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THE  INFLUENCE  OF  THE  MICROSTRUCTURE  
OF  A  CHROMOSILICONIZED  LAYER  ON  THE   
TRIBOCORROSIVE  PROPERTIES  EXPOSED   
TO  MINE  WATER

WPŁYW  MIKROSTRUKTURY  WARSTWY  CHROMOKRZEMOWANEJ   
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 Abstract:  This paper presents the results of a study analysing the influence of the microstructure of a chromosiliconized 
layer produced using C90U steel on the tribocorrosive properties exposed to mine water. The steel coating 
process was conducted at a temperature of 1000°C for 8 hours. The layer was prepared by the powder-
pack method with the use of powdered ferrochrome with SiC, kaolin powder, and ammonium chloride as 
the activator. Samples of C90U steel were placed in the powder mixture inside specially designed boxes 
of X6CrNiTi18-10 steel and were heated in a laboratory furnace. The boxes were closed and sealed 
hermetically with enamel to prevent charge oxidation. The microstructure, chemical and phase composition 
of the chromosiliconized layer were analysed. Thickness, porosity, and hardness were measured. The wear 
of the chromosiliconized layer resulting from exposure to a corrosive environment of model mine water was 
analysed. A tribocorrosion test was conducted with the use of a wear tester composed of three rollers and 
a cone. The chromosiliconized layer produced by the powder-pack method on C90U steel contributed to an 
increase in the hardness of friction systems exposed to a corrosive medium in comparison with uncoated steel.

 Słowa kluczowe:  warstwa chromokrzemowana, właściwości tribokorozyjne, woda kopalniana.

 Streszczenie:  W prezentowanej pracy omówiono wyniki badań dotyczące wpływu mikrostruktury warstwy chromokrze-
mowanej wytworzonej na stali C90U na właściwości tribokorozyjne w warunkach oddziaływania wody ko-
palnianej. Proces technologiczny przeprowadzono w temperaturze 1000°C przez 8 godzin.   Do wytwarzania 
warstwy zastosowano mieszaninę proszkową zawierającą żelazochrom z dodatkiem SiC, kaolin oraz aktywator, 
którym był chlorek amonu. Próbki ze stali C90U przeznaczone do badań umieszczano w uprzednio przygotowa-
nej mieszaninie proszkowej w skrzynkach o specjalnej konstrukcji wykonanych ze stali X6CrNiTi18-10 i wy-
grzewano w piecu laboratoryjnym. Aby zapobiec utlenieniu się wsadu, skrzynki zamykano pokrywą i uszczel-
niano hermetycznie emalią. Przeprowadzono badania mikrostruktury, składu chemicznego i fazowego warstwy. 
Wykonano pomiary grubości, chropowatości oraz twardości. W pracy skoncentrowano się na  badaniach zużycia 
w procesie tarcia warstwy chromokrzemowanej narażonej na oddziaływanie korozyjne modelowej wody kopal-
nianej. Badania przeprowadzono za pomocą tribometru typu trzy wałeczki/stożek. Warstwa chromokrzemowa-
na, którą wytworzono metodą proszkową na stali C90U, wykazała wzrost trwałości układów trących  w warun-
kach oddziaływania medium korozyjnego w porównaniu ze stalą bez warstwy.
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INTRODUCTION

Coating technologies are used in various areas of 
industry. There is a growing demand for solutions that 
improve the performance of machine and equipment 
parts by increasing their resistance to corrosion and wear 

and lowering manufacturing costs. Chromosiliconizing 
by the powder-pack method fulfils those expectations and 
constitutes an alternative innovative solution. According 
to the literature, powder composition and process 
parameters influence the structure of the produced 
layers [L. 1–7]. The wear of chromosiliconized layers 
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exposed to a corrosive environment has been less widely 
investigated [L. 8–11].

New machines and equipment for the mining 
industry have to meet adequate technical standards 
that guarantee their operating safety and maximize their 
service life. During the design process, the main focus is 
on the manufacturing technology, structural reliability, 
and failure-free operation. The materials used in the 
production of friction elements should be characterized 
by unique properties, which have been discussed by  
[L. 12–13]. Underground mining machines are made of 
various materials, which can undergo excessive wear due to 
prolonged operation in a corrosive environment, including 
under exposure to mine water. The chemical composition 
of mine water is determined by the type of bedrock and 
mining depth. The performance of underground mining 
machines, including the surface wear of working elements, 
the friction properties of selected materials, their corrosion 
resistance and tribological parameters, is analysed in many 
research centres [L. 14–18].

The aim of this study was to analyse the influence 
of the microstructure of a chromosiliconized layer on 
the wear of C90U steel exposed to corrosive mine water. 
Research into innovative chromosiliconized layers that 
prolong the service life of friction elements exposed to 
mine water has a wide range of practical applications, 
and it can improve the performance of underground 
mining machines and equipment.  

MATERIALS

The chromosiliconized layer was produced in 
a Labotherm LH 15/14 laboratory furnace at 
a temperature of 1000°C over a period of 8 hours. The 
layer was prepared by the powder-pack method with 
the use of powdered ferrochrome with SiC (70%), 
kaolin (29.5%), and ammonium chloride (0.5%) as the 
activator. Samples of C90U steel (Table 1) were placed 
in the powder mixture inside specially designed boxes of 
X6CrNiTi18-10 steel. The boxes were closed and sealed 
hermetically with enamel to prevent charge oxidation.

Table 1. Chemical composition of C90U 
Tabela 1. Skład chemiczny stali C90U 

Steel Element content, wt. %

C90U
C Mn Si P S Cr Ni Cu

0.89 0.26 0.28 0.013 0.013 0.12 0.09 0.18

METHODS

The following tests were conducted to describe the 
structure and properties of the chromosiliconized layer:
• Microstructure analyses and thickness measurements 

under the Olympus IX70 inverted system 
microscope and a scanning electron microscope 
(SEM) were conducted.

• Porosity measurements along the cut-off length 
lc= 0.8 mm and the length of travel lt = 4.8 mm 
were performed with the use of a Hommel Tester 
T1000E. The following values were registered: Ra 
– arithmetic average deviation from the mean line, 
Rz – peak to valley height, and Sm – mean spacing 
of profile irregularities.

• Analysis of the chemical composition of the 
diffusion layer was conducted using glow discharge 
optical emission spectroscopy (GD-OES).

• Vickers hardness test HV0.05 was used according 
to standard PN-EN ISO 6507-1: 2007 [L. 19].

• The phase composition of the chromosiliconized 
layer was analysed with a Phillips X’Pert X-ray 
diffraction system using monochromatic CuKα 
radiation, tube power 40 kV and 30 mA.

• Tribocorrosion tests were performed to determine 
the wear of samples with the use of a I-47-K-54 wear 
tester composed of three rollers and a cone [L. 20]. 
The samples for tribocorrosion tests (5 samples for 
every surface load) were hardened in oil at T=840°C 
and tempered at T=500°C for 2 hours. The following 
parameters were applied in the tribocorrosion test: 
friction velocity – 0.58 m/s, cone rotational speed 
– 576 rpm, and force per unit area – 50 MPa, 100 
MPa, 200 MPa, and 300 MPa. The test time was 
t=100 min, which corresponded to a friction path 
of s=3470 m. Wear was evaluated microscopically 
to the nearest 5 µm at 10 minute intervals. The 
corrosive medium was mine water with pH 7.5 
and the fundamental chemical composition was 
as follows: 0.005 mg/dm3 NH4

+, 2.5 mg/dm3 Ca2  
cations, and 0.1 mg/dm3 Cl-, 200 mg/dm3 SO4

2-, 
4.6 mg/dm3 HCO3

2- anions, and 226Ra natural 
radioactive isotopes with radium concentration of 
0.7 kBq/m3 (determined in a radiometric analysis). 
Mine water was administered at 30 drops/minute.

RESULTS AND DISCUSSION

Samples coated with a chromosiliconized layer had 
a grey-coloured surface. The surface of coated C90U steel 
samples viewed under the SEM is shown in Figure 1.

The geometric structure of the surface was analysed 
in tribocorrosion tests. The porosity profiles of C90U steel 
before and after the application of a chromosiliconized 
layer are given in Table 2. The results are the means of 
five measurements.

An analysis of surface stereometric parameters 
revealed a 4-fold increase in the porosity of C90U 
steel after the application of a chromosiliconized 
layer relative to uncoated steel. Observations of the 
chromosiliconized layer on C90U steel, performed under 
an optical microscope in metallographic microsections 
perpendicular to the surface, revealed a white non-
etching layer with an estimated thickness of 20 µm, 
which was clearly separated from the base (Fig. 2). 



19ISSN 0208-7774 T R I B O L O G I A  1/2017 

Fig. 1.  Surface of the C90U steel, after chromosiliconizing, 
SEM, magnification 500×, etched with 2% HNO3

Rys. 1. Powierzchnia stali C90U po chromokrzemowaniu;  
SEM, powiększenie 500×, trawiono 2 HNO3

Table 2. Stereometric parameters characterizing the 
topography of C90U steel without surface layer  
and after chromosiliconizing process

Tabela 2. Parametry stereometryczne charakteryzujące topo-
grafię powierzchni stali C90U bez warstwy i po pro-
cesie chromokrzemowania 

Steel C90U Ra, µm Rz, µm Sm, µm

Without layer 0.20±0.01 2.02±0.1 48.78±15.11

Chromosiliconized 
layer 0.79±0.04 5.95±0.2 64.51±18.18

Fig. 2.  Microstructure of C90U steel with a chromosiliconized 
layer; light microscope, magnification 500×, etched 
with 2% HNO3

Rys. 2. Mikrostruktura stali C90U z warstwą chromokrze-
mowaną; mikroskop świetlny, powiększenie 500×, 
trawiono 2% HNO3

The steel core under the chromosiliconized layer 
was partially decarburized. Due to uphill diffusion of 
carbon, whose activity was lowered in the presence of 
chromium atoms, carbon migrated from the steel core to 
the diffusion layer.

An X-ray phase analysis revealed strong texturization 
of C90U steel coated with a chromosiliconized layer. 
The presence of (Cr, Fe)7C3 carbide was observed. The 
highest peak corresponding to a distance of d=2.231Å had 
the intensity of 170.000 imp. The Cr0,78Fe2.22Si2 phase with 
a hexagonal lattice and parameters a=6.80Å, c=4.71Å 
was identified. Reflections from Cr2(N, C) carbonitride 
and unidentified phases were also observed (Fig. 3).

The chemical composition of the chromosiliconized 
layer was determined in a quantitative profile analysis 
that revealed the following concentrations of chemical 
elements in the surface zone: around 68% Cr, around 9% 
Fe, and around 0.4% Si (Fig. 4).

The microhardness of steel samples was determined 
in metallographic microsections perpendicular to the 
surface at 192 HV0.05 before coating and 1499±50 
HV0.05 after coating. The results are the means of five 
measurements. The application of the chromosiliconized 
layer led to an 8-fold increase in the hardness of steel 
samples.

Fig. 4.  Depth profiles of Cr, Fe, and Si of a chromosiliconized 
layer produced on C90U steel

Rys. 4.  Profile  stężenia Cr, Fe,Si  warstwy chromokrzemo-
wanej wytworzonej na stali  C90U

Fig. 3.  X-ray diffraction pattern in 2Θ range 20–600 of 
a chromosiliconized layer produced on C90U steel

Rys. 3. Dyfraktogram rentgenowski w zakresie kąta 2Θ od 
20÷600 warstwy chromokrzemowanej wytworzonej 
na stali C90U



20 ISSN 0208-7774 T R I B O L O G I A  1/2017 

In the tribocorrosion test, the friction element came 
into contact with the aggregate surface of three rollers and 
a counter sample. Mine water, the corrosive medium, was 
administered at 30 drops/minute during the test. Linear 
wear over time was adopted as the main criterion of the 
chromosiliconized layer’s resistance to corrosion wear. 
The glossy surface of the chromosiliconized layer was 
dulled after around 5 minutes of the test. Changes in the 
surface structure, minor flaking, and stains indicative of 
uniform corrosion were observed after 40 minutes. Signs 
of non-uniform corrosion were observed in subsequent 
minutes of the test. The presence of microscopic defects 
in the analysed surfaces contributed to corrosive 
damage. Further flaking of the chromosiliconized layer 
was observed in successive minutes of the test. The 
steel core was exposed after 50 minutes of the test when 
the load was increased to 300 MPa. The depth of wear 
marks exceeded the thickness of the chromosiliconized 
layer. Subject to the applied load and test time, the linear 
wear of C90U steel with a chromosiliconized layer was 
determined at the following times:
• 1.68–6.38 µm for 50 MPa load and test time  

of 10–100 min,  
• 2.88–8.54 µm for 100 MPa load and test time  

of 10–100 min,
• 4.23 –11.03 µm for 200 MPa load and test time  

of 10–100 min,
• 5.17–20.04 µm for 300 MPa load and test time  

of 10–100 min (Fig. 5).
In the performed tests, the wear of steel samples 

was analysed by modelling corrosion induced by model 
mine water. 

An analysis of the linear wear of C90U steel with and 
without (heat treated) a chromosiliconized layer resulting 
from exposure to corrosive mine water for 100 minutes 
under 50 MPa revealed that the diffusive layer increased 
steel samples resistance to corrosive wear around 2.5-
fold. Linear wear was determined at 6.38 ±0.44 µm in 
steel samples coated with a chromosiliconized layer and 
at 15.46±0.35 µm in uncoated samples. The results are 
the means of five measurements (Fig. 6).

Fig. 5. Linear wear of C90 steel samples with 
a chromosiliconized layer dependent friction             
time and  units pressure 

Rys. 5.  Zużycie liniowe próbek ze stali C90U z warstwą 
chromokrzemowaną w zależności od czasu tarcia pró-
by dla różnych nacisków jednostkowych

Fig. 6. The linear wear of C90U steel samples with 
a chromosiliconized layer and without layer (after 
heat treatment) for 100 min friction time and 
50MPa unit pressure

Rys. 6.  Zużycie liniowe próbek  ze stali C90U z warstwą 
chromokrzemowaną i  bez warstwy (poobróbce ciepl-
nej) dla czasu tarcia próby 100 min przy nacisku 
50MPa In the performed tests, the wear of steel sam-
ples was analysed by modelling corrosion induced by 
model mine water 

CONCLUSIONS

The results of this study support the formulation of the 
following conclusions:
1. The powder-pack method supports the production 

of a chromosiliconized layer with the thickness of 
around 20 µm on C90U steel. The layer is composed 
mainly of a Cr0,78Fe2,22Si2 phase, (Cr,Fe)7C3 carbide, 
and Cr2(N, C) carbonitride.

2. The chromosiliconized layer had the hardness of 
1499 HV0.05, and it was  approximately 8 times 
harder than uncoated steel.

3. The chromosiliconized layer on C90U steel 
increased the service life of friction elements 
exposed to corrosive mine water. The linear wear 
of steel subjected to 50 MPa was determined at 6.38 
µm in coated samples and 15.48 µm in uncoated 
samples after 100 minutes of the test.

4. The application of a chromosiliconized layer to 
C90U steel increased its resistance to corrosion wear 
under exposure to a corrosive medium. The linear 
wear of coated steel samples subjected to loads of 
50MPa–300MPa  over a period of 10–100 min was 
determined in the range of 1.68–20.04 µm.

5. The composition of the powdered mixture was 
modified to optimize the tribocorrosive properties 
of the chromosiliconized layer.

6. In this study, the wear of steel samples was analysed 
by modelling corrosion induced by model mine 
water. The results have a wide range of practical 
applications – they can be used to prolong the 
service life of friction components and improve the 
performance of underground mining machines in 
a corrosive environment.
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