using the raw Fx data of AP700 with a square-type waveform, the processed data indeed
resembles a sine-type wave form, as shown in Appendix Figure R3.
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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, c AP800, 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
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data is even higher than the original raw data. For example, Supplementary Figure 13b-c shows
that the amplitude of processed data is lower than that of 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 high COF during the running-in period
(see the first ~ 50 -100 sec of Supplementary Figure 11a,e, and f) so that of the average COF of
the processed data is slightly higher than that of the raw data. For this reason, only raw data of Fx,
F., and COF is used in the revised paper, including Figures 1f,g,h,i and 2 of the main text.
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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 c,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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Below is the revised Figure 2 in the main text. The raw COF data of all samples are now provided
in the Source data file, as shown in the screenshot of Figure R2 below.

T
AP700, <COF>=0.26-

HT700, <COF>=0.111

Time (s)
o)

o AP900, <COF>=0.32 | AP700 Fx 30/ HT700 Fx
. 1.5
‘ 0 €00
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15, -1.5]
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Figure 2. Temporal evolution of COF and friction force Fx. a COF of AP and HT samples from 700
and 900 °C. The unit of time is second (s). b COF of AP700 vs. HT700, c Frictional force (Fx) for
AP700 and HT 700 samples from 200-210 s.
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Figure R2. Screenshot of COF raw data for all samples.

In addition to updating the raw data in the revised manuscript, we also
information about the tribometer setup and validation tests.

provide additional

High Temperature Tribometer

= e S
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.

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 Al2Os3 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 [12]. As
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shown in Supplementary Figure 7a, the COF of stainless steel 316 against Al20O3 ball has an
average value of 0.57, which agrees well with the value (COF=0.56) reported in Ref [12].

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
Al203 ball (COF=0.57). Based on these observations, we limit the literature data in Fig 1h to
include only those using Al203 counter bodies.
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Supplementary Figure 7. Validation test results using two different counter bodies: (a) COF
of stainless steel 316 against an Al2Os 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 [12]. COF values presented
in this figure are obtained after processing via RTECviewer software. See Supplementary
Information section 3.3 for details.
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Q2.2. In Fig 1i, the presentation of the results of this work compared to that of other reported
coefficients of friction from the literature are misleading. The histograms of friction data are shown
across a wide range of temperatures and different structures. Only one result from this work was
reported. However, this one data point is picked off of the minimum of the friction waveform. The
authors should justify this comparison as they are not comparing apples-to-apples.

Response: As mentioned in the previous question, we have revised this figure to focus exclusively
on studies using Al-Os as the counterbody. For the values presented in this work, we used the
average COF for each sample. The COF values, including the average and standard deviation from
the raw data, are summarized in Table R1 below. For instance, the HT700 sample has an average
COF of 0.109 with a standard deviation of 0.009. As shown in Figure R3, the calculated average
values accurately represent the COF during sliding, while the minimum COF, which occurs during
the direction switch in the reciprocal wear test, is consistently close to zero.

0.8 . 0.8 0.8 0.8 08
h = Halite i
® Spinel M=0.32 M=0.32 M=0.36 M=0.31
4 Corundum
0.6 Rutile 0.6 0.6 0.6 0.6
. @ This work
w ‘ w This work
8 0.4 . | 8 0.4 0.4 0.4 0.4 |
] . i = \
- |
¥ s ¢ /
0.2 ° 0.2 0.2 0.2 0.2
s A ¥
v = \ | |
0.0 . . . . 0.0‘ 0.o| | o.o‘ | 0_0‘
400 600 800 1000 , . .
Halite Corundum Rutile Spinel

Temperature °C

Figure 1. h. Summary of COF from literature using Al.O3 as counterbody (source data are provided as a
Source Data file) and this work. For surface with more than one oxide type, all oxides are plotted as
overlapping points in h. i. COF histogram of various oxides (halite, corundum, rutile, and spinel). M in i
represent average value of the COF.

Table R1. Summary of average and standard deviation of raw COF data.

Temperature HT AP
(°C) <COF>| sb |<cor>| 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
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Figure R3. Raw data of COF for HT700 sample from time 200-220 sec.

Q2.3: The authors report an average friction coefficient of 0.12 with a standard deviation of 0.009
for sample HT700 (Pg 5, line 147). Figure 2 a,b shows the friction coefficient of this sample to
vary between ~0.04 and 0.24, in a large waveform. How was the average and standard deviation
of this measurement calculated? A variation between such a large range of friction coefficients
should not result in a standard deviation as low as 0.009.

Response: COF mean values are first calculated for each of the three repeated tests. Then the
average and standard deviation of COF is calculated based on these three measurements. Please
refer to our previous discussion in question Q2.1. In the revised manuscript, we have used only
the raw COF data, not the processed COF data. The raw COF data for all samples, including the
three repeated tests for each, is now included in the Source Data file.

Q2.4. In the methods section, the authors state that all tests on the tribometer were carried out 3
times. The friction data shown in Fig 2 is the acquired data of one test. Was the extreme, cyclical
variation observed for each test on sample HT700? How were the error bars shown for the COF
data shown in Fig. 1f calculated? Again, a standard deviation value of 0.009 for a friction
coefficient which varies 0.04-0.22 is not correct. Does this error bar reflect the standard deviation
between the 3 separate tests performed?

Response: As stated in the previous question, the error bars are obtained from three repeated tests,
not from one test. To briefly recap, we calculated the average COF from the 1%, 2", and 3™ test
for each sample, and obtained three values of COF. Using these three values, the average and
standard deviation of COF is obtained. Such data is shown in Table R1, and used to plot Figure
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1f-i. In Figure 2 of the paper, one of such test results are shown for each sample, and the three
repeated results of all samples are shown in Supplementary Figure 11.

Q2.5: The friction power spectrum is just dropped in the paper and not really useful or discussed.
Why?

Response: Thank you for the question. The power spectrums analysis was used to understand the
presence or absence of self-organized criticality in the friction data [3-5]. Please see our detailed
discussion of the power spectrum in the response to Q1.7 from reviewer 1. In short summary, due
to the lack of systematic study to separate the effects of stick-slip vs. phase transition on the change
of power law exponent, we have removed such analysis from Figure 2.

Q2.6. While I am not an expert in DFT and cannot adequately assess the merits of it, it appears
that the authors were able to predict which types of oxides could produce low friction interfaces —
a novel and interesting contribution.

Response: Thank you for your favorable comments for our DFT work.

Q2.7. The issues with the friction results/reporting are significant and the results are not sufficient
to support the claims made in this paper.

Response: Thank you for your criticism. We provided additional information from questions
Q2.1-Q2.6 above to justify the revised results about the COF data, which support the claims of the

paper.
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Reviewer #3

Q3.1. Are there any surface oxide after the heat treatment? | assume there is some surface oxide
as the specimen was air cooled from 954°C after solutionization (pg. 14, line 369). In that case,
what is the thickness and nature of the oxide on the specimen before wear test? Without this data
(XPS survey and high resolution scan of AP and HT surface, cross-sectional TEM/STEM)), it is
difficult to fully trace the structural origin and evolution of the lubricious spinel oxide. As it stands,
it is not clear when the spinel oxide was first formed.

Response: Thank you for the valuable suggestion. As shown in Figure R4 below, high-resolution
XPS analysis comparing the unworn AP and HT samples provides insights into the valence states
of Cr, Ni, and Fe. After C 1s calibration, the data reveals the presence of metal oxides in both AP
and HT samples, likely originating from the metal powder, printing process, and heat treatment.
Although both AP700 and HT700 samples contain spinel-structured oxides, as indicated by Gl-
XRD results in Figure 3 of the paper, their oxide layer structures are markedly different. This
suggests that bulk metal oxides does not significantly affect the observed differences in oxide layer
structure.
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Figure R4. High resolution XPS spectra of Ni, Cr and Fe after 3 min of sputtering for AP and HT
samples.
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Q3.2. The microstructure of the surface oxide is not clearly shown in the STEM data and only dark
contrast can be observed within the oxide layer on the HAADF images. For instance, what is the
grain size of the surface oxide? Perhaps this can be addressed with bright field TEM imaging.

Response: We thank the reviewer for their suggestion. To visualize the grain size of the oxide
layer, we created virtual bright field and annular dark field images from the 4D-STEM collected
in the oxide layer that was used for the phase map constructions. We amend the main text on Page
9 to add the following results on the grain size, and to direct the readers to additional information
in the Supplementary Information.

“... When the wear temperature increased from 700 °C to 900 ° C, the oxide microstructure
clearly coarsened, as shown in the phase maps (Fig. 4d) and in virtual bright field and annular
dark field images of HT700 and HT900 (Supplementary Figure 27). The oxide structure of HT900
can be viewed as corundum structured oxide particles of ~ 50-200 nm embedded in the matrix of
coarse tetragonal and monoclinic spinel oxide phases of similar sizes, whereas the oxide structure
of HT700 consists of smaller ~ 5-30 nm grains. ... ”

We add the following text to the Supplementary Information regarding the creation of these virtual
images:

“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 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 pm? 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.”

Q3.3. How does the grain size of the surface oxide layer compare to the size of the features on the
phase map presented in Figure 4?

Response: We appreciate the reviewer for initiating this point of discussion. Since the virtual
images are constructed using the same 4D-STEM data used for the phase maps, we can directly
relate the feature sizes from the images and phase maps. In the virtual bright field and annular dark
field STEM images shown in the Supplementary Figure 27, we have indicated with red dashed
boxes the regions which exactly correspond with the phase maps shown in the main text (Figure
4). We show that overall, the feature size in the phase maps is consistent with the grain sizes
observed with these virtual images: the grain sizes of the HT700 and HT 900 samples being on the
order of 5-30 nm and 50-200 nm, respectively. We updated the manuscript accordingly.
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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.

Q3.4. Pg 15, line 425, it should be Transmission electron microscopy and diffraction simulation

Response: Thank you for catching this mistake. This is corrected now.
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Q3.5. Pg 15, line 427, .. using four-dimensional scanning transmission electron microscopy (4D-
STEM)

Response: This is corrected now.

Q3.6. In standard practice of XPS, survey scans should be included for the reader better
comprehend the high resolution XPS scans of the material under investigation.

Response: The XPS survey scans are provided below, which is also included in the
Supplementary Figure 23 now.
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Supplementary Figure 23. XPS survey profile of Inconel 718 samples (a) AP700, (b) HT700,
(c) AP900, and (d) HT900.
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Reviewer #4

Q4.1. | co-reviewed this manuscript with one of the reviewers who provided the listed reports.
This is part of the Nature Communications initiative to facilitate training in peer review and to
provide appropriate recognition for Early Career Researchers who co-review manuscripts.

Response: Thank you for reviewing our work.
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import pandas as pd
import numpy as np
import matplotlib.pyplot as plt

file path = 'AP700_Fx_1st.csv'
data = pd.read_csv(file_path)

= data[ 'Timestamp'].values
= data[ 'Fx-Processed'].values

smoothed force = np.zeros_like(force)

for i in range(1, len(force)):

t start = time[i] - 0.5

indices = np.where((time >= t start) & (time <= time[i]))[0O]

smoothed force[i] = np.sum(force[indices] * np.diff(time[indices],
prepend=t_start)) / 0.5

.figure(figsize=(14, 7))

.plot(time, force, label='Original Fx-Processed")

.plot(time, smoothed force, label='Smoothed Fx-Processed', color='red")
.x1im(200, 202)

.xlabel('Timestamp")

.ylabel('Force")

.title('Original vs Smoothed Force Data (©.5s Average, 200-202s)')
.legend()

.grid(

.show()




Original vs Smoothed Force Data (0.5s Average, 200-202s)
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Figure R3. Plot generated using the Python code above to duplicate the RTECviewer algorithm,
which convert the raw Fx data (blue curve) into the smoothed Fx data (red curve).
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Response to Reviewer Comments (NCOMMS-24-09031A)

We sincerely thank all reviewers for the careful reading of our revised manuscript and for their
constructive feedback. We provided below a detailed response to all the points raised in the
reviewers’ comments. Revisions made to the manuscript appear highlighted in yellow for ease of
visualization.

Revisions made are highlighted below:

1. All corrections including the texts and figures are made per the instructions in the Author checklist.
2. Typos pointed out by Reviewer #3 is fixed.

Reviewer #1:

Comment: The revised paper ”Spinel Oxide Enables High-Temperature Self-Lubrication in
Superalloys” with reference number NCOMMS-24-09031A is focused on investigating the high
temperature sliding friction and wear behaviour of SLM produced Inconel 718, in as-printed and
heat treated conditions, during sliding against Al203. The overall aim of the study is to
demonstrate that friction and wear control can be achieved by in-situ oxidation of a metal surface
to facilitate formation of spinel-based oxide layers.

The Authors have made a very thorough job with addressing all the comments and questions raised
by the Reviewer. The additional high temperature hardness measurements, in-depth analysis of the
Al203 counter-body (SEM/EDS, XPS) after the tribological tests, and the detailed analysis and
explanation of the friction data has significantly improved the quality of the manuscript. The
Reviewer particularly appreciates the comprehensive and pedagogical explanations/justifications
provided by the authors in the Response to Reviewers Comments.

With the implementation of all these changes, the Reviewer considers the manuscript to be
acceptable for publication.

Authors’ response: We sincerely thank the reviewer for the positive feedback on our revised
manuscript. We also appreciate the time and effort the reviewer has dedicated to reviewing our
work, which has been invaluable in helping us improve the quality and clarity of our paper.

Reviewer #3

Question. The authors have addressed all of my comments with the exception of Q3.4. Pg 15, line
425, it should be Transmission electron microscopy and diffraction simulation. (pg 16, line 455 on
the revised manuscript)

Authors’ response: We have fixed this.
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