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Abstract
Low-temperature surface carburization experiments were conducted for surface
strengthening of 316L austenitic stainless steel, and the depth profile of carbon
concentration within the carburized layer of post-carburized specimens was mea-
sured. A kinetic model based on the “trap-detrap”mass transfer mechanism
was established, which postulates that chromium atoms exert a trapping effect
on carbon atoms during carbon diffusion. Using this model, the depth profile of
carbon concentration in the carburized specimens was calculated and compared
with experimental results. The results demonstrate that the experimentally
measured carbon concentration depth profile exhibits a convex shape, which
differs from the predictions of simple Fick’s law. In contrast, the calculations
based on the“trap-detrap”model show good agreement with experimental data,
indicating that the trapping effect plays a significant role in carbon diffusion.
Chromium atoms reduce the carbon diffusion coefficient through their trapping
effect on carbon atoms, and fitting of the experimental data yielded a detrap-
ping activation energy of carbon of 165 kJ/mol. The proposed model is only
applicable to low-temperature carburization without carbide precipitation and
does not account for the effects of diffusion-induced stress.
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Abstract

Low-temperature surface carburization has proven to be one of the most effec-
tive techniques for improving the mechanical properties of 316-type austenitic
stainless steel (Fe-Cr-Ni alloy), including surface hardness, fatigue resistance,
and wear resistance. It is well known that carbon diffusion in austenitic stain-
less steel is a very complicated process and still not fully understood. Therefore,
it is of great importance to elucidate the carbon diffusion mechanism in steel
and establish a model that can predict the carbon concentration along the depth
direction under any given carburization conditions. Studies in recent years re-
veal that trapping effects should be considered in carbon diffusion in austenitic
steels at low temperature. In this work, low-temperature surface carburization
treatment was carried out on 316L austenitic stainless steel, and the carbon con-
centration along the depth direction was measured. A kinetic model based on
the“trapping-detrapping”mass transport mechanism for simulating the carbon
fraction-depth profile was developed. This model considered that the diffusion
of carbon occurs under the influence of trap sites formed by local chromium
atoms. The calculated carbon concentration was then compared to the experi-
mental results to check the validity of the model. The results show that: (1) in
low-temperature-carburized 316L austenitic stainless steel, the carbon fraction-
depth profile exhibits a plateau-type shape which is not consistent with the
standard analytic solution of the diffusion equation (Fick’s law of diffusion); (2)
the carbon fraction-depth profile based on the “trapping-detrapping”model is
in good agreement with the experimental carbon fraction-depth profile, which
indicates that the trapping effect plays an important role in carbon diffusion;
(3) carbon diffusivity decreases due to the trapping effect of Cr atoms, and
the detrapping energy of carbon deduced from fitting experimental data is 165
kJ/mol; (4) the proposed model can only be used to describe carbon diffusion in
austenitic stainless steel during low-temperature surface carburization without
chromium carbide precipitation. In addition, the influence of stresses induced
by incorporating carbon into the austenite lattice on the carbon transport mech-
anism is not included in the trapping-detrapping model.

Key Words austenitic stainless steel, surface strengthening, low-temperature
surface carburization, carbon diffusion, trapping-detrapping model
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Introduction
Austenitic stainless steel has become an indispensable material in industrial
production due to its excellent comprehensive properties and corrosion resis-
tance. However, its relatively low surface strength and hardness severely limit
its service life in industrial applications, particularly in fields such as petrochem-
ical processing, food production, chemicals, marine engineering, and medicine,
where materials are required to possess not only outstanding corrosion resis-
tance but also high surface hardness, load-bearing capacity, and wear resistance
to ensure reliable operation of equipment and components, thereby improving
production efficiency and extending service life. Consequently, surface strength-
ening of austenitic stainless steel has long been a hot research topic, though
achieving surface strengthening while maintaining its original excellent compre-
hensive properties and superior corrosion resistance has remained fundamentally
unresolved.

Over the past decade, developed countries including the United States, Europe,
and Japan have devoted significant efforts to developing a novel surface strength-
ening method for stainless steel known as low-temperature gas-phase carburiza-
tion (LTC). This method involves carburizing austenitic stainless steel below the
theoretical formation temperature of chromium carbides (520–550 °C), result-
ing in a carburized layer with high carbon concentration but without chromium
carbide precipitation. This layer structure, designated as the carbon S-phase
or expanded austenite (gC), exhibits high hardness, good wear resistance and
toughness while retaining excellent corrosion resistance, thereby achieving the
coexistence of surface strengthening and corrosion resistance. However, since
low-temperature surface carburization is a relatively recent development, many
aspects of research remain inadequate. Most studies on the diffusion of active
carbon atoms during the carburization process have relied on simple Fick’s
second law for analyzing carbon concentration and distribution. While this the-
ory has proven effective for conventional high-temperature carburization, it is
less satisfactory for low-temperature carburization problems, a limitation that
has attracted attention from scholars worldwide who have attempted to pro-
pose more reasonable models to predict carbon diffusion during low-temperature
carburization, thereby optimizing the process to achieve optimal strengthening
effects.

In reality, during low-temperature carburization surface strengthening of
stainless steel, the carbon concentration distribution in the diffusion layer is
non-uniform, which generates significant compressive residual stresses on the
workpiece surface and improves fatigue strength. Both the surface compressive
residual stress and hardness after carburization can be calculated from the
carbon concentration, making prediction of carbon concentration distribution
in low-temperature carburized layers critically important. In recent years,
researchers analyzing nitrogen diffusion in low-temperature plasma nitriding
surface strengthening of stainless steel have considered the influence of Cr
atom traps, and based on this work, Parascandola et al. proposed a “trapping-
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detrapping”diffusion model that showed good agreement between calculated
and experimental results, supporting the special role of “trap”Cr atoms in
nitrogen atom diffusion. However, few reports have considered the influence
of “traps”on diffusion during low-temperature surface carburization, and no
scholar has yet proposed a “trapping-detrapping”diffusion model for carbon.

Therefore, this study establishes a kinetic model for carbon diffusion based on
the“trapping-detrapping”mass transport mechanism to analyze the distribution
pattern of carbon concentration along the diffusion layer in austenitic stainless
steel after low-temperature (470 °C) gas carburization, investigates the trapping
effect of Cr atoms on carbon atoms during carbon diffusion, and compares the
calculated results with actual experimental results to verify the validity of the
model.

Experimental Materials and Methods
The experimental material was 316L austenitic stainless steel with a chemical
composition (mass fraction, %) of: C 0.03, Cr 17.54, Ni 10.10, Mo 2.12, Mn 1.43,
Si 0.55, Fe balance. The material was machined into block samples measuring
10 mm × 10 mm × 6 mm. Prior to experiments, samples were ground progres-
sively with sandpaper, cleaned ultrasonically with acetone for degreasing, dried,
and placed in a self-built low-temperature carburization apparatus consisting
primarily of a carburization furnace and associated gas piping.

The basic process for low-temperature carburization of 316L austenitic stainless
steel was as follows: First, samples were placed in the carburization furnace,
the furnace was evacuated, and N2 was introduced repeatedly to replace the air
inside. The furnace temperature was then raised to the activation temperature
of 200–300 °C, and activation gas (a mixture of HCl and N2 with a volumetric
flow ratio of 1:3) was introduced to activate the sample surfaces and remove
the passive layer for 2–4 hours. After activation, HCl gas supply was stopped,
the temperature was raised to the carburization temperature of 470 °C, and
carburization gas (a mixture of CO, H2, and N2 with a volume ratio of 1:1:2)
was introduced for carburization times of 10, 20, and 30 hours.

After carburization, samples were furnace-cooled to room temperature, removed,
and ultrasonically cleaned with acetone. The microstructure of carburized sam-
ples was observed using an AXIO Imager.Alm optical microscope (OM). Surface
carbide precipitation was analyzed using an ARL X’TRA X-ray diffractome-
ter (XRD) with Cu target, scanning range of 30°–90°, and scanning rate of
10°/min. Carbon concentration distribution along the depth direction of car-
burized samples was measured using an EPMA-1610 electron probe microana-
lyzer (EPMA) with line scanning on cross-sections and wavelength dispersive
spectrometer (WDS) for X-ray detection.
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Experimental Results
[Figure 1: see original paper] shows cross-sectional OM images of 316L austenitic
stainless steel before carburization and after gas carburization at 470 °C for 10,
20, and 30 hours. The images reveal that after different carburization times, all
samples obtained a uniform bright hardened layer that was distinctly different
from the austenitic microstructure of the core. The carburized layer thicknesses
after 10, 20, and 30 hours were approximately 15, 25, and 30 �m, respectively,
as shown in Figures 1b–d.

[Figure 2: see original paper] presents XRD spectra of 316L austenitic stainless
steel before carburization and after carburization at 470 °C for different times.
The spectra show that no new diffraction peaks appeared after carburization, in-
dicating no carbide precipitation during the process. Additionally, all diffraction
peaks shifted to lower angles compared to those before carburization, primarily
because supersaturated dissolution of carbon atoms in austenite caused expan-
sion of the face-centered lattice constant and interplanar spacing in the surface
layer.

[Figure 3: see original paper] shows the carbon concentration distribution along
the depth direction in the surface layer of 316L austenitic stainless steel after
low-temperature surface carburization at 470 °C for 10, 20, and 30 hours. After
10 hours of carburization, the carbon distribution along the depth direction was
basically consistent with the analytical solution of the standard Fick equation.
However, with increasing carburization time, the carbon distribution in the dif-
fusion layer exhibited a typical “convex”shape, inconsistent with the simple
Fick equation solution. As carburization time increased, both the carbon con-
centration level in the carburized layer and the layer thickness increased, with
thicknesses of approximately 15, 25, and 30 �m after 10, 20, and 30 hours, re-
spectively. These results are consistent with microstructural observations and
similar to experimental measurements reported by Michal et al.

Trapping-Detrapping Model
Based on the fundamental“trapping-detrapping”theory, this study modifies the
basic theoretical model by incorporating carburizing gas absorption boundary
conditions to establish a“trapping-detrapping”diffusion model for carbon during
low-temperature surface carburization of stainless steel. In this model, carbon
atoms as diffusing species may occupy two types of octahedral interstitial sites:
trap positions (associated with Cr atoms) where carbon atoms are difficult to
escape due to high activation energy barriers, and diffusion positions where
activation energy barriers are low and carbon atoms can easily escape. The
model is based on the following assumptions: (1) Cr atoms can form traps
for carbon atoms, and there is only one type of trap; (2) trap concentration is
constant and independent of depth and time; (3) each trap can capture only one
carbon atom; (4) detrapping energy is independent of the fraction of occupied
traps; (5) local equilibrium exists between carbon in free positions and carbon in
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trap positions; (6) trapping and detrapping are diffusion-controlled and follow
first-order kinetics.

The mass diffusion equations for carbon are as follows:

𝜕𝐶𝑑
𝜕𝑡 = 𝐷𝜕2𝐶𝑑

𝜕𝑥2 − 𝑘𝑑→𝑡𝐶𝑑 + 𝑘𝑡→𝑑𝐶𝑡 (1) (1)

𝜕𝐶𝑡
𝜕𝑡 = 𝑘𝑑→𝑡𝐶𝑑 − 𝑘𝑡→𝑑𝐶𝑡 (2) (2)

𝐶 = 𝐶𝑑 + 𝐶𝑡 (3) (3)

Assuming only inward diffusion, the boundary conditions can be expressed as:

−𝐷𝜕𝐶𝑑
𝜕𝑥 ∣

𝑥=0
= 𝑏(𝐶𝑃 − 𝐶𝑑|𝑥=0) (4) (4)

𝑘𝑑→𝑡 = 4𝜋𝑅𝑡𝐷𝐻𝑡 (5) (5)

𝑘𝑡→𝑑 = 4𝜋𝑅𝑡𝐷𝐻0 exp (− 𝑄𝑡
𝑅𝑇 ) (6) (6)

where variable 𝑥 represents the diffusion distance of carbon atoms from the
outer surface, 𝑡 represents carburization time, 𝐷 represents the diffusion coeffi-
cient (for carbon in diffusion positions), 𝑘𝑑→𝑡 and 𝑘𝑡→𝑑 represent trapping and
detrapping coefficients, respectively; 𝑆 represents the influence of traps. 𝐶𝑡 and
𝐶𝑑 represent carbon concentration at trap positions and diffusion positions, re-
spectively, and 𝐶 represents total carbon concentration; 𝑏 represents the mass
transfer coefficient; 𝐶𝑃 represents carbon potential; 𝐻𝑡 represents trap concen-
tration; 𝑅𝑡 represents capture radius at trap positions; 𝐻0 represents solvent
atom concentration; 𝐷0 represents diffusion constant; 𝑄𝑑 represents diffusion
activation energy; 𝑄𝑡 represents detrapping activation energy; 𝑅 represents the
ideal gas constant; 𝑇 represents carburization temperature.

In these equations, the 𝐷𝜕2𝐶𝑑/𝜕𝑥2 term in equation (1) and the 𝐷𝜕𝐶𝑑/𝜕𝑥 term
in equation (4) represent the inward diffusion process of carbon in austenitic
stainless steel. The first term 𝑘𝑑→𝑡𝐶𝑑 in equations (2) and (5) represents the
transition of carbon from diffusion positions to trap positions, while the second
term 𝑘𝑡→𝑑𝐶𝑡 represents the transition from trap positions to diffusion positions.
The first term in equation (4) represents the carbon absorption term.

Equations (1)–(6) can be solved numerically using the finite difference method.
Therefore, the carbon diffusion relationship can be transformed into the follow-
ing form using the Crank-Nicolson finite difference method:

For the surface layer (𝑖 = 0):

𝐶𝑖+1
𝑑 = 𝐶𝑖

𝑑 + 𝐷Δ𝑡
2ℎ2 (𝐶𝑖+1

𝑑 − 2𝐶𝑖
𝑑 + 𝐶𝑖−1

𝑑 ) − 𝑘𝑑→𝑡Δ𝑡𝐶𝑖
𝑑 + 𝑘𝑡→𝑑Δ𝑡𝐶𝑖

𝑡 (10)
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For other layers (𝑖 > 0):

𝐶𝑖+1
𝑑 = 𝐶𝑖

𝑑 + 𝐷Δ𝑡
2ℎ2 (𝐶𝑖+1

𝑑 − 2𝐶𝑖
𝑑 + 𝐶𝑖−1

𝑑 ) − 𝑘𝑑→𝑡Δ𝑡𝐶𝑖
𝑑 + 𝑘𝑡→𝑑Δ𝑡𝐶𝑖

𝑡 (11)

where superscript 𝑖 represents nodes on the finite difference grid and ℎ is the
distance between two adjacent nodes. Equations (10)–(13) can be integrated
over the time interval from 𝑡 to 𝑡 + Δ𝑡 using the finite difference method. The
time step Δ𝑡 should be sufficiently small to prevent instability in the calculated
results.

Theoretical Model Results and Discussion
To verify the accuracy of the proposed model, the experimental results were
fitted by numerically solving equations (1)–(6). All parameters except 𝑄𝑡 could
be obtained directly or indirectly from published literature, while 𝑄𝑡 could be
determined by fitting the experimental carbon concentration profiles along the
carburized layer depth. 𝑅𝑡 can be considered as the lattice constant of austenitic
stainless steel, i.e., 𝑅𝑡 = 0.37 × 10−9 m, 𝐻0 = 7.29 × 1028 m−3, 𝐷0 = 2.0 × 10−5

m2/s, 𝑄𝑑 = 140 kJ/mol. At 470 °C, this yields 𝐷 = 3.6 × 10−15 m2/s, which is
larger than the diffusion coefficient actually measured by Agarwala et al. at 470
°C (𝐷 = 1.9×10−16 m2/s). This discrepancy arises because the former does not
account for the influence of Cr elements, whose presence reduces the diffusion
coefficient of carbon in austenite.

Ernst et al. found that extending low-temperature surface carburization time
leads to precipitation of Cr7C3, indicating that trapping one carbon atom re-
quires 2–3 Cr atoms. Since the Cr content in 316L austenitic stainless steel is
approximately 18% (atomic fraction), the trap concentration should be about
8%. Additionally, Ågren found that in austenitic stainless steel, when carbon
concentration exceeds 8%, the carbon diffusion coefficient increases significantly.
Therefore, in this work, the trap concentration was taken as 8%, i.e., 𝐻𝑡 = 8%.

Since 𝐶𝑃 = 𝑎𝑐 ⋅ 𝐶𝑠, where 𝑎𝑐 is carbon activity in austenite (effective concentra-
tion) and 𝐶𝑠 is the saturated carbon content in austenite at a given temperature,
the equilibrium carbon concentration (solubility) of 316L stainless steel at 470
°C under CO-H2-N2 atmosphere can be obtained from Sharghi-Moshtaghin et
al. as 𝐶𝑠 = 11.5% (atomic fraction). The activity 𝑎𝑐 can be calculated using
the formula given in reference [24]:

𝑎𝑐 = 𝑃𝐶𝑂
𝑃𝐶𝑂 + 𝑃𝐻2𝑂

exp (−Δ𝐺∘

𝑅𝑇 )

where 𝑃𝐶𝑂, 𝑃𝐻2
, and 𝑃𝐻2𝑂

are the partial pressures of CO, H2, and water
vapor after carburization equilibrium, respectively. Calculation yields 𝑎𝑐 = 1,
thus 𝐶𝑃 = 11.5%.
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From references [25,26], the mass transfer coefficient 𝑏 can be obtained as:

𝑏 = 6.31 × 10−6 exp (−22350
𝑇 ) + 5.6 × 10−4 exp (−12900

𝑇 )

At 470 °C, 𝑏 = 2.4 × 10−10 m/s.

Since 𝑄𝑡 cannot be obtained directly or indirectly from literature, its value is
difficult to determine. Therefore, different 𝑄𝑡 values were tested in equations
(1)–(6), and it was found that when 𝑄𝑡 = 165 kJ/mol, the experimental carbon
concentration profiles along the carburized layer depth were best fitted.

Using the determined parameters in equations (1)–(6), the carbon concentra-
tion distributions along the carburized layer depth for carburization times of
10, 20, and 30 hours were calculated using the finite difference method and
compared with experimental measurements in [Figure 4: see original paper].
After 10 hours of carburization, the carbon concentration distribution along
the depth direction did not show the obvious plateau shape observed after 20
and 30 hours, but instead decreased rapidly with increasing depth, similar to
results from simple Fick’s law. Ernst et al. explained that due to the high
affinity between carbon and chromium atoms, chromium carbides do not form
at low temperatures; instead, Cr atoms form traps for carbon atoms through
chemical bonding influences. When carbon concentration is below the trap con-
centration, carbon atoms are trapped by Cr atoms, resulting in a smaller carbon
diffusion coefficient and rapid decrease in carbon concentration with increasing
depth. However, as carburization time increases, when surface carbon concen-
tration exceeds the trap concentration set by Cr atoms, the carbon diffusion
coefficient increases accordingly. With increasing depth, surface carbon concen-
tration decreases slowly, and the distribution curve exhibits a typical convex
shape, inconsistent with simple Fick’s law results, while the theoretical calcu-
lations based on the trapping-detrapping model agree well with experimental
results.

[Figure 5: see original paper] shows the calculated and experimentally measured
carbon concentrations in 316L austenitic stainless steel after 20 hours of carbur-
ization, where total carbon concentration 𝐶 = 𝐶𝑡 + 𝐶𝑑. The distribution of 𝐶𝑑
(carbon at diffusion sites) along the depth direction shows a typical diffusion
profile shape (according to simple Fick’s law), while 𝐶𝑡 (carbon at trapping
sites) and total carbon concentration exhibit plateau-type behavior that simple
Fick’s law cannot capture, demonstrating that trapping effects indeed play an
important role in carbon diffusion.

The influence of 𝑄𝑡 on carbon concentration distribution after 20 hours of car-
burization in 316L austenitic stainless steel is shown in [Figure 6: see original
paper]. 𝑄𝑡 depends primarily on austenitic stainless steel properties such as
composition, mechanical stress, and lattice parameters. As shown in the figure,
when detrapping activation energy decreases, trapping effects weaken, carbur-
ized layer thickness increases, and the diffusion process is enhanced, resulting
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in a concave carbon concentration distribution along the depth direction—a typ-
ical diffusion profile shape (according to simple Fick’s law). Conversely, when
detrapping activation energy increases, trapping effects strengthen, carburized
layer thickness decreases, and the carbon concentration distribution along the
depth direction shows an obvious plateau. Thus, due to the presence of Cr
atoms, the actual carbon diffusion coefficient throughout the carburization pro-
cess will be less than 3.6 × 10−15 m2/s, consistent with findings by Agarwala et
al. and Farkas and Delgado that Cr element presence reduces carbon diffusion
coefficient in austenite. When detrapping activation energy is 165 kJ/mol, the
calculated carbon concentration distribution best matches the experimentally
obtained distribution. At this value, the detrapping activation energy of carbon
in 316L austenite is 25 kJ/mol greater than the diffusion activation energy, i.e.,
0.26 eV.

Conclusions
(1) After low-temperature surface carburization of 316L austenitic stainless

steel, experimentally measured carbon concentration distributions along
the carburized layer depth exhibit plateau-type behavior that cannot be
accurately described by classic Fick’s second law.

(2) By establishing a trapping-detrapping diffusion model, the calculated
carbon concentration distributions along the carburized layer depth
agree well with experimental measurements, indicating that trapping-
detrapping is one of the important mechanisms in carbon diffusion during
low-temperature surface carburization.

(3) During carbon diffusion, Cr atoms exert a trapping effect on carbon atoms
that reduces carbon diffusivity, and fitting experimental data yields a car-
bon detrapping activation energy of 165 kJ/mol.

(4) The proposed model is only applicable to low-temperature carburization
without carbide precipitation. Additionally, since carbon diffusion into
the austenite lattice generates stresses, the influence of diffusion-induced
stresses has not yet been incorporated into this model.
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