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a b s t r a c t 

Nano-scale chemical inhomogeneity in surface oxide films formed on a V- and N-containing martensite 

stainless steel and tempering heating induced changes are investigated by a combination of synchrotron- 

based hard X-ray Photoelectron emission spectroscopy (HAXPES) and microscopy (HAXPEEM) as well 

as microscopic X-ray absorption spectroscopy (μ-XAS) techniques. The results reveal the inhomogene- 

ity in the oxide films on the micron-sized Cr2 N- and VN-type particles, while the inhomogeneity on the 

martensite matrix phase exists due to localised formation of nano-sized tempering nitride particles at 600 

°C. The oxide film formed on Cr2 N-type particles is rich in Cr2 O3 compared with that on the martensite 

matrix and VN-type particles. With the increase of tempering temperature, Cr2 O3 formation is faster for 

the oxidation of Cr in the martensite matrix than the oxidation of Cr nitride-rich particles. 

© 2025 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Martensitic stainless steels are used in of high performance 

omponents subjected to harsh environments. They have excel- 

ent mechanical properties and moderate corrosion resistance, and 

ood wear resistance [ 1 , 2 ]. Their typical applications include plas- 

ic moulding, food processing, and marine applications, etc. [3] . 

he addition of alloying elements leads to blocking of slip planes 

nd therefore improves the mechanical properties, and more im- 

ortantly, the alloying can cause tremendous increase in the cor- 

osion resistance if they contain sufficient Cr [4–6] . Due to its 
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igh degree of reactivity, Cr is a major alloying element in stain- 

ess steels [7] . By forming an adherent, insoluble layer of reaction 

roducts on the surface, these alloys protect themselves from the 

hemical attack by corrosive agents [8] . For better corrosion resis- 

ance, Mo is also added in stainless steels in a range from 2 % 

o 4 % [9–12] . Even such small percentages of Mo have signifi- 

ant beneficial effects on the resistance of stainless steels to pitting 

nd crevice corrosion in chloride environments [ 13 , 14 ]. Another al- 

oying element, N, acts as an interstitial element and is known to 

how higher weight coefficient than the Cr and Mo in the formula 

f Pitting Resistance Equivalent number (PREN) [15] . Adding N has 

een found to increase the resistance to localised corrosion by the 

recipitation of Cr2 N instead of Cr23 C6 particles in austenitic and 

uplex stainless steels with a low C content ( < 0.03 wt.%) [16–18] .
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t is necessary to add more N to substitute carbide for martensite 

tainless steel due to its higher C content [ 19 , 20 ]. The advantage is

hat nitride is believed to increase hardenability; however, the for- 

ation of Cr nitrides also consumes the Cr that is needed for form- 

ng protective oxide film on the surface. Thus, adding V to release 

r from nitrides is a good strategy since V has a strong tendency 

o form V nitrides [ 21 , 22 ]. These alloying elements work together

o provide good mechanical properties, and the oxide film formed 

n the surface improves the corrosion resistance. 

Chemical state of the surface layer (passive film and underlying 

etallic layer, nm in thickness) of advanced alloys determines the 

orrosion resistance [ 23 , 24 ], which is crucial for their applications. 

he passive film has a double-layered structure with the hydrox- 

des as the outer layer and the oxides as the inner layer [ 25 , 26 ].

urthermore, the composition of the metallic layer beneath the 

assive film has been found to differ from that of the bulk [ 22 , 27 ].

nder the passivation state, the passive film on stainless steels is 

ormally regarded as a homogeneous layer, which is mainly a mix- 

ure of amorphous Cr and Fe oxides. However, it has been reported 

hat some intermediate state of oxides may form on undissolved 

articles within the microstructure. The oxidation of nitrides or 

arbides show clearly a difference com pared to the oxidation of 

etallic elements. Their oxides are thermodynamically stable un- 

er a higher potential range, especially for nitrides [ 22 , 28–30 ]. 

Tooling alloys often have complex microstructures consisting of 

ifferent phases and grains with different orientations, and heat 

reatment may result in precipitation of micro- or nano-sized car- 

ide and nitride particles in the microstructure [ 31 , 32 ]. It is ex-

ected that there are spatial variations in the chemical composi- 

ion of the oxide film formed on different phases and grains. Usu- 

lly X-ray photoelectron spectroscopy (XPS) is used for chemical 

nalysis of the passive film [33] . However, to reveal the hetero- 

eneity in the passive film remains a challenge in corrosion sci- 

nce. We have successfully utilized synchrotron hard X-ray pho- 

oelectron emission microscopy (HAXPEEM) to analyse the passive 

lm on a super duplex stainless steel, the results revealed lateral 

ariation of the passive film with a lateral resolution of 0.5 μm 

34] . Advanced tooling alloys are increasingly used in industrial 

anufacture. The Cr content in the alloys enables a stainless prop- 

rty and heat treatments are used to achieve desirable mechani- 

al strength, which, however, may lead to changes of the passive 

lm. Recently, we have utilized ambient pressure XPS (APXPS) at 

he HIPPIE beamline at MAX IV, Sweden, to analyse natural and 

nodic passive films on a N- and V-containing tooling alloy [22] . 

he APXPS spectra show Cr and V nitrides in the surface layer 

nd Fe, Cr, and V oxides in the passive film, but the results are

veraged over the analysed area including both the matrix and 

articles. 

Analysis of the passive film of V- and N-containing martensitic 

tainless steel with undissolved nitrides and evolution of hard 

hases with tempering at high temperatures is rare due to the 

omplicated microstructure and the small dimensions of the par- 
Fig. 1. Ex-situ and in-situ heat treatment processes of the V- and N- containing m

192
icles. Detailed information about the lateral variation associated 

ith the particles, and oxide film growth caused by the tempering 

re essential to understand the passivation behaviour and suscep- 

ibility to localised corrosion in severe environments. However, no 

iterature can be found on V- and N-containing martensite stain- 

ess steel that provide such information. In this work, we focus on 

he investigation of the surface oxide film formed on the V- and N- 

ontaining martensite stainless steel with complex microstructure, 

nd the evolution of the oxide film from ambient temperature to 

00 °C. The chemical composition of the oxide film formed on the 

ifferent phases is analysed by a combination of synchrotron-based 

ard X-ray Photoelectron Spectroscopy (HAXPES) and Photoemis- 

ion Electron Microscopy (HAXPEEM) at P22 beamline at PETRA III 

n DESY, Hamburg, Germany. Furthermore, the chemical evolution 

f the oxide film with the heating temperature is analysed by 

sing microscopic X-ray absorption spectroscopy (μ-XAS) at MAX- 

EEM beamline of MAX IV, Lund, Sweden, with in-situ heating 

ossibility. 

. Material and methods 

.1. Material and sample preparation 

The sample material was a V- and N- containing martensite 

tainless steel, supplied by Uddeholms AB, Sweden, with the chem- 

cal composition (wt.%): C 0.36 %, Si 0.3 %, Mn 0.3 %, Cr 18.2 %, Mo

.2 %, V 3.5 %, N 1.55 %, and Fe balance. The samples were cut in

izes of 10 mm × 10 mm × 3 mm, heated to austenitization tem- 

erature of 1080 °C for 0.5 h followed by quenching and tempering 

t 200 °C for 2 times (ex-situ heat treatments). The effect of mi- 

rostructure on the passive film characteristics was investigated by 

omparing the composition of the surface layer after different in- 

itu heating procedures. Furthermore, parallel samples austenitized 

t 1010 °C were also measured to investigate the effect of austen- 

tization temperature. The detailed heat treatment processes and 

ubsequent surface analyses are provided in Fig. 1 . 

The analysed surface of the samples was ground down to 1- 

icron diamond suspension (Struers, Denmark). Then, the sample 

urface was carefully cleaned with acetone, ethanol, and deionised 

ater, and then dried by air blow. Prior to the experiments, the 

ample was storage in ethanol to avoid oxidation in air. 

.2. HAXPEEM and HAXPES measurements 

The HAXPEEM measurement was performed at DESY 

Deutsches Electron Synchrotron) to extract surface chemical 

nformation from different phases in the martensite stainless steel. 

he microstructure of the sample was characterized by Scanning 

lectron Microscope (SEM) using a FEI Nova NanoSEM instrument 

ith Back-scattered Electron Detector [35] . The region of interest 

ROI) was marked with 3 Pt fiducial deposits of decreasing size, 

s shown in Supplementary Fig. 1. The ROI around the smallest 
artensite stainless steel before and during the surface analysis experiments. 
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quare Pt mark is shown in the SEM image in Fig. 2 , where the

quare Pt deposit was positioned at the right bottom corner of the 

mage. Following this procedure, the sample was transferred to 

ltrahigh vacuum (UHV 10−9 mbar) at the P22 beamline at PETRA 

II at DESY for the HAXPEEM measurement by utilizing an imag- 

ng energy filter (NanoESCA, Focus GmbH) that was operated in 

ollaboration with Forschungszentrum Jülich. The Pt markers can 

e observed easily in PEEM mode under UV light excitation where 

hey show high contrast due to the difference in work function 

rom the that of the Fe based matrix. More detailed information 

f the Pt markers has been described in previous work [34] . 

The HAXPEEM measurement was performed at 4 keV photon 

nergy with a lateral resolution of 0.5 μm [34] . In XPS mode, spec-

ra over a narrow energy range of Fe 2p3/2 , Cr 2p3/2 , V 2p3/2 , and

 1s were measured consecutively, with an energy resolution of 

 eV and 60 ksec dwelling time. The spectrum of Pt 3d5/2 was also 

easured for internal calibration of the energy shift due to elec- 

rostatic charge on the sample surface. Then, the sample was taken 

ut from the HAXPEEM chamber, transferred to the HAXPES cham- 

er [36] , and measured at 6 keV with a step width of 0.05 eV and

igh energy resolution of 0.23 eV for a large surface area including 

he ROI. The probing depth was determined by the inelastic mean 

ree path (IMFP, i.e., λ) of the electrons in the material, with 3 λ
orresponding to the depth above which ∼95 % of the signal orig- 

nates. 

Analysis of the XPS spectra was performed after summing up 

ignals originated over the different phases in the microstructure 

o gain a sufficient intensity-to-background ratio. Hence, signal in- 

ensities of individual core levels show contrasts in the surface area 

hat can be compared with the different phases in the microstruc- 

ure seen in the SEM image. The XPS peak identification and spec- 

ra fitting were made based on the high-resolution HAXPES results, 

hich were used to assist quantitation the HAXPEEM signals orig- 

nated from different regions. 

.3. μ-XAS measurement 

The μ-XAS measurement was performed at MAX IV laboratory 

Swedish national laboratory) to investigate the surface chemical 

omposition of the different phases in the microstructure and the 

volution with the temperature increase [37] . Prior to the syn- 

hrotron measurement, the sample was mounted into the sample 

older with a Mo cap, and then introduced into the preparation 

hamber for pre-vacuum to around 10−10 mbar. By using a transfer 

rm, the sample was transferred to the analysis chamber ( ∼10−11 

bar) which hosts the aberration-corrected Spectroscopic Photo- 

lectron and SPELEEM microscope (Elmitec GmbH). In XAS mode, 

pectroscopic images of the Fe L-edge, Cr L-edge, V L-edge & O K- 

dge, and N K-edge were collected, with an energy resolution of 

.2 eV. 

The sample was heated from ambient temperature to 400 °C by 

adiative heating with a filament built in the sample holder, and 

urther heated up to 600 °C by e-beam bombardment. The tem- 

erature of the sample was recorded in real time by a type-C ther- 

ocouple spot-welded on the Mo ring under the sample, which 

as also checked by using an infrared pyrometer. All heating steps 

asted 2 h after reaching the target temperature, followed by the 

ooling by cold nitrogen gas at 85 K, which was slower than under 

mbient pressure condition due to a low heat conduction in UHV 

ondition. 

Analysis of the image files collected at MAXPEEM beamline was 

erformed in ImageJ (Fiji) [38] . Each absorption image stack was 

ligned using the TurboReg plugin [39] accounting for any sam- 

le drift during measurements. Each image stack was then nor- 

alised by an image recorded in the pre-edge region, to exclude 

ny work function contrast. Note that the V L-edge and O K-edge 
193
mage stack was normalised by an V pre-edge. μ-XAS spectra from 

elected regions of interest (corresponding different phases) were 

hen exported from the aligned and normalised image stack. 

. Results 

Fig. 2 shows the HAXPEEM maps for various core levels on the 

- and N- containing martensite stainless steel after austenitization 

t 1080 °C, with the energy step of 1 eV. The intensity for differ- 

nt areas is calibrated based on the background signal at 572, 511, 

05, and 395 eV for Cr 2p3/2 , V 2p3/2 , Fe 2p3/2 , and N 1s, respec-

ively. The intensity map of Cr 2p3/2 presents the highest intensity 

t binding energy of 574 eV. Micron-sized regions marked by red 

otted lines show higher signal intensity than surrounding areas, 

specially at 574 eV, which correspond the CrN-domains according 

o the SEM images. The large light-grey particles are Cr nitrides, 

hereas the small dark-grey particles are V nitrides (Supplemen- 

ary Fig. 2). In the maps of V 2p3/2 , the signal for the martensitic

atrix is relatively low because of the low content of V in the 

tainless steel. Instead, V is enriched in some regions marked by 

otted blue lines, showing the highest signal intensity at 513 eV, 

hich correspond the VN-domains according to the SEM images. 

ote that the Cr and V enriched areas are not correlated, but they 

artially overlap. The corresponding maps of Fe 2p3/2 and N 1s 

ith the marked areas are also included in Fig. 2 for comparison. 

n the maps of Fe, the matrix area show intense signals as Fe is 

he base element for this stainless steel. In contrast, the Cr and 

 enriched regions show a lower content of Fe, especially at 706 

nd 707 eV. For the N 1s maps, the total signal is minor but a

igher intensity can be seen from the Cr and V enriched regions 

t 397 eV. The corresponding SEM image of the focused area in- 

icates that the Cr and V enriched regions mainly include second 

articles, which are Cr and V nitrides. 

Fig. 3 presents the high energy-resolution HAXPES results col- 

ected from the whole surface and the normalized intensity of the 

AXPEEM results from the unit area of the centre of Cr nitride and 

 nitride domains (0.5 μm × 0.5 μm). By combining both of the re- 

ults, one can achieve a high spatial resolution while making up for 

he lack of energy resolution of HAXPEEM. Note that the use of a 

arge energy step for HAXPEEM measurements is necessary to col- 

ect enough data showing the spatial resolution within small areas. 

hereas, the HAXPES measurement was performed on a large area 

ith a small energy step of 0.05 eV, giving a high energy resolu- 

ion of the XPS spectra. For the HAXPES and HAXPEEM measure- 

ents, the photon energies used are 60 0 0 and 40 0 0 eV, respec-

ively, so that probing depths are approximately 19 and 11 nm, re- 

pectively, ca. five or more times of the passive film thickness. This 

mplies that several times thicker matrix/second phases than the 

urface oxide layer are probed, giving the signal intensities of both 

assive film and underlying metallic layer in the XPS spectra. 

As shown in the Cr 2p3/2 spectra ( Fig. 3 (a)), the highest inten- 

ity at 574 eV corresponds to the metallic Cr. The highest signal 

ntensity of Cr oxide and hydroxide is observed on the surface of 

he Cr nitride domains, followed by the martensite matrix, and the 

owest on the V nitride domains. In contrast, high signal intensi- 

ies of metallic V and V oxides are seen on the surface of the V

itride domains ( Fig. 3 (b)), while the V signals are weak on the 

r nitride domains and negligible on the martensite matrix. As ex- 

ected, the spectra of Fe 2p3/2 in Fig. 3 (c) show that the signal 

ntensities of metallic Fe and Fe oxides in the Cr nitride and V ni- 

ride domains are lower than that of the martensite matrix. The 

esults of N 1s in Fig. 3 (d) indicate that the N in this stainless steel

ainly forms second phase particles, while its content in the ma- 

rix is negligible. The results of O 1s spectrum obtained by HAXPES 

onfirm the presence of oxides and hydroxides, as shown in Sup- 

lementary Fig. 3. 
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Fig. 2. HAXPEEM maps for Cr 2p, V 2p, Fe 2p, and V 1s at specific binding energies obtained on the ROI of V- and N-containing martensite stainless steel. The same ROI is 

shown in the backscattering SEM image. The sample was austentized at 1080 °C and tempered at 200 o C. 
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The HAXPEEM results reveal that the oxide film composition is 

ifferent on the surface of the martensite matrix, the Cr nitride 

omains, and V nitride domains. Fig. 4 shows the HAXPEEM map- 

ing at 577 and 710 eV, corresponding to Cr- and Fe-oxides, re- 

pectively, which are the main components of the passive films 

n stainless steels [ 26 , 40 , 41 ]. Although the signal intensity is rel-

tively low due to the nano-scaled areas, the difference in the in- 

ensity between the matrix and second phase particles is signifi- 

ant, showing less Fe oxides on the second phases, but more Cr 

xides on the Cr nitride particles. The binding energies of different 

ore levels are usually well separated, however, the chemical shifts 

etween metal nitrides and oxides (M–N and M–O bonds) are rel- 

tively small and show overlap. Therefore, the photoelectrons es- 

aped from the surface could originate by multiple compounds, so 

he HAXPEEM with a low energy-resolution is not sufficient to as- 

ertain the chemical composition variation in the surface film re- 

ated to the microstructure, and the combination with the HAXPES 

ith a high energy-resolution is necessary. 

The μ-XAS measurements provided further information of the 

hemical inhomogeneity in the surface oxide films on the V- and 

-containing martensite stainless steel, and the heating possibil- 

ty at the instrument enabled in-situ monitoring of the evolution 

f surface film with the increasing temperature. Note that the in- 

ormation of oxides, hydroxides, and metal are all included in the 

ata. However, the amount of the hydroxides is negligible com- 

ared with that of the oxides. Furthermore, hydroxides tend to 

ransform to oxides via dehydration under UHV and heating con- 

itions [ 22 , 42 ]. Therefore, only oxides are considered in the dis-
194
ussion of the μ-XAS results. The sequences of images of absorbing 

hoton intensity were recorded with the energy step of 0.2 eV. The 

nterpretation and modelling of the XANES spectra is complicated, 

nd it is therefore used as a fingerprinting technique, which is able 

o evaluate the evolution of electronic structure of specific surface 

rea, which depends on the chemical environment and bonding ge- 

metry. 

Fig. 5 shows μ-XAS images obtained at photon energy of 

08.8 eV and different temperatures, as well as the Fe L-edge 

ANES spectra extracted from the martensite matrix (Green), V 

itride-rich region (Orange), and Cr nitride-rich region (Grey), re- 

pectively, as marked in the images. The μ-XAS images in the right 

olumn are normalized based on the intensity distribution at the 

re-edge (the same applies to data processing for other absorption 

dges). Therefore, the image contrast shows the spatial distribu- 

ion of a specific absorption edge feature at the selected energy, 

hich is in turn related to a specific chemical species. Note that 

hese images present the absorbing intensity at 708.8 eV (line A), 

hich corresponds to the energy with highest intensity in the Fe 

-edge XANES spectra. The total μ-XAS image sequence with the 

unction of photon energy is shown in the Supplementary video 1. 

he XANES spectra in the left column are extracted based on the 

ormalized μ-XAS image sequence, and have been further normal- 

zed to the unit area of the chosen circles. 

The shape of the Fe L-edge spectra shows evidence of Fe ° char- 

cter in the martensite matrix. At ambient temperature, the metal- 

ic component labelled by A is accompanied by a small shoulder 

t higher energies in the region labelled by B. This higher en- 
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Fig. 3. XPS spectra of the peak 2p3/2 for (a) Cr, (b) V and (c) Fe and 1s for (d) N obtained by HAXPEEM from the central area of the Cr nitride and V nitride domains (0.5 μm 

× 0.5 μm). These spectra are compared with the high-resolution XPS spectra from the HAXPES for the whole ROI to assist the peak identification. 

Fig. 4. HAXPEEM mapping for (a) Cr 2p at 577 eV and (b) Fe 2p at 710 eV on the 

ROI of the V- and N-containing martensite stainless steel. 
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rgy shoulder corresponds to features associated with oxidised Fe 

 43 , 44 ]. The metallic character of the Fe L-edge originates from 

he alloy beneath the oxide film, indicating that the probing depth 

f several nanometres is deeper than the passive film. The de- 

ailed discussion of the oxide film will be given in the following 

arts of the Cr L-edge and O K-edge results. The Fe spectra of 

he martensite matrix can be directly compared to that of the sec- 

ndary phase displayed in orange colour. The overall absorption in- 

ensity of the secondary phase is much smaller than that from the 

artensite matrix, because the main component of the secondary 

hase (mainly Cr and V nitrides) is not related to a Fe compound. 

he two broad peaks separated by 13 eV are assigned to L3 (Fe 
195
p3/2 -3d) and L2 (Fe 2p1/2 -3d) transitions, owing to the spin-orbit 

oupling. The total intensity at the Fe L-edge reflects the absorp- 

ion intensity of Fe ° from the matrix, and it gradually decreases 

s the temperature increases from ambient temperature to 600 °C. 

his phenomenon can be caused by the thickening of the surface 

lm which impedes the escape of electrons. The decrease in overall 

ntensity, coupled with no obvious peak of FeII and FeIII from the 

e L-edge spectra indicate that the growth of the oxide film with 

levated temperature is not primarily dependent on Fe oxidation. 

oreover, the shoulder at region B of the Fe L-edge is even dis- 

ppeared after heating at 20 0–60 0 °C, which indicates the loss of 

 from the native oxidized Fe. The missing O can be either taken 

p by the other alloying elements (Cr or V) or evaporate into the 

acuum. 

Fig. 6 presents μ-XAS images obtained at photon energy of 

78.2 eV and different temperatures, as well as the Cr L-edge 

ANES spectra extracted from the martensite matrix (Green), V 

itride-rich region (Orange), and Cr nitride-rich region (Grey), re- 

pectively, as marked in the images. The Cr L-edge spectra corre- 

pond to the transitions from a ground-state 2p6 3d3 to one of the 

nal-states 2p5 3d4 . On the martensite matrix, the features A and 

 in the spectra resemble those of the published data of CrIII va- 

ence state in Cr2 O3 [45] , while the spectra from the secondary 

hases show similar features to those of grown Cr nitride films 

46] . At ambient temperature, the most intense signal comes from 

r nitrides in the Cr nitride-rich region, followed by the Cr oxide 

ignal detected on the martensite matrix, and then Cr nitrides in 
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Fig. 5. μ-XAS images at photon energy of 708.8 eV and corresponding Fe L-edge XANES spectra extracted from the martensite matrix (Green), V nitride-rich region (Orange), 

and Cr nitride-rich region (Grey), respectively, of the V- and N-containing martensite stainless steel at ambient temperature, 20 0, 40 0, and 60 0 °C. The colour circles on the 

images are marked regions from which the spectra are extracted. The sample was austentized at 1080 °C. 

Fig. 6. μ-XAS images at photon energy of 578.2 eV and corresponding Cr L-edge XANES spectra extracted from the martensite matrix (Green), V nitride-rich region (Orange), 

and Cr nitride-rich region (Grey), respectively, of the V- and N-containing martensite stainless steel at ambient temperature, 20 0, 40 0, and 60 0 °C. The colour circles on the 

images are marked regions from which the spectra are extracted. The sample was austentized at 1080 °C. 
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Fig. 7. Comparison of the XANES spectra of V L-edges and O K-edge, and corresponding μ-XAS images at photon energy of 517.5 and 532.5 eV obtained at ambient tem- 

perature and after in-situ heating up to 600 °C on the V- and N-containing martensite stainless steel. The colour circles on the images are marked regions from which the 

spectra are extracted. The sample was austentized at 1080 °C. 
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he V nitride-rich region. It is noted that the intensity of Cr2 O3 

n the martensite matrix gradually increases with the rise of tem- 

erature, which corresponds to the thickening of a surface film 

omposed of Cr2 O3 . In comparison, the changes in the intensity 

n the secondary phase is less affected by the heating, however, 

he feature A becomes more pronounced, suggesting an increase 

f Cr2 O3 component. The corresponding μ-XAS images at 578.2 eV 

how a high intensity at the Cr nitride-rich region from ambient 

emperature to 400 °C. However, the intensity difference between 

he martensite matrix and the Cr nitride-rich region is reversed as 

he temperature increases to 600 °C, showing higher intensity of 

rIII compounds at the matrix region than the Cr nitride-rich re- 

ion. The evolution with the increasing temperature suggests that 

he growth of surface layer composed of Cr2 O3 occurs preferen- 

ially on the martensite matrix. Although the oxidation of nitrides 

s also promoted as the temperature increases, the nitride to oxide 

ransformation is relatively slow. 

Similar to above interpretation of the results, Fig. 7 shows the 

-XAS images and corresponding XANES spectra of V L-edge and 

 K-edge. Highest intensity of VN is observed at photon energy of 

17.5 eV on the V nitride-rich region, followed by the Cr nitride- 

ich region; and this confirms the mixed structure of the sec- 

ndary phase. Whereas, the intensity of V L-edge is negligible on 

he martensite matrix at ambient temperature. Furthermore, the V 

2-edge trails to the O K-edge. Due to O species in the beamline 

ptical elements, absorption occurs upstream, leading to a drop in 

ncoming beam intensity at energies above 535 eV, which subse- 

uently normalize intensity based on the photon flux (as a func- 

ion of photon energies), while the photon flux is calculated by the 

hotodiode current and the quantum efficiency of the photodiode 

again a function of photon energies). The peaks around 532 eV 

riginates from the metal ions’ d orbitals that are hybridized with 

 2p orbitals, marked as K1. This evidently shows there are O 

toms chemically bound to the alloy (at the surface). A broad main 

eak is observed in the 540 eV range from unoccupied sp states in 

 2p-metal, which is marked as K2. Nevertheless, the combined 
197
ppearance of the V L-edge and the initial part of the O K-edge 

hat is visible on V nitride-rich region resembles the electron yield 

pectral features of oxynitride [47] . In contrast, the O K-edge on 

he matrix and Cr nitride-rich region show peak features around 

32.5 eV that are consistent with oxides on the sample surface 

 4 8 , 4 9 ]. 

With the increase of temperature, the intensities of V L-edge 

ecrease on both V nitride and Cr nitride-rich regions, but increase 

n the martensite matrix. The O K-edge increases in intensity on 

he martensite matrix region, in agreement with the increase of 

r2 O3 (film) intensity and the decrease of Fe (matrix) intensity. In 

omparison, the O K-edge features stemming from oxides on the 

r nitride-rich region are not noticeably altered by the increas- 

ng temperature, which is confirmed by the Cr L-edge as well. On 

he other hand, the O K-edge increases in intensity (small bump 

t 532.5 eV) on the V nitride-rich region after the whole heating 

rocess. 

Overall, the results in Fig. 7 suggest that the heating process fa- 

ilitates the formation of VIII compounds in the martensitic matrix. 

he higher temperature promotes the oxidation reactions more on 

he martensite matrix compared with the Cr- and V-nitrides; and 

he thickening of the surface film is dominated by the growth of 

r2 O3 . 

A comparison of the XANES spectra of the N K-edge features 

n various phases at different temperatures is shown in Fig. 8 , to- 

ether with the μ-XAS images at 398.7 eV. The N K-edge shows 

our prominent features at 398.7, 400.4, 406.9 and 411.2 eV, la- 

elled as K1, K2, K3, and K4, respectively. Here features K1 and K2 

orrespond to electronic transitions to the unoccupied hybridized 

tates of N 2p and metal 3d orbitals, while features K3 and K4 are 

ssigned to the unoccupied N 2p states hybridized to metal 4sp or- 

itals [50] . However, it should be noted that the intensities K3 and 

4 show minor features on the Cr nitride-rich region compared 

ith the V nitride-rich region, indicating that in the former case 

 is mainly in the hexagonal Cr2 N phase rather than the cubic CrN 

hase [51] . With the increase of temperature, the intensities of N 
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Fig. 8. Comparison of the XANES spectra of N K-edges and corresponding μ-XAS images at photon energy of 398.7 eV obtained at ambient temperature and after in-situ 

heating up to 600 °C on the V- and N-containing martensite stainless steel. The colour circles on the images are marked regions from which the spectra are extracted. The 

sample was austentized at 1080 °C. 
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-edge on both the Cr-and V-nitride-rich region decrease, indicat- 

ng the formation of oxides covering on the surface. The N K-edge 

eatures emerge on the martensite matrix region after heating at 

00 °C, consistent with the observation of VIII compounds in the 

artensite matrix as mentioned above, which indicates the forma- 

ion of tempering nitrides in the martensite matrix. 

. Discussion 

Overall, the results show that all the phases are able to oxi- 

ise and form a surface oxide film on the N- and V-containing 

artensitic stainless steel. The microscopic analyses revealed in- 

omogeneities in the oxide film, i.e., there are differences in the 

omposition of the oxide film formed on the martensitic matrix 

nd the secondary phases. The martensite matrix shows a prefer- 

ntial formation of Cr2 O3 , which is the key product to improve the 

orrosion protection compared to the Fe oxides formed on the base 

etal (Fe). According to the results from the HAXPEEM/HAXPES 

nd μ-XAS measurements, more Cr2 O3 is formed on the surface of 

r nitrides (mostly Cr2 N) at ambient temperature, indicating that 

he formation of Cr2 O3 can occur via the oxidation of Cr2 N. How- 

ver, this oxide formation is less promoted by the temperature in- 

rease compared with the oxidation of metallic Cr in the marten- 

ite matrix. On the surface of V nitrides (VN domain), in addition 

o V oxides, Cr2 O3 is also detected, which could be formed by ox- 

dation of small amount of Cr nitrides in the nitride mixture. Any- 

ay, the Cr2 O3 content is low in oxide film on the surface of V 

itride domains at ambient temperature, and the growth of Cr2 O3 

s minimal with increasing temperature due to relatively slow ni- 

ride oxidation reaction. The results indicate that the Cr2 N particles 

secondary phase) form native oxide film with the highest con- 

ent of Cr2 O3 , the martensite matrix phase forms the mixed ox- 

des of Fe and Cr with a lower content of Cr O , and the V nitrides
2 3 

198
secondary phase) form V oxides with a minor amount of Cr2 O3 . 

ith increasing temperature, the oxide growth rate is higher on 

he martensite phase compared with the secondary phase parti- 

les. 

The in-situ μ-XAS measurements shown in Figs. 7 and 8 suggest 

hat tempering VN formed within the martensite matrix phase af- 

er heating at 600 °C, which leads to an increased complexity of 

he microstructure. This implies that even the oxide film on the 

artensite phase may vary in the composition, especially for cases 

here the Cr content is insufficient, because the formation of sec- 

ndary particles and tempering particles in the martensitic matrix 

ay lead to local depletion of Cr in the vicinity of the particles. 

In a previous study, we have observed that the Cr content in the 

artensite phase of this N- and V-containing stainless steel is in- 

uenced by the austenitization temperature (1010 °C vs. 1080 °C), 

hich strongly affects the formation and stability of the passive 

lm, as well as electrochemical properties and corrosion resistance 

f this martensitic stainless steel [22] . The Cr content in the metal- 

ic layer and Cr2 O3 content in the oxide layer is relatively lower 

ue to relatively insufficient dissolution of Cr nitrides into marten- 

ite matrix during the austenitization process at lower tempera- 

ure. In order to investigate the passive film features with insuffi- 

ient Cr, the XANES features for the samples with lower austeni- 

ization temperature (1010 °C) are analysed to gain further infor- 

ation about the oxide formation process relevant for tempering. 

ig. 9 shows the intensity variations of Cr L-edge and their evolu- 

ion with the in-situ heating temperature. Although the heating to 

00 and 600 °C also leads to the oxidation of Cr and the thicken- 

ng of the surface oxide film, the signal intensity of Cr2 O3 on the 

artensite matrix does not exceed that of the Cr2 N region for the 

ample austenitized at 1010 °C. Additionally, the martensite matrix 

hows varying intensity in the images after tempering at 600 °C 

top image in Fig. 9 ). As mentioned earlier, the brightness differ- 
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Fig. 9. Comparison of the XANES spectra of Cr L-edge and corresponding μ-XAS images at photon energy of 578.2 eV obtained at ambient temperature and after in-situ 

heating up to 600 °C on the V- and N-containing martensite stainless steel. The sample was austentized at 1010 °C (insufficient solution treatment). The colour circles on 

the images are marked regions from which the spectra are extracted. 
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nce represents the difference in the Cr content. The dotted circle 

rea shows higher intensity compared with the solid circle area, 

ndicating a more enrichment of Cr in this area and leading to in- 

omogeneity of the oxide film even within the martensite matrix 

hase. The inhomogeneity is also clearly shown in the Supplemen- 

ary video 2. 

Fig. 10 displays the Fe K-edge features and μ-XAS images of the 

artensitic stainless steel austenitized at 1010 °C, showing the ef- 

ect of the heating up to 600 o C. A decrease of signal intensity of Fe

-edge is seen as the temperature increases from ambient temper- 

ture to 600 °C, which is likely due to the growth of a Cr2 O3 -rich

xide that attenuates the Fe signal from the underneath metal. The 

omparison of the spectral intensity from the set of μ-XAS mea- 

urements reveals that the composition of the oxide film and the 

nderlying metallic layer is different for the selected areas within 

he martensite matrix, e.g., the dotted circle area contains higher 

mount of Cr2 O3 and Cr in the oxide film and the underlying 

etallic layer compared with the solid circle area. The oxide layer 

s thicker with more Cr2 O3 in the dotted circle; while the Fe signal, 

hich is mostly from the metal underneath, gets attenuated. 

The XANES spectra of V L-edge and O K-edge and corresponding 

-XAS images of VIII at 517.5 eV and metal oxides at 532.5 eV pro- 

ide further information on the martensitic stainless steel austeni- 

ized at 1010 °C, as shown in Fig. 11 . The thickening of surface ox-

des on all phases, as well as the formation of tempering nitrides 

ithin the martensite matrix are observed as the temperature in- 

reases, which are very similar to the behaviours occurred on the 

080 °C austenitized samples. The evolution of the spectra of O K- 

dge of the martensite matrix phase of 1010 °C austenitized sam- 

le are identical to the results of the Cr L-edge, which shows an 

ncrease in the signal intensity with increasing temperature, but it 

oes not exceed that on Cr2 N region after heating at 600 °C. Com- 
199
aring with the μ-XAS images at the Cr and Fe L-edge, there is 

nly minor variation in the V L-edge and O K-edge intensity in the 

artensite matrix. This is due to the fact that the amount of V in 

he martensite matrix is negligible compared with the secondary 

hase, whereas the O K-edge spectra indicate that the amount of 

he oxide film is quite uniform on the martensitic matrix. 

As shown in Fig. 12 , the XANES spectra of N K-edge of the 

010 °C austenitized martensitic stainless steel are characterized by 

he asymmetric features of Cr nitrides and V nitrides, showing the 

ighest intensity at 398.7 and 400.4 eV, respectively. The formation 

f tempering nitrides during the in-situ heating is also observed in 

he martensite matrix when the temperature reached to 600 °C. It 

s noted that the peak position of the N K-edge spectra is differ- 

nt on the dotted circle area and solid circle area, which appears 

t the peak for Cr nitride and V nitride, respectively. This indicates 

hat in the dotted circle area, V preferentially combines with N to 

orm VN type nitrides in the martensite matrix during the heat- 

ng process; therefore, more Cr is available to form oxides upon 

xidation. However, in the solid circle area, more Cr is occupied by 

orming tempering nitrides, resulting in less Cr oxides composed in 

he oxide film formed at lower temperatures. This also leads to in- 

omogeneity in the surface oxide film on the martensitic stainless 

teel austenitized at 1010 °C. In all, the pronounced inhomogeneity 

nd relatively lower Cr content in the surface oxide film may ex- 

lain a lower corrosion resistance of the martensitic stainless steel 

ustenitized at 1010 °C as observed previously [22] . 

Based on the combined results from this study, the diagram in 

ig. 13 schematically illustrates the nano-scaled chemical inhomo- 

eneity of the native oxide film formed on the different phases 

f the V- and N-containing martensite stainless steel, as well as 

heir evolution with the heating temperature relevant for temper- 

ng. The Cr2 N and VN regions form an oxide film composed mainly 
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Fig. 10. Comparison of the XANES spectra of Fe L-edge and corresponding μ-XAS images at photon energy of 708.8 eV obtained at ambient temperature and after in-situ 

heating up to 600 °C on the V- and N-containing martensite stainless steel. The sample was austentized at 1010 °C. The colour circles on the images are marked regions 

from which the spectra are extracted. 

Fig. 11. Comparison of XANES spectra of V L-edges and O K-edge, and corresponding μ-XAS images at 517.5 and 532.5 eV obtained at ambient temperature and after in-situ 

heating up to 600 °C on the V- and N-containing martensite stainless steel. The sample was austentized at 1010 °C. The colour circles on the images are marked regions 

from which the spectra are extracted. 
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Fig. 12. Comparison of XANES spectra of N K-edges and corresponding μ-XAS images at 398.7 eV obtained at ambient temperature and after in-situ heating up to 600 °C 
on the V- and N-containing martensite stainless steel. The sample was austentized at 1010 °C. The colour circles on the images are marked regions from which the spectra 

are extracted. 

Fig. 13. Schematic diagram illustrating the nano-scaled chemical inhomogeneity passive film formed on V- and N-containing martensite stainless steel and the evolution 

with increased tempering temperature. Upper part: austenitized at 1080 o C, and down part: austenitized at 1010 o C. 
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f Cr oxide and V oxides, with a minor amount of Fe oxides com- 

ared to the oxide film formed on the martensite phase. The heat- 

ng up to 600 °C promotes the oxide growth, and the thickness of 

xide film on the martensite phase increases significantly. In con- 

rast, the oxidation of the nitrides is much slower even at 600 °C. 

he formation of tempering nitrides (mainly VN) occurs within the 

artensite phase upon heating at 600 °C for 2 h. 

Among the alloying elements in this martensite stainless steel, 

 is the strongest nitride-forming element, followed by Cr, Mo (mi- 

or amount), and Mn (minor amount) [ 52 , 53 ]. During formation of

itrides, there exists a competition among these elements. V atoms 

referentially combine with N atoms to form nitrides, and the MN 

ype is the most stable form for V-nitrides [ 54 , 55 ]. If V content

s sufficient in the steel, almost all N atoms will form V-rich MN 
201
ype nitrides finally. In this V- and N-containing stainless steel, the 

mount of V atoms is not enough to form stable V-nitrides only, 

o the nearby Cr atoms also combine with N atoms to form Cr- 

itrides, thereby Cr was also detected in the VN-rich region ( Fig. 6 ).

r2 N-rich (M2 N type) nitrides with a minor V content could form 

hen V is insufficient in the steel [3] , in agreement with our ob- 

ervation shown in Fig. 8 . 

In the tempering at high temperature, e.g. 600 °C, interstitial 

toms (N) can diffuse much more readily than substitutional ele- 

ents (Cr, V, Fe, etc.) [ 3 , 56 ]. Thus, in the martensite phase where

 exists as solid solution, a slight aggregation of N atoms occurred 

 Fig. 7 ), resulting in V-rich VN as tempering nitrides ( Fig. 8 ). Ow-

ng to the V enrichment in the tempering nitrides, no severe Cr 

onsumption occurs, implying that the tempering process will not 
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ause the loss of passivity for the V- and N-containing martensite 

tainless steel austenitized at 1080 °C. 

According to the Thermo-Calc calculation results shown in Sup- 

lementary Table 1, austenitization at both 1010 °C and 1080 °C 

esulted in the preferential dissolution of M23 C6 , which has lower 

hermal stability. The high N content restrained the precipitation 

f M23 C6 and promoted the precipitation of M2 N simultaneously, 

hich implies that the M23 C6 induced Cr-depletion was allevi- 

ted, and the M2 N induced Cr-depletion was aggravated [19] . M2 N 

as a higher thermal stability than M23 C6 . Therefore, the relatively 

ow austenitizing temperature (1010 °C) resulted in the insuffi- 

ient dissolution of Cr2 N, leading to a lower Cr content in the ma- 

rix. The addition of N has been reported to contribute to the im- 

rovement of repassivation ability, because N can react with H+ 

o form NH3 /NH4 
+ and thus alleviate acidification in pitting cor- 

osion [ 18 , 57 ]. However, this positive effect no longer exists as the

issolved N in the matrix is saturated [19] . The excess N will con-

ume the alloying elements that form the passive film, such as Cr. 

or the high-N tooling steel in this study, the formation of metal 

itrides is necessary to achieve the required performance such as 

ear resistance and hardness. The best strategy for this martensite 

tainless steel with V and N is to allow V-nitrides to form primar- 

ly in the martensite since V is highly reactive with N. In addition 

o undissolved VN particles, excess N present in the form of solid 

olution may form Cr2 N, in a relatively small amount. 

For the V- and N-containing martensite stainless steel austeni- 

ized at 1010 °C, the dissolution of undissolved nitrides (Cr2 N) is 

nsufficient inside the martensite phase, resulting in a lower Cr 

ontent in the matrix. The formation of tempering nitrides at 600 

C further consumes the alloying elements (especially Cr) in the 

artensite phase, which increases the inhomogeneity in the sur- 

ace oxide film on the martensite phase ( Fig. 9 and Supplementary 

ig. 4), that is, the Cr2 O3 content of the oxide film is lower in the

reas where Cr content in the matrix is lower. 

. Conclusions 

In this work, synchrotron-based hard X-ray photoelectron emis- 

ion microscopy and spectroscopy (HAXPEEM and HAXPES) mea- 

urements were performed to investigate the chemical inhomo- 

eneity of the native oxide film associated with the microstruc- 

ure of a N- and V-containing martensitic stainless steel. Moreover, 

ynchrotron-based microscopic X-ray absorption (μ-XAS) measure- 

ent utilizing a high brilliance and high flux soft X-ray beam, with 

n-situ heating, was performed to further reveal the nano-scale in- 

omogeneity and the evolution with increasing temperature from 

mbient temperature up to 600 °C relevant for tempering treat- 

ent. The fingerprinting features of the HAXPEEM and μ-XAS al- 

owed for the high-resolution observation of the oxide film formed 

n various phases of the martensitic stainless steel as well as the 

omposition difference caused by the formation of tempering ni- 

rides. Based on the combined results, the following conclusions 

an be drawn: 

(1) Synchrotron-based HAXPEEM/HAXPES in combination with 

-XAS measurements enabled, for the first time, analyses of thin 

xide films formed on the micron- and nano-scale secondary phase 

articles in the martensitic matrix. 

(2) The N- and V-containing martensitic stainless steel contain 

N- and Cr2 N-type particles as secondary phase after austenitiza- 

ion process. The native oxide film on the Cr2 N particles is more 

nriched in Cr2 O3 compared with that on the martensite matrix, 

n which a higher Fe oxide content is observed. The VN nitride 

omains contain trace amount of co-precipitated CrN particles, re- 

ulting an oxide film with a mixture of V oxides and Cr oxides. 

(3) With the increase of temperature, the oxide growth rate on 

he martensite matrix is faster compared to that on the VN and 
202
r2 N particles, due to the fast oxidation rate of metallic Cr in the 

artensite matrix and slow nitride-to-oxide transformation. The 

empering at 600 °C promotes the formation of tempering nitrides 

mainly VN particles) in the martensite matrix. 

(4) The formation of VN-type tempering nitrides relieves the 

onsumption of Cr from forming nitrides, which favours the forma- 

ion of an oxide film with higher Cr2 O3 content. The low austeniti- 

ation temperature of 1010 °C strongly slows down the dissolution 

f VN and Cr2 N particles into the matrix, which results in reduced 

mounts of V and Cr in the martensite matrix and hence hampers 

he formation of an oxide film with higher contents of Cr2 O3 and 

 oxides. The localised formation of tempering Cr nitrides within 

he martensite matrix further increases the inhomogeneity in the 

urface oxide film, giving raise to the risk for localized corrosion at 

he weak points of the oxide film (lower Cr2 O3 content). 
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