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1. Introduction

By changing surface layer properties of machin-
ery parts it is possible to increase considerably their load —
capacity. One of the ways to obtain high complex surface
physical and mechanical properties of metallic materials
such us hardness, wear resistance, contact fatigue, corro-
sion resistance and others is chemical heat treatment
method — nitriding [1-5]. Also, the nitriding is one of the
basic methods for increasing fatigue strength of structural
metallic materials [6-14].

There are sufficiently many publications on the
methods and modes of nitriding and also in using this
chemical heat treatment method for increasing load — ca-
pacity of structural metallic materials [1, 3, 15, 16]. For
example, ion nitriding method proved itself very well for
parts such us gears, working at dynamical — loads and fric-
tion conditions simultaneously [4, 17]. The use of nitriding
process for strengthening of structural metallic materials
was restricted by some shortages: toxicity of some techno-
logical processes, comparatively not great depth of
strengthened surface layer (thoroughly till 0.5 — 7.0 mm),
duration of nitriding process and other factors.

However, the latest significant progress in elimi-
nation of these problems was made and that allowed to
look with optimism at broad use of different nitriding
methods for structural steels strengthening. So, the tech-
nology of nitriding stepped far forward: from old methods
of nitriding in the gaseous medium to ion nitriding. At pre-
sent old and new methods of nitriding are used in connec-
tion with the creation of nontoxical cyanate containing
baths [18]. In the articles [1, 4, 18-20] some modern tech-
nologies of nitriding are reviewed and in the articles [21,
22] are offered new principles for the analysis of nitrided
layer formation processes, which allow to achieve the con-
trollability of diffusion process saturation of iron (steel) by
nitrogen.

Mostly the influence of nitriding on wear resis-
tance and contact fatigue of structural steels was studied
[23]. Besides, structural state of the strengthened nitrided
layer, its hardness and residual stresses distribution in sur-
face layers were estimated. Although in the P. Forrest
monograph [24] the data that nitriding of carbon and alloy
steels increases the fatigue limit of smooth specimens up to
13- 105 % and the specimens with stress concentrator up
to 29 — 230 % are presented already, the basic regularities
of static strength, low cycle fatigue and high cycle fatigue
strength of structural steels after treatment by nitriding
were not studied enough. However, there are not many
investigations about the effect of nitrided layer thickness
on characteristics of static and fatigue strength of structural

metallic materials. This work presents a short review of
experimental data and the analysis of basic factors which
influence on the regularity of fatigue cracks initiation and
propagation in nitrided structural steels.

2. Static strength of structural steels after nitriding

To investigate the effect of nitriding processes on
fatigue strength of structural metallic materials it is neces-
sary to dwell briefly on the peculiarities of static mechani-
cal properties change after nitriding, because of the exis-
tence of some empirical relationships between static me-
chanical properties (for example, tensile strength and hard-
ness) and fatigue limit.

The nitriding results in substantial increase of sur-
face layers hardness of carbon and alloy structural steels.
At temperature below 590 °C during surface layer satura-
tion of iron by nitrogen at first the phase a — solid solution
of nitrogen in iron, after that the layer of the phase y with
face — centered cubic lattice (FCC) and with ordering ar-
rangement of nitrogen atoms in the centers of elementary
cells is formed. At further saturation by nitrogen the nitrid-
ing process can be completed by phase ¢ formation on the
surface layer with hexagonal close — packed lattice (HCP)
and with ordering arrangement of atoms in a wide interval
of nitrogen concentration. At slow cooling, due to variable
solubility of nitrogen in the phases a and ¢, precipitation of
the second — phase y; occurs and the structure of nitrided
zone (from surface to core) becomes as follows: ¢ + y 7y —
y— a + y'y — a [25]. Only for the phase y” and nitroge-
nous martensite «  the high hardness of nitrided layer is
explained not only by the processes of precipitation and the
formation of nitrides during nitriding process but also by
higher solubility of nitrogen in the ferrite alloy by transi-
tional elements. The dissolved nitrogen results in the de-
velopment of high microstresses which relaxation is bur-
dened at lower threshold of recrystallization. At nitriding
hardness of surface layer reaches 1000 HV and more [3].

Besides that thin stronger nitrided layer influences
static strength characteristics of nitrided steels, also com-
pressive residual macrostresses arising in surface layers of
the metal during the process of chemical heat treatment
have an effect too. However, between residual macrostress
level and hardness of nitrided surface layer there is no di-
rect correlation [26].

Despite of comparable small depths of diffusion
layer, nitriding essentially influences yield strength and
appreciably reduces plasticity and viscosity. The presence
of hydrogen during furnaced nitriding may have an influ-
ence on mechanical properties. After nitriding strength
properties of carbon steel 40 increases by 142 MPa and of
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alloy steel 40X decreases by 158 MPa. Plastic properties
after nitriding of these steels always decrease. So, for steel
40 elongation decreases from 27.3 up to 20.6 % and rela-
tive reduction of area from 55.0 up to 37 %. For grade 40X
steel elongation decreases from 20.0 up to 1.3 % and
realative reduction of area from 52.0 up to 1.3 %. After
soaking of nitrided specimens for 2688 hours at the tem-
perature of 20 °C slight increase of strength and plastic
properties in both steels is observed [27].
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Fig. 1 Peculiarities of tensile diagrams of nitrided steels
AISI 4140 (a) and 42CrMo4 (b)

In the work [6] static strength characteristics of
gas nitrided cylindrical smooth specimens of low — alloy
steel AISI 4140 in the conditions of static tension were
investigated. Nitriding durations of the specimens after
quenching and tempering were 2.5, 14 and 58 hours and
total depths of diffusion layer (tempered martensite and
fine — dispersion precipitations of CrN) were accordingly —
400, 600 and 1000 um. Vickers hardness after nitriding
increased from 355 (initial state) up to 640 HV. The depth
of nitriding was practically identical to all modes of nitrid-
ing and was about 1000 um. However, hardness of nitrided
layer was higher for the specimens, which were nitrided 58
hours. Compressive residual stresses on a surface of ni-
trided specimens achieved the maximal value 380 MPa. In
Fig. 1, a characteristic shape of stress—strain curve in an
initial state and after various modes of nitriding is submit-
ted. The initial stress—strain curve has no physical yield
zone. In case of nitrided specimens the yield point is ob-
served when the first brittle crack in nitrided layer is
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formed. The subsequent multitudinous cracking occurs
practically at constant stress. For specimens nitrided 2.5
hours the yield point and yield plateau appear and then the
stage of strain hardening is observed. For specimens ni-
trided 14 hours after cracking at once there comes a stage
of dishardening. By increasing the time of nitriding the
material plasticity is reduced. Failure of specimens nitrided
during 58 hours occurs right after the first crack occurrence
in nitrided layer. Similar results on specimens from grade
42CrMo4 steel after ion nitriding were received (Fig. 1, b)
[12]. Presence of yield plateau for nitrided steels is con-
nected with the fact that cracking of nitrided layer occurs
practically at constant stress.

3. Fatigue strength of nitrided steels

At present nitriding for increasing fatigue strength
of structural metallic materials more widely is used [6-
14, 28-32], although, in some cases, it results in negative
effect (for example, nitriding of high — strength bearing
steel SUJ2 resulted in decrease of fatigue strength [30]).
The results of experimental data on the influence of nitrid-
ing on fatigue strength will be considered below.
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Fig. 2 Cyclic strength of nitrided grade 20MnCr5V steel
specimens (the depth of nitrided layer — 0.5 mm) in
transition from low cycle area of fatigue to high cy-
cle fatigue with various probability of failure P

Low cycle fatigue. At low cycle fatigue (base of
tests up to 5 x 10* — 10° cycles of loading) at which rather
high stresses operate, durability to failure, basically, is
connected with the processes of cracks propagation after
cracking of the stronger surface nitrided layer [29]. In the
work [31] it is shown that in high — strength grade
20MnCr5V steel after nitriding up to the depth of 0.5 mm
the sharp bend of transition from low cycle fatigue area to
high cycle fatigue appears (Fig. 2). Besides, in the area of
low cycle fatigue the cracks initiate on the surface of speci-
mens and in the area of high cycle fatigue — in near surface
layer at the interface between basic metal and nitrided
layer. Since the initiation of surface cracks in nitrided layer
is fast, the durability of nitrided specimens at low cycle
fatigue often is lower than the durability of specimens not
processed by chemical heat treatment method [8]. In the
work [12] it is shown that ion nitriding up to the depth of
350 um of specimens from alloyed grade 42CrMo4 steel
reduces durability in the area of low cycle fatigue and at
the same time increases fatigue limit to 30%.

Processes of microcracking on the surface of ni-
trided layer at low cycle fatigue are determined by a num-



ber of factors such as multiaxial stressed state of specimen
(part), the kind of fatigue loading (tests in conditions of
constant stress or constant strain in the cycle, uniaxial
loading or bend), level of mechanical properties of nitrided
layer, thickness of nitrided layer and the value and distri-
bution of residual stresses in near surface layers (their re-
laxation during cyclic deformation). A major factor is fast
cracking of the stronger nitrided layer at high cyclic
stresses in the area of low cycle fatigue. In the work [8] an
example of specimens from the normalized grade
SAE 1045 steel featuring static and low cycle fatigue after
nitriding is considered (with use of composition model).

High cycle fatigue. In the work [29] the influence
of gas nitriding (at temperature 525 °C during 24 hours)
and glow — discharge nitriding on fatigue strength of
specimens from grade En 41B steel was studied. It was
shown that various methods of nitriding result in identical
values and distribution of residual stresses. At high stresses
(durability is less than 10* cycles) fatigue failure is caused
by microcracking on the surface of material in brittle ni-
trides. At lower stresses the initiation of fatigue micro-
cracks occurs under strengthened nitrided layer at non-
metallic inclusions.

Influence of soft gas nitriding on fatigue strength
of structural grade SMn435 steel (wt%: 0.33C; 0.26Si;
0.15Cr; 1.34Mn; 0.015P; 0.021S) is investigated in work
[14]. The obtained results were compared with the data
received on grade SCM415 steel (Fig. 3). As a result of gas
nitriding surface hardness of specimens from grade
SMn435 steel increased from 250 up to 450 HV. The depth
of the most strengthened layer was about 18 pm. It is seen
(Fig. 3) that nitriding considerably increases the durability
and fatigue limit of specimens from grade SMn435 steel.
However for grade SCM415 steel nitriding considerably
increases the durability, but fatigue limit practically does
not change in comparison with initial state. The fatigue
failure of nitrided specimens begins with cracking of the
strengthened near surface layer at achieving 80 % from
expected durability.
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Fig. 3 Fatigue diagrams of structural steels after gas nitrid-
ing: [-—grade SMn415 steel after nitriding,
2 —grade SMn435 steel after nitriding, 3 — grade
SMn415 steel, initial material; 4 — grade SMn435
steel, initial material

In the work [6] the influence of gas nitriding on
characteristics of static and fatigue strength of specimens
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from medium carbon chromium — molybdenum low-alloy
grade AISI 4140 steel was investigated. The fatigue
strength in conditions of axial tension — compression and
static tension of cylindrical smooth specimens was investi-
gated. Nitriding durations of specimens after quenching
and tempering were 2.5, 14 and 58 hours and total depth of
diffusion layer (tempered martensite and fine — dispersion
precipitations of CrN) were accordingly — 400, 600 and
1000 um. Vickers hardness after nitriding increased from
355 (initial state) up to 640 HV (Fig.4). Although the
depth of nitriding was practically identical for all modes of
nitriding and was about 1000 pm, however hardness of
nitrided layer was higher for the specimens, which were
nitrided during 58 hours. The compressive residual stresses
on a surface of nitrided specimens achieved the maximal
value 380 MPa.
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Fig. 4 Dependence of Vickers hardness of nitrided grade
AISI 4140 steel specimens on layer depth

In Fig. 5 the results of fatigue tests in conditions
of axial tension — compression with the frequency of 10 Hz
are presented. It is seen, that nitriding essentially increases
fatigue strength. The fatigue limit has increased from
500 MPa (initial material) up to 550 — 600 MPa (nitrided
specimens). However, for nitrided specimens the wide
scatter of experimental data of durability is observed. This
wide scatter is connected with the presence of surface de-
fects. For nitrided specimens the initiation of fatigue
cracks, as a rule, occurs at the interface (nitrided layer —
basic metal) at nonmetallic inclusions, and that results in
formation of the surface of fatigue fracture such as “fish
eye”. Thus, we see that increase of gas nitriding time, re-
sults in the increase of hardness of a nitrided layer, how-
ever plasticity of the basic metal sharply decreases what
may result in sudden brittle failure. Therefore not always it
is necessary to seek for maximum hardness on a surface of
structural steels after nitriding. Also it is necessary to take
into account operating conditions of nitrided parts because
the conditions of damaging are various, for example fa-
tigue or wear.

The process of gas nitriding is technological and
well controllable which allows to receive the given pa-
rameters of diffusion layer. In the work [32] the influence
of gas nitriding on fatigue strength of specimens from
normalized steel 45 (wt %: 0.48C; 0.56Mn; 0.2Si; 0.12Cr;
0.1Ni) was investigated. For nitriding the installation con-
sisting of the system of programmed composition control



of saturating atmosphere (CIIP —901) and laboratory fur-
nace (CILIOJI) was used. Saturating atmosphere — a mix of
ammonia (NH3) and dissociated ammonia (N, + H,) was
used. The phase composition of nitrided layer was deter-
mined by metallographic and X-ray diffraction methods.
The structure of nitrided layer consisted of several phases.
On the surface there is high-nitrogenous ¢ — phase (Fe, ;N),
and under it heterogeneous structure, consisting of nitrides
Fe,; and FeyN, which hardness 7 —8 GPa is formed
(Fig. 6). In diffusion sublayer well expressed eutectoid
(FesN and a — the phase) was formed. The zone of internal
nitriding with increased hardness after nitriding on mode 1
was 0.4 mm and after nitriding on mode 2 was 1.0 mm.
The maximum hardness of nitrided layers was in the depth
30 um and it surpassed initial hardness of the normalized
specimens from grade 45 steel more than twice (Fig. 6).
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©
0 8
O
£7
UL
(0]
_56
JRN
T

5

4
3 N 3
2

0 50 100 150 200 250

Depth from surface, pm

Fig. 6 The change of nitrided layer hardness of grade 45
steel after various regimes of nitriding: / — nitriding
at 630°C during 2 hours; 2 — nitriding at 600°C dur-
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Three sets of specimens from grade 45 steel ni-
trided by three modes were investigated: 1 — nitriding at
630°C during 2 hours, 2 — nitriding at 600°C during 7
hours and 3 — nitriding at 600°C during 3 hours. In com-
parison, the fatigue strength of initial normalized speci-
mens from this steel also was investigated. The fatigue
tests have shown (Fig. 7) that nitriding on all three modes
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sharply raises fatigue strength of grade 45 steel (curves /-
3) in comparison with the normalized state (curve 4).
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Fig. 7 Influence of nitriding regimes on fatigue limit of
steel 45; [ —nitriding at 630°C during 2 hours;
2 —nitriding at 600°C during 7 hours; 3 — nitriding
at 600°C during 3 hours; 4 — initial state of steel

The fatigue limit of the specimens nitrided on
the first mode (curve /) increased up to 85 % and nitrided
on the second (curve 2) and the third modes (curve 3) — up
to 114% and 70% accordingly (Fig. 7). Fatigue limit of
steel processed on the second mode is taken according to
the lowest level of nonfractured specimens because in this
case the data of fatigue tests are obtained as a strip of the
scatter. The specimens nitrided on the first mode at high
loads fractured practically at once in the range of durability
10° — 5 x 10° cycles, and then with lowering of cyclic load,
the specimens fractured only after ~ 10° cycles. This fact
testifies that nitriding on the first mode results in creation
of the strengthened near surface layer which well resists to
fatigue load. The specimens nitrided on the second mode
though show higher level (more high level) of fatigue
limit, may fracture practically at once at stresses near the
fatigue limit. This testifies that the metal has high sensitiv-
ity to defects resulting in the initiation and propagation of
fatigue crack. The second and the third modes differ only
in duration of the process (7 and 3 hours) and therefore at
identical maximum level of Vickers hardness, the speci-
mens processed on the third mode have lower depth of
strengthened layer (Fig. 6). As it is seen from Fig. 7 fatigue
strength of the specimens of this series is lower, than the
others. The study of the fatigue fractures by scanning elec-
tron microscope showed that in initial normalized speci-
mens from grade 45 steel the crack initiates in an usual
way on the surface of the metal and after nitriding — under
strengthened nitrided layer. The characteristic near the
surface area of fatigue crack propagation arises which is
called “fish eye”. In Fig. 8, a the scheme of fatigue fracture
of nitrided specimen with near surface initiation of a crack
[23] and fracture surface of nitrided specimens from grade



42CrMo4 steel tested on fatigue at low (Fig. 8, b) and high
(Fig. 8, ¢) levels of cyclic stresses [7] are presented. At
high levels of stresses the initiation of cracks occurs in the
surface nitrided layer. The study of a place of fatigue crack
initiation showed that structural stress concentrators inside
of “fish eye” are big nonmetallic inclusions.
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Fig. 8 Character of macrofailure of nitrided specimens:
a — the scheme of fatigue fracture with near surface
initiation of a crack; b — fracture surface of grade
42CrMo4 steel tested at low cycle fatigue; ¢ — frac-
ture surface of the same steel tested at high cycle fa-
tigue

The ion nitriding essentially increases fatigue re-
sistance of all structural steels due to the saturation of
metal surface by nitrogen and causing in surface layer
compressive stresses. So, the fatigue limit of steel such as
30XM®A after ion nitriding increases up to 80 % (Fig. 9)
[4, 16]. The study results of the influence of various phase
composition of nitrided layer (after saturation in various
technological mediums) on plastic resistance of grade
38XMIOA steel at alternating loads are given in Fig. 10.
The greatest effect is received after combined saturation
which can be explained by the more advanced diffusion
zone formed at the first stage of nitriding and also more
homogeneous its structure without excessive carbidic —
nitridic precipitations [4, 15]. The fatigue resistance of
steel 38XMIOA in solution of NaCl gives more apprecia-
ble effect (Fig. 10, b): fatigue limit is increased 5.4 times.
In this case the value of ¢ — nitride presence on surface of
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steel is high. It has high corrosive resistance. Besides, after
combined saturation nitridic zone consisting of Fe, 3(N,C)
has the higher thickness than the zone consisting of Fe, 3N.
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Fig. 10 Fatigue strength of grade 38 XMIOA steel in air (a)
and in solution of 3% NaCl (b); / — after quench-
ing and high temperature tempering; after ion ni-
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various environment: 2 — 100% of NHj; 3 —90%
(wt) NH; + 10% (wt) C3Hg; 4 — after dual nitriding
in 10% (wt) NH; +90% Ar during 1.5 hours and
90% (wt) NH; + 10 % (wt) C3Hg during 1.5 hours

In [11] the influence of various modes of low-
temperature plasma nitriding on fatigue strength of cast



iron with spherical graphite CSN (ISO 1083-76) (wt %:
3.30C; 0.55Mn; 2.60Si; 0.08Cr; 0.18Ni; 0.014P; 0.024S;
0.06Mn) was investigated. During nitriding by the mode
A1 the temperature in plasma was 430 °C, holding time —
24 hours, cooling in 10 — 12 hours in the gaseous medium
of ammonium (purity 99.99 %). At nitriding by the mode
A2 double nitriding was carried out on mode Al. Nitriding
on mode B (standard gas nitriding) was carried out at tem-
perature 510 °C during 2 hours, holding time at this tem-
perature 9 hours, cooling 2 hours. The fatigue tests were
carried out in the condition of pure bending with the fre-
quency of 130 Hz. In Fig. 11 the data of fatigue strength of
initial normalized specimens and specimens after various
modes of nitriding are presented. The nitriding considera-
bly increases the fatigue limit of cast iron: initial state —
290 MPa, mode Al — 325 MPa, mode A2 — 408 MPa and
mode B — 380 MPa. Also after nitriding by mode A2 sur-
face of the metal had maximum Vickers hardness (Fig. 11).
Authors [11] consider that both types of nitrides ¢ and y
had an influence on the increase of fatigue strength after
plasma nitriding.
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Fig. 11 Cyclic strength of untreated cast iron CSN 42 2305
(series BM) specimens and after various regimes of
nitriding: A —BM; 0o —Al; e —A2;0-B

In [9] the influence of the modes of plasma nitrid-
ing on fatigue strength of structural grade 709M40 steel
(En19) (wt %: 0.33C; 1.16Cr; 0.4Mo; 0.86Mn) in bending
conditions rotating smooth specimens and specimens with
stress concentrator (recess: width of 0.5 mm and depth of
0.2 mm) were studied. Plasma nitriding was carried out on
the installation (40 kW Klockner) at 500 °C, in the me-
dium of gaseous mix (25 % N, and 75 % H,) at 5 mbar
pressure during 10 hours and 40 hours. The maximum
compressive residual stresses on the surface of metal after
nitriding during 10 hours were 498 MPa, and after nitrid-
ing 40 hours were 385 MPa. At the same time Vickers
hardness (HV 0.1) of surface for both sets of specimens
was approximately identical and was within the limit 650 —
620 HV 0.1. However, at higher distance from the surface
(up to 500 um) hardness of nitrided layer was higher for
the specimens which were longer nitrided. From the results
of fatigue tests presented in Fig. 12, a it is seen that nitrid-
ing of smooth specimens during 10 and 40 hours result in
sharp increase of the fatigue limit from 530 MPa (initial
state) up to maximum value 1040 MPa (nitriding during 40
hours). For nitrided specimens with stress concentrator
(Fig. 12, b) the fatigue limit increases from 280 MPa (ini-
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tial state) up to 580 MPa (nitriding duration 10 hours).
Thus, wee see, that in case of specimens with stress con-
centrator it is impossible to aspire to big duration of nitrid-
ing because there is a danger of brittle crack occurrence at
lower stresses. It is possible to note one more interesting
regularity. If in the case of smooth specimens after nitrid-
ing the bend of fatigue curves is displaced aside the greater
number of cycles of loading (that is connected with later
initiation of fatigue cracks) in the case of specimens with
stress concentrator the reverse picture is observed. This is
connected with the presence of stress concentration though
the stress of crack initiation increases after nitriding, but at
the same time it results in faster initiation of fatigue crack
at the stresses near to the fatigue limit.
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Fig. 12 Fatigue diagrams of untreated specimens of grade
709M40 steel (Enl19) and after various regimes of
plasma nitriding: a-—smooth specimens; b—
specimens with concentrator; / — untreated speci-
mens, 2 — nitriding during 10 h, 3— 40 h

In [28] the influence of ion nitriding on the
change of fatigue strength of grade CSN16420.6 steel (wt
%:0.10-0.17C; 0.3 — 0.6Mn; 0.17 — 0.37Si; up to 0.035P;
up to 0.035S; 0.6 — 0.9Cr; 3.20 — 3.70Ni) was investigated.
Cylindrical specimens with the diameter and gauge length
of 6.74 mm and 24 mm accordingly were used. The nitrid-
ing was carried out at the temperature of 450 °C during 20
hours in the flow of NHj; at the pressure of 200 Pa and at
anode voltage — 580 V. The nitrided specimens were
cooled in vacuum up to 100 °C. Fatigue limit of nitrided
specimens increased from 450 MPa up to 630 MPa (in-
creased on 40 %), and the resistance of low cycle fatigue
(on the base of 10° cycles) increased from 605 MPa up to
865 MPa (increased on 43%). The initiation of fatigue
cracks occurred under the strengthened surface due to



stronger surface layer and the presence of compressive
residual stresses.
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Fig. 13 Fatigue diagram of bearing grade SUJ2 steel
specimens: / — annealing; 2 — nitriding; 3 — quen-
ching + tempering (o — appearance of cracks on the
surface; ® — cracks below the surface)

The investigations of the influence of ion nitriding
on characteristics of fatigue of bearing grade SUJ2 steel
(wt %: 1.01C; 0.23Si; 0.36Mn; 0.012P; 0.007S; 1.45Cr;
0.06Cu; 0.04Ni; 0.02Mo) in conditions of circular bend
were carried out in the work [10]. Ion nitriding was car-
ried out at the temperature of 400 °C in the medium
H, = NH; at the pressure of 1 atmosphere. The thickness of
nitrided layer was about 300 um. The compressive residual
stresses on the surface were 540 MPa. In Fig. 13 the data
of fatigue tests of the specimens in three states are pre-
sented: after annealing, quenching and tempering
(0,=2330 MPa, ¥=1.3%) and after nitriding of the
specimens which were preliminary quenched and tempered
(0,=1360 MPa, ¥=0.34 %). The fatigue limit minimum
in the annealed state is observed. The specimens after
quenching and tempering and after nitriding have higher
level of fatigue strength and fatigue curves are stepped.
The formation of steps is connected with the change of the
mechanism of fatigue cracks initiation: from surface type
(at high stresses) to near surface type such as “fish eye”.
For the base tests —2 x 10° cycles of loading the fatigue
limits of these two sets of specimens are approximately
identical (= 1000 MPa), though in the area of limited dura-
bility cyclic fatigue properties of the specimens after
quenching and tempering are higher.

In [12] the influence of ion nitriding at the tem-
perature of 525 °C during 30 hours in the medium of nitro-
gen (20 %) and hydrogen (80 %) on fatigue strength of
alloyed grade 42CrMo4 steel (wt %: 0.41C; 0.77Mn;
0.28Si; 0.026S; 1.02Cr; 0.019P; 0.16Mo; 0.16Ni; 0.04Al;
0.25Cu; 0.03Ti) was investigated. The depth of nitrided
layer was 300 um. The fatigue tests were carried out in
conditions of three — point bend with the concentrator such
as the cut (radius in the top of cut was 4 mm). The distribu-
tion of residual stresses in surface layers is presented in
Fig. 14 and fatigue curves of initial specimens (oil quench-
ing, austenitization at 850°C and tempering at 580°C,
0, = 1050 MPa) and nitrided specimens (o, = 1070 MPa)
are presented in Fig. 15. It is seen that in the area of low
cycle fatigue the durability of nitrided specimens is less
than the durability of nonnitrided specimens. At high dura-
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bilities to failure the durability of nitrided specimens is
higher than the durability of nonnitrided specimens.

02 04 0.6 08 fmm

Fig. 14 Residual stress dependence on distance from sur-
face of nitrided specimens of alloyed grade
42CrMo4 steel (the same as grade 42XMH/] steel)
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Fig. 15 Fatigue diagrams of grade 42CrMo4 steel (the
same as grade 42XMHJI steel): / —not treated
specimens, 2 — nitrided specimens

The modification of surface layer by atoms of ni-
trogen even on small depth increases the high cycle fatigue
of stainless grade X18H10T steel [33]. Ion beam treatment
was carried out at the temperature of 650 K during 2 hours
at the energy of nitrogen ions 1 — 3 keV and the density of
ionic current was 2 mA/cm’. The increase of hardness of
surface layer after such treatment was observed up to depth
15 um. In Fig. 16 the results of fatigue tests in the condi-
tions of symmetric plane bending are presented. It is seen
that the efficiency of ion beam treatment by nitrogen grows
with the decrease of cyclic stresses and at high stresses the
distinction of the durability of initial material and after
nitriding is not observed. It is necessary to note, that there
are many experimental data showing that after high — en-
ergy ion implantation (40 —300 keV), when penetration
depth of nitrogen ions is only tenths of micron the increase
of fatigue strength of structural steels and titanium is ob-
served [33-36]. But the analysis of such modification of
surface of metallic materials by nitrogen demands special
consideration.

There are not so many works in which the influ-
ence of nitriding on the regularity of fatigue cracks propa-



gation is studied [13]. It is clear that only small fatigue
cracks can be considered. When the crack passes surface
strengthened layer it propagates in the basic metal and
general stressed state of the part (specimen) may have in-
fluence on its propagation only. In [13] the influence of
soft nitriding (tufftriding process) in salt bath at the tem-
perature of 570 °C during 90 min (the depth of nitrided
layer was 1.0 mm) on the regularity of small fatigue cracks
propagation in the plane specimens of low carbon steel
(0.12 % C) with V — notch and thickness of 4 mm was in-
vestigated. It was shown, that propagation speed of small
fatigue cracks in the nitrided layer is slowed down in com-
parison with annealed state. Besides the level of threshold
factor of stress intensity K, grows.
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Fig. 16 Cyclic durability of grade 08X18H10T steel: (o) —
untreated; (o) — nitrogen ion implantation at 650 K

Influence of nitriding on corrosion fatigue. Also,
for the increase of corrosion fatigue of steel products the
methods of diffusion saturation of surface layers by nitro-
gen are used. For example, it is possible to subject by anti-
corrosive nitriding any steel including simple carbon
steels. Saturation process was carried out at 600 — 700°C
during 0.5 — 1.0 hours. At such mode of saturation from
gaseous ammonia the continuous layer of corrosive resis-
tance phase — ¢ is formed on a surface of product protect-
ing metal from atmospheric corrosion, aggressive influence
of water and other corrosion mediums.

In [37] the efficiency of the application of short —
time nitriding to increase the resistance to corrosive — fa-
tigue failure of medium carbon steel was studied. The in-
vestigations were carried out on smooth and notched
specimens with working part diameter of 8 mm at cyclic
pure bending with rotation. The nitriding was carried out in
dehydrated and cleared ammonia during 7 hours at 550°C
and the degree of ammonia dissociation was about 30 %.
At nitriding modes the depth of the layer was 45 — 55 pm
and Vickers hardness was about 6100 MPa. It is stated that
nitriding results in the increase of fatigue limit of speci-
mens from grade 45 steel approximately by 40% and sharp
increase (almost 5 times) of conditional limit of corrosion
fatigue. The surface of nitrided specimens after fatigue
tests in the corrosion medium has not changed colour and
products of corrosion were not revealed on it. The increase
of fatigue resistance of nitrided steel in the corrosion me-
dium occurred not only due to the corrosive layer creation
on a surface of specimen interfering with fracture but also
due to formation in it compressive residual stresses which
maximum value was about 300 MPa. In details, the influ-
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ence of nitriding on the resistance to corrosion fatigue is
given in the monograph [37].

3.1. Major factors influencing fatigue strength increase of
nitrided structural steels

Influence of a layer thickness. As a result of ni-
triding in structural steels in near surface layers of the
metal a complex structure with increased hardness is
formed. This results in essential increase of fatigue limit
which in physical sense corresponds to the stress of fatigue
crack initiation. The stronger surface layer (formed after
nitriding) is a barrier to dislocations on the surface and this
increases the stress of fatigue cracks initiation and fatigue
limit [38].

There is inconsistent data on the influence of
stronger nitrided layer thickness on fatigue limit. In [26]
fatigue limit of structural steels grows with the increase of
nitrided layer depth. For the parts without stress concentra-
tion the growth of fatigue limit is observed only at the rela-
tionship of the layer thickness (x) to radius (R) equal 0.1 —
0.2. At the presence of stress concentrators the maximal
value of fatigue limit is achieved at x / R =0.001. At fur-
ther increase of the layer thickness the fatigue limit either
does not change or decreases (on 10 —20 %) due to the
decrease of compressive stresses in the layer and increase
of tensile stresses in a core and dishardening core. The
failure begins under nitrided layer [2].

There is data which shows that the fatigue limit
grows with depth of nitrided layer [24]. However in [39] is
asserted that this regularity basically is due to the influence
of the size of a small specimen. If the depth of nitrided
layer makes significant part of the radius of a specimen,
the failure occurs between the strengthened layer and the
core where the stress is obviously lower. For big parts such
strengthening will give insignificant effect. The author of
[39] considers that the effect of various treatments should
be compared according to stresses in the zone of failure. In
conformity with this, in [39] it is shown that for chromium
— molybdenum steel a thin nitrided layer (1.0 mm formed
during 10 hours at 485°C) gives almost the same fatigue
resistance as a thick layer (3.56 — 5.1 mm, formed during
72 hours at 485°C) and the first treatment for parts was
recommended [24].

After nitriding additional treatment of nitrided
layer is required quite often. Grinding to the depth of
0.05 mm (when common thickness of the layer is 0.4 —
0.5 mm) does not decrease the fatigue limit. The deeper
grinding decreases the fatigue limit. The cut which depth
exceeds the strengthened layer thickness, removes the
strengthening caused by nitriding. The fatigue limit of ni-
trided products may be increased to 15 — 20 % using rollers
[2]. Thus, it is obvious, that the required depth and struc-
ture of nitrided layer, in each concrete case demands care-
ful analysis, depending on nitriding technology, scale fac-
tor, steel grade and concrete conditions of parts exploita-
tion.

However it is possible to state, that in most cases
to achieve the best characteristics of fatigue it is not neces-
sary to seek for high nitrided layer depth but the presence
of surface layer consisting mainly from nitride phase. In
[40] on specimens from grade AISI4140 steel it was shown
that repeated plasma nitriding after preliminary cyclic
loading does not remove fatigue damage as already exist-



ing nitrided surface layer interferes in diffusion during
secondary nitriding.

Influence of residual macrostresses and micro-
stresses. One of major factors increasing characteristics of
high cycle fatigue of nitrided steels is the presence of com-
pressive residual macrostresses which are formed in the
process of chemical heat treatment. The level of these
stresses reaches up to 600 — 800 MPa [1, 2, 4, 41].

In [26] it was shown that increased fatigue
strength of nitrided steel is connected not only with the
presence of compressive residual macroscopic stresses
(stresses of the first and second sort) but also with residual
microscopic stresses (stresses of the second and third sort).
The residual macroscopic Stresses &pueo = (01 — 0o) / @
were interpreted as the change of average size of crystal
lattice (a; — average lattice size at the maximum of stress,
oo — initial size of the lattice) and residual microscopic
Stresses  Emicro = Aa/ a1 (Ao —amplitude of lattice size
change). In Fig. 17 and 18 the data on residual macro-
stresses and microstresses distribution in carbon grade
Ck45 steel and alloy grade 24CrMo13 steel (grade En40B
steel) after gas nitriding in an atmosphere of ammonium at
the temperatures of 783 K and 853 K are presented. It is
seen that the character of residual microstresses and mac-
rostresses change with the increase of nitrided layer depth
for the investigated materials is similar. The maximum
residual stresses in both cases are observed at the depth of
300 um. The basic distinction is that if the compressive
residual macroscopic stresses of nitrided steels at cyclic
deformation practically are relaxed completely at the
stresses which are near the fatigue limit so the residual
surface microstresses in steels nitrided in salt baths do not
change with the growth of the number of cycles of loading.
Besides, it is known that the level of residual microstresses
may even increase due to strain cyclic hardening [26, 42].
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Fig. 17 Surface residual compression macrostress (o;) and
microstrain (&) dependence on the depth of ni-
trided layer of grade Ck45 and 24CrMo13 steels

Thus, both compressive macrostresses and micro-
stresses arising during nitriding process of steels play the
definite part in the formation of fatigue strength character-
istics. It is important also that if the level of hardness of
nitrided layer is not directly related with residual macro-
stresses, in case of microstresses the linear relationship
between Vickers hardness and average surface microde-
formation is observed [26].

Thus, the second important factor of fatigue limit
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increase of nitrided steels is the presence of compressive
residual macrostresses and microstresses in surface layers.
If the first (macrostresses) during load cycling may com-
pletely relax, the level of the second (microstresses), on the
contrary, may increase.

2 o Ckdb 783K
o ® — Ck45 853 K
© 0 24CrMo13 783 K
6 m — 24CrMo13 853 K
4
2 -0
0 1 1 1 1

0 200 400 600 800 h,um

Fig. 18 Surface residual microstress (&) dependence on the
depth of nitrided layer (k) of grade Ck45 and
24CrMol3 steels

4. Basic conclusions

1. Independently from nitriding method the char-
acteristics of high cycle fatigue of the limited durability
and fatigue limit of structural steels are improved. The
initiation of fatigue crack, as a rule, occurs under surface
layer at the interface of nitrided layer and a matrix or at
non-metallic inclusions. In the area of low cycle fatigue the
decrease of durability is observed more often and this is
connected with stronger nitrided layer cracking at high
repeated loadings.

2.In the case of nitriding of smooth specimens
from structural steel the fatigue curves bend is displaced
aside from the greater number of loading cycles (this is
connected with later initiation of fatigue cracks), however,
in the case of nitriding of the specimens with stress con-
centrator the reverse picture is observed. At the presence of
stress concentration, though the stress of crack initiation
increases as a result of nitriding but at the same time, it
results in faster initiation of fatigue crack at stresses near to
the fatigue limit.

3. The increase of high cycle fatigue strength is
connected with the creation of stronger surface layer at
nitriding, the creation of compressive residual macro and
microstresses. The basic distinction is that if compressive
residual macroscopic stresses of nitrided steels at cyclic
deformation are completely relaxed at the stresses, near
fatigue limit, the level of residual surface microstresses
does not change with the growth of the number of loading
cycles or even increase due to strain cyclic hardening.

4. The hardness of nitrided layer is not directly re-
lated with residual macrostresses. Also the increase of fa-
tigue limit is not always directly related with the thickness
of nitrided layer. The efficiency of chemical treatment of
nitriding (with the purpose to increase fatigue strength)
depends on many interconnected factors such as technol-
ogy of the process, chemical composition of the steel, level
of residual macro and microstresses, hardness, depth and



structural composition of nitrided layer.
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V.F. Terentjev, M.S. Micugina, A.G. Kolmakov,
V. Kvedaras, V. Ciuplys, A. Ciuplys, J. Vilys

AZOTINIMO [TAKA KONSTRUKCINIU LYDINIU
NUOVARGIO STIPRIUI

Reziumé

Siame straipsnyje pateikta eksperimentiniy duo-
meny apzvalga apie skirtingy jazotinimo metody ijtaka
konstrukciniy plieny cikliniam patvarumui, analizuojama
ivairiy faktoriy jtaka nuovargio itrikiy atsiradimui ir pliti-
mui jazotintose konstrukcinése metalinése medZiagose.
Tyrinétas iazotinty konstrukciniy plieny statinis stipris,
mazaciklis ir daugiaciklis nuovargis.

Tyrimy rezultatai parodé, kad, nepriklausomai
nuo panaudoto jazotinimo metodo, konstrukcinio plieno
patvarumas daugiacikliam nuovargiui (salyginé patvarumo
riba ir nuovargio riba) pageréja, o patvarumas mazacikliam
nuovargiui dazniausiai pablogéja. Konstrukcinio plieno
ciklinio patvarumo padidéjimas daugiaciklio nuovargio
srityje yra susijgs su tuo, jog po jazotinimo padidéja pavir-
Sinio sluoksnio stipris bei atsiranda makro ir mikro licka-
mieji gniuzdymo itempiai pavirSiniame sluoksnyje. Cikli-
nio patvarumo sumazéjimas mazaciklio nuovargio srityje
yra susijgs su tuo, jog veikiant dideléms kintamoms apkro-
voms jazotintas sluoksnis sutriikingja.
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V.F. Terent’ev, M.S. Michugivna, A.G. Kolmakov,
V. Kvedaras, V. Ciuplys, A. Ciuplys, J. Vilys

THE EFFECT OF NITRIDING ON FATIGUE
STRENGTH OF STRUCTURAL ALLOYS

Summary

This article presents a review of experimental data
of the effect of different nitriding methods on fatigue
strength of structural steels, and the analysis of basic fac-
tors influence on regularity of fatigue cracks initiation and
propagation in nitrided structural metallic materials. The
basic regularities of static strength, low cycle fatigue and
high cycle fatigue strength of structural steels after treat-
ment by nitriding were studied.

The results of this study have shown that inde-
pendently from a method of nitriding the characteristics of
high cycle fatigue of the limited durability and fatigue limit
of structural steels are improved. In area of low cycle fa-
tigue more often decrease of durability is observed and that
is connected with cracking stronger nitrided layer at high
repeated loadings. The increase of fatigue strength at high
cycle fatigue is connected with creation of stronger surface
layer, creation of compressive residual macroscopic
stresses and microstresses after nitriding.

B.®. Tepentren, M.C. Muuyrusa, A.F.“KonMaKOB,
B. Kssgapac, B. Hroruuce, A. Hroruuce, Y. Bununc

BJIMAHUE A3OTHUPOBAHIA HA HHUKIIMYECKYIO
IMPOYHOCTDH KOHCTPYKIIMOHHBIX CITJIABOB

PeszowMme

B mHactosmeit pabore gmaH 0030p IKcIe-
PUMEHTAJIbHBIX JAHHBIX IO BJIUSAHUIO PA3JIMYHBIX METO0B
a30THPOBAaHUS HA MUKIMYCCKYIO MPOYHOCTh KOHCTPYK-
[UOHHBIX CTaJlCHl W aHATU3UPYIOTCS OCHOBHEIC (DaKTOPBI,
BIIMSIFOIIAC HAa 3aKOHOMEPHOCTH 3apOKICHUS M PacIpo-
CTpaHCHHS YCTAJIOCTHBIX TPCIIMH B a30THPOBAHHBIX KOH-
CTPYKIIMOHHBIX METAJUIMYECKAX MaTepuanax. M3ydammch
OCHOBHBIC 3aKOHOMEPHOCTH CTaTHYECKOH MPOYHOCTH Ma-
JOUWKIIOBOM W MHOTOIMKIOBOW YCTAIOCTHOHM TPOYHOCTH
KOHCTPYKIIMOHHBIX CTajied mociie 0OpaboTKH a30THpOBa-
HUEM.

PesynbpTaThl HcclenOBaHWI MOKa3ajlid, 4TO BHE
3aBHCUMOCTH OT METOJIOB a30THPOBAHHUSA XapaKTCPUCTUKU
MHOTOIIMKIOBOW  YCTaJOCTH  (OTpaHUYEHHAs  JOJIro-
BC€YHOCTb W HpeAciI BbIHOCJ'll/IBOCTI/l) KOHCTPYKIMOHHBIX
crayeil yiydmarTcs. B o0macTu MallONMKIOBON ycTa-
JIOCTH 4Yalle BCEro HaONIOMAeTCs CHIDKCHHE JIOJITO-
BEYHOCTH, YTO CBSI3aHO C PacTpECKUBaHHEM OoJiee Mpod-
HOTO a30THPOBAaHHOTO CIIOS TIPH BBHICOKUX MOBTOPHBIX Ha-
rpy3kax. [ToBBIIIEHHE yCTAIOCTHOW MPOYHOCTH TIPH MHO-
TOLUKIIOBOM YCTaJIOCTH CBS3aHO C CO3IAaHHEM IIPH a30TH-
poBaHUH OoJiee MPOYHOTO MMOBEPXHOCTHOTO CIIOS, MAaKpO-
CKOIIMYECKUX OCTATOYHBIX HAPSHKCHUN CXKATHA U MUKPO-
HaIpsHKEHUH.
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