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ABSTRACT

This study aims to analyse the low-pressure nitriding method to determine its anti-corrosion protection potential.
Components made of EN C20, EN 41CrAlIMo7 and EN 42CrMo4 steels were low-pressure nitrided in a pure am-
monia atmosphere at a pressure of 26 hPa. The nitrided layers formed were analysed in terms of structure, effective
layer thickness, corrosion resistance and friction wear resistance. It was determined that an iron nitride layer with a
phase composition of e+y’ and a thickness of not less than 10 pm provides effective protection against the corrosive
influence of the urban environment for up to 3 months, while layers with a thickness of not less than 14 um provide
effective protection for up to 5 months. The iron nitride layer was found to increase the friction wear resistance
of the nitrided steel. The wear that occurs within the iron nitride layer is linear. The wear process, after exceeding
the thickness of the iron nitride layer, progresses to an accelerated wear phase, which ultimately leads to seizure.
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INTRODUCTION the composition of the inlet atmosphere is a signifi-
cant factor in controlling the nitrogen flux from the
nitriding atmosphere to the nitrided surface and,
consequently, the kinetics of the growth of the ni-
trided layer thickness (3).

According to the AMS 2759/10A standard,

Nitriding is used to increase the hardness and
friction wear resistance of the surface of machine
parts and tools (1). Nitrided layers increase the
corrosion resistance of products operating in less ag-
gressive environments (unheated buildings, urban  the nitrided layers can be classified into the fol-
and industrial environments with moderate pol- lowing three types of layers (4):
lution, and, after impregnation, also of products e 3 solution of nitrogen in a-iron (F e,y Without
operating in highly aggressive corrosive environ- a superficial layer of iron nitrides,
ments (salt mines, copper mines, industrial areas e a mixture of Fe,N (y°) and Fe, N (&) (¢+7")

. . . g . 4 2-3
with high humidity and aggressive atmospheres) iron nitrides up to 15 pm thick with a super-
(2). The higher and higher requirements that arise ficial layer of iron nitrides
from operating conditions require the manufacture o 5 mixture of Fe N (y’) and Fe, N (&) iron ni-
4 2-3

of nitrided layers to be engineered with assumed trides with a 17-25 pm thick superficial layer
structural characteristics. This implies designing a of iron nitrides of the e+(¢+y”) structure.

process that enables the production of such a lay-

er. To effectively control the result of the nitriding
process, it is necessary to control the nitrogen flux
to the nitrided surface. Controlling and adjusting

Nitrided layers with a superficial layer of
&t(et+y’) iron nitrides after impregnation of the po-
rous ¢ zone guarantee corrosion resistance in highly

297


https://orcid.org/0000-0003-0978-3948

Advances in Science and Technology Research Journal 2025, 19(5), 297-306

aggressive corrosive environments (salt mines,
copper mines, industrial areas with high humidity
and an aggressive atmosphere). Nitrided layers
with a superficial layer of e+y’, and e+(g+y’) iron
nitrides without impregnation guarantee corrosion
resistance in less aggressive environments (unheated
buildings, urban and industrial environments with
moderate pollution). The corrosion process of ni-
trided products has a pit-forming dynamics, the iron
nitride layer gets passivated and the steel substrate
corrodes. The intensity of the corrosion degradation
process, depends on the thickness and the structure
of the iron nitride layer.

Nitriding methods and their potential for cor-
rosion protection of iron alloys have been widely
discussed in the literature (5,6). The low-pressure
nitriding method described in the work of Kula,
Wolowiec-Korecka et al. (7) has been developed
for hardening the top layer of tool steels. It so far has
not been investigated for its anti-corrosion potential.
The present study aims to analyse the atmospheric
corrosion and friction wear resistance of nitrided
layers with a superficial layer of e+y’ iron nitrides
and a layer thickness of less than 10 um produced
on EN C20, EN 41CrAIMo7 and EN 42CrMo4
steel components by low-pressure nitriding.

MATERIAL AND METHOD

The tested material included cylinders with di-
ameters of 12 mm, 14 mm, 18 mm and the length
of 80 mm made from EN 42CrMo4, EN 41CrAl-
Mo7 and EN C20 steels and cylinders with

Table 1. Chemical composition of steels used in tests

diameters of 8 mm and the length of 35 mm made
from EN 42CrMo4 and EN 41CrAlMo7 steels.
Table 1 shows the chemical composition of the
steels used in the tests. The alloy steel pieces were
heat treated before the nitriding process and the
non-alloy steel pieces were normalised (Table 2).
Low-pressure nitriding processes were car-
ried out in a multi-purpose vacuum furnace
(Seco/Warwick, Poland) with a process space of
400%x400%600 mm. The nitriding atmosphere used
was ammonia (NH,) of 99.99999% purity (The
studies used analytical-grade ammonia because
technical ammonia did not provide the desired
results.). Nitriding was carried out at 560 °C for
2,4 and 6 h, at a pressure of 26 hPa and an am-
monia flow rate of 15 dm?/min. After the nitriding
process, the samples were cooled with nitrogen at
0.2 MPa to 50 °C. Metallographic images were
taken of each element in planes perpendicular and
parallel to the sample axis, following the proce-
dure described in Betiuk et al.. Surface hardness
was measured on the side surface of the cylinder,
while the hardness distribution was measured on
a cut perpendicular to the cylinder axis. The cut
made in a plane perpendicular to the sample axis
revealed the actual thickness of the iron nitride
layer. If the cut was made in a plane parallel to
the sample axis, in this case by grinding a cylinder
section thicker than the surface layer of iron ni-
trides, a layer of iron nitrides thicker than the actu-
al thickness was revealed as a result of geometric
magnification (9). Photographs of the structures
were taken at x50, x200 and x500 magnifications.

EN C20
Element C Mn Si P S Cr Ni Cu
Wt. % 0.19 0.4 0.25 0.03 0.03 0.25 0.2 0.15
EN 42CrMo4
Element C Mn Si P S Cr Ni Mo
Wt. % 0.4 0.6 0.2 0.02 0.03 1.1 0.3 0.25
EN 41CrAIMo7
Element C Mn Si P; S Cr Ni Mo Al
Wt. % 0.38 0.5 0.3 0.025 1.5 0.25 0.2 1.0
Table 2. Parameters of steel heat treatment before nitriding process
Treatment params 41CrAIMo7 42CrMo4 C20 (20) steel
Quenching Austenizatic?n: 20 min, 920°C, Austenizatiqn: 20 min, 840°C, Austenizatign: 40 min, 900°C,
oil-cooled oil-cooled air-cooled
Tempering 600 °C, 2 h, air-cooled 600 °C, 2 h, air- cooled -
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The structures of the nitrided layers were ex-
amined under an optical microscope (Neophot 2;
Zeiss) to measure the thickness of the superficial
iron nitride layer (CD_, white layer) and the ef-
fective diffusion zone thickness (CD__..,,)- The
distance from the surface where the hardness is
equal or higher than the hardness of the core plus
50 HV,, was adopted a criterion for the thick-
ness of the effective diffusion zone of the nitrided
steels. Nitrogen distribution profile in the nitrid-
ed layer was tested using a spectrometer (GDOS
850A, LECO) (GDOES - Glow Discharge Op-
tical Emission Spectroscopy). The corrosion re-
sistance of the nitrided steels was tested under
atmospheric corrosion conditions at the urban en-
vironment corrosion test station according to the
PN-EN ISO 9223:2012 standard (10). The test
samples were placed on an exposure frame; the
clamping method prevented contact between ad-
jacent samples and ensured electrical insulation
between the samples and the frame. The degree of
corrosion was assessed visually after one, three,
four and five months according to the recommen-
dations of the standard PN ISO 4628-1:2005 (11).

Friction wear resistance was tested in accor-
dance with the PN-83/H-04302 standard (12).
Friction wear was described by total linear wear
as a function of friction path. Figure 1 shows a dia-
gram of a friction pair in a 3-roller-cone system.
This system is a modification of the four-ball test
method, with the difference that here, one rotat-
ing ball was replaced by a rotating cone and three

stationary balls by three stationary rollers. The
tests were performed with continuous lubrication
of the samples, at a constant rotational speed n of
the cone equal to 9.6 s and a specified unit pres-
sure. The wear depth was determined based on
measurements of the diameters (a, and b)) of the
ellipse created by wear on the surface of each roller
and averaging the measurement results. The total
test time was 100 min. The wear was measured
by interrupting the test every 10 min, and then the
load was increased in proportion to the increasing
wear area. The wear due to friction was character-
ized by the total linear wear during the steady-state
wear period. The wear depth Z,, defining the linear
wear, was calculated from the equation:

Z,=05- [D . JDZ - (M)ZJ (1)

where: D — diameter of the cone in the friction
node, a,, b, — large and small diameter of
the ellipse, respectively.

RESULTS

Structure of nitrided layers

The iron nitride layers obtained on EN C20,
EN 42CrMo4, EN 41CrAlMo7 steels were of
uniform thickness; their thickness grew as the ni-
triding process time increased (Fig. 2, 3, 4). The
thickness of the iron nitride layers found in the

Figure 1. Schematic diagram of the friction pair in the 3-roller-cone system: 1,2, 3 — stationary rollers
during the test, 4 — rotating cone, D — diameter of the cone in the friction node (12)

299



Advances in Science and Technology Research Journal 2025, 19(5), 297-306

Figure 2. The microstructures of EN C20 steel samples after low-pressure nitriding; temperature 560 °C,
pressure 26 hPa, duration 2 h (a, d), 4 h (b, ), 6 h (c, f). Microstructure in the plane perpendicular to the sample
axis (a, b, ¢), microstructure in the plane parallel to the sample axis (d, e, f)

=4
G

(d) 2h | (e) 4h | (f) 6h

Figure 3. The microstructures of EN 42CrMo4 steel samples after low-pressure nitriding; temperature 560 °C,
pressure 26 hPa, duration 2 h (a, d), 4 h (b, e), 6 h (c, ). Microstructure in the plane perpendicular to the sample
axis (a, b, ¢), microstructure in the plane parallel to the sample axis (d, e, f)

(b) 4h (c) 6h

(e) 4h (f) 6h

Figure 4. The microstructures of EN 41CrAIMo7 steel samples after low-pressure nitriding; temperature 560 °C,
pressure 26 hPa, duration 2 h (a, d), 4 h (b, e), 6 h (c, f). Microstructure in the plane perpendicular to the sample
axis (a, b, ¢), microstructure in the plane parallel to the sample axis (d, e, f)
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plane parallel to the sample axis (Fig. 2, 3, 4 d,
e, f) was several times greater than the thickness
of the layer found in the plane perpendicular to
the sample axis (Fig 2, 3, 4 a,b,c). The thickest
iron nitride layers after 6 h of the nitriding pro-
cess were observed for EN C20 steel, the thinnest
on EN 41CrAlMo7 steel (Fig. 5a). The surface
hardnesses of EN 42CrMo4 and EN 41CrAIMo7
steels (Fig. 5b) were lower than those obtained
in the process of gas nitriding at normal pres-
sure (1013 hPa) over comparable periods of time.
This was also true for the effective case depth
(CD,,..soiy) (Fig. 50).

Nitriding elements (Cr, Mo, Al) present in
heat-treatable steels significantly affect the thick-
ness and properties of nitrided layers. Carbides of
nitriding elements present in EN 42CrMo4 and
EN 41CrAlMo7 steels, in reaction with diffusing
nitrogen, form carbonitrides and cause an increase
in the hardness of the nitrided steel surface. The
surface hardness increases with the increase in
the content of nitriding elements, which is why
higher hardness is obtained on EN 41CrAlMo7
steel than on EN 42CrMo4 steel (Fig. 5b). On the
other hand, the increase in the content of nitrid-
ing elements limits the range of nitrogen diffusion

EC20 =42CrMo4 041CrAIMo7

15,0 4

12,0 4

White layer thickness (um)

4h 6h

(a) thickness of iron nitride layer

into the substrate and limits the effective thick-
ness of the diffusion layer (Fig. 5c). For this rea-
son, the obtained effective thickness g .. of the
solution zone is smaller in EN 41CrAIMo7 steel
than in EN 42CrMo4 steel. The alloying elements
in the above-mentioned steels increase the ab-
sorptivity of the steel and therefore thinner iron
nitride layers were formed on EN 41CrAlMo7
and EN 42CrMo4 than on EN C20 steel, which
has no other alloying elements apart from carbon
(Fig. 6). Using the Fe-N equilibrium system (13),
the structure of the nitrided layer was proposed
(Fig. 7). In the case of unalloyed steel EN C20
(Fig. 7a), up to approx. 2 pm from the surface,
the nitrogen concentration decreases from 12 to
8 wt.% N, which proves that the dominant phase
in this zone is the € phase, then the concentration
decreases to 6 wt.% N and maintains almost con-
stant up to the boundary with the substrate, i.e.
up to 14 um from the surface, where the domi-
nant phase in this zone is the y’ phase. In the dif-
fusion zone, the nitrogen concentration decreases
very quickly and reaches a value of 0.3 wt.%. ata
distance of 16 um from the surface and does not
change any more. Nitrogen in the diffusion zone
can occur in ferrite and precipitation of the y’
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Figure 5. Properties of nitrided layers produced on EN C20, EN 42CrMo4, EN 41CrAlMo7 steels after low-
pressure nitriding at 2 h, 4 h and 6 h. a) thickness of iron nitride layer, b) surface hardness of EN 42CrMo4 and

EN 41CrAIMo7 steels, c) effective case depth (thickness, CD

core+50HV)
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Figure 6. Hardness distribution in the nitrided layer after low-pressure nitriding for 2 h, 4 h, 6 h:
a) EN 42CrMo4 steel, b) EN 41CrAIMo7 steel
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Figure 7. Distribution of nitrogen concentration in the nitrided layers after 6 hours of low-pressure nitriding
under pressure 26 hPa: a) EN C20, b) EN 42CrMo4, c) EN 41CrAlMo7, CDwl — case depth (thickness) of the
iron nitride layer

phase. The presence of nitride-forming elements
(Cr, Mo, Al) makes it impossible to clearly indi-
cate the boundary between the nitride layer and
the substrate (Fig. 7b, c¢). In EN 42CrMo4 steel,
up to about 4 um from the surface, the nitrogen
concentration decreases from about 11 to 8 wt.%
N, which proves that the ¢ phase is the dominant
phase in this zone. In the zone from 4 to 11 um,
the nitrogen concentration decreases to 6 wt.%
N, which indicates that a mixture of € and vy’
phases occurs in this zone. Nitrogen occurs pri-
marily in the carbonitrides of alloying elements
in the diffusion zone. In EN 41CrAIMo7 steel,
up to about 3.5 um from the surface, the nitrogen
concentration decreases from about 12 to 8 wt.%
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N, which proves that the € phase is the dominant
phase in this zone. In the zone 3.5 to 9 um, the
nitrogen concentration decreases to 5.5 wt.% N,
which indicates that a mixture of € and y’ phases
occurs in this zone. In the diffusion zone, nitro-
gen occurs primarily in the carbonitrides of al-
loying elements.

Corrosion protection properties

Figure 8, 9, 10 present the surfaces of the ni-
trided samples after exposure at the corrosion test
station. In the case of EN C20 and EN 42CrMo4
steels, which were nitrided for 2 h, clear corrosion
traces were observed after 4 months of exposure;
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4-month exposure 5-month exposure

Figure 8. Surface of nitrided EN C20 steel components after exposure at the corrosion test station.
Process: low-pressure nitriding 560 °C, pressure 26 hPa, duration 2 h, 4h and 6 h

4-month exposure 5-month exposure

Figure 9. Surface of nitrided EN 42CrMo4 steel components after exposure at the corrosion test station.
Process: low-pressure nitriding 560 °C, pressure 26 hPa, duration 2 h, 4 hand 6 h

4h

4-month exposure 5-month exposure

Figure 10. Surface of nitrided EN 41CrAIMo7 steel components after exposure at the corrosion test station.
Process: low-pressure nitriding 560 °C, pressure 26 hPa, duration 2 h, 4 hand 6 h
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whereas, for elements nitrided for 4 h and 6 h, sin-
gle corrosion pits were found only after 5 months
of exposure (Fig. 8, Fig. 9). For EN 41CrAlMo7
steel nitrided for 2 h, corrosion was found after
one month of exposure, for the one nitrided for
4 h — after 3 months, and for the one nitrided for
6 h —after 5 months of exposure (Fig. 10). Table 3
shows the visual assessment results of the degree
of destruction of the nitride layer after exposure
to the corrosion station.

Friction wear

Figure 11 presents graphs of linear wear as a
function of friction path for nitrided components
made of EN 42CrMo4 (Fig. 11a) and EN 41CrAl-
Mo7 (Fig. 11b) steels. The iron nitride layer no-
ticeably increased the friction wear resistance.
The iron nitride layer was worn off for the friction
path of 4750 m at unit pressures of 200 MPa. The

wear at unit pressures of 100 MPa and 200 MPa
was constant (linear) throughout the entire test.
At 400 MPa unit pressures, accelerated wear was
observed from the beginning of the test.

DISCUSSION

The iron nitride layers obtained on the EN C20
steel were of uniform thickness. No separation of
the v’ phase in the ferrite grains was observed in the
substrate, which usually occurs in layers nitrided
using gas nitriding under atmospheric conditions.
The results obtained for EN 42CrMo4 steel were
similar to those obtained in the studies of Jordan
(14), which present tests results of nitriding of the
same steel. The surface hardnesses obtained on
EN 42CrMo4 and EN 41CrAlMo7 steels were
slightly lower than those obtained on the same
steels in conventional processes at atmospheric

Table 3. Assessment of the degree of destruction of the nitride layer according to the PN ISO 4628-1:2005 standard (11)

Steel Nitriding time 1 month

3 months 4 months 5 months

2h

N

2 3

N

C20 4h

6h

2h

42CrMo4 4h

6h

2h

41CrAIMo 4h

Wl dh|lO|lO|lW|O|O
NI |lOlW|AM|O|O

oO|~|lW|O|O(N|O|O

6h

Wbl | OAOIN|DN

0 0

Note: 0 — none, i.e. no noticeable damage; 1 — very few, i.e. small, barely noticeable number of damages; 2 —
few, i.e. small but noticeable number of damages; 3 — moderate number of damages; 4 — a significant number of

damages; 5 — a dense pattern of damages.
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Figure 11. Linear wear as a function of friction path for different friction test pressures. (a) EN 42CrMo4 steel,
(b) EN 41CrAlMo7 steel. Solid lines — nitrided steels, dashed line — non-nitrided steels, CD , — case depth
(thickness) of the iron nitride layer
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pressure. This is due to the fact that under reduced
pressure for the same value of ammonia dissocia-
tion degree, the nitrogen flux to the surface is lower
than at normal pressure. The volume of nitrogen
flux is determined by the disposability of nitrogen
in the nitriding atmosphere under the given process
conditions (15). The dissociation reaction produc-
es 0.5 mole of nitrogen and 1.5 mole of hydrogen
from one mole of ammonia. Knowing the volume
of dissociating ammonia, the mass of one mole of
nitrogen (28.016 g) and its volume (22.414 dm’),
it is possible to calculate the mass of nitrogen ob-
tained from the dissociation reaction:

my. =P-
N, 22.414

+28.016 ~ P - 0.625 - Vi, (2)

where: Vyy, is volume of ammonia dissociating
during the nitriding process, P is pressure.

The volume of the inlet atmosphere can be
written as:

Vw = Van, + Van, 3)

where: ¥, is volume of inlet atmosphere, Vyp,
is volume of ammonia that does not
dissociate.

Given:
Vvn, = s Vw 4)
where: s is ratio of ammonia volume in the inlet
atmosphere that dissociates, the mass of
separated nitrogen obtained from the dis-

sociation reaction can be calculated from
the formula:

my, = P-0.625-s-Vy (5)

By substituting the volume ¥, for its flow rate
F,, [dm*/min], the mass of nitrogen obtained over
a time unit can be calculated in g/min:

my, () = P+ 0.625 5 Fy (6)

The ammonia share by volume in the inlet at-
mosphere that dissociates is correlated to the dis-
sociation degree as follows:

a
S=3a M
where: o is degree of ammonia dissociation.

By substituting the Equation 7 into Equation
6, you get the formula for calculating the dispos-
ability of nitrogen m,, as a function of the atmos-
pheric flow rate, the ammonia dissociation degree
and the total pressure in the furnace chamber.

my, (t) = P+ 0.625 ﬁ - Fy (8)

Equation 8 shows that at a constant flow rate,
which guarantees a constant value of the ammo-
nia dissociation degree, the nitrogen disposability
depends on the total pressure in the furnace cham-
ber. This means that at a pressure of 26 hPa, the
disposability of nitrogen in the nitriding atmos-
phere will be almost 40 times lower than in the
nitriding process at 1013.25 hPa.

The disposability of nitrogen, apart from the
nitrogen potential, is the second important param-
eter of the nitriding atmosphere, determining pri-
marily the kinetics of the nitrided layer’s growth.
Nitrogen disposability is of particular importance
in processes using NH,/N, inlet atmospheres and
in vacuum nitriding processes. In these processes,
only the nitrogen disposability unambiguously de-
termines the nitrogen flux to the nitrided surface
(16). In the case of the nitriding of alloy steels,
guaranteeing the maximum disposability at the
steel saturation stage, i.e. until an iron nitride layer
is formed, significantly determines the final result
of the process. By the time the iron nitride layer is
formed, the possibility/absorptive capacity of the
steel is the highest; the longer this stage is at the
maximum nitrogen flux, the higher surface hard-
ness is obtained. Obtaining higher surface hard-
nesses in low-pressure processes requires longer
process times, which is also associated with the
formation of a thicker iron nitride layer.

CONCLUSIONS

Based on the results presented in the study,
the following conclusions were drawn:

1. Low-pressure nitriding is a thermochemical
treatment that produces nitrided layers with
anti-corrosion properties comparable to those
obtained in normal pressure processes.

2. The corrosion protection performance of the
nitrided layer depends on the thickness of the
superficial iron nitride layer. An iron nitride
layer thick- ness equal or higher than 14 pm,
obtained in the low-pressure gas nitriding pro-
cess, guarantees corrosion resistance in an ur-
ban environment for up to 5 months.

3. Atthe same time, the iron nitride layer was found
to increase the friction wear resistance of the ni-
trided steel. Linear wear of the nitrided layer, at
the pressure of 200 MPa occurs within the iron
nitride layer and is linear throughout the entire
test; whereas, at the pressure of 400 MPa — wear
accelerates from the beginning of the test.
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