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a b s t r a c t 

In this study, Fe-24Mn-2Al-0.45C twinning-induced plasticity (TWIP) steel was investigated after active 

screen plasma nitriding (ASPN) at 350–480 °C. Up to 450 °C, the ASPN-treated TWIP steel showed a 

double-layered structure, with a topmost Fe 4 N-type γ ’ layer and an underlying interstitial solid solution. 

The underlying nitrogen interstitial solid solution obtained on ASPN-treated TWIP steel can be identified 

as γ N(i) , being expanded austenite with small lattice expansions at low nitrogen (and carbon) absorp- 

tion levels. However, the 480 °C ASPN-treated TWIP steel surface is composed of an unexpected MnO- 

containing ferritic topmost layer and a thick underlying γ N(i) layer, which corresponds to a hardness- 

depth profile different to those obtained at 350–480 °C. Hence, we propose and elucidate a selective 

oxidation mechanism (that occurred alongside nitrogen inward diffusion) on TWIP steel during ASPN 

treatment, which can be attributed to (a) an elevated treatment temperature that allowed Mn migration, 

(b) a processing atmosphere with low oxygen partial pressure, and (c) a high-Mn substrate chemical 

composition with low Al/Mn (or Si/Mn) ratio. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

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

Since the early 1980s, low-temperature plasma nitriding has 

een studied and developed for austenitic stainless steels (ASSs) 

o improve material surface hardness and wear resistance with 

o loss of (in some cases, improved) corrosion properties [1–4] . 

he enhancement in surface properties is due to the formation 

f nitrogen interstitially supersaturated surface layer on ASSs. The 

ow nitriding treatment temperatures ( < 450 °C) enable inward 

iffusion of interstitial elements in the absence of segregation of 

arge substitutional elements [5] . After the accommodation of ex- 

remely high (or “colossal” [6–8] ) quantities of nitrogen, the origi- 

al face-centered cubic (FCC) structure experiences a characteristic 

nisotropic lattice expansion, which comes to the terminology of 

itrogen-expanded austenite, γ N (also known as S-phase) [8–15] . 

r is considered an essential element for nitrogen-supersaturation, 

hich was hypothesised to be achieved via “trapping” of N by 

r atoms, thereby forming short-range ordered Cr-N “clusters”
∗ Corresponding author. 

E-mail addresses: x.tao@bham.ac.uk , hugou2008@hotmail.com (X. Tao) . 
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16–20] . Martinavicius et al. [ 21 , 22 ] reported local Cr/N rich re-

ions in γ N , which has led to the consideration of spinodal de- 

omposition in γ N at typical low nitriding treatment temperature 

 23 , 24 ]. Nitrogen-supersaturated expanded austenite is known to 

orm on the surface of various Cr-containing corrosion-resistant 

lloys (i.e. Fe-Cr-Ni/Mn, Co-Cr and Ni-Cr systems, as reviewed in 

ef. [18] ). 

Despite the significant effort dedicated to nitrogen- 

upersaturation of high-Cr substrates, little attention has been 

aid to the low-temperature thermochemical diffusion treatment 

f Cr-free Mn/Ni-stabilised austenitic steels. Following a study 

n triode-plasma nitriding (TPN) for a non-stainless Fe-36Ni and 

 Fe-19Cr-35Ni ASS alloy at 400–450 °C [25] , a high Cr content 

n the substrate alloy plays a pivotal role in colossal interstitial- 

upersaturation, but not a necessity for the development of the 

itrogen-induced lattice expansion. Increases in Cr content from 

 to 17.66 wt% in Fe-Cr-Ni systems (at a constant ∼27 wt% Ni) 

an enhance surface nitrogen absorption upon plasma nitriding at 

80 °C [26] . 

As reviewed by Cooman et al. [27] , high-Mn austenitic 

winning-induced plasticity (TWIP) steels – with the typical com- 

osition of 15–30 wt% Mn, < 1 wt. % C, < 3 wt% Al and < 3 wt%
. This is an open access article under the CC BY license 
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i – have drawn extensive interest for their unique strain hard- 

ning behavior and a good combination of mechanical properties 

or automotive, cryogenic storage, and non-magnetic structural ap- 

lications. Despite their high ultimate tensile strength and good 

trength-ductility balance, austenitic TWIP steels possess relatively 

ow yield strengths and can exhibit poor wear and corrosion per- 

ormance. Thermochemical nitrogen diffusion treatment has the 

otential to enhance the poor wear and corrosion performance of 

r-free, high-Mn TWIP steel. 

Given the chemical composition of TWIP steel (i.e. no/low Cr, 

igh-Mn and low-Al content), a relatively thick “less-expanded” ex- 

anded austenite (as reported on Fe-36Ni Invar [25] ) is anticipated 

fter low-temperature plasma nitriding treatments. Firstly, a “non- 

tainless” steel substrate tends to have a thicker treatment layer 

han its stainless counterpart after equivalent low-temperature ni- 

riding treatment at ∼400–450 °C (i.e., ∼10–25 μm on Fe-36Ni, 

nd ∼4–14 μm on Fe-19Cr-35Ni) [25] . Secondly, the Al alloying 

ontent in TWIP steel tends to promote nitrogen absorption and 

ight act as a “nitrogen-trapper” similar to that of Cr, since both 

r and Al are strong nitride-forming elements in steel. Thirdly, 

ompared to high-Ni ASSs, Mn-stabilised ASSs tend to possess 

igher nitrogen absorption, larger ‘apparent’ lattice expansions and 

igher surface hardness following plasma nitriding treatments [28–

2] . The high Mn content in TWIP steels can enhance N interstitial 

olubility. 

Al-addition in steels can be beneficial for reduced density 

 ∼1.3% reduction in density per 1 wt% Al addition [33] ). However, 

igh Al addition (and high C content) in TWIP steel can lead to κ-

arbide precipitation and destabilisation of austenite during heat 

reatments (as reviewed by Chen et al. [34] ). Given this consider- 

tion, low-Al medium-C TWIP steel was selected and investigated 

n this study to avoid the destabilisation of austenite during sys- 

ematic nitriding treatments between 350 and 480 °C. This study 

aves the way toward industrial implementations of plasma sur- 

ace engineering technologies for high-Mn steels and provides new 

nsights for nitrogen interstitial ‘expandable’ engineering steels. 

. Experimental 

.1. Material and surface treatments 

TWIP steel with nominal composition, Bal. Fe, 24 wt% Mn, 

 wt% Al, 0.45 wt% C and 0.05 max wt% Si, was received and pre-

ared to ∼25 × 25 × 3 mm plates. One side of the plate was 

round successively using P40 0, P80 0 and P120 0 SiC paper. Ground 

lates were ultrasonically cleaned in acetone for 15 mins. Active 

creen plasma nitriding (ASPN) was carried out for 10 h at 350, 

00, 450 and 480 °C using an industrial Plasma Metal active screen 

lasma unit. For comparison, AISI 316 stainless steel samples (with 

ominal composition, Bal. Fe, 18 wt% Cr, 11 wt% Ni, 3 wt% Mo) 

ere also prepared and treated at 450 and 480 °C for 10 h un- 

er equivalent ASPN conditions. A previous study on ASPN treat- 

ent of AISI 316 ASS (using the same plasma unit) can be found 

n Ref. [35] . Sample denotation in this study is based on treatment 

emperature and material. For example, N450-ASS and N450-TWIP 

enote the AISI 316 ASS and the TWIP steel samples nitrided at 

50 °C for 10 h, respectively. 

During ASPN treatments, the prepared TWIP steel samples and 

wo stainless steel ‘dummy’ samples (each inserted with a type 

 thermocouple for measuring and controlling temperatures dur- 

ng treatment) were placed on a 1.4 m diameter worktable in a 

 m tall vacuum chamber, which was then evacuated to below 

.01 mbar. The active screen was made of AISI 316 ASS. ASPN were 

ll carried out at 0.75 mbar in 25% N 2 + 75% H 2 gas mixture. The

orktable was connected to low electrical power at 0.75 kVA. The 

ctive screen was applied with a separate electrical power at 15–
2

5 kVA, depending on the target treatment temperature at 350–

80 °C. After treatment, cooling was carried out under vacuum at 

0.8 mbar before ventilation to atmospheric pressure at tempera- 

ures below ∼100 °C. 

In contrast to conventional direct current (DC) plasma nitriding 

where specimens are negatively biased and act as the cathode), 

n independent mesh cage (known as the active screen) acts as 

he cathode and the specimens are normally held at floating po- 

ential (or applied with a small negative bias) under ASPN [35–37] . 

n this way, ion bombardment, cathodic sputtering and arc forma- 

ions are redirected away from the sample to the active screen dur- 

ng ASPN. The increase in treatment temperature during ASPN is 

rimarily achieved by the thermal radiant heating from the active 

creen, which requires higher electric power applied on the active 

creen (instead of workpiece). It is worth mentioning that, follow- 

ng ASPN treatment using a stainless-steel active screen, nanopar- 

icle deposition of Fe x N can be observed on the sample surfaces, 

hich is owing to material transfer via a “sputtering (from the ac- 

ive screen) and deposition (onto the sample surface)” mechanism 

37–40] . When the stainless-steel screen is integrated (or replaced) 

ith other materials in the case of ASP surface functionalisation 

reatments, depositions other than iron-nitrides can be achieved 

n metallic [41–43] and C-based materials (as reviewed in [44] ) 

or enhanced electric properties. 

.2. Material characterisation and evaluation 

X-ray diffraction (XRD) analysis was carried out using a PROTO 

XRD benchtop diffractometer (Cu-K α, 0.154 nm). The 2-Theta 

canning angle, step and dwell time are 30–80 °, 0.015 ° and 

 s, respectively. The elemental depth profiles were investigated 

ia glow discharge optical emission spectroscopy (GDOES) using 

 Spectruma GDA650HR instrument. Sample cross-sections were 

repared and etched in 5% Nital (vol%) for TWIP steel and 50HCl- 

5HNO 3 -25H 2 O (vol%) for AISI 316 stainless steel. 

Scanning electron microscopy (SEM) images were taken from an 

EI Quanta 3D microscope. Layer thicknesses were measured from 

tched sample cross-sections under SEM. Cross-sectional transmis- 

ion electron microscopy (TEM) samples were extracted from the 

op of treated surfaces and thinned using an FEI Quanta 3D instru- 

ent under a 30 kV Ga + ion beam. TEM samples were then ex- 

mined under a Jeol 2100 microscope (LaB 6 , 200 kV) and a Philips 

ecnai F20 microscope (FEG, 200 kV). Scanning TEM (STEM) and 

igh angle annular dark-field (HAADF) imaging was performed un- 

er a Philips Tecnai F20 microscope. 

Nanoindentation hardness was evaluated on sample cross- 

ections under depth control mode (constant indent depth at 

200 nm) using a Micro Materials NanoTest Vantage instrument, 

quipped with a diamond Berkovich indenter. The load-depth data 

ere processed based on the Oliver–Pharr method. The displace- 

ent from surface for each indent was measured under SEM. Sur- 

ace Vickers micro-hardness was evaluated using a Mitutoyo MVK- 

1 hardness indenter at an indentation load of 0.025 kg and a 

well time of 10 s. The mean hardness values ± standard devia- 

ions were evaluated from at least 8 indents made at random lo- 

ations on top of sample surfaces. 

. Results 

.1. Surface morphology and layer thickness 

Fig. 1 shows the top-view surface morphology for TWIP steel 

fter ASPN. The nano-particles observed following ASPN are most 

ikely iron nitrides, Fe x N, formed via a “sputtering and deposition”

echanism, which typically refers to material transfer from the ac- 

ive screen unit [37–40] . The increased number density of Fe x N 
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Fig. 1. SEM images showing the surface morphology of TWIP steel after ASPN at 450 °C (a) and (b) 480 °C. 

Table 1 

Layer thicknesses (measured from etched cross-sections) and surface hardness; data 

are presented as mean ± standard deviation. 

Layer thickness, μm Surface hardness, HV 0.025 

Top layer Total layer 

UNT-TWIP / / 310 ± 17 

N350-TWIP 1.4 ± 0.3 2.4 ± 0.1 555 ± 68 

N400-TWIP 3.3 ± 0.6 7.0 ± 0.3 892 ± 37 

N450-TWP 6.2 ± 0.9 12.5 ± 0.6 1275 ± 95 

N480-TWIP 0.7 ± 0.2 13.2 ± 1.5 738 ± 39 

UNT-ASS / / 239 ± 9 

N450-ASS / 10.3 ± 1.1 1342 ± 116 

N480-ASS / 13.3 ± 1.3 1464 ± 111 
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l  
anoparticles at elevated treatment temperature ( Fig. 1 b) is consis- 

ent with the higher electric power applied (and more sputtering) 

n the active screen for achieving/maintaining a higher treatment 

emperature. Noticeably, the abrasive grooves introduced during 

ample grinding were still observed after ASPN, which demon- 

trates limited cathodic sputtering on workpice during the ASPN 

reatment. 

Fig. 2 shows the cross-sectional layer morphology after etching. 

 single layer was seen on both N450-ASS and N480-ASS ( Fig. 2 a

nd b) with a clear interface to the underlying material core. Dark 

egions were seen at the top of the treated layer on N480-ASS 

 Fig. 2 b), which can be attributed to the local decomposition of γ N 

ith CrN precipitation forming at the higher treatment tempera- 

ure. In contrast, TWIP steel showed a double-layered morphology 

fter ASPN treatments ( Fig. 2 c–f), where a sharp interface can be 

bserved between the topmost layer and the underlying layer, sug- 

esting different phase compositions (see Section 3.4 ). 

Layer thicknesses were measured from etched sample cross- 

ections and presented in Table 1 . In general, the thickness of the 

otal treatment layer on TWIP steel increases with increasing treat- 

ent temperature after ASPN at 350–480 °C. However, different to 

he consistent increase in layer thickness with treatment tempera- 

ure (for both the topmost layer and the total layer) for TWIP steel 

reated at 350–450 °C, the thickness of the topmost layer drops 

harply from ∼6.6 μm on N450-TWIP to ∼0.7 μm on N480-TWIP, 

hich could be associated to the change in surface phase compo- 

ition. After ASPN at 450 °C, the treatment layer obtained on TWIP 

teel appear to be thicker than those formed on ASS (cf. ∼12.5 μm 

n N450-TWIP and ∼10.3 μm on N450-ASS). However, at an ele- 

ated treatment temperature of 480 °C, N480-TWIP and N480-ASS 

howed a similar total layer thickness at ∼13 μm. 
3 
.2. Composition depth distribution 

The composition-depth distribution was investigated using 

DOES and the results are shown in Fig. 3 . Similar to the nitrogen-

xpanded austenite layers reviewed in [ 15 , 18 ], the nitrogen profile 

or N450-ASS shows a gradual decline across the treatment layer 

nd an abrupt drop at the layer/substrate interface ( Fig. 3 a). In con-

rast, corresponding to the double-layered morphology observed 

n TWIP steel after ASPN at 350–450 °C ( Fig. 2 c–e), GDOES curves 

n Fig. 3 c–e reveal a topmost high-nitrogen region and an under- 

ying low-nitrogen region, with the latter exhibiting a rather long 

tail” of gradually reducing nitrogen content towards the core. A 

hange in the gradient of nitrogen profiles (or nitrogen “shoulder”) 

an be identified in Fig. 3 c–e at the interface between the topmost 

nd the underlying layer. As indicated by the vertical dashed lines 

n Fig. 3 c–e, these “N shoulders” locate at 1.3 μm for N350-TWIP, 

.1 μm for N400-TWIP, and 5.7 μm for N450-TWIP, which agree 

ith the top layer thicknesses measured from the etched sample 

ross-sections, i.e., at 1.4 μm, 3.3 μm and 6.2 μm, respectively 

 Table 1 ). 

A carbon hump is observed at the nitrogen front on ASS after 

SPN at both 450 and 480 °C ( Fig. 3 a and b), which is attributable

o carbon atoms being pushed inward under the nitrogen inward 

iffusion. A similar C hump can be identified at the end of the total 

reatment layer on TWIP steel after ASPN at 350–450 °C in Fig. 3 c–

. Intriguingly, and consistent with the double-layered structure, 

n additional C hump can be seen at the interface between the 

wo layers on ASPN-treated TWIP steels. This additional C hump is 

een at approximately the same depth as the abovementioned N 

shoulder”. For TWIP steels after ASPN at 350–450 °C, C content 

eems depleted at the topmost layer before increasing towards the 

rst hump ( Fig. 3 c–e). In the underlying layer, C content was found

t an intermediate level > 1.4 at% ( > ∼0.3 wt%), which increased 

o a level greater than 2.0 at% at the second C hump, before gradu- 

lly recovering towards 2.0 at% ( ∼0.45 wt%) within the unmodified 

ore. In agreement with ASS, carbon atoms at the surface of TWIP 

teel also appeared to be pushed inward under the influence of 

itrogen inward diffusion. No significant concentration variation is 

oticed for Fe, Al and Mn for TWIP steel after ASPN treatments at 

50-450 °C. 

Compared to the TWIP steels treated between 350 and 450 °C 

 Fig. 3 c–e), N480-TWIP shows a thicker total nitrogen layer depth 

for a higher treatment temperature employed), but at much lower 

itrogen concentration levels. The 0.8 μm thick topmost region on 

480-TWIP (as indicated in Fig. 3 f) corresponds to the thin surface 

ayer in Fig. 2 f. The thick underlying layer on N480-TWIP ( Fig. 2 f)
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Fig. 2. SEM images showing the treatment layers cross-sectionally on AISI 316 ASS (etched in 50HCl-25HNO 3 -25-H 2 O, vol%) after ASPN treatments: (a) N450-ASS, (b) N480- 

ASS; compared to TWIP steel (etched in 5% Nital) after ASPN treatments: (c) N350-TWIP, (d) N400-TWIP, (e) N450-TWIP, and (f) N480-TWIP. 
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hows a long “tail” of gradually reducing nitrogen content towards 

he unmodified core ( Fig. 3 f). Two C humps were also found on

480-TWIP in Fig. 3 f, where the topmost layer exhibits the lowest 

 content at > 0.7 at% and the underlying layer shows an inter- 

ediate carbon level of > 1.2 at% (in contrast to 2 at% C for the

nmodified substrate). Most importantly, within the 0.8 μm thick 

opmost layer on N480-TWIP, Fig. 3 f shows (i) Fe “peak” and Mn 

valley” (with the highest point of Fe and the lowest point of Mn at 

he same depth of ∼0.4 μm) and (ii) a “flattened” N profile and a 

valley” in C profile, indicating a surface phase composition differ- 

nt to those at 350–450 °C (see further discussion in Section 4.3 ). 

.3. Surface hardening 

Surface hardness values are presented in Table 1 . Consistent 

ith the increase in layer depth, the surface hardness of TWIP 

teel increases with treatment temperature from ∼555 HV 
0.025 

4 
t 350 °C to ∼1275 HV 0.025 at 450 °C. The surface hardness of 

450-TWIP at ∼1275 HV 0.025 is at a similar level to N450-ASS at 

342 HV 0.025 . However, compared to the further increase in sur- 

ace hardness for ASPN-treated ASS from ∼1342 HV 0.025 at 450 °C 

o ∼1464 HV 0.025 at 480 °C, the surface hardness of ASPN-treated 

WIP drops to ∼738 HV 0.025 at 480 °C, which associates well with 

he change in nitrogen absorption as shown in Fig. 3 e&f. 

The cross-sectional nanoindentation hardness-depth profiles 

re shown in Fig. 4 . The hardness-depth profiles for N450- 

WIP and N480- TWIP agree with the double-layered morpholo- 

iesin Fig. 2 e&f and the nitrogen composition-depth distributions 

n Fig. 3 e&f. N450-TWIP shows (a) high hardness values above 

10 GPa at the topmost surface at depths < 6.7 μm, and (b) a 

harp drop in hardness from 9.4 to 6.9 GPa between the depths 

f 6.7–8.2 μm ( Fig. 4 ). Such hardness profile correlates well to the 

6.6 μm thick topmost layer shown in Figs. 2 e& 3 e. The highest

easured hardness value on N450-TWIP is 14.4 GPa at a depth 
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Fig. 3. GDOES composition depth profiles for ASS steel after ASPN at (a) 450 °C and (b) 480 °C, and TWIP steel after ASPN at (c) 350 °C, (d) 400 °C, (e) 450 °C and (f) 

480 °C. ∗Carbon profile is intensified by a factor of 50 for ASS and a factor of 5 for TWIP steel. 

5 
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Fig. 4. Nanoindentation hardness-depth profiles for TWIP steel after ASPN at 450 and 480 °C. 
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f 2.1 μm. The underlying region beyond the depth of 6.7 μm 

n N450-TWIP shows much lower surface hardness values (below 

9 GPa), which gradually reduce until the unmodified core. Com- 

ared with N450-TWIP, N480-TWIP presents with a) reduced hard- 

ess values at surface and b) a shallow profile of reducing hardness 

own to the material core (7.7 GPa at a depth of 2.8 μm to ∼4 GPa

t a depth of 14.2 μm) in Fig. 4 . Noticeably, the highest nanoin-

entation hardness value for N480-TWIP is 9.0 GPa at a depth of 

.0 μm, which is comparable to the hardness value of 9.4 GPa at 

 depth of 6.7 μm (i.e. at the start) for the underlying layer on 

450-TWIP. 

.4. Surface phase composition 

.4.1. XRD analysis 

On N450-ASS, the formation of nitrogen-expanded austenite is 

vident with the characteristic anisotropic XRD peak shifting (to 

he left from γ substrate ) in Fig. 5 a. This corresponds to an ’aparent’ 

attice expansion of ∼7.2% for the FCC(111) peak, shifting from 43.6 

to 40.5 °, and ∼9.6% for the FCC(200) peak, shifting from ∼50.6 °
o ∼45.9 °. In contrast, the TWIP steel ASPN-treated at 350–450 °C 

resented isotropic peak shifting, i.e. ∼5.7-5.8% lattice expansion 

or both FCC(111) and FCC(200) peaks ( Fig. 5 b). After ∼3 μm layer

emoval, the ground N450-TWIP shows no significant change in 

eak position ( Fig. 5 b). Compared to the reference γ ’-Fe 4 N from 

owder diffraction (PDF) card 01-071-1297, these ‘new’ XRD peaks 

n ASPN-treated TWIP at 350–450 °C are most likely owing to the 

ormation of Fe 4 N-type γ ’ nitride ( Fig. 5 b). 

Due to the Cr-nitride formation and decomposition of γ N at el- 

vated nitriding treatment temperatures, CrN and α peaks were 

xpected, and found, on N480-ASS in Fig. 5 a. The γ N (111) and 

N (200) peaks for N480-ASS in Fig. 5 a can be attributed to resid- 

al γ N . On the other hand, compared to those treated at 350–

50 °C, a substantial microstructure change appears to have de- 

eloped on 480 °C ASPN-treated TWIP steel, as evidenced by the 

ignificantly different XRD phase profile of N480-TWIP ( Fig. 5 b). 

iven the high chemical affinity between Al and N, AlN precipi- 

ation has been anticipated, but no AlN XRD peaks could be iden- 

ified for N480-TWIP. 
6 
Correct identification of the unexpected phases formed on 

480-TWIP is important for understanding the ‘decomposition’ 

echanism involved. Considering that the X-ray attenuation depth 

s > 2 μm on TWIP steel, and a < 1 μm thick topmost layer on

480-TWIP, the XRD profile for N480-TWIP corresponds to both 

he topmost and the underlying layers. To aid phase identification, 

480-TWIP was ground to remove ∼3 μm from the surface to re- 

ove the topmost layer. Three peaks can be seen on the ground 

urface at positions slightly left-shifted from γ substrate – that can 

e denoted as γ N(i) (see further discussions in Section 4.2 ) – cor- 

esponding to the underlying layer on N480-TWIP. XRD peaks of 

N(i) (with < 1% lattice expansion to γ substrate ) can be identified 

n as-treated N480-TWIP in Fig. 5 b, which gradually shift towards 

substrate after surface grinding. Similar γ N(i) XRD peaks can also be 

een on N350-TWIP at the left of the γ substrate peaks as indicated 

n Fig. 5 b, owing to X-ray attenuation through the thin ( ∼1.4 μm) 

opmost layer. The absence of such γ N(i) XRD peaks on N400-TWIP 

nd N450-TWIP can be attributed to the thick γ ’-Fe 4 N layer on 

hose samples. 

Most importantly, for N480-TWIP, those peaks other than γ N(i) 

riginate from the topmost surface layer. Among these XRD peaks, 

wo peaks at 2 θ angles of 44.6 ° and 64.8 ° in Fig. 5 b show good

atch to body-centered cubic (BCC) α-Fe, which should contain 

 from the nitriding atmosphere and can be denoted as BCC- αN . 

he remaining three peaks at 2 θ angles of 35.1 °, 40.7 ° and 58.9 

correspond to an FCC structure with lattice parameter at ∼0.44 

m, which corresponds well to a MnO phase (and is further sup- 

orted by the S/TEM-EDX analysis in Section 3.4.2 ). Noticeably, the 

CC- αN on N480-TWIP – as further revealed being a continuous 

urface layer (see TEM characterisation below in Section 3.4.2 ) –

s different from the thin BCC-structured nano-lamellae in cellular 

ecomposion regions in S-phase [ 30 , 45 ]. 

.4.2. TEM characterisation 

N400-TWIP, N450-TWIP and N480-TWIP were further investi- 

ated under TEM. Electron diffraction patterns (EDPs) in Fig. 6 b–

 (taken at depths < 5 μm) show typical FCC spots with forbid- 

en diffraction reflections for the topmost γ ’ layer on N450-TWIP. 
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Fig. 5. XRD profiles for (a) AISI 316 ASS and (b) TWIP steel before and after ASPN. Both N450-TWIP and N480-TWIP were ground to remove ∼3 μm thick surface layer. The 

XRD profiles for these ground samples are presented in blue colour in Fig. 5 b. 
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hese forbidden FCC reflections (as indicated by arrows in Fig. 6 b–

) are attributable to the ordered occupation of N atoms at octa- 

edral interstices, which reaffirm the γ ’-Fe 4 N type structure. EDPs 

or the underlying γ N(i) layer were taken at a depth of ∼5 μm 

n N400-TWIP, which reveal an FCC structure without forbidden 

iffraction reflections ( Fig. 7 b&c), suggesting interstitial solid solu- 

ion of nitrogen (and carbon, giving its significant C content under 

DOES in Fig. 3 d). 

BF-TEM image in Fig. 8 a reveals several phase constituents at 

he topmost surface of N480-TWIP. STEM-EDX analysis was also 

arried out to reveal the chemical composition and aid in phase 

dentification on N480-TWIP ( Fig. 9 ). EDX maps of Si and C did

ot reveal valuable information (owing to the low chemical con- 

entration and the light element nature) and hence are not pre- 
7 
ented in Fig. 9 . Below the Pt deposition layer, a porous “external”

egion can be seen above the surface (labelled as Region I in Fig. 9 ).

ore importantly, using a ∼700 nm diameter diffraction aperture, 

DP shows polycrystalline rings at the dense “internal” surface on 

480-TWIP (below the flat surface line in Fig. 8 a and Fig. 9 ). . A

hick ∼50 0–70 0 nm "internal" region was revealed and labelled as 

egion II in Fig. 9 (and shown at a lower magnification in Fig. A1 ,

ppendix A). The EDX data in Fig. 9 indicates that Region II is 

omposed of Fe-depleted & Mn/O-rich phase(s) within a low-Mn 

 Fe-rich matrix, which corresponds to the polycrystal rings seen 

n Fig. 8 b. Hence, the polycrystal rings in EDP ( Fig. 8 b) and the

new’ surface XRD peaks ( Fig. 5 b) for N480-TWIP can be indexed 

s FCC-MnO and BCC- αN . Considering a nitriding atmosphere and 

he homogenous N distribution within Region II ( Fig. 9 f), the MnO 
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Fig. 6. (a) BF-TEM image and b-d) EDPs for the topmost layer on N450-TWIP (taken at location ∼3 μm from the surface). The diffraction aperture position is indicated in 

Fig. 6 a. Forbidden FCC reflections are indicated using arrows. 

Fig. 7. (a) BF-TEM image and (b), (c) EDPs for the underlying layer on N400-TWIP. Images were taken at depth of ∼5 μm from the surface on the cross-sectional TEM 

sample. The diffraction aperture position is indicated in Fig. 7 a. 
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articles could contain N content (similar to that in αN ) and might 

e expressed as Mn(O, N). 

Apart from Region II, the topmost Region I is composed 

f nano-structural features above the dashed surface lines 

 Figs. 8 a& 9 ). Since Pt was deposited prior to FIB milling, a dashed

ine can be drawn based on the Pt contrast in Fig. 9 b under STEM-

DX analysis. From surface to core on N480-TWIP, round Fe-nitride 
8

anoparticles of ∼50–150 nm in diameter (rich in Fe and N, as 

emonstrated in Fig. 9 a&c&f) – as also found under SEM from 

he top ( Fig. 1 b) – were observed directly beneath the Pt depo- 

ition, which are attributable to Fe x N nitride depositions that orig- 

nate from material transfer from the active screen [37–40] . Mn- 

xide bands, as demonstrated in Fig. 9 a&d&g, are observed be- 

ow the Fe x N nanoparticles. Noticeably, different to the topmost 
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Fig. 8. (a) BF-TEM image and (b) selective area EDP for N480-TWIP surface. The diffraction aperture position is indicated by the dashed circle in Fig. 8 a. 

Fig. 9. (a) STEM-HAADF image for the topmost surface of N480-TWIP, and corresponding EDX maps for elements: (b) Pt, (c) Fe, (d) Mn, (e) Al, (f) N, and (g) O, respectively. 

9
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5

e x N nitride nanoparticles, some Fe (N) nodules are observed at the 

ottom of Region I with much lower N content (see Fig. 9 c&f), 

hich are attributed to N-containing BCC-Fe. The flat dashed line 

rawn in Figs. 8 a& 9 , which marks the interface between Region 

 and II, were found consistent with the boundary in Al contrast 

n Fig. 9 e. Intriguingly, while no significant elemental segregation 

as found for Al, outward migration of Mn (and Fe) appears to fol- 

ow 480 °C ASPN (see further discussions on “selective oxidation” in 

ection 4.3 ). 

. Discussion 

.1. On the topmost Fe 4 N-type layer formed after ASPN at 

50–450 °C 

Similar topmost layers were obtained on TWIP steel after ASPN 

t 350–450 °C ( Fig. 2 c–e), which exhibit a high N content ( Fig. 3 c–

) and high hardness values (e.g., above ∼10 GPa on N450-TWIP 

n Fig. 4 ). Different to the anisotropically expanded γ N -316, these 

opmost layers on TWIP steel correspond to an isotropic lattice ex- 

ansion under XRD. The ground N450-TWIP shows no apprecia- 

le change in peak position ( Fig. 5 b). The consistent (or ‘unvaried’) 

RD peak positions for these topmost layers in Fig. 5 b (i.e., after 

SPN at 350–450 °C, and before/after grinding on N450-TWIP) and 

he forbidden FCC reflections ( Fig. 6 b–d) suggest that the topmost 

ayers consist of a Fe 4 N-type compound. Compared to the lattice 

arameter for γ ’-Fe 4 N at 0.379 nm, the slightly larger lattice pa- 

ameter of this Fe 4 N-type phase at ∼0.384 nm (estimated from 

RD peak positions) can be associated with the high Al/Mn con- 

ent (and probably a slightly higher nitrogen absorption) in TWIP 

teel. Given the TWIP steel chemical composition and the carbon 

epletion at the topmost surface (as revealed in Fig. 3 ), this top- 

ost nitride layer could be identified as γ ’-Fe 2.88 Mn 0.96 Al 0.16 N. In- 

tead of the “Fe 4 N-containing S phase” reported on Fe-26Mn-3Al- 

Cr-0.3C TWIP steel [46] , the surface of Fe-24Mn-2Al-0.45C TWIP 

teel shows Fe 4 N-type nitride (without S phase formation) after 

SPN treatments between 350 and 450 °C. As demonstrated in the 

e-Cr-Ni system [ 25 , 26 ], the absence of the S phase (or colossal in-

erstitial supersaturation of nitrogen) is attributable to the limited 

ontent of the nitride-forming element ( ∼2 wt% Al) for the Fe-Mn- 

l-C alloy used in this study. 

The formation of this topmost γ ’-Fe 2.88 Mn 0.96 Al 0.16 N layer on 

SPN-treated TWIP steel is found to be somewhat similar to the 

’-Fe 2.6 Ni 1.4 N obtained on a Cr-free Fe-35Ni (wt.%) Invar steel af- 

er TPN at 400 °C [25] , despite the different nitriding techniques 

mployed. Given the cubic-to-cubic orientation relationship to the 

nderlying FCC matrix, such γ ’-type nitride could form from the 

CC matrix via interstitial ordering without the migration of sub- 

titutional elements at low nitriding treatment temperatures. No- 

iceably, cellular decomposition regions of low-Ni Fe 4 N-type γ ’ 

nd high-Ni (low-N) γ -Fe lamellae were observed on Fe-35Ni In- 

ar steel after TPN, presumably due to the migration of substitu- 

ional elements at elevated temperature of 425–450 °C [25] . How- 

ver, such cellular decomposition was not seen on ASPN-treated 

WIP steel in this study. It appears that the γ ’-Fe 2.88 Mn 0.96 Al 0.16 N 

s thermodynamically more stable than γ ’-Fe 2.6 Ni 1.4 N, which might 

e associated with the good chemical affinity between Mn and N 

compared to that between Ni and N). 

.2. On the underlying interstitial solid solution – γ N(i) 

On ASPN-treated TWIP steel, anisotropic lattice expansion was 

ot observed. However, an underlying N-modified interstitial solid 

olution is evident after all ASPN treatments at 350–480 °C, which 
10 
hows a reducing profile towards the core, in both nitrogen con- 

entration ( Fig. 3 c–f) and hardness ( Fig. 4 ). These underlying N- 

odified layers present small lattice expansions, as evidenced by 

i) the ‘shoulder’ XRD peaks near γ substrate for N350-TWIP and 

ii) the XRD profiles for N480-TWIP before/after grinding ( Fig. 5 b). 

RD peaks for this underlying layer on N480-TWIP shift slightly 

owards γ substrate after grinding ( Fig. 5 b), which suggested differ- 

nt degrees of lattice expansion corresponding to varying levels of 

itrogen absorption. 

As FCC electron diffraction spots were seen without forbidden 

eflections in Fig. 7 , this layer is considered a disordered interstitial 

olid solution of nitrogen. Nitrogen-supersaturated layers on AISI 

16 ASS possess large lattice expansions with lattice parameters 

anging from 0.375 to 0.400 nm at colossal nitrogen absorption 

evels at ∼14–38 at% [ 8 , 47 ]. In contrast, the ‘apparent’ lattice pa-

ameter expanded from 0.362 to 0.365 nm on ASPN-treated TWIP 

estimated from the γ N (111) XRD peak positions). Such small lat- 

ice expansion is comparable to the previously reported one on Fe- 

5Ni (wt%) Invar steel following TPN treatments (with ‘apparent’ 

attice parameter between ∼0.360 and 0.368 nm) [25] . 

As proposed in Ref. [25] , the slightly-expanded phase on TWIP 

teel can be denoted as γ N(i) , being expanded austenite at small 

nterstitial solvency. The colossal interstitial-supersaturated and 

nisotropically expanded austenite on ASS can be denoted as γ N(ii) . 

oreover, the γ N(ii) layers obtained on ASSs are depleted in car- 

on (as demonstrated in Fig. 3 a), which can be attributed to the 

ccupation of “trap site” (formed by the Cr atoms) by N. Neverthe- 

ess, GDOES profiles from Fig. 3 c–f revealed a significant C content 

estimated at levels > 1.2 at% C) for the underlying γ N(i) layer on 

WIP steel. For the carbon hump at the layer/substrate interface, 

he carbon atoms in γ N(i) – or, to be precise, γ C, N – also appear 

o be pushed inward under the accommodation of nitrogen, sim- 

lar to the phenomena observed for γ N(ii) . However, the intersti- 

ial carbon atoms are only partially displaced by N in γ N(i) , rather 

han the complete C-depletion observed for γ N(ii) . In addition to 

he differences in nitrogen absorption level and lattice expansion, 

his carbon solubility in γ N(i) signifies another apparent discrep- 

ncy between γ N(i) and γ N(ii) . 

The maximum equilibrium nitrogen solubility in γ -Fe in the 

e-N binary system is ∼10.3 at% N, which would produce es- 

imated lattice parameter at ∼0.365 nm [48] , using the equa- 

ion a = 0 . 3572 + ( 0 . 0 0 078 × at . % N ) , a deno tes lattice par ame-

er [49] . For γ N(ii) on AISI 316 ASS, it has been derived that a =
 . 36395 + ( 0 . 05987 × y N ) , where y N denotes the nitrogen occu- 

ancy per metal atom [47] . However, so far, there is no such re- 

ationship reported between material composition (per unit N ab- 

orption) and lattice parameter for γ N(i) . The lattice parameters of 

N(i) from this study and Ref. [48] were estimated from (GA)XRD 

ata, which represented an averaged value, covering volumes from 

he surface to certain depths (with gradually reducing lattice pa- 

ameter towards the core). For future investigations, it would be 

cientifically valuable to establish such a quantitative relationship 

or γ N(i) through the synthesis and examination of ‘chemically- 

omogenous’ foil/powder specimens, e.g. under prolonged gaseous 

itriding across different nitriding potentials [8] . 

Additionally, comparing the XRD profiles between untreated 

WIP steel and N480-TWIP from Fig. 5 b, there is a slight increase 

n intensity for γ N (200) XRD peak following ASPN at 480 °C. The 

reatment temperature at 480 °C is very low for recrystallisation to 

ccur on TWIP steel [ 50 , 51 ]. The material core showed no signs of

ecrystallisation. Comparing the XRD profiles for the core/surface 

f N480-TWIP (see Fig. A2 , Appendix A), such an increase in 

N (200) peak intensity originates from the γ N(i) layer. Given the 

rystallographic texture evolution reported in γ N(ii) on ASSs [52–

5] , the increase in γ N(i) (200) peak intensity on TWIP steel might 
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Fig. 10. (a) GDOES composition depth profiles for O, Fe, Al and Mn on N480-TWIP to a depth of 2 μm (note that y-axis is intensity) and (b) schematic illustration for the 

surface of N480-TWIP to show a synergistic selective oxidation mechanism during ASPN. 
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e associated with lattice rotation under nitrogen-induced (com- 

ressive) strain, which points to systematic EBSD studies in future 

xplorations. 

.3. Selective oxidation on TWIP steel during ASPN 

In agreement with the change in layer morphology and the 

eduction in surface hardness, N480-TWIP showed a unique sur- 

ace microstructure, that was substantially different from those ob- 

ained at 350–450 °C. A nitride precipitation-induced decomposi- 

ion mechanism was anticipated (similar to the CrN precipitation 

n high-Cr ASSs after nitriding); however, no signs of AlN forma- 

ion were observed. Both XRD ( Fig. 5 b) and TEM analysis ( Figs. 8

nd 9 ) indicated MnO formation on N480-TWIP. Within the ∼0.7–

.8 μm thick topmost layer on N480-TWIP, two surface regions 

an be identified (as schematically illustrated in Fig. 10 b):(a) Re- 

ion I: an ∼10 0–30 0 nm thick “external” zone, and (b) Region II: 

 ∼50 0–70 0 nm thick MnO-containing αN -Fe layer. The “external”

nO bands in Region I and the distribution of MnO particles in 

the upper region of) Region II correlate well to the fluctuations in 

he composition-depth profiles in Fig. 10 a. The surface microstruc- 

ure on N480-TWIP strongly associates with Mn-oxide formation. 

.3.1. On outward elemental migration 

The elevated treatment temperature played a decisive role in 

nO formation, considering the change in surface microstructure 

nly at 480 °C, across a treatment temperature range of 350–

80 °C. Above a threshold ASPN treatment temperature between 

50 and 480 °C, a selective oxidation mechanism (via reaction: 

n + 

1 
2 O 2 (g) → MnO ) occured at the topmost surface and out- 

ompeted nitridation (for forming γ ’-Fe 4 N, which predominated at 

450 °C). Thermally-activated outward elemental migration seems 

 plausible explanation for the “layered” phase distribution on 

480-TWIP ( Fig. 10 b). 

Firstly, the unique phase composition and distribution in the 

external” Region I – i.e., from top to bottom, Fe x N nitride 

anoparticles, Mn-oxide bands and Fe (N) nodules (as revealed 

n Section 3.4.2 and illustrated in Fig. 10 b) – suggest outward 

lemental migration, in comparison to a (sputtering-)deposition 

echanism. Apart from the topmost Fe x N nanoparticles – which 

ould originate from ion sputtering from the active screen (i.e., 
11 
s demonstrated in [37–40] ) – the ∼100–150 nm thick “external 

egion” of Mn-oxide bands and Fe (N) nodules on N480-TWIP has 

ever been previously observed after ASPN treatments [ 36–40 , 56 ]. 

he Mn-oxide bands in Region I ( Fig. 10 b) cannot be attributed to 

aterial transfer from the active screen, as the stainless-steel ac- 

ive screen contains low Mn content (i.e., < 2 wt%). 

Consider an extreme scenario where a significant amount of 

etal atoms was sputtered from the sample and deposited back, 

he “external” region would be composed of a “blend” of phases 

nder deposition. This is inconsistent with the layered phase distri- 

ution observed for Region I. Moreover, if Fe atoms were sputtered 

nd deposited onto the sample surface during ASPN, the deposition 

roducts should be Fe x N nitride nanoparticles produced within the 

itriding atmosphere. The Fe (N) nodules at the bottom of Region I 

annot be attributed to a (sputtering-)deposition mechanism. 

Rather than being deposited, the Mn-oxide bands and Fe (N) 

odules in Region I ( Fig. 10 b) appear to grow from the surface, 

hich is attributable to outward migration of Mn (and Fe) under 

xidation reaction. The typical phase composition and distribution 

n N480-TWIP (i.e. “external” Mn-oxide bands and Fe (N) nodules in 

egion I, and an underlying MnO-containing ferritic layer in Region 

I) is found analogous to the oxidised surfaces formed on Fe-Mn-Si 

57] and high-Mn TWIP steels [58–60] after thermal annealing in 

 2 + H 2 atmosphere before the hot-dip galvanising process. Com- 

ared to the severely oxidised high-Mn steels after annealing at 

0 0–80 0 °C [57–60] , the thin nano-structure on N480-TWIP can 

e attributed to early-stage oxidation at a lower temperature of 

80 °C. The “external” Mn-oxide bands (with thickness ranging be- 

ween ∼30 and 60 nm) in Region I on N480-TWIP ( Fig. 10 b) can be

ompared with the thick continuous “external” MnO mono-layer 

with thickness ranging between ∼20 0–50 0 nm at 60 0–80 0 °C) 

rom Ref. [58–60] . Similar to the ∼30–120 nm Fe (N) nodules in 

egion I on N480-TWIP ( Fig. 10 b), “protruded ferrite grains” and 

overflowing” Fe particles were reported on TWIP [60] and TRIP 

teel [61] after thermal annealing, which was attributed to the out- 

ard migration of Fe under the volume expansion of internal oxide 

ormation [ 61 , 62 ]. 

.3.2. On oxygen partial pressure and substrate chemical composition 

Selective oxidation of Mn on TWIP steel also requires oxygen 

ontent in the processing chamber. For ASPN in this study, the base 
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ressure is < 0.01 mbar (see Experimental) and the vacuum cham- 

er is continuously evacuated by vacuum pumps. In opposite to 

xidation, surface iron oxides on steels can be nitrided following 

SPN treatments in the reducing atmosphere of H 2 + N 2 gas mix- 

ures (i.e., oxides on a pre-oxidised 3% Cr low-C 722M24 steel, after 

SPN at 500 °C [ 63 , 64 ]). The low oxygen partial pressure was often

eglected for plasma nitriding of steels. In this case, the occurrence 

f selective oxidation on TWIP steel is associated with the uncon- 

entional high-Mn substrate, which appears to be sensitive to the 

xygen content in the treatment atmosphere. 

Furthermore, MnO formation is consistent with the low oxy- 

en partial pressure during ASPN. Amongst Mn-oxides (i.e., MnO, 

nO 2 , Mn 2 O 3 , Mn 3 O 4 ), MnO formation favours low oxygen par-

ial pressure and high temperature [ 65 , 66 ]. The upper oxygen par-

ial pressures (at the phase boundaries) at 480 °C are of the or- 

er of 10 −16 mbar, ∼0.06 mbar and ∼10 3 mbar for MnO, Mn 3 O 4 

nd Mn 2 O 3 , respectively [65] . MnO was reported on FeMnSi steels 

ollowing thermal annealing at 700 °C at oxygen partial pres- 

ure as low as 2 . 9 × 10 −20 mbar [57] . Thermo-calc® simulation 

as carried out for the oxide formation with respect to oxygen 

artial pressure on a Fe-24Mn-2Al-0.45C TWIP steel composition 

t 480 °C, which unambiguously revealed that Halite (MnO/FeO) 

s the predominant phase at the lowest oxygen partial pressures 

 Fig. A3 , Appendix A). Nevertheless, further thermodynamic mod- 

lling studies on the reaction kinetics and phase stability will be 

eneficial, which needs to take into account the competition be- 

ween oxidation and nitridation for the different elements from 

he TWIP steel substrate in a low-pressure nitriding atmosphere. 

oticeably, the �G 

◦
f values cannot be used to explain the pref- 

rential phase formation during ASPN. For example, although the 

tandard Gibbs free energy of formation ( �G 

◦
f ) for Fe 3 O 4 at - 

250 kJ.mol −1 (at 480 °C [67] ) is significantly lower than that for 

nO at -330 kJ.mol −1 (between 427 and 527 °C [68] ), MnO formed 

ith no signs of Fe 3 O 4 on N480-TWIP. 

In addition, both high Al and Si substrate contents (or Al/Mn 

nd Si/Mn ratios) could influence oxide formation on FeMnAl- 

iC TWIP steels. At high Al/Mn ratios, Al 2 O 3 formation is pre- 

erred over MnO on FeMnAlC steels under thermal annealing in 

 2 + N 2 gas mixtures [69] . The thermodynamic study by Zhang 

t al. [57] also suggests that MnO is not expected on FeMnSi al- 

oys with high Si contents. Moreover, after gaseous nitriding at 

00/550 °C, AlN was reported (with no signs of Mn-oxide forma- 

ion) on high-Al FeMnAlC steels (i.e., Fe-28Mn-9Al-1.8C [70] , Fe- 

0Mn-9Al-1.8C [71] , and Fe-30Mn-10Al-1C [72] ). A high Al (or Si) 

ontent in TWIP steel substrate seems to promote nitridation re- 

ction during nitriding, which could prevent selective oxidation of 

n. 

.3.3. The synergistic selective oxidation during nitriding and 

mplications 

The selective oxidation mechanism has pronounced influences 

n the N absorption of TWIP steel during ASPN treatment. Firstly, 

 porous nanostructured topmost Region I ( Fig. 10 b) formed dur- 

ng ASPN that allowed simultaneous N inward diffusion in ni- 

riding treatment conditions, compared to the extreme case of a 

ense oxide layer that can block N inward diffusion. Secondly, MnO 

ormation led to Mn-depletion in the surrounding matrix, which 

estabilised the austenitic phase and formed a continuous BCC- 

tructured ferritic layer (Region II, Fig. 10 b). The nanocrystalline 

tructure of the ferritic layer (noting the electron diffraction rings 

n Fig. 8 b) provides increased defect density for interstitial inward 

iffusion. 

Moreover, the continuous low-Mn αN layer most likely pos- 

esses a low N solubility, which can effectively reduce surface N 

oncentration and limit N absorption in the underlying region. No- 

iceably, both the “flattened” N profile at depth < 0.8 μm (under 
12 
DOES, Fig. 3 f) and the low N contrast (under STEM-EDX, Fig. 9 f)

or Region II on N480-TWIP suggest a rather low N content. The N 

evel at ∼21–22 at% N (from GDOES, Fig. 3 f) is apparently too high

or a BCC-structured αN -Fe layer and could be interfered with by 

ts neighbouring high-N features, such as the topmost Fe x N depo- 

itions. The depth-profiling GDOES analysis did not yield reliable 

hemical compositions for this thin surface layer, given technical 

imitations such as (i) non-uniform sputtering (owing to surface 

oughness, grain orientation and phase composition/distribution) 

nd (ii) size/depth variations for features across a large sampling 

rea (i.e., 2.5 mm diameter sputtering crater). 

Most importantly, under the synergetic action of selective ox- 

dation and nitrogen inward diffusion, a thick diffusion zone was 

ventually achieved on high-Mn TWIP steel without a compound 

ayer. Although such an oxidation mechanism reduces the to- 

al surface nitrogen uptake during nitriding treatments, the thick 

ompound-free diffusion layer obtained could be advantageous for 

ribological applications. Considering the necessities discussed for 

nO formation in Sections 4.3.1 and 4.3.2 , synergistic selective ox- 

dation could occur on a wide range of TWIP steels under differ- 

nt thermochemical diffusion treatments at different oxygen par- 

ial pressures (i.e., not restricted to Fe-24Mn-2Al-0.45C steel and 

SPN technology). The selective oxidation of steels has been fre- 

uently visited owing to its adverse effect on surface wettability to 

olten zinc during galvanising processes [ 57 , 58 , 61 , 73–76 ]. Never-

heless, the synergistic action revealed between selective oxidation 

nd N absorption in this study potentially provides a new surface 

ngineering strategy of ‘oxy-’nitriding for high-Mn TWIP (or TRIP) 

teels. Different to ‘conventional’ oxy-nitriding, the selective oxida- 

ion mechanism could be exploited to control N uptake of TWIP 

teel in-situ during ‘oxy-’nitriding treatment. 

Comparing the surface of N480-TWIP at 480 °C and those af- 

er thermal annealing at 60 0–80 0 °C [57–60] , more severe oxi- 

ation can occur on TWIP steel at higher nitriding temperatures. 

oth the substrate chemical composition and the level of oxy- 

en partial pressure in treatment atmosphere can influence oxi- 

ation/nitridation reactions and make pronounced impacts on sur- 

ace microstructure/property. However, there is so far no other ex- 

erimental data on selective oxidation of high-Mn steels under 

hermochemical diffusion treatments. This points to future stud- 

es on thermochemical diffusion treatments of high-Mn steels with 

he consideration of alloy chemical composition, treatment tem- 

erature and gas composition (typically, the oxygen partial pres- 

ure), which will assist in i) predicting (promoting and/or avoid- 

ng) selective oxidation and ii) the selection/design of Fe-Mn-Al-Si- 

 TWIP steels and their surface treatments. 

. Conclusions 

This study investigates a Fe-24Mn-2Al-0.45C TWIP steel after 

SPN treatments at 350–480 °C, and compared to a Fe-18Cr-11Ni- 

Mo AISI 316 ASS that was treated at 450 and 480 °C. Conclusions 

an be drawn as follows: 

• TWIP steel showed isotropic XRD peak shifts after ASPN at 

350–450 °C, corresponding to the formation of Fe 4 N-type γ ’- 

Fe 2.88 Mn 0.96 Al 0.16 N at the topmost surface. The underlying N- 

modified layer after ASPN at 350–480 °C is revealed as being 

an interstitial solid solution of nitrogen (and carbon), that can 

still be named expanded austenite and denoted as γ N(i) . 

• Compared to the expanded austenite of γ N(ii) obtained on ASSs 

under colossal interstitial absorption, the γ N(i) layers obtained 

on TWIP steel show small lattice expansion with comparatively 

low N absorption levels and rather high carbon solvency. Upon 

low-temperature nitriding, the formation of a ‘less-expanded’ 
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γ N(i) can be associated with the low level of nitride-forming 

elements in the substrate. 

• At an elevated temperature of 480 °C, an unusual nanos- 

tructured topmost layer was obtained on TWIP steel, that is 

composed of a) a ∼100–150 nm thick “external” region with 

MnO bands and Fe (N) nodules and b) a ∼700 nm thick MnO- 

containing αN layer. The selective oxidation on TWIP steel dur- 

ing ASPN is attributable to (a) an elevated treatment temper- 

ature that allowed Mn segregation, (b) a low oxygen partial 

pressure in the processing atmosphere, and (c) a high-Mn TWIP 

steel substrate with low Si/Mn or Al/Mn ratio. 

• After ASPN at 450 °C, TWIP steel shows significant surface 

hardening from 310 HV 0.025 to 1275 HV 0.025 . While the γ ’ layer 

on N450-TWIP presents high nanoindentation hardness values 

above ∼10 GPa, the γ N(i) layers on both N450-TWIP and N480- 

TWIP present hardness values below ∼8–9 GPa and a gradually 

reducing hardness profile towards the core. Without a topmost 

γ ’ layer, N480-TWIP presents with an average surface hardness 

value of 738 HV 0.025 , which (although lower than that obtained 

on N450-TWIP) is still more than double the hardness of un- 

treated TWIP. 

• The MnO-induced microstructural evolution at the topmost sur- 

face altered the overall N uptake of TWIP steel during ASPN, 

which led to different surface microstructure and properties. 

The synergistic action between selective oxidation and N in- 

ward diffusion provides insights and potentially points to a 
ig. A1. STEM-EDX analysis at a smaller magnification for an overview of N480-TWIP su

n, (e) Al, (f) N and (g) O, respectively. 

13
new strategy for thermochemical diffusion treatment of TWIP 

steels. 
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Fig. A2. XRD profiles (from bottom to top) for the core, the ground surface and the surface of the N480-TWIP sample, showing the slight increase in γ N (200) peak intensity 

for the γ N(i) layer. 

14 
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Fig. A3. Thermo-Calc® calculation (Thermo-Calc® 2016b software, TCFe7 database) of oxide formation on Fe-24Mn-2Al-0.45C TWIP steel as a dependency of oxygen activity 

at 480 °C, showing the Halite (MnO/FeO) formation at the lowest oxygen partial pressure. 
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