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INTRODUCTION 
Austenitic stainless steels (ASS) are characterized by superior 
corrosion resistance but low hardness and poor resistance to wear, 
galling and fretting. Conventional nitrogen and carbon based 
thermochemical treatments are carried out at high temperatures 
to induce a thick case hardening layer. Unfortunately in ASS they 
also causes significant diffusion of substitutional Cr, leading to 
precipitation of Cr nitrides/carbides and consequent Cr depletion 
from the alloy matrix. As a result, the anticorrosion properties of 
the base material are compromised. 

Studies  in  the  mid  ´80s  opened  the  way  to  modify  ASS  
surfaces  by  low-temperature carburizing/nitriding processes 
(~ 400ºC for N[1, 2] and < 550ºC for C[3]). A precipitate free 
metastable supersaturated expanded austenite (S-phase) has 
been developed. Interstitial C/N content has been reported 
to be well above the solubility limit of austenite, leading to 
up to five-fold increase in surface hardness with significant 
improvements on tribological and fatigue properties thanks to 
the large surface compressive stresses [4-8]. At the same time, 
the corrosion resistance is maintained. The formation of an 
S-phase layer is generally associated with the introduction of 
C(γC)/N(γN) interstitials into face-centered cubic (fcc) matrixes in 
presence of strong carbide/nitride formers, typically Cr in case 
of austenitic stainless steels [4]. It has been found that strong 
carbide/nitride formers (e.g. Ti, V, Nb) increase the interstitial 
solid solubility in nitrogen ion beam processing conditions [9] 
while large substitutional elements such as Mo and Cu increase 
layer thickness due to large lattice expansion effects in low-
temperature plasma-carburizing [10]. The role of other alloying 
elements and surface finishing on the layer properties such as 
interstitial content, thickness and thermal stability is still matter 
of research [11, 12]. 
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In the literature, most studies focus on AISI 316L, which is widely 
used in Cl- containing environments due to improved corrosion 
resistance thanks to the Mo addition while maintaining a relatively 
low cost. The materials studied here are two other low-carbon 
bearing steels with compositional differences, i.e. AISI 304L and 
AISI 904L. In this paper we investigate the nature of the S-phase 
formed by low-temperature carburizing (LTC) process in these two 
steels having different surface finishing conditions. 
AISI 304L is an 18/8 austenitic stainless steel. However the low Ni 
content allows the presence of small amount of δ-ferrite within 
the austenite matrix [13]. Ageing at elevated temperature may 
lead to spinodal decomposition of δ-ferrite and the formation 
of Fe-rich and Cr-rich ferrite. both have body-centred cubic (bcc) 
structure [14]. 304L is also susceptible to deformation induced 
ferrite/martensite transformation [15]. 904L is known as “super 

austenitic stainless steel” due to high thermodynamic stability 
of the austenite thanks to the high amount of Ni. It has been 
found from our previous study that nitrogen stabilized S-phase 
is more stable in 904L compared to 304L [16], whereas residual 
and/or induced ferrite/martensite in 304L acts as a barrier for 
its development. The particular focus of this study is on the 
microstructural analysis, phase constituents, hardness profile 
of the carbon stabilized expanded austenite layer as well as 
the thermal stability after a prolonged annealing at elevated 
temperature. 
 
EXPERIMENTaL 
The base materials for this study were austenitic stainless steel 
AISI 304L and 904L provided by outokumpu Stainless Ab 
(Sweden) with composition in Tab. 1. 

Tab. 1 - Chemical composition (wt%) of AISI 304L and 904L stainless steel 

Fe C Mn Cr Ni Mo Si S p N Cu Ti 

304L bal. 0.019 1.63 18.25 8.05 0.43 0.28 0.001 0.028 0.072 0.33 0 

904L bal. 0.011 1.62 20.3 24.26 4.37 0.33 0.001 0.023 0.054 1.41 0.007 
 

The surface roughness of the two steel plates was significantly 
different. The AISI 304L plate came with a skin passed surface 
finish, while the 904L was mechanically descaled. From both 
plates, coupons of 10 × 10 × 3 mm were cut and one side was 
ground and polished (p) down to 1-µm diamond suspension, 
leaving the other side with the original surface finish (Np). 
The commercial Kolsterising® K22 low-temperature carburizing 
process was then performed by bodycote Värmebehandling 
Ab (Sweden). In order to investigate the thermal stability, post 
annealing was done at 600ºC in high vacuum (10-8 mbar) for 
150 hours to induce the thermal decomposition of the expanded 
austenite while avoiding massive surface oxidation. 
Micro-hardness measurements were performed using Shimadzu 
HMV-2000 with 10 gf load. 
optical microscope LeITz dMrx was used to observe the 
modifications of surface topography and to measure the 
thickness of the carburized layer from the cross-sections which 
were prepared by precision cutting using Al2o3 blades followed 
by fine grinding and diamond suspension polishing. expanded 
austenite layer was revealed by electrochemical etching using 
20% oxalic acid solution.  
The microstructure of the carburized layer before and after 
annealing was also investigated by scanning electron microscope 
(Leo Gemini 1550 SeM) equipped with oxford Aztec edx system. 
The variation of surface roughness owing to the carburizing 
process was studied by optical profiler wyKo rough Surface 
Tester Light Interferometer. 
Surface carbon content and the distribution in depth in the near-
surface region were measured by pHI5500  x-ray  photoelectron  
spectroscopy  (xpS)  equipped  with  AlKα- source.  Argon  ion 
sputtering (4 kV) was used to remove surface contamination 
and perform etching during depth profiling. The carbon diffusion 
profile on carburized and annealed samples was measured by 
means of glow discharge optical emission spectrometry (GdoeS) 

using a Spectruma GdA750Hp equipped with a dC source and 
2.5 mm brass anode in a pure argon atmosphere at 500 pa. The 
erosion rate experimentally determined by stylus profilometry 
was 0.0875 µm/s. 
phase constituents within the modified layer before and after 
annealing were identified by means of bruker AxS d8 Advance 
x-ray diffractometer using CrKα radiation both in θ/θ and grazing 
angle configuration. 

REsULTs 
surface morphology after LTC 
Interferometry was used to evaluate the roughness of the 
polished side before and after carburizing. 
extremely low surface roughness (ra = 6.2 nm for 304L and 
2.7 nm for 904L) was obtained from the as-polished samples 
while it was increased by one to two orders of magnitude 
after the LTC treatment. Visual inspection found that p side of 
all samples had clearly lost the mirror-like appearance and the 
carburized 904L (904L K22) was rougher than carburized 304L 
(304L K22) samples. Interferometry measurements confirmed 
that the roughness was higher by a factor of two for the 904L 
K22 samples compared to the 304L K22 samples (ra= 162 nm 
for 904L and 83 nm for 304L respectively). The non-polished side 
(Np) did not show any significant roughness difference from the 
prior-treatment state. 
Fig. 1 shows the top view from 304L K22 (a) and 904L K22 (b). 
Grain structure was revealed without etching. Slip bands were 
observed for both alloys, indicating plastic deformation due to 
the stresses originated from the incorporation of interstitial C 
atoms. It seems that dislocation gliding was the main deformation 
mechanism in 304L samples. However, extensive twinning was 
present in 904L. part of them was formed as a result of the large 
stresses accompanied by the formation of S-phase, as reported in 
our previous study regarding plasma nitriding [16]. 
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Fig. 1 - Top view optical micrographs for 304L K22 p (a) and 904L K22 p (b). 

No etching was performed. Notice the different magnifications. 
 
 Formation of s-phase via LTC 
xrd patterns from the studied materials before and after LTC are shown in Fig. 2. 
 

Fig. 2 - xrd (θ/θ) patterns for untreated (p side) and low-temperature carburized (K22) materials 

In the case of untreated steels, three detectable austenite 
diffraction lines, namely {111}, {200} and {220} were observed. 
Low-temperature carburizing shifted these lines towards lower 
diffraction angles and made them broaden. Line positions and 

interplanar spacing as well as the relative lattice expansion 
evaluated by x-ray diffraction pattern analysis are summarized 
in Tab. 2. 

Tab. 2 - Main austenite diffraction planes positions 2θ (°) and interplanar distances (Å) as well as lattice expansion
(% compared to untreated state) under different conditions. 

Material 
including surface 

finishing 

FCC
diffraction 

planes 

Diffraction angle (2θ) 
and interplanar spacing  

(Å)  before LTC

Diffraction angle (2θ) 
and interplanar 

spacing (Å) after LTC 

Lattice 
expansion 

after LTC (%)

Diffraction angle (2θ) and 
interplanar spacing (Å) after 
annealing (150h at 600ºC) 

Lattice expansion  
after annealing 

(%) 

304L p
{111} 
{200} 
{220} 

67.000 (d=2.07425) 
79.099 (d=1.79797) 

128.604 (d=1.27052) 

65.265 (d=2.12304) 
76.428 (d=1.85072) 

123.778 (d=1.29796) 

2.35 
2.93 
2.15 

67.324 (d=2.06544); *bcc 
79.336 (d=1.79348) 

129.238 (d=1.26716); *bcc 

-0.42 
-0.25 
-0.26 

304L Np   
{111} 
{200} 
{220} 

66.986 (d=2.07462) 
79.176 (d=1.79651) 

128.601 (d=1.27053) 

65.205 (d=2.12478) 
76.428 (d=1.85072) 

123.418 (d=1.30015) 

2.41 
3.01 
2.33 

67.053 (d=2.07279); *bcc 
79.366 (d=1.79291) 

128.749 (d=1.26974) 

-0.08 
-0.20 
-0.06 

904L p     
{111} 
{200} 
{220} 

66.799 (d=2.07976) 
78.834 (d=1.80304) 

128.113 (d=1.27315) 

63.353 (d=2.18014) 
73.328 (d=1.91729) 
117.747(d=1.33740) 

4.83 
6.41 
5.04 

67.053 (d=2.07279) 
79.452 (d=1.79129) 

129.112 (d=1.26782) 

-0.003 
-0.58 
-0.41 

904L Np   
{111} 
{200} 
{220}

66.802 (d=2.07966) 
78.895 (d=1.80186) 

128.140 (d=1.27300) 

64.005 (d=2.16027) 
73.727 (d=1.90837) 

122.037 (d=1.30873) 

3.88 
5.91 
2.81 

67.035 (d=2.07329) 
79.173 (d=1.79656) 

128.887 (d=1.26901) 

-0.31 
-0.29 
-0.31 
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Lattice expansion resulted from supersaturation of carbon 
interstitial  by LTC was clearly anisotropic and was always the 
highest for the {200} planes. Interplanar spacing increased by 
2-3% for 304L samples regardless of the surface finishing. 
expansion in 904L was significantly larger ranging from 4.83% 
for {111} reflection to 6.41% for {200} in p condition. It was 
thus concluded that the lattice expansion owing to the S-phase 
formation was lager for 904L than that for 304L. 
However, the Np face of 904L K22 samples showed constantly 

lower expansion than the p surface. Multiple phases were present 
within the near-surface region (xrd absorption depth <12 µm, 
calculated by Absorbdx software) of 304L K22. besides S-phase, 
as seen in Fig. 3, Hägg carbides (χ) and bcc structure were also 
identified in both p and Np surface of this alloy. No substantial 
difference was observed between these two surface finishing. 
relative intensity of Hägg carbides and bcc phase obtained from 
grazing incidence was higher than that from θ/θ configuration, 
indicating theses constituents were located close to the surface. 

 
Fig. 3 - xrd diffraction patterns from 304L K22 p with grazing incidence (1º and 3º) and 

bragg brentano θ/θ configuration. 

only expanded austenite with large lattice expansion was 
detectable within the 904L K22 samples, indicating higher 
stability of this metastable structure than that formed in 304L. 
Meanwhile, xrd diffraction peaks were substantially wider 
compared to both carburized 304L and the original austenite 
peaks in the as-received material (Fig. 2). This, together with 
substantial asymmetry towards higher diffraction angles were 
attributed to a gradient in interstitial concentration in the 
expanded austenite layer and the related lattice expansion 

[17, 18] as well as the accompanied stresses. The formation of 
Hägg carbides and bcc phase in 304L K22 relaxed the stresses 
originated from lattice expansion, contributing to narrower and 
less shifted peaks. 
A well-defined carburized layer was observed from the 
electrochemically etched cross section for both alloys, as shown 
in Fig. 4. S-phase layer thickness is crucial for the improvement of 
surface hardness, wear resistance and load bearing capacity.[4] 
 

Fig. 4 - optical micrographs from cross section of low-temperature carburized 304L and 904L. 
a) 304L K22 Np. b) 304L K22 p and side corner. c) 904L K22 Np, b) 904L K22 p and side corner. 
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Tab. 3 summarizes the S-phase thickness measured from the 
electrochemically etched cross section for both alloys. The 
thickest layer was obtained within non-polished surfaces, while 
the thinnest ones were achieved on the side of each coupon, 

where shear deformation due to high-speed cutting was revealed 
within the grains. polished surfaces exhibited a comparable but 
constantly smaller thickness compared to the non-polished face 
of each material. 

Tab. 3 - S-phase thickness (µm) measured from etched cross sections of low-temperature carburized 304L and 904L. 

Material/Surface polished Non-polished Side 

304L K22 24.3 ± 1.9 26.9 ± 1.4 16.0 ± 1.8 

904L K22 24.0 ± 1.0 25.2 ± 1.0 20.7 ± 1.6

In general slightly thicker S-phase layer was achieved within 
the 304L alloy than that in 904L except for the cut-side of the 
coupon where carbon seemed to penetrate significantly deeper 
in the latter. 
Carbon content and its distribution in depth in the near surface 
region were investigated by successive xpS analysis and argon 
ion etchings (Fig 5). Measurements were performed only on 
originally polished side since analysis of non-polished surfaces 
would have produced unreliable results due to high roughness. As 

seen by the depth profiles, 304L shows higher carbon enrichment 
within the first 100 nm, confirming the presence of carbide in the 
surface region as recorded by xrd. It was also noticed that the 
C/Cr atomic ratio was close to 1 beyond this layer. In the case of 
904L, however, the carbon enrichment at the top surface region 
is less and shallower. It was within the first 20 nm beyond which 
the C profile followed that of Cr and C/Cr atomic ratio was also 
close to 1. It is known that the strong affinity between Cr and C 
is essential for the development of S-phase[4]. 

 
Fig. 5 - xpS depth profiles of 304L K22 p (top left), annealed 304L K22 p (top right), 904L K22 p (bottom left), 

annealed 904L K22 p (right side). The depth is calculated by using etch rates of Ta2o5. 
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Hardening effect 
Fig. 6 gives the micro-hardness (HV0.01) as a function of the 
distance from the p surface, measured at the cross section for 
304L and 904L. Tab. 4 summarized the hardness measured 

within the first 5 µm below the p, Np and side surface. Significant 
enhancement of surface hardness which was typically 3-4 times 
larger than that of untreated materials was induced by this LTC 
process.  

 
Fig. 6 - Micro-hardness profiles of 304L K22 p (left) and 904L K22 p (right). 

Solid lines in red represent carbon depth profile expressed in GdoeS intensity. 
 

The scattering of micro-hardness was relatively high due to 
experimental reasons. Low applied loads were necessary to 
achieve sufficient lateral resolution. on the other hand this led 
to small indentations with d ≤ 5µm. Therefore, the dimension 
of the grain size was comparable with or smaller than the size 
of indentation marks. Moreover, hardness difference between 
the grain boundary and interior together with the dependence 
of hardness on the grain orientation increased scattering 
and resulted in large relative errors of the measurements. For 
these reasons only the hardness trend should be taken into 
consideration and associated with the carbon depth profile 
measured by GdoeS (solid red line in Fig. 6). After 20 µm the 
hardening effect was limited and hardness values returned to 
those of untreated steels. 
It is seen from Tab. 4 that the maximum hardness obtained 
within 904L K22 (800 HV0.01) is significantly higher compared 
to 304L K22 (650 HV0.01). The surface finish also affected the 

hardness. Less hardening observed on the side of each coupon 
was probably attributed to the thinnest thickness there. p side 
within 304L gave the highest improvement; while in 904L Np 
face had the best performance. 
 
Thermal stability 
experimental TTT diagrams of expanded austenite decomposition 
are not commonly available within scientific literature. The work 
by Li et al. [19] regarding AISI 316L was taken as a reference to 
design an appropriate heat treatment in order to investigate the 
decomposition of the S-phase including decomposition products 
and hardness variation. 
After annealing the carburized steels at 600ºC in high vacuum for 
150 hours ~ 30% decrease in hardness was generally observed 
in both materials, as shown in Tab. 4. An abnormal behaviour 
was observed for the 304L Np surface, where the LTC hardening 
effect was completely lost after annealing. 

 
Tab. 4 - Average micro-hardness for 304L and 904L within the first 5 µm below the surface in three different states: 

untreated, low-temperature carburized (LTC) and annealed. 
 

Material surface/sub-surface 
hardness (HV0.01) Untreated LTC annealed 

304L p 
304L Np 
304L Side

200 
190 
190 

650 
600 
550 

450 
200 
400 

904L p 
904L Np 
904L Side 

230 
230 
250 

750 
800 
700 

500 
550 
500 
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Microstructural evolution of S-phase in post-annealed samples 
has been studied by means of optical microscopy and scanning 
electron microscopy. The surface microstructure was still clearly 
visible without need of etching (Fig. 7). precipitation of carbides 
at grain boundaries as a consequence of annealing was observed 
in 304L K22. disappearance of slip bands suggested a stress relief 

or recrystallization/transformation of the expanded austenite 
layer in this alloy. However, 904L K22 responded differently 
to the heat treatment and carbides precipitated both at grain 
boundaries and inside the grains, along original twin boundaries 
and slip-bands. This was the reason why twins and slip-bands 
were still clearly visible at the surface. 

Trattamenti termici

 
Fig. 7 - a) bright field and b) polarised light interference (pLI) optical image of annealed 304L K22 p, 

c) SeM micrograph of annealed 304L K22 p. d) bright field and e) pLI top surface of annealed 904L K22 p. 
f) SeM micrograph of annealed 904L K22 p. No etching was performed. 

decomposition of expanded austenite occurred during annealing, 
as shown by xrd patterns in Fig. 8. From the p side of 304L 
K22, expanded austenite decomposed completely, leading to the 
formation of Cr23C6 in bcc matrix with some austenitic structure. 
Hägg carbides were not detected anymore. The decomposition 
of S-phase was not only limited to the very surface but also 
extended through the whole probed depth. Comparison of the 
GIxrd pattern with the one from θ/θ configuration showed that 

less carbide phase was detected in the surface region. This might 
be attributed to the decarburizing, which was further proven by 
the depth profiles in Fig. 5. From the Np side, however, there 
was a much higher tendency to retain the austenitic structure 
which led to the decrease of hardness. It was likely that surface 
finish affected phase transformation and the formation of bcc 
was hindered in the Np condition. 
 

Fig. 8 - GIxrd and bragg-brentano θ/θ xrd patterns of annealed 304L K22 (left) and 904L K22 (right). 
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In the case of 904L K22 after annealing, the formation of Cr23C6 
was also detected from both p and Np side (Fig. 8). It seemed 
that these carbides were distributed rather evenly through 
the thickness of the carburized layer because insignificant 
difference was revealed by xrd pattern from grazing incidence 
and θ/θ configurations. However, it was difficult to identify the 
peak located at ~ 55° at the surface of p side. The austenitic 
structure was always maintained in the annealed 904L K22 
and no bcc phase was found. Considering the position of the 
remaining austenite peaks in xrd pattern, interplanar spacing 

in annealed 304L and 904L reduced even with respect to the 
as received condition (Tab. 2). depth profiles from the annealed 
samples in Fig. 5 show a constant concentration of all the main 
alloying elements below the surface contamination area 10 nm. 
Carbon concentration dropped considerably from 30 at% in 
carburized condition to 13 at% at 10 nm depth in 304L, implying 
decarburizing during the annealing. However, C concentration 
in 904L remained constant at about 19 at% before and 
after annealing, indicating considerably reduced tendency of 
decarburizing at the surface region in this high alloyed steel. 

 
Fig. 9 - optical micrographs of electrochemically etched cross sections from annealed 304L K22 Np (left) and 904L K22 Np (right). 

1: ex- S-phase layer. 2: Sensitized zone. 

As shown by electrochemically etched cross sections in Fig 9, 
the first ~ 20 µm from the surface for both steels marked as 
"1" corresponded to the original S-phase layer before annealing 
and exhibited marked over-etching in both materials. This 
was a clear indication of decreased wet corrosion resistance 
due to the extensive formation of Cr-rich carbide. 304L also 
suffered considerable loss of corrosion resistance in the region 
50µm below the original S-phase layer (zone "2"), from both 
sensitization of grain boundaries and generalised corrosion. 
However, the bulk of the material did not seem to be affected by 
the annealing process. In zone "2" of 904L, mainly sensitization 
of slip bands and twins was present. Thanks to the higher amount 
of Cr remaining in the matrix which provided better protection, 
the generalized corrosion in zone "2" was not as prominent as 
that in 304L. 
 
DIsCUssION 
Low-temperature nitrogen/carbon thermochemical treatments 
have been an object of study since the last thirty years and are 
currently present on the market with several industrial realities. 
In this paper we discuss the different materials responses of 
304L and 904L to a given industrial LTC process. 

LTC effects on microstructure and hardness 
A large quantity of C (≥ 20 at%, see Fig. 5) is dissolved in the 
austenite by Kolsterising low-temperature carburizing through 
an anisotropic diffusion process, as confirmed by the varied 
lattice expansion along different crystallographic orientations 
(Tab. 2). This is consistent with the results reported by other 
researchers [17]. Consequently, the stresses originated from the 
incorporation of interstitial C atoms are also anisotropic. The thus 
induced plastic deformation is asynchronous and non-uniform, 
allowing the grain structure to be revealed without need of 
etching. 

Compared to 904L it has been found that the S-phase layer is 
considerably thinner for 304L on the side of the coupon which 
experiences high-speed cutting (Tab. 3) prior to LTC. 
This is probably related to the thicker deformed/transformed 
layer (deformation induced martensite transformation) there. 
xrd measurements performed on untreated cut sides (not 
included in this paper) confirm the formation of a larger amount 
of transformed bcc phase. 
previous study by dong et al. [4] has indicated that S-phase 
growth is impaired in ferrite compared to austenite. Increased 
amount of bcc phase make the formation of S-phase less 
favourable, leading to smaller layer thickness and larger standard 
deviation [16]. 
xrd results from the 304L K22 samples (Fig. 3) show that the 
intensity of Hägg carbides follows the bcc phase and both are 
located close to the surface. There seems to be a correlation 
between presence of bcc phase and presence of Hägg carbides. 
The precipitation of this carbide is generally considered as 
"unusual" in stainless steel. However, it has been observed in 
expanded austenite formed on AISI 316 by another LTC process 
when C content reaches the supersaturation limit [20]. Cao et al. 
have suggested that alloying element Mn might act as stabilizer 
for the formation of Hägg carbides. 
on the other hand, the highly alloyed 904L does not show any 
Hägg carbide, indicating Ni tends to suppress the precipitation 
of the carbide. It´s not clear at this stage if the Hägg carbides 
identified are part of a metastable component of the "compound 
layer" often reported in low-temperature nitriding [21], or 
precursors of the expanded austenite formation, or by-products 
of the low-temperature carburizing with presence of ferrite or 
result of the partial thermal decomposition of expanded austenite 
during the LTC process. This is a matter of future research interest. 
Hardness profiles suggest a more effective hardening effect on 
904L alloy compared to 304L alloy. 
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The possible hardening mechanisms involved include solid 
solution hardening, precipitation hardening and work hardening 
caused by the stresses induced in the formation of S-phase, 
depending on the steel. Stress relaxation owing to the formation 
of Hägg carbide and bcc structure in carburized 304L make 
work hardening less important in 304L, leading to smaller 
plastic deformation induced surface roughness compared to 
904L, as given by our interferometry values. on the other hand, 
the formation of Hägg carbide and bcc structure in carburized 
304L might contribute to the hardening. xpS measurements 
show a larger amount of C within the top 100 nm within 304L 
compared to 904L. Considering part of the C being in the form 
of Hägg carbides at the very surface of 304L, the amount of 
interstitials dissolved in the two alloys could be similar. However, 
the contribution of solid solution hardening and precipitation 
hardening for these two steels need to be further studied.
 
Decomposition of s-phase 
Since expanded austenite is metastable, it tends to decompose 
at elevated temperature for prolonged time. It has been reported 
[22] that for isothermal annealing of nitrogen expanded austenite 
in reducing atmosphere a discontinuous transformation (γN = γ 
+ CrN) takes place in 316L while eutectoid type transformation 
(γN = α + CrN) occurs in 304L. In Fe-Fe3C equilibrium phase 
diagram eutectoid composition is 0.77% of C. In a study 
regarding paraequilibrium phase diagram for AISI 301 stainless 
steel containing 17% Cr and 7% Ni which has been subjected to 
LTC[23], the eutectoid point is able to shift to above 10% of C. 
For 904L, carbides are precipitated during thermal annealing at 
600°C, leaving unexpanded austenite γ (Fig. 8). discontinuous 
transformation is governing. The lattice expansion due to the 
incorporation of interstitial C atoms is totally removed. No 
ferrite is accompanying the expanded-austenite decomposition 
probably because of the high Ni content, which is sufficient to 
maintain the fcc matrix. 
For 304L, extensive formation of α and Cr23C6 is confirmed by the 
xrd pattern in Fig. 8. However, the surface condition prior to LTC 
might affect this eutectoid type transformation. It is suppressed 
more in Np condition where considerable unexpanded austenite 
can be formed. The reason is less clear at this stage. In the case 
where eutectoid type transformation is dominant (p side and 
edge), deformation induced martensite (α´, bcc) exists at the 
surface prior to LTC. The correlation of this phase and eutectoid 
decomposition is of future interest. 
Cr-rich carbides precipitate preferentially along grain boundaries, 
twins and slip bands in 904L while mainly at grain boundary in 
304L. The development of carbides leads to reduced corrosion 
resistance of the annealed S-phase layer (zone 1 in Fig. 9). 
Further diffusion of C into the bulk leads to a reduced corrosion 
resistance even below the original S-phase layer. This is true for 
both alloys, as indicated as zone 2. The formation of bcc structure 
and Cr depletion from the matrix in 304L might also play a role 
in the declined general corrosion resistance. 
Generally, hardness profiles show a loss of about 30% compared 
to the pre-annealing state. Although work hardening is removed, 
the steels is still at least twice harder than original austenitic 
steel without LTC due to carbides precipitation or a combined 

effect of carbide and bcc α. The exception is 304L Np where 
hardening effect is completely lost. xrd analysis helps to 
understand this effect, where p and the side’s S-phase almost 
completely decomposes into bcc-matrix and M23C6, while Np side 
forms soft austenitic structure to a large extent. 
 
CONCLUsIONs 
Industrial low-temperature carburizing process Kolsterising® 
leads to colossal C supersaturation up to ~ 20 at% in AISI 
304L and 904L austenitic stainless steel through an anisotropic 
diffusion process. A well-defined layer of expanded austenite 
(also known as S-phase) can be formed, which is more stable but 
slightly thinner on 904L than on 304L. 
In general, polished surfaces in studied austenitic stainless steels 
have negative effect on interstitial carbon diffusion, leading 
to thinner S-phase layers. Significant enhancement of surface 
hardness is induced by LTC. 
More effective hardening is achieved on 904L and the maximum 
hardness obtained is 800 HV0.01 just below the surface. This is 
significantly higher compared to 304L K22 (650 HV0.01). one 
reason is the larger work hardening within the S-phase layer, 
as reflected by the larger lattice expansion and significantly 
increased surface roughness after LTC. work hardening is less 
important in 304L because the formation of Hägg carbide and 
α (bcc) in the near surface region relaxes the stresses originated 
from supersaturated solid solution. However, these phases 
provide some hardening effect. 
It has also been found that the presence of the ferrite (in the 
original 304L) and martensite (induced by mechanical polishing 
and high-speed cutting) makes the formation of S-phase less 
favourable.  
Upon  vacuum  annealing  the  carburized  steels  at  600ºC  
in  high  vacuum  for  150  hours, decarburization (less in 
904L compared to 304L), M23C6 carbide formation and carbon 
diffusion further into the bulk take place. Consequently, corrosion 
resistance is reduced not only in the original S-phase layer, but 
also below it. ~ 30% decrease in hardness is generally observed 
in both materials. 
In 904L S-phase decomposes into austenite and carbides with less 
dependence on the surface finish, while decomposition products 
are mainly α + M23C6 for 304L p and γ +M23C6 with some α for 
304L Np. In other words, surface finishing prior to carburization 
have a more significant impact on the phase evolution in 
annealing for 304L. Cr carbides precipitate preferentially along 
grain boundaries, twins and slip bands in 904L while mainly at 
grain boundary in 304L. The annealed steels are still harder than 
original austenitic steel without LTC due to carbides precipitation 
or a combined effect of carbide and bcc with an exception for 
304L Np where hardening effect is lost. 
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