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Improvement of Surface Properties of Low Carbon Steel
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This work aimed to improve the physicochemical properties of a low carbon steel C15 by a nitriding treatment
in a salt bath at 580 ◦C. The micrographs of treated sample show that the nitriding treatment causes significant
structural changes, it is allowed to delineate the nitriding layer. The X-ray diffraction and the Raman spectroscopy
of the treated samples permitted to identify different nitrides (Fe2−3N, Fe4N) formed. The obtained hardness profile
determines the nitriding depth. Potentiodynamic curves show that the corrosion current density of treated C15 is
the 10 times lower than untreated specimen. The values of impedance parameters obtained after nitriding treatment
indicate that the resistance values and exponent n increase, whereas the capacitance decreases. We concluded that
the nitriding treatment is an effective method for improvement of the corrosion behavior and surface properties of
the low alloy steel C15.
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1. Introduction

Nitriding is a thermochemical surface treatment used
in steels and alloys to improve wear and friction proper-
ties by surface microstructure modification, while main-
taining adequate substrate properties. Not only wear
resistance is improved, but also corrosion and fatigue re-
sistance may be increased by the same treatment [1–6].
Nitrogen diffusion modifies surface and near surface mi-
crostructure producing hard layers with altered mecha-
nical properties [7–10]. The layer on the ion nitrided
steel consists of two parts, compound layer and diffusion
layer. The outer and thinner layer consists of mainly
γ′-Fe4N and/or ε-Fe2,3N inter-metallic phases. There-
fore, it is commonly called as “compound layer”. On the
other hand, it is also referred to as “white layer” be-
cause of its white color after nital etch on the microscopy.
Thickness and phase content of compound layer depend
on the treatment parameters such as: composition, time,
and temperature [3, 11].

Zagonel et al. [12] examined the effect of temperature
on the microstructure of treated hot work tool steel (AISI
H13) by plasma pulsed nitriding and its influence on the
material hardness. The analysis of the hardness profile
curves confirms the temperature activation diffusion of
nitrogen. The relatively high activation energy obtai-
ned suggests a complex diffusion mechanism involving
the precipitation of alloying nitrides observed by SEM
studies, giving an important increasing hardness.

Elango [13] reported the technique of plasma nitri-
ding and nitro carburizing of austenitic stainless steels
AISI 316L, the layers formed during these treatments
characterized by high hardness and wear resistance.
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The plasma nitriding and nitro carburizing on AISI 316L
stainless steel were conducted at 400, 450, and 500 ◦C.
After plasma treatment, it was observed that the layer
thickness increases with temperature. X-ray diffraction
indicates the presence of iron carbide and/or chromium
and iron nitrides. The potentiodynamic polarization cur-
ves obtained in 3.5% NaCl solution show that corrosion
resistance is higher for the samples treated at 400 ◦C re-
lative to the untreated substrate. A change in the domi-
nant corrosion mechanism was also observed after nitri-
ding or nitro carburizing from localized pitting corrosion
to general corrosion.

The effect of salt bath nitriding on surface properties
like micro-hardness, corrosion resistance and wear resis-
tance of AISI 316L was studied by Subbiah et al.[14].
The surface hardness increases with the diffusion time
and reaches the value of 1410 Hv. It was found that
post-oxidation has no significant effect on the hardness
but improves the corrosion resistance in comparison with
non-oxidized specimen.

In this investigation realized by Ozturk et al. [15] a
ferritic stainless steel (X36CrMo17) was plasma nitrided
at 52–540 ◦C for 1–18 h under various gas mixtures of
N2+H2 in an industrial nitriding facility. The nitriding
conditions with the gas composition N2/H2 = 1 produ-
ces the thickest nitrided layer (135 µm) with enhanced
corrosion protection. The nanohardness of the surface
layers increased by about a factor of three in comparison
to that of the substrate material.

The influence of pulsed plasma post-oxidation process
on crystalline phase’s composition and corrosion perfor-
mance of plasma nitrided AISI 4340 steel was evaluated
by Guillén et al. [16]. Pulsed plasma nitriding impro-
ved the surface morphology of untreated sample. Plasma
post-oxidation process of nitrided AISI 4340 steel promo-
tes the occurrence of a surface constituted by a magnetite
thin layer on a thicker nitrided layer. The oxidized layer
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is characterized by presence of kind Fe4N and Fe3N iron
nitrides. The corrosion performance of the samples ex-
posed to a salt fog was significantly better in the case of
the oxidized samples compared with nitrided samples.

In this study, C15 low-alloy steel was nitrided under a
salt bath, many techniques such as: microhardness tester,
optical microscopy, X-ray diffraction, Raman and elec-
trochemical impedance spectroscopy were used in this
investigation.

2. Material and experimental techniques

2.1. Material
The experimental material was C15 low alloy steel.

The specimens were 12 mm in diameter and 5 mm in
thickness. Previous nitriding treatment, samples were
ground using different grades of SiC emery paper (320,
400, 600, 800, 1000, 1200 progressively) and polished
with a 0.5 µm diamond suspension. After that, speci-
mens were cleaned ultrasonically, rinsed and dried, with
care taken to avoid further fingers contact. The nitriding
treatment was performed in a salt bath at a tempera-
ture of 580 ◦C for 6 h according the TENIFER process
(TF1). The chemical compositions of the steel were given
in Table I.

TABLE I

Chemical compositions of C15 low alloy steel.

element C Si Mn P S Cr Ni Mo
content [%] 0.18 0.43 0.45 0.012 0.017 0.10 0.10 0.01

2.2. Experimental techniques
Cyclic polarization measurements and impedance were

performed in a glass cell with three electrodes: a working
electrode, a platinum counter electrode and a saturated
calomel reference electrode (SCE). The electrolyte was
3 wt% NaCl in double-distilled water.

The electrochemical measurements were conducted
using a potentiostat type EG&G Model 283, combined
with a frequency response analyzer, Model 1025, control-
led by computer. The polarization curves were performed
using the software Soft CorrIII. The impedance diagrams
were obtained using the Power Suite software. The fre-
quency range is between 10−2 Hz and 105 Hz.

The nitrided layer was observed using optical mi-
croscope, after Nital 4% etching. Microhardness mea-
surements were performed on a Vickers machine using
a 300 g load. The X-ray diffraction and Raman
spectroscopy were used for the nitrided surface charac-
terization.

3. Results and discussion

3.1. Metallographic characterization
Microscopic observations allowed determining the ni-

triding layer as seen in Fig. 1 in the photographs we dis-
tinguish two zones: a high-contrast zone (white layer)
that represents the compound layer and a less contrasted
zone representing the diffusion layer.

Fig. 1. Micrograph of C15 nitrided steel.

3.2. X-ray diffraction and Raman spectroscopy
characterization

Figure 2 shows the X-ray diffraction patterns of the
untreated and nitrided C15 low alloy steel. Figure 2
shows that the structure of untreated specimen is con-
sisting of ferrite α (body centered cubic). The XRD re-
sults of nitrided specimens clearly show the formation of
iron nitrides (labeled ε and γ′). The ε (Fe2−3N) is the
richest phase in nitrogen, its structure is hexagonal with
an average of 2 or 3 nitrogen atoms in insertion. The γ′
(Fe4N) phase corresponds to face centered cubic, these
two phases formed the compound layer (white layer) lo-
cated in the surface front followed by diffusion layer.

Fig. 2. XRD of C15 steel before and after nitriding.

The Raman spectra of untreated and nitrided speci-
mens are shown in Fig. 3, the spectra show the iron ni-
trides Fe2−3N and Fe4N formed during this process, we
note that the most intense peaks corresponding to the
α phase (ferrite) of substrate. These results are in good
agreement with the obtained results by X-ray diffraction.
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Fig. 3. Raman spectrum of C15 treated steel.

3.3. Microhardness characterization of c15 nitrided steel
In order to mechanically characterize the quality of the

layer, microhardness tests were performed. These tests
consist of performing HV Vickers microhardness tests
under a load of 300 g, from the surface to the core on
a cross-section of specimen [7]. The hardness decreases
from surface to core. Indeed, the applied surface treat-
ment has led to a structural hardening. The hardness
profile as a function of depth is shown in Fig. 4.

Fig. 4. Microhardness profile of C15 steel.

3.4. Cyclic polarization
Figure 5 shows a polarization curves plotted in the

semilogarithmic scale, a slight shift of the corrosion po-
tential of nitrided C15 low alloy steel in the more no-
ble direction from –568 to –560 mV (saturated calomel
electrode, SCE). The corrosion current densities of tre-
ated and untreated specimen are respectively 3.5 and
33 µA/cm2. We note that the corrosion current den-
sity of treated C15 is of the order of 10 times lower than
untreated. It is clear that the corrosion behavior is con-
siderably improved.

Fig. 5. Potentiodynamic curves of C15 steel in 3%
NaCl solution before and after nitriding treatment.

3.5. Electrochemical impedance spectroscopy analysis

The electrochemical impedance spectroscopy (EIS) is
another effective technique in the electrochemical charac-
terization. The Nyquist and Bode diagrams were plot-
ted before and after treatment. As shown in Fig. 6, the
system behavior is not purely capacitive and so it is ne-
cessary to take into consideration the constant phase ele-
ment Z (CPE) that represents the deviation compared
with a purely capacitive behavior.

Fig. 6. Nyquist diagram of C15 steel in 3% NaCl solu-
tion before and after nitriding treatment.

TABLE II

Electrical parameters of the equivalent circuit obtained
by fitting the experimental results of EIS.

Re Rt Q

C15 [Ωcm2] [mΩ−1sncm−2] n

untreated 1.75 228.5 15.30 0.40
nitrided 4.71 1922 6.62 0.52
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Fig. 7. Bode diagram of C15 steel in 3% NaCl solution
before and after nitriding treatment.

The Nyquist diagrams presented in Fig. 6 show only a
simple loop, a semicircle, indicating that the equivalent
electrical circuit of the C15 (treated and untreated)/3%
NaCl interface is similar to a resistance Re of the elec-
trolyte in series with CPE, which is in parallel with the
corrosion resistance (Rt).

From Fig. 6, the nitriding treatment caused an increase
in Rt. The larger the capacitive loop, the higher the
corrosion resistance.

Bode plots (log|impedance| versus log|frequency|) is re-
presented in Fig. 7. These plots have a linear pattern at
middle frequencies with n values of 0.40 and 0.52 of trea-
ted and untreated C15, respectively. The increasing in n
value related to the formation of compound layer during
nitriding process.

The values of impedance parameters obtained by
Zview software given in Table II indicate that the re-
sistance values and exponent n increase after nitriding
treatment, whereas the capacitance decreases.

4. Conclusion

This work aimed to improve the physical and chemi-
cal behaviour of C15 low alloy steel undergone nitriding
treatment.

Microscopic observations allowed defining the nitriding
layer. The X-ray analysis and Raman spectroscopy of
the treated samples enabled to identify the different iron
nitrides (Fe2−3N, Fe4N) formed. The Vickers micro-
hardness tests were conducted. The treatment leads to
an increase of the surface hardness compared with that
of the matrix as a consequence the formation of iron
nitrides.

The polarization curve and the impedance diagram
showed a clear increase of the corrosion resistance of C15
nitriding. We conclude that nitriding is an effective met-
hod of surface treatment to improve the mechanical and
electrochemical behavior of C15 low alloy steel, increa-
sing the nitrogen content by direct diffusion through the
surface, while keeping the unchangeable and tenacious
heart that to absorb deformation and shocks.
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