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The paper presents results of research under the effect of surface thermo-chemical treatment on the 
corrosion resistance of X6CrNiTi18-10 steel. The corrosion resistance of the surface layers of stainless 
steel obtained as a result of thermo-chemical treatment (boronizing process) was assessed using the me-
thod of progressive thinning, which consists in performing corrosion tests on deeper and deeper areas of 
the surface layer. This method allowed for the determination of changes in individual characteristic corro-
sion parameters read from the potentiokinetic polarization curves and the determination of the depth 
profiles of these parameters. In the paper, results of tests of X6CrNiTi18-10 steel resistance to general 
corrosion, performed in acidified sulphate solutions (pH = 1) have been presented. The thickness of the 
surface layer was assessed on the basis of structural tests and changes in microhardness on the cross-
section of the material. It has been found that the extremely high hardness of the boron layer was accom-
panied by deterioration of the corrosion resistance. The general corrosion rate of the surface layer is 3-4 
times higher than the corrosion rate of the material core (substrate). The characteristics of the passive 
state of steel are particularly worsened, which is manifested by an increase in the value of the critical 
passivation current, the minimum current in the passive range and by limiting the tendency to secondary 
passivation.
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Introduction

All engineering constructions are subject to design 
optimization in terms of their intended use and the se-
lection of materials for their manufacturing. The es-
sential optimization criteria are, first of all, production 
costs, quality requirements, functional properties and
environmental impacts (manufacturing and end-of-
life phase) [1–3]. The functional properties include: 
properties resulting from the structure and chemical 
composition of materials, (i.e. mechanical, corrosion 
resistance), as well as properties resulting from the 
processing of the entire material or surface treatment 
(i.e., tibological properties and variability of properties 
with respect to treatment parameters) [4].

Due to the wide range of applications as well as the 
wide range of possibilities of shaping the mechanical, 
tribological and other properties of austenitic stainless 
steels, their use is constantly growing [5]. The growing 
interest in this type of steels is also determined by the 
possibility of subjecting stainless steels to various me-
thods of thermal, chemical or chemical-thermal tre-
atment [6–8]. One of the methods of increasing the 
durability of structural elements that is applicable to 
austenitic steels is saturation of the surface with bo-
ron. The result of this process is the production of 
surface layers with high hardness and abrasion re-
sistance [9–12]. Typical layers of boron saturated steel 

are characterized by the presence of FeB boride in the 
near-surface zone. The hardness of such a layer can
reach values close to 2300 HV. In the deeper layers, in 
the structure are present Fe2B borides with a slightly 
lower hardness, the hardness of such a layer can reach 
values close to 1800 HV [9, 13]. Due to the content of 
chromium and nickel in the chemical composition of 
austenitic steels, after the borinizing process, CrB, 
Cr2B, NiB and Ni2B may also be present in the surface 
layer. Chromium and nickel borides also have a signi-
ficant impact on improving the properties of the sur-
face layer [14]. The properties of the boron-saturated 
layer are of course determined by the parameters of 
the boronizing process (temperature, time, concentra-
tion of the treatment atmosphere). As the temperature 
and time of the chemical-thermal process increase, the 
thickness of the boron layer increases (i.e. borides ap-
pear at a greater depth) – the boride layer growth ki-
netics is characterized by a parabolic curve [15]. Con-
sequently, it causes a significant increase in hardness 
and wear resistance, but unfortunately reduces the re-
sistance to plastic deformation and contributes to the 
propagation of surface cracks [15–17].

Due to the interaction of materials with the utility 
environment, corrosion tests have for years been the 
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basis for assessing the usefulness of engineering mate-
rials in terms of their durability and reliability - this ap-
plies to numerous groups of materials widely 
described in the literature [10, 18–23], For austenitic 
stainless steels, it is also one of the criteria for the 
effectiveness of property optimization. Most of the 
tests of this type of steel concern very aggressive 
corrosive media, especially strongly acidic and contai-
ning high concentrations of chloride ions [21, 22].

The aim of this study is to characterize the 
structure, mechanical properties and the corrosion re-
sistance of the layer obtained as a result of X6Cr-
NiTi18-10 steel boronizing. Corrosion resistance in 
strongly acidic environment. However, these charac-
teristics will not refer (as usual) to the properties on 
the surface of the detail, but to the depth of the surface 
layer. For this purpose, the method of progressive 
thinning has been used in the study, and the measure-
ments were performed at various depths of the surface 
layer. This method makes it possible to obtain a profile 
for the performance parameters of the boron satura-
ted layer.

Experimental procedure

The subject of the research were samples of auste-
nitic steel type X6CrNiTi18-10, the surface of which 
was saturated with boron. The boronizing process was 
carried out at 900 °C for 6 hours, using the gas-contact 
method in the mixture of KBF4, aluminium oxide and 
"Ekabor" powders - as a source of boron.

Metallographic tests were carried out on the cross-
section of the surface layer using optical (Neophot 32) 
and scanning (Jeol 6610 LV) microscopes. The chemi-
cal composition analysis was performed for selected 
layer depths using the EDS analyzer. The hardness 
distribution in the surface layer was measured using 
the Vickers method, with a load of 0.4903N (HV0.05).

Potentiokinetic polarization curves were perfor-
med in 0.5M sulphate solutions acidified to pH = 1. 
During the measurements, the solutions were deaera-
ted with argon. Samples for electrochemical tests have 
the form of rotating discs with a working area of 0.2 
cm2. Before each potentiodynamic measurement, pa-
rallel layers 4÷10 µm thick were grounded from the 
surface of the disc electrodes, shifting  to the core of 
the material. The average thickness of the grounded 
layer was determined on the basis of the weight loss 
of the tested electrode in relation to the initial mass 
with an accuracy of ± 0.02 mg. The methodology 
adopted in analogy to the other works [24–26] - met-
hod of progressive thinning.

Potentiokinetic studies were performed at the tem-
perature of 25 ± 0.1 °C, at the rotation speed equal to 
12 rpm and at the scanning speed of the potential of 5 
mVs-1, using its shift from the corrosion potential 

(Ecorr) to the value of  Ef = 1.7 V. Before the pola-
rization tests, the samples were immersed in a corro-
sive solution for 0.5 hours in order to establish the sta-
tionary potential (Open Circuit Potential (OCP)). All 
electrode potentials are relative to the 1M silver chlo-
ride electrode.

Results and discussion

In Fig. 1 exemplary images of the microstructure 
obtained on the cross-section of the boride layers on 
the X6CrNiTi18-10 steel have been presented. It is 
known [9, 27–30] that the thickness and phase com-
position of boron layers are strictly dependent on the 
applied parameters of the thermo-chemical treatment. 
As can be seen from Fig. 1, during the boronizing pro-
cess (at 900 °C for 6 hours), a typical three-zone sur-
face layer was obtained, where under the MB-type bo-
ron particles layer distinguish the M2B-type partitions 
layer, which then passes into the diffusion zone.

Fig. 1 Microstructure on the cross-section of the surface layer 
of X6CrNiTi18-10 steel after boronizing process 

(900 °C,  6 h, in the mixture of KBF4)

The performed point analyses of the chemical 
composition for different depths of the layer (Fig. 2) 
showed the boron content in the outer zone is about 
16-19% by weight, while for the deeper areas it is ap-
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prox. 9-11% by weight. This confirms the zonal pre-
sence of FeB and Fe2B precipitates, for which the sto-
ichiometric boron content is 16.23% for FeB and 
8.83% for Fe2B [31]. It should also be noted that due 
to the increased content of chromium and nickel in 
the tested steel, apart from the typical iron borides 
(FeB and Fe2B), the structure may also include preci-
pitations: CrB, Ni2B and (Fe,M)2B, where M = Cr or 

Ni) [8, 32–34]. With the applied process parameters 
(at 900 °C for 6 hours), structural changes are obser-
ved up to a depth of approx. 70-80 µm. It was also 
observed that boride layers are characterized by the 
sawtooth-like morphology, which is characteristic of 
these layers and widely described by Delai et al. and  
Rodríguez-Castro et al. [15, 35].

Fig. 2 EDS spectra shown on the cross-section of the sample treated at 900° for 6 h associated with the results of X-ray microana-

lysis: FeB layer (25 mm) and Fe2B layer (40 mm)

Fig. 3 Microhardness of boronized AISI 321 steel as a func-
tion of distance from the surface

In order to be able to observe changes in hardness 
between individual zones of the boride layer, hardness 
measurements were made on the cross-section of the 
surface layer. As shown in Fig. 3, hardness increase 
occurs up to a depth of approx. 70 ÷ 80 µm, i.e. to the 
depth to which changes in the material structure were 
observed (Fig. 1). The greatest hardening, by over 
2000 HV 0.05 units, occurs down to a depth of ap-
prox. 35 µm, and the hardness obtained in this area 
proves the presence of FeB and CrB borides [11]. The 

second zone of the boride layer (depth from 35 to 55  
µm) includes M2B borides, therefore the obtained 
hardness values assume lower values (1400 ÷ 2000 
HV0.05), which is characteristic for this type of preci-
pitates [31]. At depths> 50 µm, i.e. in the diffusion 
zone, the hardness of the material clearly decreases, 
finally assuming the value of approx. 300 HV0.05 for 
a depth of 75 µm - characteristic for the material core 
(X6CrNiTi18-10 steel) [25, 30, 36, 37] 

Fig. 3 Potentiodynamic polarization curves for the boronized
AISI 321 steel and grounded to a specific depth (μm), ob-
tained from a 0.5 M sulphate solution (pH = 1). Experi-

mental conditions: 25± 0,1ºC, electrode stirring 12 rps, poten-
tial scan rate 5 mVs-1). 
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The anodic polarization curves of boronized stain-
less steel determinated in pH = 1 are shown in Fig. 4. 
The obtained series of curves characterize the corro-
sive behaviour of the material at several depths from 
the surface. For the clarity of the chart, out of several 
dozen of polarization curves made for successive dep-
ths, only curves for a few selected depths have been 
shown.

As shown in Fig. 3, saturation of the X6CrNiTi18-
10 steel surface with boron does not affect the value 
of the corrosion potential, regardless of the analysed 
layer depth, this value remains constant at Ecorr = -
0.3V. For potentials values higher than Ecorr, the cur-
ves in the anode range are closely dependent on the 
analysed depth. For steel without treatment, after ex-
ceeding the potential E = –0.2 V, a clear decrease in 
the anode current is observed, which should be related
to the effective passivation of the steel surface. Howe-
ver, the boronized surface of the X6CrNiTi18-10 steel 
behaves differently: above -0.2V it does not passivate 
but it develops intensively up to the potential of 
+0.5V, only in the range from +0.5 to + 0.9V it shows 
a small section, not too effective passive state. A clear 
influence of surface saturation with boron is also vi-
sible at higher values of the potentials, while in the 
transpassive range the tested material has a tendency 
to secondary passivation, and the borne surface spre-
ads in the transpassive range at a high speed.

The next potentiokinetic curves recorded for dee-
per and deeper layers of the material are characterized 
in particular by a systematic decrease in the critical 
passivation current (icp) as well as the minimum anode 
current in the passive range (imin.p). Fig. 4 shows the 
depth profiles of both these parameters. A strong 
decrease in icp as well as a slightly smaller imin.p in the 
applied corrosive solution is observed up to a depth 
of about 35-40 μm, i.e. at depths where MB-type se-
parations dominate in the structure (see Fig. 1).

Fig. 4 Depth profiles of the critical passivation current (icp) 
and the minimum current within the passive range (imin.p) 

A detailed analysis of the polarization curves pre-
sented in Fig. 3 allows to find differences in the disso-
lution rates of the material at different depths of the 
surface layer. In this study, the extrapolation method 
was used to determine the icorr (0.12 V was selected as 

the slope of the tangents) and the extrapolation was 
carried out to the cathode-anode transition potential, 
which was assumed as the corrosion potential.

For the shallowest zones of the borne layer, where 
MB-type separations are dominant, icorr has the highest 
values, about 3 m·Acm-2. With the increase in the 
depth of the layer and the change in its structure, the 
corrosion rate systematically decreases, and for the 
M2B precipitation zone, the corrosion current values 
are m·Acm-2., and for the diffusion zone and the ma-
terial core, 0.1 m·Acm-2.

Conclusion

· Saturation of the X6CrNiTi18-10 steel sur-

face with boron leads to the formation of a 

strongly hardened surface layer reaching a 

depth of approx. 70-80 µm. The obtained la-
yer shows a zonal structure, and the strongest 

hardening is observed up to a depth of ap-

prox. 35 µm, where MB-type separations do-

minate in the structure.

· Corrosion resistance is closely related to the 

zonal structure of the boron layer. The appli-

cation of the progressive thinning method all-

ows to track changes in corrosion resistance 

over the entire cross-section of the surface la-

yers. The enrichment of the steel surface with 

boron the strongest deteriorates its corrosion 

resistance in the outermost areas of the layer. 

· The characteristics of the passive and trans-

passive states deteriorate significantly: the sa-

turation of the layer with hydrogen causes an 

increase in the value of the critical passivation 

current and a slightly smaller increase in the 

minimum current density in the passive range.
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