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Abstract—This work investigates the effect of liquid carburizing at 780°C on the structure, chemical and
phase composition, microhardness, and surface roughness of corrosion-resistant austenitic chromium-nickel
steel. The depth of the carburized layer has been determined to be about 2 mm. The steel structure at a dis-
tance of 0.15 mm from the surface consists of carbon-saturated austenite γC, α' martensite, and fine Cr23C6
chromium carbides located along austenitic grain boundaries. No carbides are observed in the grain body.
There are austenite γC and chromium Cr23C6 carbides in the structure at a depth from 0.15 to 2 mm. The num-
ber and the size of carbides decrease with distance from the steel surface. Carburizing increased the micro-
hardness of the steel surface by a factor of four (from 200 to 800 HV0.025) and the roughness parameter Ra
to 1.35 μm.
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INTRODUCTION
Service properties of mechanical engineering prod-

ucts determine the state of their surface layer to a great
extent, because it is the surface that is subjected to cor-
rosive media and wearing and contact loads. The sur-
face must therefore have a whole complex of proper-
ties, which is determined by the working conditions of
the product, to ensure the necessary performance.
18Cr–10Ni austenitic stainless steels, which have
become popular in manufacturing industry, have a
high corrosion resistance, but low strength [1] and tri-
bological properties [2], as well as insufficient contact
endurance under cyclic impact loading [3]. An
enhanced strength and wear resistance of austenitic
stainless steels can be achieved by both deformation
[4–8] and surface enrichment with interstitial atoms:
carbon (carburizing) and nitrogen (nitriding) [9–12],
or the combination of these methods (combined treat-
ment) [13]. Carburizing in the case of austenitic chro-
mium–nickel steels is the most preferable chemical-
thermal treatment, because it allows one to form thick
hardened layers, which, unlike nitrided layers, are still
low-magnetic [14].

As a rule, carburizing is performed in solid, liquid,
and gas carburizers at temperatures from 850°C and
higher. This treatment provides a high-depth hard-

ened layer (1 mm and more) and can be effectively
implemented under modern manufacturing condi-
tions. However, standard carburizing is typically char-
acterized by a large amount of carbide precipitates,
which deteriorates the corrosive properties of austen-
itic stainless steel. Low-temperature carburizing
(below 500°C), which retains the corrosion properties
of steel due to reduced carbide formation in the surface
layer, has been actively studied in recent years [15–17].
However, a significant disadvantage of this type of car-
burization is the small (about 0.1 mm) depth of the
hardened layer. The possible achievement of a greater
hardened layer depth at a reduced carburizing tem-
perature of 700–800°C to retain the corrosion resis-
tance of austenitic chromium–nickel steel is therefore
of great interest. Since carburizing is a diffusion pro-
cess, a decrease in its temperature can significantly
slow down the carbon saturation of the surface. In this
case, carburizing should be carried out in a liquid car-
burizer, where the carbon saturation rate and the sur-
face treatment uniformity are higher than those
achieved by using other carburizers.

The work was aimed at studying the structure,
chemical and phase composition, microhardness and
surface roughness of austenitic steel AISI 321 sub-
jected to liquid carburizing at a temperature of 780°C.
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Fig. 1. Microstructure of the quenched AIS I321 steel
(optical microscopy).
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Fig. 2. X-ray diffraction patterns of the AISI 321 steel sur-
face after (a) quenching and (b) carburizing.
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EXPERIMENTAL
The object under study was commercial corrosion-

resistant austenite steel AISI 321 with the following
chemical composition (wt %): 0.05 С, 16.80 Cr,
8.44 Ni, 0.33 Ti, 1.15 Mn, 0.67 Si, 0.26 Mo, 0.13 Co,
0.03 Nb, 0.31 Cu, 0.036 P, 0.005 S, and Fe for balance.
The steel in an as-delivered state was a rolled sheet
10 mm thick. The samples prepared for carburizing
were plates 52 × 40 mm in size. Heat treatment
(quenching) of AISI 321 steel samples was carried
under the following conditions: heating to a tempera-
ture of 1100°C, holding at this temperature for 40 min-
utes, and water cooling. The surface of the samples
was mechanically and electrolytically polished.
AISI 321 hardened steel samples were liquid carbu-
rized in a 100-mm diameter and 300-mm high cruci-
ble in a salt melt with silicon carbide (in wt %): 80%
Na2CO3 + 10% NaCl + 10% SiC at 780°C for 15 h.
After carburizing, the samples were cooled in water.

The steel microstructure after quenching was
examined using a Neophot-21 optical microscope.
The structure and phase composition of the steel, as
well as the surface of the samples after carburizing,
were investigated using a Tescan VEGA II XMU scan-
ning electron microscope equipped with an INCA
ENERGY 450 energy dispersive X-ray spectrometer.
X-ray diffraction (XRD) analysis was performed on a
Shimadzu XRD-7000 X-ray diffractometer in Cr Кα
radiation. The phase composition, integral width B of
austenite lines (111)γ and (200)γ, and dislocation density
ρ were determined. The amount of α phase was calcu-
lated by formula Vα = 100/{1 + 1.45 × (I(111)γ/I(110)α)},
where Vα was the volume fraction of α phase (vol %) and
I(111)γ and I(110)α were the integral intensities of the γ and
α phases [18]. Dislocation number density ρ was cal-
culated using the following equation: ρ = kB2, where B
was the integral width of the (111)γ line (rad) and k was
the constant coefficient k = 2 × 1016 cm–2 [19].
PHYSICS OF META
Microhardness was measured by the recovered
indentation method using a Shimadzu HMV-G21DT
hardness tester at a load of 0.245 N for 15 s and at a load-
ing rate of 40 μm/s. The change in the microhardness
over the depth of a carburized layer was investigated on a
cross section. Surface roughness parameters were deter-
mined using a Wyko NT-1100 optical profilometer.

RESULTS AND DISCUSSION

Figure 1 shows the microstructure of the AIS I321
steel after heat treatment. It consists of austenitic
grains (γ phase) and some titanium carbide inclusions
TiC. XRD analysis suggests that there is no α phase in
the quenched steel (Fig. 2a). The microhardness of the
quenched AISI 321 steel is 200 HV0.025.

The steel structure at a distance to 0.15 mm from
the surface after liquid carburizing at 780°C consists of
carbon-saturated austenite γС, martensite, and Cr23C6
chromium carbides (Fig. 3), which is supported by
XRD data (Fig. 2b). The amount of the α phase is
14 vol % (Table 1). There is no α phase at a distance
above 0.15 mm from the surface and the structure con-
sists of the γС phase and Cr23C6 carbides (Fig. 3a).
LS AND METALLOGRAPHY  Vol. 121  No. 1  2020
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Fig. 3. Surface structure of the steel AISI 321 layer (elec-
tron scanning microscopy) after carburizing: (a) general
view and (b) area indicated by the frame in Fig. 3а. Num-
bers 1, 2, and 3 indicate the areas where energy dispersive
microanalysis was performed.
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Carbide particles are small enough (the majority of
them are smaller than 1 μm). They are concentrated
along the boundaries of austenitic grains and do not
exist inside the grains (see Fig. 3b). This is caused by
the high atomic diffusion mobility at grain boundaries
and indicates that the atomic diffusion mobility in the
grain body is no longer sufficient for the carbide phase
to precipitate at 780°C. Carburizing also increases the
X-ray line width B of austenite (111)γ from 30.0 (in
quenched state) to 48.4 min and (200)γ, from 33.0 to
40.2 min (see Table 1). This is caused by crystal lattice
microdistortions, which can be caused by the
increased carbon content in the lattice and the growth
of the number density of crystal structure defects. In
particular, dislocation density ρ in the surface layer
increases from 1.93 × 1012 to 3.97 × 1012 cm–2 as a result
of carburizing (see Table 1).

The electron microprobe analysis indicates that the
amount of carbon and other alloying elements in nee-
dle-shaped crystals (Fig. 4a) and outside of them
(Fig. 4b) is the same in the grain body at a depth of
0.15 mm. This confirms the metallographic analysis
results, which state that there is no carbide phase in the
grain body, and, therefore, the observed crystals are
martensite crystals. The chemical analysis of the par-
ticles located along grain boundaries (see Fig. 3b)
indicates increased carbon and chromium contents
(Fig. 4c), which, taking into account the X-ray analy-
sis (see Fig. 2b), allows one to identify these particles
as chromium carbides Cr23C6.

Martensite formation in the carburized AISI 321
steel may be due to several factors. The α-martensite
formation in carburized stainless steels, such as
Kh18N9T, is possible due to the precipitation of a car-
bide phase together with the chromium depletion of
the surrounding austenitic matrix and an increase in
the temperature Мs of martensitic transformation start
[20]. However, Fig. 3 shows no chromium carbides in
the grain body. Therefore, deformation of the austen-
itic matrix is the most likely reason for martensite for-
mation. Significant thermal stresses, relaxation of
which in austenitic steels can be achieved by deforma-
tion upon cooling after carburizing, are known to
occur during carburizing. For example, slip bands and
deformation martensite were observed in the surface
layer of the AISI 304L steel after low-temperature car-
burizing [21]. According to some estimates, the stress
level in the surface layer of the carburized steel can
reach 2000 MPa [22]. The increased dislocation den-
sity in the surface layer of the AISI 321 steel, which
after carburizing increases twice as much as the dislo-
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1

Table 1. Volume fraction Vα of α phase, integral width В of X
surface layer of the AISI 321 steel

Treatment conditions Vα, vol %

Quenching 0
Carburizing 14
cation density in the quenched state, also indicates the
previous deformation (see Table 1). Consequently,
martensite formed in AISI 321 steel after carburizing
21  No. 1  2020

RD lines (111)γ and (200)γ, and dislocation density ρ in the

В(111)γ, min В(200)γ, min ρ, 1012 × cm–2

30.0 33.0 1.93
48.4 40.2 3.97
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Fig. 5. Microhardness HV0.025 of the AISI 321 steel surface
layer after carburizing at depth h from the surface. The
dashed line indicates the microhardness of the quenched
steel.

200

300

400

500

600

700

800

0 500 1000

HV 0.025

±ΔHV

1500 2000 2500
h, μm

Fig. 4. Spectra of AISI 321 steel elements (energy disper-
sion microanalysis) after carburizing: (a) section 1, (b) sec-
tion 2, and (c) section 3 in Fig. 3b.
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Fig. 6. Structure of the AISI 321 steel (electron scanning
microscopy) after carburizing at a depth of 2 mm.
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can be considered to be of deformation origin. In addi-
tion, an austenite saturated with nitrogen or carbon
(expanded austenite) is characterized by a shift of the
austenite (111)γ and (200)γ lines towards smaller angles
[23, 24] as compared to the position of X-ray lines in
the quenched steel. Figure 2 shows no similar shift of
PHYSICS OF META
lines in the AISI 321 steel subjected to carburizing.
The possible reason for this is the redistribution of car-
bon atoms as a result of deformation aging due to the
migration of interstitial (carbon) atoms located in solid
solution to dislocations and the formation of Cottrell
atmospheres. Electron microprobe analysis showed
that the total carbon content on the carburized steel
surface, which was measured in the grain body,
increased to 1.74 wt %, in contrast to 0.66 wt %
(according to XRD analysis). The maximum observed
carbon content in austenitic steel of a similar chemical
composition was 4.74 wt % after the low temperature
gas carburizing of thin foils at 380°C [25].

Figure 5 presents the measured microhardness of
the AISI 321 steel surface. The figure suggests that the
microhardness of the steel after carburizing increases
from 200 to 800 HV0.025, which is comparable to that of
the steel with a high content of α' martensite in the
surface layer after severe surface plastic deformation
[6, 13].

Since the α'-martensite content in the steel after
carburizing is about 14 vol % (see Table 1), it may be
argued that the high carbon concentration in the sur-
face steel layer makes a significant contribution to the
strengthening. The total depth of the hardened layer of
AISI 321 austenitic steel subjected to liquid carburiz-
ing at 780°C was 2 mm. Figure 6 shows that even
Cr23C6 chromium carbides are retained at this depth,
however, the number of carbides located at grain
boundaries decreases with the distance from the
sample surface. For example, the low-temperature
carburization of the AISI 321SS steel at 500°C results
in the formation of a hardened layer of a smaller depth
LS AND METALLOGRAPHY  Vol. 121  No. 1  2020
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Fig. 7. Schematic structure of the AISI 321 steel surface
layer after carburizing.
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Fig. 8. AISI 321 steel surface: (a), (b) optical profilometry
and (c) electron scanning microscopy; (a) in the quenched
state and (b), (c) after carburizing. Arrows 1 indicate slip
bands and arrow 2 indicate oxides.
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(0.018 mm) [26]. Figure 7 illustrates the schematic
image of the surface structure of the AISI 321 steel
layer after liquid carburizing at 780°C.

Optical profilometry demonstrated that the surface
roughness of the quenched AISI 321 steel (polished
surface) is Ra = 0.03 μm (Fig. 8a). Carburizing
increases Ra parameter to 1.35 μm (Fig. 8b). This is
due to the formation of deformation relief (indicated
by arrow 1 in Fig. 8c) during the relaxation of thermal
stresses, as well as the presence of some oxides on the
surface (indicated by arrow 2 in Fig. 8c).

Thus, a decrease in the temperature of liquid car-
burizing to 780°C causes the formation of carbides;
however, they are finely disperse and located along
grain boundaries. The amount of α' martensite is also
rather small and the martensite formed in the AISI 321
steel after carburizing is of deformation origin.

CONCLUSIONS
The effect of liquid carburizing at 780°C on the

structure, chemical and phase composition, micro-
hardness, and surface roughness of corrosion-resis-
tant austenitic AISI 321 steel was investigated. The
depth of the carburized layer was determined to be
about 2 mm. The steel structure at a distance of
0.15 mm from the surface consisted of carbon-satu-
rated austenite γс, α' martensite, and fine Cr23C6 chro-
mium carbides located along austenitic grain bound-
aries. No carbides were observed in the grain body.
There were austenite γс and chromium Cr23C6 carbides
in the structure at a depth from 0.15 to 2 mm. The
number and the size of carbides decrease with distance
from the steel surface.
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
Martensite formed in the AISI 321 steel after car-
burizing was shown to be of deformation origin. This
was supported by the high dislocation density in the
surface steel layer, which after carburizing increased
twice as much as the dislocation density in the
21  No. 1  2020
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quenched state. The microhardness of the AISI 321
steel surface increases by a factor of four after carburiz-
ing (from 200 to 800 HV0.025). The high carbon con-
centration in the steel surface layer, which is about
1.74 wt %, makes a significant contribution to harden-
ing. An increase in the surface roughness parameter of
the carburized steel up to Ra = 1.35 μm is due to the for-
mation of deformation relief and some oxides on the
surface.
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