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Abstract 

The development of wear-resistant steels requires an understanding of deformation behavior and chemical 
evolution in cementite (Fe3C) under tribological loading. Previous investigations of chemical changes in steels 
during wear provided limited knowledge of the cementite stability and its transformations as the single phase 
is conventionally embedded in a metal matrix. This study examines elemental and phase distributions in bulk 
polycrystalline cementite with minor fractions of graphite, iron, and wüstite after single-pass sliding wear. We 
employ energy-dispersive X-ray spectroscopy in scanning transmission electron microscope, Auger electron 
spectroscopy, and X-ray photoelectron spectroscopy to characterize cementite composition before and after 
wear. Our results demonstrate that severe plastic deformation via contact shear leads to the partial 
decomposition and mechanical mixing of the non-cementite inclusions into the cementite matrix and the 
partial elemental homogenization in the outermost deformed region. In addition, we relate the dissolution of 
the graphite, which is present in the initial microstructure, to the formation of the Hägg carbides (Fe5C2). 
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1 Introduction 

Due to their high wear resistance, multiphase pearlitic, bainitic and martensitic steels are often used for 
tribological applications, e.g., bearings, rails, and train wheels. The wear performance of such steels is 
generally improved by the strengthening via the cementite phase (Fe3C) [1,2]. In pearlite, the cementite leads 
to the stabilization of the plasticity in ferrite during the initial loading stages [3,4]. In addition, the continuous 
microstructure refinement during deformation increases the ferrite-cementite interface density and thus 
significantly restricts dislocation motion [5–7]. In bainitic and martensitic steels with large spheroidized 
cementite particles, the matrix flow is constrained by these cementite inclusions, resulting in locally increased 
stresses at the interfaces [8,9]. Solid solution strengthening is achieved by cementite dissolution into the 
matrix phase at high strains [9–14]. Nonetheless, cementite dissolution during wear is also associated with the 
formation of the brittle carbon-saturated white etching layers/areas, which are responsible for fracture and 
rapid erosion in the contact region [8,15–18]. 

For the development of more wear-resistant steels, the tribological behavior of the cementite phase has to be 
well understood. Since the microstructure and chemical evolution are partially determined by the cementite 
interaction with the surrounding matrix (e.g., ferrite, martensite) in the multiphase steels, one cannot focus 
on the individual mechanisms in Fe3C. To this end, we characterize the wear properties of cementite by 
investigating bulk polycrystalline samples with minor fractions of graphite and iron oxide produced by spark 



2 
 

plasma sintering [19]. The present research mainly focuses on the abrasive wear properties of Fe3C. In the 
work of Sasaki et al. [20], the two-body wear performance of polycrystalline cementite was compared to pure 
iron, commercial steel, and other sintered cementite-iron samples. During their pin abrasion experiments at 
varying apparent applied pressures, bulk cementite demonstrated the best abrasive wear resistance among 
all analyzed materials up to apparent applied pressures of 0.61 MPa, whereas at 1.23 MPa, the 100 vol.% 
cementite sample demonstrated higher wear volume loss than the 75 vol.% cementite [20]. In three-body 
wear experiments in block-on-ring geometry with SiC abrasives on pure iron and sintered iron-cementite 
samples, Zheng et al. [21] reported the smallest wear weight loss for bulk cementite up to applied pressures 
of 0.065 MPa. At the applied pressure of 0.098 MPa, fracture became the predominant deformation 
mechanism, and the wear weight loss significantly increased correspondingly. The calculation of the applied 
pressures was not described in the abovementioned studies, and the principles of the pin abrasion, as well as 
block-on-ring experiments, differ considerably from the microscale wear experiments conducted in this work. 
Nonetheless, the first experimental studies have demonstrated the importance of investigating the 
deformation behavior of cementite under various wear conditions. 

It is essential, however, to relate the wear performance of cementite to its underlying deformation behavior 
and chemical evolution during tribological loading. In our previous study [21], the deformation mechanisms 
of bulk cementite during single-and multi-pass sliding wear were investigated. We reported that cementite 
tends to form a layered, deformed microstructure during sliding wear. Due to the enhanced ductility, bulk 
polycrystalline cementite deforms plastically below the contact surface by dislocation slip, shear band 
formation, fragmentation, grain boundary sliding, and grain rotation. In addition, brittle fatigue crack 
formation was observed for multi-pass experiments. The deformed microstructure resulted in a significant 
increase in the nanoindentation hardness [21].  

Since the main aim of the previous work was to unravel the deformation mechanisms of cementite in the 
contact region, the effect of tribological loading on the chemical evolution was only marginally addressed. In 
particular, the Hägg carbide formation in the outermost layer of the wear track was detected [21]. Hägg 
carbide (Fe5C2) is the most stable transition carbide before a stable mixture of iron and cementite forms during 
high-carbon martensite tempering [22]. Hägg carbide precipitates can either coexist with cementite or grow 
at the cost of cementite at sufficiently high carbon concentrations [23–28]. Therefore, the formation of Hägg 
carbides in the contact region indicates the existence of carbon gradients, which provide a driving force for 
precipitation. Initial results suggested two possible explanations for the excess carbon that promotes phase 
transformation: decomposition of graphite particles and oxidation of cementite during wear [21]. However, 
more evidence is required to provide conclusive support for one of the suggested mechanisms.  

This study investigates the tribological behavior of sintered polycrystalline cementite with minor fractions of 
graphite and iron oxide [19] and focuses on the chemical evolution during single-pass sliding wear. We employ 
energy-dispersive X-ray spectroscopy in scanning transmission electron microscope (STEM-EDS), Auger 
electron spectroscopy (AES), and X-ray photoelectron spectroscopy (XPS) to analyze the elemental and phase 
composition of the deformed layers of the sample as well as of the undeformed regions. By combining these 
surface spectroscopy techniques, we aim to show the correlation between the deformation-related 
microstructure changes and the qualitative and semi-quantitative differences in the elemental and phase 
distributions. Based on the results of this study, we validate the proposed sources for carbon enrichment in 
the outermost deformed region and determine feasible mechanisms for the cementite to Hägg carbide phase 
transformation. 
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2 Experimental procedure 

2.1 Material and sample preparation 

The bulk polycrystalline cementite samples (courtesy of Prof. Y. Todaka of the Toyohashi University of 
Technology) were fabricated from Fe (99.9%) and C (99.9%) powders and mixed in a 3:1 ratio. The powders 
underwent mechanical alloying for 20 h in a vibration ball mill in an argon atmosphere. During the final step, 
the samples were spark plasma sintered at 50 MPa at 900°C for 15 min, as described by Umemoto et al. [19]. 
A remnant porosity was observed after the sintering, and the relative density was measured as 98% [19]. The 
as-received cementite sample was mechanically polished using the 3 µm and the 1 µm polycrystalline diamond 
suspensions (Struers) and a colloidal silicon oxide polishing suspension (OPS, Struers). The resulting average 
surface roughness was determined as ~10 nm by a line scan with 0.15 mN normal force in a nanoindenter 
before the wear experiment [29]. 

Based on the initial phase composition analysis by X-ray diffraction (XRD), the sample consists of 94.5 vol.% 
cementite (95 wt.%), 2.9 vol.% iron (3 wt.%), and 2.6 vol.% wüstite FeO (2 wt.%) [21]. Previous observations 
[19,21] confirmed the presence of finely dispersed graphite after the spark plasma sintering (Fig. A1). Fig. A2 
in the Appendix A shows the measurements of the non-cementite particles in the sintered polycrystalline 
sample using EDS. 

2.2 Wear experiments 

Microscale sliding wear experiments were performed in a KLA (Agilent, Keysight) G200 Nanoindenter using a 
sphero-conical diamond tip with a 5 µm radius (Synton-MDP). At the beginning of the experiment, the tip 
gradually indents the sample until a pre-defined normal load of 100 mN is reached. Then, the sample is moved 
laterally under the constant velocity of 10 µm/s  [30,31]. The nanoindentation hardness and the scratch 
hardness of bulk cementite were determined previously as 11.1 GPa and 14.8 GPa, respectively [29]. Assuming 
a half-circular contact area during wear, the loading conditions thus correspond to the contact depth of 0.45 
µm [21]. As a result, the wear experiments led to severe plastic deformation in the contact region as well as 
to phase transformation in the outermost deformed layer [21]. 

In order to perform XPS measurements on the scratched cementite surface, we conducted multiple parallel 
microscale scratch experiments in close proximity (wear track array). The loading conditions were the same as 
during the single wear track experiments previously described. Thus, a high fraction (~92%, Fig. A3 in the 
Appendix A) of the sample surface area (800 x 800 µm) was covered with wear tracks. It should be pointed out 
that the plastically deformed zones are much larger than the wear track grooves. Therefore, the effect of the 
remaining 8% non-groove surfaces on the measurements is much less than the 92% wear track groove fraction, 
and we assume that the former surface regions have a neglectable influence on the XPS results. 

2.3 Chemical composition characterization 

A wear track groove was imaged in a Zeiss Gemini scanning electron microscope (SEM) with a secondary 
electron detector. In order to perform STEM and EDS studies, a cross-section specimen was lifted out in a 
Thermo Fisher Scientific Scios 2 DualBeam focused ion beam (FIB)-SEM system with a Ga+ ion source at a 30 kV 
acceleration voltage. The beam current was 1.6 nA during the initial milling steps and was gradually decreased 
down to 10 pA for the polishing and cleaning step after the specimen thickness reached 100 nm.  

STEM-EDS analysis was conducted in a JEOL JEM-2200FS microscope operated at a 200 kV acceleration voltage. 
EDS results provide information on the composition at the specific position and thus are dependent on the 



4 
 

measurement location. The precise atomic concentrations are difficult to evaluate due to the spurious X-rays 
mainly originating from the objective pole piece in the transmission electron microscope (TEM), as well as due 
to the carbon and oxygen contamination of the specimen surface from the atmosphere. Therefore, EDS 
provides not the real compositions of studied phases but allows for the semi-quantitative analysis of the 
relative elemental differences in the studied areas. Hence, the results of the EDS analysis are discussed 
qualitatively. However, care was taken that all EDS measurements were performed under identical conditions. 
The following acquisition parameters were used for the measurement: 7.475 nA probe current, 71 min total 
acquisition time, and 8 min dead time. For the quantification of peaks, k-factors of 2.072, 1.1453, 1, 1.2762, 
2.9773, and 2.401 were applied for C, O, Fe, Cu, Ga, and Pt, respectively. Due to the sample milling with Ga+ 
ions, mounting on a Cu grid, and Pt protective coating, additional gallium (~0.1 at.%), copper (~5 at.%), and 
platinum (~0.1 at%) signals are observed in the EDS line profiles. Fig. A4 in the Appendix A demonstrates the 
overall EDS spectrum from the region of interest and detected elements. 

Auger spectra with a spot size of ~0.5 x 0.5 µm were acquired inside and outside the wear track groove using 
a ULVAC-PHI 710 scanning auger microprobe (SAM). During these measurements, the primary beam energy 
was 15 kV. Sputtering with 1kV Ar+ ions during Zalar rotation was performed to obtain AES spectra at different 
depths for a maximum duration of 210 min. SEM images of the wear track surface obtained after the final 
sputtering step indicate the removal of approx. 400 nm thick layer (Appendix A, Fig. A5). The obtained Auger 
spectra are then studied qualitatively to determine the presence of different carbon compounds before and 
after deformation. 

XPS spectra were recorded on the wear track array and undeformed surface using a PHI Quantera II 
spectrometer with an Al-Kα source. The beam size was set to 100 µm. Probing a large area is advantageous 
because local sample inhomogeneities do not impact the results in these measurements as much as they 
would if a small beam size were used. In these investigations, we focus on systematic composition differences. 
We employed a pass energy of 112 eV and an energy step size of 0.2 eV for the spectra acquisition of the 
survey scan. To obtain the core level spectra of iron (Fe 2p), carbon (C 1s), and oxygen (O 1s), pass energies of 
55 eV, 26 eV, and 26 eV, as well as energy step sizes of 0.05 eV, 0.025 eV, and 0.025 eV were used, respectively. 
In all measurements, the take-off angle was set to 45°. To perform depth profiling, 500 eV Ar+-ion beam of size 
1mm x 1mm was used to sputter the studied areas in a step-wise fashion with an overall duration of 1026 s. 
The sputtering rate was assumed as ~35 nm/min by correlating with a sputter calibration done on a silica 
sample, leading to an overall sputtered depth of 600 nm. Calibration on two samples with high cementite, 
ferrite, and graphite fractions was conducted prior to analyzing the results obtained from the polycrystalline 
cementite sample to ensure the optimal peak fitting and allow for more accurate quantification of elemental 
and phase compositions of the sample (Appendix A, Fig. A6, A7). 

We performed the peak fitting using the CasaXPS 2.3.22 software. The Shirley-type backgrounds were 
subtracted for all spectra. For the asymmetric metallic iron peak, the LA(1.2,4.8,3) peak shape was fitted, 
whereas a Gaussian (70 %) - Lorentzian (30 %) peak shape was used for the symmetric components [32]. For 
the Fe 2p3/2 spectra, the following components were fitted: Fe-metal at 706.7 eV, Fe-carbide at 707.1 eV, 
Fe3O4/FeO (Fe2+) at 708.8 eV, Fe2O3 (Fe3+) at 710.5 eV and Fe2O3-satellite at 711.6 eV. The literature on XPS 
characterization of iron carbides is scarce. In some studies, the binding energy for Fe-cementite was reported 
as 708.2 eV [33–35], whereas other works mention values similar to that of metallic Fe, i.e., 707.2-707.3 eV 
[36,37] due to the metallic-covalent bonding. We adjusted the position of the cementite peak to 707.1 eV 
based on the Fe 2p3/2 spectra of the undeformed cementite at the end of the sputtering period (1026 s) 
because we expect the cementite iron peak to be dominant in this case. This binding energy is similar to the 
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one reported for Fe-Hägg carbide, i.e., 707.0-707.3 eV [38,39], and therefore we use a single peak for fitting 
both Fe-carbide compounds. The C 1s spectra were typically assigned to the carbidic C at 283.5 eV and 
graphitic C at 284.9 eV. Literature gives the binding energies in the range of 283.2-283.6 eV for the carbidic C 
peak (cementite, Hägg carbide) [34,39–42]. To account for the carbon contamination during sample 
preparation and storage, further C peaks were fitted into the C 1s spectra that were measured before and 
after the initial sputtering steps: Ca2C at 282.0 eV, C-O at 286.2 eV, C=O at 287.4 eV, O-C=O at 288.7 eV, and 
CaCO3 at 289.7 eV [35]. The O 1s spectra were fitted using the following compounds: iron oxide at 531.9 eV, 
FeO(OH) at  530.2 eV, CaO at 530.8 eV, and C=O/H2O at 533.8 eV. 
 
3 Results 

3.1   STEM-EDS analysis of the deformed layers after wear 

 

Fig. 1. SEM image of the cementite surface after the microscale sliding wear experiment (combination of two 
images). Due to sample fabrication, non-cementite inclusions (iron, graphite, and wüstite) exist, which are 
marked. The white arrow shows the sliding direction (SD).  

Fig. 1 shows the wear track groove after the microscale sliding wear experiment. The sample is chemically 
inhomogeneous as it contains small fractions of iron (Fe), iron oxide (FeO, wüstite) according to XRD analysis, 
and remnant graphite after spark plasma sintering, as concluded based on the EDS measurements (section 
2.1). Graphite is distributed in spherical and plate-like inclusions (black features in Fig. 1). The same black 
features are also assigned to the porosity that remains after the sample preparation. The remaining iron is 
located in relatively large grains that are similar to cementite. Small spherical particles consist of iron oxide 
FeO (light gray in Fig. 1). Inside the wear track groove, the non-cementite particles are difficult to distinguish, 
and the surface appears smooth. 

We start the chemical investigation by examining the local elemental distribution in the wear-track cross-
section via STEM-EDS (Fig. 2). The EDS results were obtained from the region investigated in the previous work 
where the Hägg carbides were observed. Below the contact surface (Fig. 2a), the microstructure is severely 
deformed and is divided into three distinct layers, as discussed in our previous investigation [21]: a 
nanocrystalline region right below the wear track, an ultra-fine-grained region, and a transition region towards 
the bulk virgin material. Table 1 summarizes the characteristic features of these layers, as described in [21]. 
 
Table 1. Characteristic features of microstructure below the contact surface 
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Region Thickness 
(nm) 

Grain size 
(nm) 

Characteristic features 

Nanocrystalline (NR) 200-300 ~10 Nanoscale refinement, grain rotation, 
Hägg carbide formation 

Ultra-fine-grained 
(UFGR) 

250 ~100-200 Fragmentation, grain boundary sliding  

Transition (TR) ~ 1000 ~500 Dislocation slip, shear band formation 
Undeformed - ~500 Low dislocation density 

Apart from the cementite grains, we observe the finely dispersed graphite and iron oxide particles (light gray 
particles in Fig. 2a) in the ultra-fine-grained and transition regions. These particles are of similar size and are 
distinguished based on the EDS elemental mappings (Fig. 2c,d). While iron oxide inclusions are carbon-
deficient compared to the surrounded cementite, graphite particles have an abundance of carbon (Fig. 2c). 
Graphite particles also contain some oxygen, as evident from Fig. 2d. The vertical carbon-depleted and iron-
enriched regions are caused by FIB milling artifacts, i.e., curtaining, and are already visible in the bright-field 
STEM image  (Fig. 2a). The EDS individual elemental mappings of iron, carbon and oxygen are in Appendix A 
(Fig. A8). 
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Fig. 2. STEM-EDS measurements of the wear track cross-section after a single-pass wear experiment. (a) STEM 
bright-field (BF) image of the wear track cross-section with the highlighted characteristic deformed regions 
[21]: nanocrystalline region (NR), ultra-fine-grained region (UFGR), transition region (TR). The cyan dotted line 
marks the location of the elemental profile in (b). (b) Elemental profile showing atomic concentrations of  Fe, 
O, and C in the NR and UFGR. The gray rectangle marks the approximate depth range where Hägg carbides 
(Fe5C2) were detected. (c-d) EDS maps of the region displayed in (a). The horizontal white dashed lines indicate 
the approximate boundaries between NR, UFGR and TR according to the STEM-BF image. The two-sided white 
arrows in a,c,d mark the approximate depth range where the majority of Hägg carbide crystallites were 
detected. The white brackets in (d) mark the nanocrystalline region with increased C and O contents. 

In the outermost nanocrystalline region, the elemental distribution is relatively homogeneous, and the 
individual non-cementite inclusions are barely visible, which is caused by deformation-driven decomposition 
due to the severe shear strains and high strain rates [21]. We also observe slightly higher oxygen and carbon 
concentrations in the nanocrystalline region compared to the other deformed regions (Fig 2c,d).  

The relative differences in atomic concentrations are also evident from the line profile across the 
nanocrystalline and ultra-fine grain regions in Fig. 2b. This line profile was obtained from the same region 
where Hägg carbide (Fe5C2) formation was previously observed [21]. Right below the wear track (20-70 nm 
from the contact surface), the atomic fraction of iron is the highest (67 at.%) and decreases gradually with the 
increasing distance from the contact surface to 61 at.%. In the same depth range, the carbon concentration 
increases from 23 at.% to 31 at.%, while oxygen concentration decreases from 4.7 at.% to 3.5 at.%. As the 
distance from the contact surface increases further (70-240 nm), the atomic concentrations fluctuate around 
constant values (61.6 at.% Fe, 30.1 at.% C, and 3.7 at.% O) with the local changes not exceeding 4 at.%. These 
fluctuations indicate that the mechanical mixing in the nanocrystalline region did not result in a homogeneous 
elemental distribution. In the ultra-fine grain region, local fluctuations also occur. However, the overall trends 
of the atomic concentrations are changed. The atomic concentration of iron increases, whereas oxygen and 
carbon concentrations decrease. Another line profile across the nanocrystalline and ultra-fine grain region 
about 330 nm to the right from the profile on Fig. 2b was recorded, and that line confirms these local 
concentration trends (Fig. A9). In the undeformed cementite grains, the average atomic fractions of iron, 
carbon, and oxygen are measured as 76.4 at.%, 16.3 at.%, and 0.8 at.%, respectively. The comparison of the 
average atomic fractions from the nanocrystalline region and undeformed cementite grains confirms partial 
mechanical mixing due to severe shear deformation in the nanocrystalline region. Nonetheless, the measured 
atomic concentrations reported here do not represent the actual chemical compositions of the studied phases 
(section 2.3), and are discussed qualitatively in the following sections. 

3.2 AES analysis of carbon bonding outside and inside in wear track 
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Fig. 3. Auger electron spectra acquired from the (a) undeformed cementite grain and (b) wear track surface at 
three increments of Ar+ sputtering 90, 120, and 210 min. The positions of the carbon, oxygen, and iron peaks 
are marked. 

Fig. 3 demonstrates the derivative Auger spectra obtained from the undeformed cementite grain and the wear 
track surface. According to the SEM images of the wear track surfaces before and after Ar+ sputtering, the 
depth of the transition region (approx. 400 nm) was reached after 210 min (Fig. A5, Appendix A). The carbon 
spectra correspond to the KLL transitions and have distinctive shapes, depending on the chemical bonding 
[43–45]. The distinctive shape allows to distinguish between carbides (carbon-metal bonding) and graphite 
(carbon-carbon bonding). The carbon spectra recorded at the first two sputtering steps from the undeformed 
cementite grain (Fig. 3a) correspond to the combination of the two bonding types. This observation indicates 
the presence of carbides and graphite; the latter exists due to the remnant surface contamination or due to 
graphite particles in the region. After 210 min of sputtering, a typical carbon-metal bonding line-shape is 
revealed. Inside the wear track, all Auger spectra for carbon are composed of the two carbon line-shapes after 
all sputtering steps: this detail confirms the presence of graphite (in addition to carbides) in the deformed 
region. It is noteworthy that iron oxide and graphite are lighter components with lower binding energy and 
therefore are selectively etched compared to cementite during the sputtering process [46](Fig. A5). However, 
since the presence of graphitic carbon spectra inside the wear track is still evident during the entire sputtering 
sequence, we conclude that the results were not severely affected by the selective sputtering of lighter 
compounds. 

3.3 XPS investigation of the phase composition 

To investigate the phase composition in the deformed layers, we perform a comparative analysis of the XPS 
depth profiles in the undeformed cementite as well as in the wear array area. Fig. 5 presents the Fe 2p3/2 and 
C 1s spectra obtained after one of the initial sputtering steps (126s, 70 nm depth). At this sputtering step, the 
component peaks are a combination of the surface contamination layer and the sample bulk.  
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Fig. 5. XPS spectra recorded after 126 s of sputtering (~70 nm depth) from the undeformed cementite and the 
wear track array. (a) Fe 2p3/2 spectra with deconvoluted Fe-metal, Fe-carbide, Fe3O4/FeO, Fe2O3, and Fe2O3-
satellite peaks. (b) C 1s spectra with deconvoluted C-carbide, C-graphite, C-O, C=O, O-C=O, and CaCO3 peaks. 

The Fe 2p3/2 spectra are composed of five peaks (Fig. 5a): Fe-metal, Fe-carbide, Fe3O4/FeO, Fe2O3, and Fe2O3-
satellite. Due to the oxidation of the metallic iron and FeO in the atmosphere, additional peaks of Fe2O3 and 
Fe2O3-satellite are expected. Since the difference between the binding energies of the overlapping Fe-metal 
and Fe-carbide is small (~0.4 eV), the spectra decomposition leads to ambiguous results at ~707 eV. Therefore, 
we refer to the sum of the Fe-metal and Fe-carbide concentrations in the quantitative phase analysis. We 
deconvoluted the C 1s spectra using the following compounds: C-carbide (cementite, Hägg carbide), C-
graphite, C-O, C=O, O-C=O, and CaCO3 peaks. While CaCO3 is a component of the surface contamination layer, 
C-graphite, C-O, C=O and O-C=O are also present in the bulk sample, as was evident from the previously 
discussed EDS observations (Fig. 2d). The difference in the binding energies between the C-carbide C-graphite 
is rather large (~1.4 eV), allowing for the adequate quantification of the individual fractions. For convenience, 
we refer to the sum of the C-O, C=O, O-C=O, and CaCO3 fractions as other C-compounds during phase 
composition analysis. 
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Fig. 6. (a) XPS depth profiles for undeformed cementite and wear track array. (b) C-carbide, C-graphite, and 
other C-compounds at.% fractions throughout XPS depth profile (c) Fe-metal/carbide and Fe-oxide at.% 
fractions throughout XPS depth profile. 

The XPS elemental depth profiles (Fig. 6a) show similar trends for undeformed cementite and deformed wear 
track arrays. With extended sputtering periods and higher depth, the surface contamination is gradually 
removed, revealing the composition below the surface. The atomic concentration of iron rapidly increases 
until 300 s (175 nm) but does not demonstrate a drastic change after further sputtering, increasing gradually 
by an additional 10 at.%. The fraction of carbon is initially high (70 at.%) due to surface contamination, which 
is dissociated during the first two sputtering periods between 0 s and 36 s (0-21 nm). At the higher sputtering 
depth at 36-126 s (21-74 nm), there is a drop in C at.%, followed by a further increase to a constant value of 
~38 at.%. The oxygen concentration initially increases from ~26 at.% at the surface to more than 45 at.% at 
36-66 s (21-39 nm) and then gradually decreases to less than 8 at.% at the end of sputtering. The gradual 
decrease of oxygen content is related to the presence of plate-like pores that can exceed 1 µm in length (Fig. 
1) and affect the measured composition throughout the entire measured depth profile (0-600 nm). The overall 
carbon and oxygen trends imply that the top contamination layer (0-36 s, 0-21 nm) is mainly formed by the 
carbon/oxygen-saturated compounds, whereas a film of iron oxide mixtures exists at higher depths. A tiny 
calcium fraction is detected up to ~500 s (290 nm) and is associated with Ca2C, CaCO3, CaO, and Ca(OH)2 
compounds [35]. Calcium might originate from the surface preparation slurry and reside in sample pores at 
the surface. 

There are, however, several discrepancies when comparing the depth profiles from the undeformed and the 
wear track region (Fig. 6a). On the one hand, the iron concentrations are nearly the same for the undeformed 
and deformed regions during the first sputtering steps. On the other hand, starting from 126 s (74 nm), the 
iron fraction in the deformed region is consistently 3.3 at.% lower than that in the undeformed region. 
Additionally, the oxygen concentrations show an opposite trend: in the 6-126s range (3.5-74 nm), the O at.% 
is up to 5.5 at% lower in the wear track array, whereas it is higher than the O fraction in the undeformed region 
by ~2.3 at.% at all subsequent sputtering steps. The carbon concentrations are also higher in the deformed 
case, with the highest difference of ~6 at.%  between 36 and 126s (21-74 nm). Although the calcium fraction 
is smaller in the wear track array region, it can still be detected after a bit longer sputtering in the deformed 
region than in the undeformed region. 

By comparing the atomic fractions of carbon and iron assigned to specific compounds, we examine the phase 
composition differences in more detail (Fig. 6b, c). After the initial maximum at the surface level, C-graphite 
rapidly decreases and does not significantly change after 126 s (74 nm, Fig. 6b). The C at.% in graphitic carbon 
is similar in both regions through the entire depth profile  (Fig. 6b), except for the initial sputtering steps, after 
which C-graphite is smaller in the deformed region (max. difference ~13 at.% at 66 s). The same is true for the 
carbon in other compounds (Ca2C, C-O, C=O, O-C=O, and CaCO3), whereas the maximum difference does not 
exceed 2 at.%. On the contrary, the C at.% in the carbide phase is consistently higher in the wear track array 
up to 246 s (144 nm). The C-carbide fraction significantly increases between 36 and 246s (21-144 nm) and 
continues to increase slowly with further sputtering (Fig. 6b). The Fe-metal/carbide and Fe-oxide fractions are 
generally smaller in the wear track array, with the exception of Fe-metal/carbide concentration being slightly 
higher in the deformed region up to 66 s (39 nm, Fig. 6c). The initial Fe-oxide peak reaches its maximum at 36-
66 s (21-39 nm) and then decreases to a nearly constant level at ~126 s (74 nm). These observations lead to a 
conclusion that most of the surface contamination (iron oxides, calcium, and carbon compounds) is eliminated 
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after 126 s (74 nm) of sputtering, and the rest of the contamination in larger plate-like pores has a less 
pronounced effect on the measured composition and gradually decreases by the end of the sputtering 
sequence. 

4 Discussion 
4.1 Elemental and phase distribution after wear 

Due to tribological loading, the non-cementite inclusions (iron, graphite, and wüstite) in the most severely 
deformed regions undergo decomposition and mechanical mixing with the cementite matrix, as evident from 
the EDS observations (Fig. 2). As previously observed [21], the intense localized strains in the nanocrystalline 
region lead to severe plastic deformation and grain refinement, which resembles the formation of a shear 
band and promotes the mechanical mixing of phases by shear transfer [47]. However, the fluctuations on the 
EDS line profiles (Fig. 2b, Fig. 9b) indicate that deformation due to single-pass wear is not sufficient to cause 
the complete homogenization because local gradients in iron, carbon, and oxygen concentrations still exist. 
Please note, however, that single-pass wear is sufficient for the formation of Hägg carbides (Fe5C2), as proven 
previously by selected electron diffraction [21]. 

Due to the mechanical mixing in the nanocrystalline and ultra-fine-grained regions, the elemental distribution 
in these regions is very different from the bulk cementite. We also observe a more homogenized elemental 
composition in the nanocrystalline region in EDS. In contrast, the elemental distribution in the ultra-fine-
grained region gradually transitions towards the atomic concentrations in the bulk cementite (Fig. 2b, Fig. 
A9b). According to the EDS results, right below the contact surface (0-70 nm depth), the iron fraction is high 
(Fig. 2b, Fig. A9b), which does not align with the present XPS measurements (Fig. 6a). Since the local changes 
from a large region with a 100 µm diameter are averaged in the XPS results, we presume that the iron increase 
below the contact surface is attributed to the presence of an iron grain near the surface in the EDS image. In 
addition, according to the XPS measurements, the outermost ~74 nm are the most affected by the iron oxide 
formation and presence of contamination compounds.  

The depth profiling in XPS reveals similar trends in elemental distribution for the undeformed and deformed 
regions. However, the carbon and oxygen fractions are higher in the deformed region than in the undeformed 
region after the first sputtering steps, and calcium is detected after longer sputtering periods. This finding is 
potentially related to the intermixing of the surface contamination layer and non-cementite precipitates 
containing carbon, oxygen, and calcium compounds with the bulk material or storage of calcium compounds 
in large plate-like pores. Another possible explanation of higher C and O fractions in the deformed region is 
that the measurement of the elemental distribution by XPS is partially affected by the wear-induced surface 
roughness that potentially prevents the uniform sputtering. Nonetheless, a substantial amount of the other 
carbon compounds (Ca2C, C-O, C=O, O-C=O, and CaCO3) is removed by 126 s of sputtering (74 nm). 

 
4.2 Analysis of carbon sources for Hägg carbide (Fe5C2) formation 
 
Our previous work confirmed the formation of the Hägg carbide (Fe5C2) at the expense of cementite in the 
nanocrystalline region [21]. Two mechanisms of excess carbon formation were proposed that provide the 
driving force for phase transformation. One way of promoting the local carbon enrichment arises from the 
decomposition of non-cementite inclusions that remain after sintering, i.e., the dissolution of finely dispersed 
graphite particles. Another scenario is based on cementite tribo-oxidation, accompanied by the loss of iron 
and the simultaneous relative increase in carbon, which then is available for transformation. According to the 
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previous APT measurements, a higher fraction of carbon-saturated regions and a higher oxygen content are 
found in the nanocrystalline region compared to the undeformed cementite grain. Nonetheless, the average 
C/Fe ratio was nearly the same in both cases. Other carbon compounds (Ca2C, C-O, C=O, O-C=O, and CaCO3) 
can also potentially act as a source of excess carbon for the transformation. However, these compounds are 
mostly found within the top 70 nm (Fig. 6b), above the region where Hägg carbide formation was previously 
observed. At the greater depths, other carbon compounds are stored in the large, far-scattered plate-like 
pores, and their fraction is significantly smaller than the fraction of graphite. Therefore, their effect on the 
phase transformation in the 70-240 nm depth range is unlikely. 

The EDS results from the same region and depth range in which Hägg carbides (Fe5C2) were detected previously 
(70-240 nm) demonstrate local fluctuations consistent with the formation of carbon-saturated regions in APT. 
The average carbon and oxygen content was higher in the deformed than in the undeformed area. Moreover, 
the carbon fraction remains as high in the outer part of the ultra-fine-grained region as in the nanocrystalline 
region. However, since the phase transformation is only observed in the nanocrystalline region and not in the 
ultra-fine-grained region [21], the high carbon concentration is not the only requirement for the Hägg carbide 
formation. 

The second requirement for the Hägg carbide formation is severe plastic deformation in the nanocrystalline 
region, which leads to nanoscale refinement and high defect density. The associated formation of new 
interfaces gives rise to the free energy, thus allowing for the Hägg carbide formation. In the ultra-fine-grained 
region, the shear strains are not as severe as in the nanocrystalline region, the saturation grain size after 
fragmentation is significantly larger (Table 1). In addition, the transformation of cementite into the Hägg 
carbide is often explained through the model of chemical twinning since the crystal structures of both phases 
can be described as layers of trigonal prisms, and the arrangement of the prisms defines the forming phase 
[48]. This model emphasizes the crucial role of severe shear strain and the higher likelihood that cementite-
Hägg carbide transformation was displacive by straining the cementite lattice and its subsequent shearing 
during wear. 

The formation of new interfaces and potential rapid frictional temperature increase in the contact zone could 
also assist carbon-diffusion. Long-range carbon diffusion would be essential for Hägg carbide crystallization 
from the non-equilibrium amorphous Fe-C mixture [49,50]. In contrast, in this study, Hägg carbides formed 
already after the single-pass wear experiment which does not result in massive frictional temperature increase 
and its duration is too limited for long-range diffusion. 

The analysis of the cementite-Hägg carbide transformation based on XPS data is complicated because both 
phases have the same bonding and, consequently, the same binding energy of carbon in both carbides. 
Additionally, small differences between the binding energies of Fe-metal and Fe-carbide (section 2.3) are an 
obstacle to clear peak separation. Nonetheless, the comparison of carbon fractions assigned to the carbide 
phase (Fig. 6b) demonstrates a substantial increase in the C-carbide concentration in the wear track array up 
to 246 s (144 nm). The average difference is 4.5 at.% at 0s-186s (0-109 nm) and corresponds to the expected 
difference between stoichiometric cementite and Hägg carbide (3.6-6.25 at.%).  

To better examine the possible carbon sources of Hägg carbide (Fe5C2) formation, we analyze the ratios of C-
graphite and C-carbide fractions as well as Fe-oxide and Fe-metal/carbide fractions (Fig. 7) in those regions in 
which a higher C-carbide concentration was observed in the wear track array (Fig. 6b). We plot the 
corresponding ratios for the undeformed region and compare them to those in the wear track array. Although 
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the ratios are affected by the surface contamination during the first sputtering steps (up to 126s, 74nm), their 
overall trends reveal the excess carbon source (Fig. 7). 

The decomposition of the remaining graphitic carbon in the sample would lead to a lower C-graphite content 
and a higher C-carbide fraction. As such, a C-graphite/C-carbide ratio would be lower in the deformed region 
than in the undeformed region. This evolution is indeed observed: the ratios of C-graphite and C-carbide 
fractions are lower for the wear track array. Although the decrease of C-graphite/C-carbide in the wear track 
array is also partially due to the removal of the surface carbon layer (until 126s, 74 nm), the deviation between 
the carbon ratio curves remains until 186s (109 nm), whereas the iron ratios coincide already after 126s (74 
nm). Therefore, we assume that the lower ratios of C-graphite and C-carbide fractions are attributed to the 
formation of carbidic bonds of Hägg carbide and the simultaneous decrease of graphitic carbon bonds in the 
deformed region. Thus, the graphite decomposition resulting in carbon oversaturation and Hägg carbide 
formation is supported by the XPS measurements. Nonetheless, the presence of iron carbides and graphite in 
the deformed region indicates that the released carbon from graphite did not fully transform (see AES and XPS 
measurements). 

The other source of carbon excess would be the tribooxidation of cementite. In this case, the Fe-oxide fraction 
would increase, whereas the Fe-metal/carbide fraction would simultaneously decrease. This iron 
redistribution would lead to a higher ratio between Fe-oxide and Fe-metal/carbide in the wear track compared 
to the undeformed region. This evolution is not observed in the present experiments. According to Fig. 7, the 
ratio between Fe-oxide and Fe-metal/carbide is lower in the deformed case, which indicates the removal of 
the surface iron oxide layer and not the formation of more iron-oxygen bonds. 

 

 

Fig. 7. The ratios of atomic concentrations in (a) carbon and (b) iron compounds in undeformed cementite and 
wear track array. 

The observed cementite-Hägg carbide transformation in the outermost deformed layer due to the presence 
of graphitic carbon is not limited to sintered bulk cementite with remaining graphite as it can take place in 
graphite-rich cast iron. For instance, the transformation might occur in graphite cast iron employed in brake 
discs and diesel engine components that are often subjected to wear [51–53]. Due to the tribological loading 
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on lamellar, compacted, or spheroidal graphite cast iron, graphite tends to abrade and form a low-friction film 
that is further deformed – along with the pearlite matrix – during the following wear cycles. On the one hand, 
this process introduces carbon gradients into the material, similarly to the cementite-Hägg carbide 
transformation conditions during iron powder ball milling in a high-carbon medium [26,27] or iron 
carburization [28]. On the other hand, the presence of ferrite could also cause cementite decomposition, as 
ferrite and graphite would form a stable equilibrium mixture in such a material [54–56].  

The wear-induced chemical changes are strongly interlinked with the changes in tribological properties. In the 
work of Kobs et al. [57], the wear behavior of 52100 bearing steel was investigated after carbon ion 
implantation. Upon implantation, significant friction and wear reduction were reported due to the formation 
of the surface layer of intermediate hexagonal ε-carbide (Fe2.4C) and pure carbon. The subsequent annealing 
at 500°C led to the transformation of ε-carbide into Hägg carbide (Fe5C2), drastically reducing the wear 
resistance [57]. In the later study by Wilbur and Buchholtz [58], the carbon ion implantation on the α-Fe disc 
at different temperatures caused the formation of ε-carbide, Hägg carbide, and cementite, all of which had 
better tribological performance than the unimplanted iron. The wear resistance of the metal with Hägg 
carbides was better than that with ε-carbide, and cementite has demonstrated as having the best tribological 
behavior among all studied iron carbides [58]. These studies show that cementite-Hägg carbide transformation 
may worsen the wear response and is  undesirable for  cementite-strengthened steels. 
 
5 Conclusion 
The surface spectroscopy measurements of sample composition before and after microscale wear 
experiments on polycrystalline cementite with minor fractions of iron, graphite, and wüstite reveal chemical 
changes due to tribological loading. The following conclusions are drawn from this study: 

 Severe plastic deformation during tribological loading induces decomposition of non-cementite 
particles and subsequent mechanical mixing with the cementite matrix by shear transfer. The 
mechanical mixing is especially pronounced in the outermost deformed region (nanocrystalline 
region); however, it does not lead to a fully homogeneous elemental distribution. Mechanical mixing 
is not pronounced in the lower deformed regions, although the non-cementite particles are deformed.  

 Although the elemental distribution in the deformed region may differ locally, the average atomic 
concentrations in the undeformed and deformed regions are similar. In the region covered by a wear 
track array, the carbon and oxygen surface contamination and iron oxide layer are partially removed 
and mixed with the bulk material compared to the undeformed region. 

 The previously observed cementite-Hägg carbide transformation occurs in the region with an 
increased fraction of carbon. Comparing the iron and carbon compounds ratios reveals that graphite 
decomposition is responsible for the excess carbon formation in the nanocrystalline region. On the 
other hand, the effect of cementite oxidation on Hägg carbide formation is negligible. 
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Appendix A. Supplementary material 
 

 

Fig. A1. (a) STEM BF image of polycrystalline cementite sample showing a graphite particle in (b). (c) Diffraction 
pattern showing graphitic reflections. These results implicate that the carbon is indeed graphite and not glassy 
carbon. 
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Fig. A2. EDS composition measurements of non-cementite particles in the sintered polycrystalline sample: (a) 
iron, (b) graphite, and (c) iron oxide. White arrows mark the sequence of data acquisition. 
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Fig. A3. SEM image of the 800 x 800 µm wear track array fragment, demonstrating ~92% coverage of the 
surface with wear track grooves. 

 

 

Fig. A4. The region below the wear track and (b) the corresponding EDS spectrum with marked detected peaks. 
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Fig. A5. SEM images from (a) non-sputtered wear track surface and (b) wear track surface after the 210 min of 
Ar+ sputtering revealing preferential etching of iron oxide and graphite particles compared to the cementite. 
After sputtering the wear track surface, slip traces from TR become visible.  

 
Fig. A6. SEM images of two samples used for calibrating parameters for XPS peaks deconvolution: (a) sintered 
sample with graphite (black inclusions) and cementite (large polycrystalline gray inclusions) in the α-Fe matrix; 
(b) hypereutectoid pearlitic steel. 
 
To increase the accuracy of chemical composition quantification by XPS, additional spectra from two samples 
(Fig. A6) were recorded after 600s of Ar+ sputtering for the calibration of the peak fitting parameters. One of 
the calibration samples (Fig. A6a) was prepared by spark plasma sintering of mechanically alloyed Fe and C 
powders and contained large fractions of graphite and cementite in the α-Fe matrix. The presence of graphite 
and cementite in large quantities allowed for the optimization of their peak shapes and positions when 
deconvoluting the C 1s spectra since both peaks were well pronounced. The binding energies of graphitic C 
and carbidic C initially used for the curve fitting were ~284.5 and ~283.3 eV, respectively, which led to the 
residual standard deviation of 1.5-2 arb. unit with respect to experimentally obtained spectra (Fig. A7a). After 
using optimized values of ~284.9 eV and ~283.5 eV for the graphitic and carbidic peaks (Fig. A7b), the residual 
standard deviation was decreased to about 1.1-1.2 arb. unit. The second calibration sample (Fig. A6b) is 
hypereutectoid pearlitic steel prepared by the standard heat treatment procedure with a composition of 1.15 
wt.% C (5.15 at.% C, 94.85 at.% Fe). The parameters were hence optimized to ensure that the measured C at.% 
to Fe at.% ratio was close to the calculated ratio of 0.054. The measured composition of the second calibration 
sample (Fig. A6b) was 6.27 at.% O, 5.58 at.% C and 88.14 at.% Fe (C at.% to Fe at.% ratio of 0.063) and validated 
the overall composition measurement and peak analysis. The analysis also shows that a slight overestimation 
of C fractions and an underestimation of Fe fractions by about 7% are possible. Fig. A7a compares curve fitting 
for the polycrystalline cementite sample before and after optimizing peak parameters with two calibration 
samples. 
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Fig. A7. Curve fitting in CasaXPS 2.3.22 software for the C 1s XPS spectra obtained from the undeformed region 
of polycrystalline cementite: (a) before and (b) after peak parameter optimization. 
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Fig. A8.  STEM-EDS measurements of the wear track cross-section. (a) STEM bright-field (BF) image of the wear 
track cross-section after a single-pass experiment with marked characteristic deformed regions [21]: 
nanocrystalline region (NR), ultra-fine-grained region (UFGR), transition region (TR). EDS maps for (b) Fe, (c) C 
and (d) O of the region displayed in (a). The vertical carbon-depleted and iron-enriched regions are caused by 
FIB milling artifacts, i.e., curtaining, and are already visible in the bright-field STEM image (a). The horizontal 
white dashed lines indicate the approximate boundaries between the NR, UFGR and TR regions according to 
the STEM-BF image in (a).  
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Fig. A9. EDS measurements of the wear track cross-section. (a) STEM bright-field (BF) image of the wear track 
cross-section after a single-pass experiment with marked characteristic deformed regions [21]: nanocrystalline 
region (NR) and ultra-fine-grained region (UFGR). The Blue dotted line marks the location of the elemental 
profile line in (b). (b) Elemental profile line showing atomic concentrations of iron, oxygen, and carbon. The 
dotted line highlights the approximate boundary between the nanocrystalline region (NR) and the ultra-fine-
grained region (UFGR).  
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