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Abstract 
Recent literature showed that Bulk Metallic Glasses can demonstrate repeatable tribological response, 
and that it might be controlled through a careful selection of the sliding counterpart’s composition. The 
present study focuses on the effect of Cr content of a steel ball sliding over a Ni62Nb33Zr5 BMG. Three 
different steels were chosen (C90, 100Cr6, and X105CrMo17) because they demonstrate similar 
constitutive elements, similar mechanical properties, but different Cr contents. Increasing Cr content 
resulted in an increase of friction coefficient from 0.13 to 0.85 while maintaining extremely low wear. 
In depth chemical analysis showed that increasing Cr content favors the loss of the ductile Nb2O5 of 
protective FeNbO4, and NiNb-oxide to the benefit of NiCrO, CrNbO4, NiFe-oxides, and Cr(VI) oxide. 
 
Keywords: metallic glass, tribology, tribochemistry 

1 Introduction 
 
Metallic glasses (MG), also known as amorphous metallic alloys (AMA), were first obtained as ribbons 
in the 60’s by quenching an AuSi melt [1]. They can now be produced in bulk form (BMG) through 
injection molding [2–4], or through additive manufacturing [5], which both requires specific processing 
conditions (inert atmosphere, dedicated compositions, and controlled cooling rates) to result in a metallic 
material deprived of crystalline structure. Therefore, they can offer efficient alternatives in micro-
devices [3,6,7]. Indeed, the lack of crystallization leads to isochore solidification that demonstrates 
insignificant shrinkage, and very low surface roughness. Very small net-shaped BMG parts of various 
compositions can be produced, particularly by injection moulding. An outstanding feature of BMG is 
that despite having ‘no microstructure’ they exhibit among the highest product of yield stress and 
fracture toughness of any known material [8,9]. They also have low Young’s modulus, large elastic 
strain limit (~1.9%), high hardness and are corrosion resistant.  
 
The novel properties of BMGs have naturally led to their interest in designing parts subjected to 
tribological contact, and consequently to friction and wear. This interest is now growing due to the need 
to miniaturize mechanical systems in many sectors, leading to more and more stringent sliding and 
rolling speeds and contact pressures. Tribological studies of the last two decades showed that: (1) The 
wear resistance of BMGs as compared to crystalline alloys has been highly debated [3,10–14] (2) The 
friction coefficients measured on BMGs are generally very high (0.4 to 1) [10,11,15,16] although a 
recent study showed friction coefficient as low as 0.1 [17,18]. (3) The tribological mechanisms observed 
also vary a lot according to the friction conditions (speed, pressure, geometry, kinematics...) 
[3,10,13,17]. Nonetheless recent studies conducted respectively at the nanoscale [19], and at the 
macroscale [17,18], showed that BMGs are very sensitive to the nature of the counter part. That, hence 
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suggest that it could be possible to finely control friction and wear of BMG by carefully selecting the 
sliding counterparts based on its elemental composition.  
 
The family of metallic glasses compositions is very large [8], among which a large group have been 
identified as relevant for applications that are of interest in this study, i.e. tribological application in 
which sliding occurs. Those alloys are mostly based on compositions where Cu, Zr, Ni, Fe, or Ti are the 
main element in weight% [3,13,20]. The literature shows that Cu- and Ni-based alloys demonstrate 
among the lowest volume loss on tribometer test [13,17] while Ni and Zr-based alloys exhibit extended 
wear lives in gear applications [3,20]. Ni-based alloys particularly demonstrated an extension of micro-
gear wear life by a factor of 313 as compared to common SK-steel [3]. 
 
It has been showed in a previous work [17] that, at low contact pressure, Ni62Nb33Zr5 BMG offered long 
lasting low friction (0.1) and extremely low wear when sliding against 100Cr6. However, at high contact 
pressure, friction increased by nine-fold (0.9), and wear volume by seven-fold making wear still 
extremely low (by 6 times) as compared to the other test BMGs. The analysis of the elemental 
composition of the friction track and 3rd bodies showed that in the high friction case, Cr was detected in 
the friction track in a significant amount. It was hence presumed that the Cr contained in the steel 
counterpart was at the origin of the high friction, and that higher contact pressure led to easier diffusion 
and transfer of Cr towards the friction track. The present paper consequently aims at verifying the 
assumption that the Cr content of a steel sliding body may indeed be used to master the friction 
coefficient of Ni62Nb33Zr5 BMG. Results eventually demonstrated that such a control is indeed possible 
which confirmed a new route towards mastering friction and wear of Ni62Nb33Zr5 BMG by selecting the 
counterpart material based on its Cr content. 

2 Materials and Methods 
 

2.1 Materials 
 
The present study focuses on one Ni-based (Ni62Nb33Zr5), and three different steels compositions (C90, 
100Cr6, and X105CrMo17) as sliding counter materials. Those alloys were chosen based on their 
respective content in Cr, and both on their relatively close content in C and additional micro-alloying 
elements. The compositions of the steels are listed in Table 1, from the highest to the lowest Cr content 
in the material. The Vickers hardness of each steel, over 5 measurements with a load of 5 kg, is 883±21 
HV for C90, 807±12 HV for 100Cr6, and 724±24 HV for X105CrMo17. 
 

Steel Fe C Cr Mo Mn Si Ni Cu 

C90 Balance 0.9 - 0.6 1 0.6 - - 

100Cr6 Balance 0.95-1.05 1.40-1.65 - 0.25-0.45 0.15-0.35 
0.30 
max 

0.20 
max 

X105CrMo17 Balance 0.95-1.20 16.00-18.00 0.75 max 1.00 max 1.00 max - - 

Table 1 – Chemical composition (wt%) of the steels used as counterparts. 

Regarding the Ni62Nb33Zr5 fabrication, the primary alloy was produced by arc-melting (T>2500 °C) bulk 
fragments of the base elements of high purity (>99.9%) under argon atmosphere using a Ti getter for 
detection of any detrimental contamination traces. The primary alloy was melted at least five times to 
ensure a high quality of the chemical homogeneity and was subsequently melted again and injected into 
a dedicated mold to produce a plate-shaped sample (15×8×1 mm3). The crystal structure of the plate was 
analyzed by X-ray diffraction measurements using a Rigaku smartlab equipment with Cu-Kα radiation 
(cf. Supplementary Material Figure S1). Young’s modulus, and Poisson’s ratio of the BMG, measured 
using an Olympus S35 ultrasonic echoes apparatus, are 153±4 GPa and 0.33, respectively. Similar 
mechanical behavior was found in [15] for Ni-based BMGs having chemical composition close to the 
one studied herein. The yield strength of the material has been measured at 3060±120 MPa (cf. Figure 
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S2) Vickers hardness over 10 measurements with a load of 1 kg, is 798±8 HV for Ni62Nb33Zr5. The 
BMG hence exhibits similar hardness to the 100Cr6 but it is harder than the X105CrMo17 and softer 
than the C90. 
 

2.2 Friction tests 
 
Friction and wear properties of the Ni62Nb33Zr5 BMG plate were tested under dry sliding condition 
against 5 mm diameter C90, 100Cr6, and X105CrMo17 steel ball counterpart. Before experiments, both 
balls and plate were ultrasonically cleaned in absolute ethanol during 5 min and then dried in air. 
Reciprocating ball-on-plate friction tests were performed at room temperature (22 ± 2 °C) and in 
ambient air. The displacement stroke is ±1 mm (2mm maximum amplitude), and the reciprocating 
frequency is 1 Hz, which results a sliding speed of 4 mm/s. The duration of the tests was set at 10,000 
backward-and-forward friction cycles, which results in a 40 m total sliding distance. A constant normal 
force FN = 0.25 N was applied throughout the test using dead loads, that corresponds to 420 MPa of 

maximum Hertz initial contact pressure (calculated as in [17]). Such moderately high contact pressure 
is chosen as it lies in between low and high contact pressures from the study that questioned the role of 
Cr in Ni62Nb33Zr5 tribological response [17]. The purpose is to complement previous results, and to 
induce wear mechanisms more moderately to study the underlying tribochemical mechanisms. Steel 
balls all have the same mechanical properties (E  1 = 210 GPa and ν  1 = 0.29). Several tests per 
configuration were conducted to assess results reproducibility. 
 
Throughout each friction test, the relative displacement of the ball h and the friction force FT were 
measured thanks to LVDT and piezoelectric sensors, respectively. Both signals were recorded with a 
512 Hz sampling frequency. The friction coefficient µ related to the whole friction cycle was calculated 

from an energetic point of view using (1), where Δh0 is the distance (close to 2 mm) between the two 

extreme positions of the friction track where FT = 0. 
 

𝜇 =
1

2 Δℎ0
 ∫ |

𝐹𝑇

𝐹𝑁
|𝑑ℎ  (1) 

 
This approach has the advantage to circumvent the local increases of the friction coefficient FT /FN that 
usually occur at the friction track extremities. Nonetheless, interest is also given to the stability of the 
friction over the track. Standard deviation of the friction coefficient is hence calculated over 80% of the 
track length, data at extremities is not being considered. 
 

2.3 Post-test analyses 
 
Morphological and topographical analyses: After friction test, observations of all friction scars were 
carried out using a Keyence VHX-6000 digital microscope. Surface topography characterization of 
every friction tracks (balls and plates) were also performed using a variable focus optical microscope 
(InfiniteFocus, Alicona Imaging GmbH). The three-dimension surface topography collected were then 
analysed with a dedicated home-made image processing software in order to characterize damages and 
wear volumes of the friction scars. In this study, wear was defined as a lost volume of matter, meaning 
that phenomena such like material transfer can eventually lead to negative wear values (matter addition). 
Volume calculation is described in a previous study [17]. Friction track and 3rd body morphologies are 
also analyzed in more details by Scanning Electron Microscopy (SEM). SEM imaging was performed 
on a Zeiss ultra 55 MEG-FEG operated at 5 kV (Everhart-Thornley detector),   
 
Chemical analysis: in depth chemical analysis of the friction track was conducted with complementary 
analysis tools. Local but deep (few hundreds nanometer thick layer) elemental composition of the 
materials was studied with Energy Dispersive Spectroscopy (EDS), which is combined with the SEM. 
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EDS analyses were conducted at 15 kV and 10 kV with a Bruker SD detector. Less local but still deep, 
Raman spectroscopy was conducted to identify if specific oxides are created during friction. Raman 
spectra were made using a Renishaw inVia micro-Raman spectrometer in backscattering configuration.  
The spectra were recorded using 532 and 633 nm wavelength lasers as excitation sources. The laser 
power was about 0.5 mW to avoid the damage of the samples, mainly the 3rd bodies. Some materials are 
not demonstrating any Raman response, and some are very sensitive to local rise of temperature due to 
laser interaction, X-ray Photoelectron Spectroscopy (XPS) has hence been performed. 
 
The oxidation state of the elements as well as the metal–oxide interaction were monitored using X-ray 
photoelectron spectroscopy (XPS) measurements. The XPS spectra were acquired with a PHI 5000 

Versaprobe apparatus with an Al K1 radiation source (energy = 1486.7 eV, accelerating voltage = 15 
kV, power = 50 W, and spot size diameter = 200 µm). Pass energies of 187 eV and 58.7 eV were used 
for survey spectra and high-resolution windows, respectively. Casa XPS software is used for data 
treatment. All measurements are calibrated with adventitious carbon (C1s at 184.8 eV). XPS is 
complementary to EDS and Raman as the analysis is conducted over a large area (due to the spot size) 
but over only few nanometers in depth. In our particular case study, Cr signal happened to be hidden by 
C related signal, Nano Secondary Ion Mass Spectrometry (Nano-SIMS) has consequently been 
performed.  
 
The measurements were performed using a PHI nanoTOF II working with Bi3

2+ ions (30 keV). The 
analyzed area is a square of 200×200 μm2. Although destructive due to the heavy ion bombardment of 
the surface, Nano-SIMS provides information on the chemical and isotopic composition of the surface 
over a depth of around two atomic layers. It is also local analysis, more local than XPS and Raman for 
example. The lateral resolution is high thanks to a spot size of around 100nm of diameter. Mapping of 
the friction track composition have been performed, and intensities of secondary ions of region of 
interests (ROI) have also been extracted to compare the repartition of the different 3rd bodies encountered 
and the pristine BMG surface. Intensities (counts on the spectrum) are normalized to allow comparisons 
between the different spectra. In negative detection mode, intensity of each spectrum is normalized by 
the total intensity of the spectrum itself. In positive detection mode, normalization is done by dividing 
the intensity by the [total intensity minus the intensities relative to Na+ (masses 23 to 24), Ca+ (masses 
37 to 44), Cs+ (masses 132 to 134)].  

3 Results and discussion 
 

3.1 Friction coefficients and wear analysis 
 
The friction coefficient variations over the total test duration (Figure 1, top plot) show very good 
reproducibility of the tribological response of each friction pair (X105CrMo17/BMG, 100Cr6/BMG, 
and C90/BMG). Reproducibility is even observed during the very first cycles of friction (cf. Figure S3 
in Supplementary Information). After only a few tens of friction cycles, the X105CrMo17/BMG friction 
pair demonstrates rapid increase of friction coefficient until it reaches very high friction coefficient µ 
close to 0.8. In contrast, the two other friction pairs exhibit extremely low and stable friction throughout 
the test. The mean friction coefficients referring to the overall sliding distance recorded are 0.15 and 
0.12 when the BMG is rubbed against the 100Cr6 ball and the C90 ball, respectively. Furthermore, 
steady state friction coefficient also demonstrates low but periodic variations as a function of cycle 
(Zoom2 on Figure 1) in the case of C90/BMG contact. The X105CrMo17/BMG friction pairs exhibits 
less stable, and not as periodic friction. The periodic fluctuations are not observed for all test 
(X105CrMo17) or the amplitude can vary from one test to another. Interestingly, tests that are 
demonstrating rather well-defined periodic fluctuations of friction coefficient also demonstrate the 
highest standard deviation of friction coefficient over each cycle of friction. The instability of friction 
exhibited by X105CrMo17/BMG pair might not be explained solely by the high mean friction value 
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(0.85). The periodicity in the fluctuations for both X105CrMo17 and C90 might results from periodic 
wear mechanisms such as the successive creation and deterioration of the interfacial layer every few 
hundred cycles. Such continuous modification of the interface may explain the highest variation of 
friction over every single cycle. Regarding, the 100Cr6/BMG friction pair, it demonstrates very stable 
friction coefficient. 
 
 

 
(a) 

Zoom 1 Zoom 2 

  

  
(b) (c) 

Figure 1 – (a) Friction coefficient versus friction cycles number for the 3 different friction pairs over 
the all test, zoomed in plots of the friction coefficients and associated standard deviation of friction 
coefficient over every single cycle for X105CrMo17 (b), and for both C90 and 100Cr6 (c) sliding 

against the Ni62Nb33Zr5 plate. 

Figure 2 shows the topography of the balls and the Ni-based BMG plate after friction test for the 3 
contact conditions studied. In each case, both balls and plate exhibit very limited damage despite the 
very long sliding distance achieved. 
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Figure 2 - Topography of the balls (top) and the BMG plate (bottom) after friction tests for the three 
friction pairs: X105CrMo17/BMG (a and d), 100Cr6/BMG (b and e), and C90/BMG (c and f). Optical 
microscopy observation (25% weighted) overlays the topography (75% weighted) of the same zone to 
facilitate the determination of friction scars location that are highlighted using dotted white contours. 

Black arrows indicate the direction of friction. 

Despite very high friction coefficients measured for X105CrMo17/BMG contacts, the corresponding 
ball and plate surfaces showed limited wear. Friction track on the BMG plate is detectable and its width 
reaches 250 µm approximately. Nonetheless, calculating wear as a lost volume of material per unit of 
sliding distance led to values close to 1 µm3/mm, depending on the track location considered, which is 
very low but consistent with previous measurements [17]. As shown in Figure 2a, the ball scar is 
comprised of a mixture of higher and lower asperities as compared with the mean surface height, but to 
a limited extent. This leads to an overall wear close to zero. 
 
Contrary to the X105CrMo17/BMG contact, the friction scars width for the tests performed with 100Cr6 
and C90 balls are only 90 µm and 80 µm, respectively. The topographic analysis of the balls 
demonstrates very little wear damages and very thin 3rd body layer (brown color) on top of the surface. 
100Cr6 scars demonstrate two thicker patches (dark brown stripes). For both friction pairs, the friction 
tracks on the BMG plate are hardly detectable, there is neither detectable damages nor univocally 
detectable 3rd body layer or patches. The only way to find the friction track is visually thanks to dark 
lines of 3rd bodies that are visible at naked eyes (Figure 3). The presence of slightly more elevated 
asperities and lines located in the tracks can hence be associated to 3rd bodies (Figure 2e,f). That suggests 
the occurrence of very light material transfer and/or third-body building up. Consequently, attempts to 
quantify such very low wear on both balls and BMG was not successful, the limitations of the equipment 
being met.  Wear was hence considered insignificant. Such extremely low-wear achieved when the BMG 
is rubbed against the 100Cr6 and C90 appears consistent with the associated very low friction 
coefficients measured. Although wear is more easily detectable when sliding against X105CrMo17, it 
remains extremely low, which is surprising for a contact demonstrating high friction (0.85). 
 
Interestingly, although wear of the BMG can be correlated with friction coefficient, it is inversely 
correlated with the hardness of the counterpart. Indeed, the softest ball (X105CrMo17) induces the 
highest wear of the plate whereas the hardest ball (C90) induces the lowest BMG damages. This 
demonstrates that the tribological behaviour of Ni62Nb33Zr5/steel contact is not directly related to the 
materials mechanical properties but that it is more likely driven by different tribochemical mechanisms 
related to the composition of the steel counterparts. The main difference being the Cr content, and the 
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related Fe balance, further chemical investigations on the composition of the friction tracks are 
conducted in order to find the origin of the different tribological behaviors observed. 
 

3.2 Friction track morphology and chemical composition 
 

 

Figure 3 - Optical and SEM images of the friction track on both the BMG plate (left) and the balls 
(right). On the plate, friction tracks after sliding against 100Cr6 and C90 are located within the dotted 

white rectangular contours 

Figure 3 shows the morphologies of the friction tracks observed through both optical microscopy and 
SEM. As discussed previously, friction tracks obtained after friction with both C90 and 100Cr6 balls 
are hardly detectable. The only evidence of friction is the presence of third dark bodies (identified by 
S9) trapped in the grooves of the surface roughness on the edge of the plastically deformed region, i.e. 
the upper asperities that have been transformed into a flat plateau during friction. This 3rd body contains 
a significant amount of O and C, low amount of Fe. Ni/Nb ratio is in line with BMG bulk composition 
on the top of the plateaus, a very thin layer, almost transparent light gray (identified with S12 and S10), 
is detectable. Those thin layers exhibit a composition rich in O, and Ni/Nb ratio of ~1 instead of 2 as in 
the initial BMG. Fe is also detected, but the content in the 3rd body obtained during friction with 100Cr6 
(S10) is higher than after friction against C90, and it is similar to Ni and Nb content. The strongest 
difference between these two friction pairs is observed on the friction scars on the balls. The C90 ball 
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demonstrates no wear, but only a very thin brown layer (optically) that is not visible under SEM. The 
100Cr6 balls exhibits uniformly distributed and thicker brown 3rd body layer all over the contact ellipse. 
Although, blue color is observed in some places within the contact ellipse on the 100Cr6 ball, no 
differences between brown and blue region are observed under SEM. This can be either due to the 
thinness of the layers, or simply to different local optical properties. The EDX analysis (Table 2, points 
S6, S7, and S11) shows that Ni is detected in the region where the brown and blue layers are observed, 
which means that Ni has been transferred from the BMG to the ball. Oxygen is also detected, which 
demonstrates the presence of oxides that, however, cannot be identified through EDX. The 100Cr6 ball 
also exhibits particles ejection outside the contact ellipse, in the sliding direction. Interestingly, ejected 
particles have a similar morphology than the those ejected outside the friction tracks on the plate 
(identified by S5) during friction of X105CrMo17 ball on the BMG. Particles appear loose and < 1µm 
in size, they are packed on the edge of the friction tracks. They are mostly comprised of Ni, Nb, O, and 
Fe. Interestingly Ni and Nb content are similar, which differs from the BMG where the atomic 
percentage of Ni is twice the Nb. The significant level of O demonstrates oxidation. 
 
Different 3rd bodies resulting from friction between X105CrMo17 ball on the BMG are observed inside 
the friction tracks. First, heavily compacted 3rd body, which still exhibits granular texture, is observed 
(identified by S3 for the ball, and S4 for the plate). In addition, on the ball, a thick 3rd body distributed 
in patches (identified by S2) and sitting in top of “fish scale like” 3rd body (identified by S1) is detected. 
EDX analysis shows very high concentration of Ni in the composition of these 3rd bodies, as compared 
to Nb, particularly in the white 3rd body (S2). Fe and Cr are also detected, with Fe/Cr ratios of ~4.4 (S1) 
and 4.6 (S2), which does not differ significantly from the bulk X105CrMo17. The white 3rd body patches 
are large and thick, they appear to carry most of the load inside the contact. Ejected particles are showing 
composition that is rich in Nb as compared to the initial composition of the BMG. Nb and Ni oxides are 
known to be softer than Cr oxide [17,21] and would thus be expected inside the friction track to minimise 
the energy dissipated by friction. Finally, for all spectrum (S1 to S12) Nb/Zr ratio remains constant (~6), 
which is similar to the original BMG composition. Zr hence appears to play a minor role in the friction 
accommodation mechanisms.  
 

Table 2 - EDX analysis of the regions (S1 to S12) identified in Figure 5. EDX analyses are conducted 
at 10 kV. C content is given considering it is heavily detected in some cases, however discussion is 
limited due to the high probability of C pollution during SEM imaging. 

Counterpart Sample Spectrum 
Elemental composition (atomic %) 

Ni Nb Zr Fe Cr O C 

X105CrMo17 Ball S1 16.9 5.7 1.0 15.1 3.4 48.0 10.0 

  S2 69.4 1.5 0 6.5 1.4 6.8 14.5 

  S3 13.0 12.6 2.1 3.0 0.7 63.0 6.7 

 Plate S4 18.2 12.6 2.2 4.8 1.0 54.4 6.9 

  S5 12.2 17.7 3.1 4.3 1.1 51.6 10.0 

100Cr6 Ball S6 4.4 0.8 0.1 62.0 4.5 8.0 19.8 

  S7 3.3 0.7 0.1 76.8 0.8 5.12 12.3 

 Plate S9 6.1 3.7 0.1 2.3 0.1 16.4 70.5 

  S10 11.4 11.0 2.0 11.5 0.5 58.2 4.3 

C90 Ball S11 6.6 1.3 0.2 63.8 0.2 16.3 11.0 

 Plate S12 24.3 20.9 3.7 3.6 0 39.1 8.4 

 

Overall, the EDX analysis essentially tells that Ni is preferentially transferred to the counterface as 
compared to Nb, and both are mixed with Fe, and O. Oxidation hence happens to be accentuated by 
friction. Combined with SEM images and topographic analysis, this strongly suggests a soft adhesive 
wear mechanism implicating some material transfers from the plate to the ball. It also shows that the 
plastically deformed BMG material sees its composition changing from a Ni/Nb ratio of ~2 to Ni/Nb 
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ratio of ~1. The high friction of X105CrMo17/BMG and low friction of 100Cr6/BMG pair (where Ni, 
Nb, Fe exhibit similar concentration (S10)), imply complex tribochemical processes. EDX does not 
allow to study the impact of Cr, because the content is either too low in the 3rd bodies, or the 3rd body 
layers are too thin. Consequently, complementary vibrational and top surface chemical analysis are 
performed using NanoSIMS, XPS and Raman.   
 
XPS analysis (Figure 4) demonstrates that the surface of the Ni62Nb33Zr5 BMG is essentially comprised 
of Nb2O5 oxide, and of ZrO2 oxides to a lower extend. Ni is more detected in its metallic form. That is 
consistent with previous studies where the native oxide of the Ni62Nb38 is shown to be Nb2O5 [22,23]. 
Although the spot size in XPS analysis was wider than the largest friction track (from X105CrMo17 
friction test), the results obtained in the case of X105CrMo17 emphasize the stronger impact of friction 
on Ni based material, as shown by EDX. Ni is more detected as oxide and hydroxides than as metal, 
while the low contribution of NbO2 related peaks in the Nb related peaks is disappearing. Zr is not 
affected at all. XPS analysis did not show any signal from Fe and Cr (Figure S8 in Suppl. Material). 
After friction with C90 and 100Cr6, XPS does not demonstrate any changes, which further emphasized 
the very local friction induced damages of the surfaces.  
 

   
Figure 4 – Ni2p, Nb3d, and Zr3d related pic from XPS analysis of the friction track of the BMG plate 

as a function of the sliding counter material  

In order to look into local composition of the friction track and the 3rd body materials created during 
friction, NanoSIMS analysis have been conducted. Mapping of chemical element comprising the BMG 
and the 3rd bodies, as well as spectra (in both positive and negative ion detection modes) are presented. 
Figure 5 and Figure 6 are presenting the results from X105CrMo17/BMG friction tests, and also the 
results from the pristine BMG material on the edge of the friction track. Results from C90/BMG and 
100Cr6/BMG can be found in SI (Figure S4 to S7). Chemical mapping (Figure 5 and Figure S8) confirm 
that Ni is heavily detected in the 3rd bodies, along with Fe and Cr (for both 100Cr6 and X105CrMo17 
contacts). In the regions where Fe and Cr are the most detected, Nb and Zr are the less detected.  
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Figure 5 - Mapping of the distribution of the main metal element after sliding between the BMG and 
the X105CrMo17 stainless steel ball. 

The mass spectra of the pristine BMG (Figure 6) demonstrates that Nb and Zr are the most detected in 
the pristine region of the BMG, which confirms previous observations regarding the composition of the 
NiNb based BMG surface composition [23]. Ni is detected, mostly as Ni+. Its intensity of detection 
(highest pic around 5e-7 counts), is intermediate between the detection Zr+ (main pic at 3e-7 counts) and 
Nb+ (6e-7 counts). Contrary to Nb and Zr, Ni is not demonstrating any detection of oxides. Nb oxides 
are the most detected, in both positive and negative detection modes. The magnitude of NbO3

- detection 
is 5.5x larger than NbO2

-. That ratio differs from pure Nb2O5 reference spectrum which exhibits a factor 
of ~7.5 between the magnitude of detection of these two ions [24]. However, NbO3

- detection is 17x 
larger than Nb2O5

- (Figure S7), which is getting different from pure amorphous Nb2O5 for which the 
ratio is ~13x [24]. CxHyOzNbZr+ compounds are highly detected in positive detection mode, as compared 
to Nb2O3

+ and Nb2O4
+ (Figure S7). Consequently, the surface of the pristine BMG most likely contains 

both Nb2O5, NbO2 oxides, and some CxHyOzNbZr compounds. Such overall observations are consistent 
with XPS analyses where Ni is mostly detected in its metal form, and both Nb and Zr as oxides (Figure 
4). 
 
The composition of the 3rd bodies obtained during friction is exhibiting significantly different 
compositions between X105CrMo17, and the other two contacts (C90 and 106Cr6) which are exhibiting 
similar trends (Figure 6 and Figures S4 to S9).  
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(a) Negative detection mode 

 
(b) Positive detection mode 

Figure 6 - NanoSIMS mass spectra in both negative (a) and positive (b) detections modes, obtained 
from friction test with X105CrMo17 sliding against BMG. ROI3 corresponds to pristine surface 

outside the friction track. ROI1 and ROI2 are two regions of interests chosen on 3rd body materials 
presenting high and low level of Cr on chemical maps, respectively. ROI3 related spectra results from 

averaging spectra over 3 different locations.  

 
In the cases of C90/BMG and 100Cr6/BMG contacts, the Ni content versus Zr and Nb do not change 
significantly from the pristine BMG material (Figures S5 and S7). It indeed lies within the same range 
for C90/BMG contact, and it decreases slightly for 100Cr6/BMG contact (Figures S4 and S5). In both 
cases, NiOH+ ions are detected at a low content. The detection of Nb oxide related ions is significant 
(Figures S4 and S6). The ratios of intensity between them however differ from the pristine material 
(Figure 6). NbO3

- peak exhibits intensity of detection 7x to 8x larger than NbO2
-, which is typical of 

amorphous Nb2O5 [24]. Ratios of NbO3
- and Nb2O5

- is however around 35 and not 13 as in amorphous 
Nb2O5, that implies a higher abundance of dimeric and trimeric Nb oxide ions. It has to be noted that 3rd 
bodies from both contacts are demonstrating the significant presence of Fe+, particularly in the 
100Cr6/BMG case. In the latter case, Cr+ is detected only in the thicker material, and as Cr+ fragments. 
That means Cr is either remaining in its metallic form or its oxide form is not significantly present. ToF-
SIMS spectra also shows that FeNb-oxyde is highly detected (Figures S5 and S7) in both contacts. The 
100Cr6/BMG contact however sees the net increase in detection of NiNb-oxides, and of both ZrFe- and 
ZrNi oxide compounds (Figure S7). FeNb-oxyde however remains the most detected. The formation of 
bi-metal oxides, and the additional combination of Nb to Zr in the form of CxHyOzNbZr- and NbZr 
hydroxides, may both explain the difference observed with amorphous Nb2O5 ToF-SIMS data from 
literature. A change in the crystallinity of the material, induced by friction, may also impact the bulk 
fragmentation under the ion bombardment. Moreover, a change in the surrounding chemical state can 
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impact the ionization of the different elements (matrix effect) [25]. Overall, friction induces the 
formation of NbxOy oxide, and one main bimetal oxide (FeNb-oxide) in C90/BMG case. In 
100Cr6/BMG case, it induces the formation of NbxOy oxide, 4 bi-metal oxides (FeNbOx – the main one-
, NiNbOx, ZrFeOx, and ZrNiOx), and of Ni-oxide to a very low extend. 
 
In X105CrMo17/BMG case, Ni is significantly more detected than Nb and Zr in the 3rd body. Ni+ 
intensity of detection is 6x higher than Nb+, while Zr related ion detection is significantly reduced 
(Figure 6b). Fe+ is detected with a maximum amplitude similar to NibO+, which is similar to what is 
observed with both C90 and 106Cr6 contacts (Figures S5 and S7). Cr+ detection demonstrates higher 
detection than Zr related ions, and it is equivalent to NbO2

+ ions. NiOH+ is also detected but to a lower 
extend than NbO2

+, which differs from both C90 and 106Cr6 contacts (Figures S4 and S5). Such a high 
contribution of Cr to the spectra is confirmed by the negative ion detection (Figure 6a) where CrO3

-, 
CrO3H-, NiCr-, and NiCrO- are clearly detected. Cr(VI) oxide amplitudes of detection is similar to those 
of NbO-, NbOH-, NbO2

-, and NiO2
-. Surprisingly, insignificant detection of CrO2 related ions is 

observed. NiFeO- detection is higher, in amplitudes, than FeO- detection, but it is similar to NiO2
-, NbO-

, NbOH-, and NbO2
-. The NbO3

-/ NbO2
- detection ratio is around 10, NbO3

-/Nb2O5
- detection ratio is 

around 13 and 16 for ROI1 and ROI2 respectively, which is close to pure amorphous Nb2O5 [24]. At 
high mass number (Figure S9), bimetal oxides are detected. Contrary to what is observed with 100Cr6 
and C90 contacts, they mostly contain Cr and not Fe. CrNb-oxides are the most detected, and then comes 
NiNb-oxides and what appears to be ZrCr-oxides. Overall, NiCr-oxides appears the most intensely 
detected, followed by Nb-oxides, and Cr-M-oxides (M=Nb, Zr). Then comes Cr- and Ni- oxides. Finally, 
CxHyOzNbZr compounds are barely detected (Figure S9), as compared to 100Cr6 and C90 (Figures S4 
and S5) and as compared to pristine material (Figure 6 and S7). Compared to 100Cr6 and C90 related 
data, Nb oxide is significantly less present in the 3rd body to the benefit of Cr-M-oxides (M=Ni, Nb, and 
Fe to a lower extend), Cr-oxides, and Ni-oxides. However, Nb oxide appears to getting closer to Nb2O5. 
The preferential creation of Cr(VI) oxide, rather than Cr(IV) oxide remains unclear.  
 
Given the difficulty of identifying the nature of the compounds making up the third body, micro-Raman 
spectroscopic analyses were carried out on the friction tracks (Figure 7). Low laser power, less than 
5 mW, was used to avoid the damage of the 3rd bodies. 
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Figure 7 - Raman spectra measured in the friction tracks on the BMG plates after friction against 
C90, 100Cr6, and X105CrMo17 steel balls. Laser wavelength is indicated in brackets in the figure 

legend. 

In the case of C90 and 100Cr6 steels, the intensity of the Raman bands was very low, and the presence 
of a high background signal made their detection difficult. The Raman spectra show in both cases 
unresolved contributions below 350 cm-1 and broad overlapping bands in the 500-900 cm-1 range, with 
main components around 575, 680 and 810 cm-1. First, these spectra do not match the Raman fingerprint 
of tetragonal or monoclinic ZrO2 [26], nor that of NiO [27]. In contrast, the band at around 680 cm-1 
corresponds to the position of the main band in the Raman spectrum of Nb2O5, which also features 
smaller bands at around 315 and 227 cm-1 [28,29]. This spectrum is modified in the case of Ni-Nb mixed 
oxides, which exhibit a main band around 650 cm-1 and a higher frequency band around 840 cm-1 [30]. 
EDX analysis of the debris showed the presence of Nb, and XPS analysis revealed the oxidized Nb(V) 
state. All these results support the formation of niobium oxide, and possibly Ni-Nb and/or Fe-Nb mixed 
oxides. Concerning iron oxides, only the component at around 680 cm-1 (Figure 7) is in the range where 

magnetite, Fe3O4, and maghemite, -Fe2O3, display their highest frequency and most intense Raman 
bands [31]. The component observed here at around 810 cm-1 cannot be attributed to NiFe2O4 either, 
whose highest frequency band is at around 700 cm-1 [27]. By contrast, the Raman spectra of different 
metal niobates show Raman bands up to 800-900 cm-1. 
 
Husson et al. [32] reported an extensive study of the Raman spectra of niobate compounds MNb2O6 with 
M=Ca, Cd, Co, Cu, Fe, Mg, Ni and Zn. All show similar Raman spectra above 380 cm-1 including an 
intense and sharp peak in the 840-910 cm-1 range associated with Nb-O stretching for terminal oxygen 
atoms that link NbO6 octahedra to adjacent MO6 ones. De Luna et al. [33] confirmed this result for 
NiNb2O6, which shows an intense and narrow peak at 883 cm-1. In our case, the Raman spectra of the 
3rd bodies for C90 and 100Cr6 counterparts do not show such a sharp peak, and the highest frequency 
bands appear at lower frequencies (~810 cm-1). Like the bivalent metal niobates, the Raman spectra of 
the trivalent metal niobates also show high-frequency vibrations due to the stretching modes of the NbO6 
octahedra, but not the intense, narrow peak observed for MNb2O6 compounds in the 840-910 cm-1 range. 
In particular, the spectrum of monoclinic FeNbO4 [34–37] show bands at 820, 601, 470, 397 and 279 
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cm-1 due to the different Nb-O stretching modes. The main characteristics of this spectrum correspond 
to those of the spectra obtained in the present work (Figure 7) for C90 and 100Cr6 steels. The apparent 
detection of Ni-niobates and Fe-niobates are consistent with ToF-SIMS analyses which demonstrate the 
detection of related fragments (Figures S5 and S7). 
 
For the X105CrMo17/BMG case, the Raman spectra obtained in different points (Figure 7) display a 
flat background below 500 cm-1 which allows to observe bands at about 260-300 and 400 cm-1. Above 
500 cm-1, stronger bands are again observed, centered around 575 and 810 cm-1, and sometimes 
extending to near 870 cm-1, which may indicate the local formation of nickel niobate, NiNb2O6 [33]. We 
can recall that XPS analysis of the debris clearly showed nickel oxidation in the case of 
X105CrMo17/BMG, unlike for C90/BMG and 100Cr6/BMG. Together with Ni and Nb, EDX analysis 
detected iron, as well as zirconium and chromium in lower concentration. Consequently, it is possible 
for various mixed niobium oxides and/or metal niobates to coexist in the friction tracks, including 
CrNbO4 [38]. The latter is also clearly detected in ToF-SIMS spectra (Figure S9). NiNb2O6 fragments 
are not detected as much in the ToF-SIMS spectra. Contribution from common Nb2O5 oxides [39–41], 
even after being amorphized mechanically [40] appears very low, which further suggest coexistence of 
mixed niobium oxides and/or metal niobates.  
 
Regarding the surprising detection of Cr(VI) oxides in ToF-SIMS spectra of the X105CrMo17/BMG 
case, Raman spectroscopy allows to dissociate Cr(VI)-oxides from Cr(IV)-oxides [42,43]. Using laser 
wavelength of 647.1 nm, Maslar & coworkers [43] reported that the CrVI-O bending mode lies in the 
316-405 cm-1 shift range, and the CrVI-O stretching mode in the 840-1003 cm-1 shift range. Symmetric 
and asymmetric stretching modes of CrVI-O-CrVI bridging, and its bending modes have been discussed 
as well. The range of Raman shift corresponding to the stretching mode of O-CrVI-O is also addressed. 
They all lie in the 218-338 cm-1, 719-790 cm-1 or 719-848 cm-1, and 818-848 cm-1 shift ranges. The 
rocking mode of CrVI-O-CrVI bridging unit has also been reported in 230-379 cm-1 range, and external 
vibration modes around 211 cm-1 and in lower Raman shifts. All those ranges cover the observed 
broad/shoulder pics of X105CrMo17 at 633nm laser wavelength (Figure 7). Raman shift in the range of 
700-900 cm-1 has also been observed for Cr(VI) compounds in other study [44]. From Kim et [27] and 
Maslar et [45], it can be concluded that NiO, NiFe2O4, and NiCr2O4 are not contributing to the Raman 
sprectra in the present study. However, α-CrOOH (from Cr(III)) might slightly contribute to the Raman 
spectra in the range of 540-630 cm-1 [45]. That may imply a very small but possible contribution of 
Cr2O3 compounds. Detection of Nb(HC2O4)5 compounds might be questioned, although one of the main 
pic around 930 cm-1 is not detected [41]. ToF-SIMS study indeed showed the presence of CxHyOzNbZr 
compounds.  
 
Consequently, considering the band shifts of NiNb2O6 [33], CrNbO4 [38] agree well with the band shifts 
observed in the Raman spectrum (Figure 7). Furthermore, considering that few band shits from Cr(VI) 
oxides are not strongly detected, it can be assumed that metal niobates are the most detected. However, 
Cr(VI)-oxides cannot be completely excluded, and the question regarding its origin remains open.    
 
Figure 8 summarizes the main results from the study. Different friction coefficient and wear behavior 
have been observed, although the contact configuration is similar between all test except from the Cr 
content of the sliding steel ball. First, the friction coefficient increases as the Cr content increases inside 
the steel ball. Such observation confirms the hypothesis drawn in a previous study regarding the effect 
of Cr on the friction behavior of Ni62Nb33Zr5 BMG [17]. In that same study, 100Cr6 steel ball was used 
and friction coefficient varied from 0.1 to 0.9 when the initial maximum Hertz contact pressure was 310 
MPa and 680 MPa, respectively. In the present study, the friction coefficient obtained is 0.15 with 420 
MPa initial maximum Hertz contact pressure. That also support the hypothesis that the friction can be 
load dependent, as increasing load may help triggering the tribochemical processes involved. Using 
three different counterparts with different Cr content, the present study sheds light on the role of Cr in 
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the creation of 3rd body materials responsible for high friction. In the case of C90 steel, which does not 
contain Cr, the 3rd body is only comprised of Nb, Ni, and Fe based oxides. Nb2O5 remains the most 
present, even though it is to a lower extend than in the pristine surface. FeNb-oxide was shown to be 
created under friction, and its intensity of detection demonstrates that its presence is significant. 
Common iron oxide, which plays a major role in friction of CuZr based BMG against steel [16–18] in 
similar contact conditions, and which led to high coefficient, is detected to a limited extend. Finally, 
some Ni oxide is created under friction, but its detection is rather low as compared to the other 
monovalent and divalent metal oxides. Yu et al [46] demonstrated that when CoCrO4, NiCr2O4, FeNbO4, 
NiNb2O6 inorganic acid salts are created during full oxidation of CoCrFeNiNbx high entropy alloy, it 
results in the formation of a thin, dense, and compact tribolayer with good wear resistance, although 
providing relatively high friction (0.5 to 0.7). That hence further supports the results of the present study. 
FeNbO4, and NiNb2O6 related oxides are indeed highly detected alongside Nb2O5. The latter is 
undertaking lubrication while the other must likely help in protecting the surface from damages.  
 
When Cr comes at play, in the composition of the ball, friction rises and 3rd body materials starts to build 
up on both plate and ball surfaces. It remains however very thin, and it maintains very high anti-wear 
properties. The loss in lubricious properties increases with the Cr content in the steel. Compared to the 
C90/BMG case, the 3rd body created in the 100Cr6/BMG contact contains some Cr in its composition. 
It appears to remain mostly in its metallic form as no oxides are significantly detected. There is 
nonetheless a slight change in the detection of Nb2O5 related fragments, i.e. a change in the oxide itself. 
Besides Nb2O5 oxide, FeNb oxide remains significantly present in the composition of the 3rd body, and 
NiNb-oxides are slightly more detected. The small increase in friction when passing from C90 to 100Cr6 
might be related to the change in the Nb2O5 oxide, in combination with FeNbO4, and NiNb2O6 related 
material that are slightly more detected.  
 
When the Cr oxide becomes significant, as in the X105CrMo17 case, Cr containing material takes over 
and becomes the main constituting element of the 3rd bodies. Ejected material is essentially comprised 
of Nb2O5 (in proportion similar to the pristine surface), and Ni-oxides similar to those comprising the 
3rd body in both C90/BMG and 100Cr6/BMG contacts. Ejected third bodies also contains some NiCrO, 
NiFeO, and Cr(VI) oxides (presumably CrO3). FeNb-oxide are almost not detected, but they are replaced 
by CrNb-oxides. Those divalent metal oxides, particularly those containing Cr, are believed to be the 
one that are essentially comprising the 3rd body remaining inside the X105CrMo17/BMG contact. It is 
also assumed that they are leading to high friction, while maintaining very low wear (wear volume 
hardly measured). The 3rd body inside the friction track, and consequently the 3rd body taking part in the 
accommodation of friction, exhibits two different morphologies. One is granular, and one is a thick 
highly compacted that is carrying most of the load. The latter sits on top of a layer exhibiting a “fish-
scale” morphology, which could be associated to adhesive contact to some extend. The literature shows 
that hexavalent Cr coating exhibits high friction (0.6) when sliding against X105CrMo17 steel at 620 
MPa maximum Hertz contact pressure, 116 mm/s [47]. Under rather high contact pressure (1 GPa) but 
similar sliding speed (8 mm/s) Ni-Fe-Cr alloy exhibits high friction (0.7) when sliding against hardened 
bearing steel ball [48]. Finally, 3rd bodies containing Cr2O3 and CrNbO4 oxides have been reported to 
be associated to high friction (0.55 to 0.9) and low wear rate [49], as well as NiCr2O4 , FeNbO4, NiNb2O6 
[46]. That hence makes the results of the present study consistent with results obtained with bulk 
materials in the literature.  
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Figure 8 – Schematic summarizing the main conclusion of the study regarding (i) the 3rd body 
composition within the interface and the ejected one (in the case of X105CrMo17), and (ii) wear; both 
in relation to the Cr content of the counter body and the value of the steady state friction coefficient. 

Number of * indicate the predominant compounds. Compounds in plain font are believed to be 
detected as traces. 

  

4 Conclusion 
 
In this work, the tribological (friction and wear) behavior of Ni62Nb33Zr5 bulk metallic glass (BMG) in 
friction against three different steels has been investigating. The purpose of the study was to investigate 
if the friction response of Ni62Nb33Zr5 could be driven through the Cr content in the sliding counterpart, 
as suggested in a previous study. The chosen steels were C90, 100Cr6 and X105CrMo17 because they 
are exhibiting different content of Cr (0%, 1.5%, and 17% respectively), and similar content of C. 
Moreover, they are all exhibiting similar mechanical properties.  
 
Overall the study sheds light on the tribochemistry dependence of Ni62Nb33Zr5 bulk metallic glass on 
the Cr content of steel counterparts. Under exactly the same contact conditions, the study showed that 
the steady state friction coefficient increased from 0.13 to 0.15, and then to 0.85 with the increase of Cr 
content from 0%, to 1.5% to 17%. Wear remained low enough to not be measurable. However, the 3rd 
body material was more present inside the friction tracks when friction was high, i.e. that C90/ 
Ni62Nb33Zr5 contact exhibit very low amount of 3rd body material while X105CrMo17/ Ni62Nb33Zr5 
contact exhibit 3rd body materials on both samples with thick patches locally. EDX, ToF-SIMS, and 
Raman Spectroscopy allowed to show that the high friction is explained not by the quantity of third 
bodies, but rather by its nature. The lowest friction is found to be related to Nb2O5 oxide (predominant) 
and FeNbO4, and then NiNb-oxide. Nb2O5 oxide, a ductile material, most likely undertake lubrication 
while FeNbO4 and NiNb-oxide help protecting the surface from further severe wear. The 100Cr6/ 
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Ni62Nb33Zr5 contacts exhibits a slightly higher friction than the C90/ Ni62Nb33Zr5 contact due to a change 
in Nb2O5 compounds, and due to slightly higher content of FeNbO4 and NiNb-oxide that are shown to 
provide high friction but low wear. Moreover, ZrM-oxide (M=Fe, Cr, Ni) are detected and must play a 
role in that increase in friction coefficient. 
 
The X105CrMo17/Ni62Nb33Zr5 contact, which resulted in 0.85 friction coefficient, demonstrates that the 
third body inside the friction track is rich in NiCrO, CrNbO4, NiFe-oxide, and Cr(VI)-oxide. The ejected 
third body is rich in Nb- and Ni-oxides, and less in CrNbO4, NiFe-oxide. NiCrO, CrNbO4, NiFe-oxide, 
and Cr(VI)-oxide have been showed to exhibit high friction in the literature, which is hence in line with 
the present results. Although metal niobates are the most likely created oxides under friction, detection 
of Cr(VI)-oxyde by ToF-SIMS remains an open question. Further investigations are needed to clarify 
its existence, and to quantity the amount produced as compared to the total wear volume of wear 
material. One might take it into account when considering the use of Ni62Nb33Zr5 against Cr containing 
material.  
 
Finally, the study shows that under dry contact condition and moderate contact pressure, long lasting 
low friction (< 0.15), and low wear are accessible in steel/Ni62Nb33Zr5 contact, which further supports 
the use of metallic glasses in tribological application. 
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