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THE EFFECT OF NON-METALLIC INCLUSIONS FORMED AS A RESULT OF DEOXIDATION
ON THE FATIGUE STRENGTH OF 15CrNi6 AND 16MnCr5 STEEL

This paper presents the findings of fatigue strength tests of 15CrNi6 steel following low-pressure carburizing and oil quench-
ing, subjected to cycles of one-sided three-point bending. The fatigue fractures were compared with the results of fatigue strength
studies of 16MnCr5 steel following low-pressure carburizing and nitrogen quenching. The fatigue tests for 16MnCr5 steel were
conducted as part of a high-cycle resonance test, with a pendular bending load. The study also involved an analysis of the effects on
non-metallic inclusions in the structure on the mechanism of fatigue destruction. The inclusions were found to initiate fatigue cracks.
In both cases, a similar method of a fatigue fissure initiation was observed, independent of the study method or specimen material.
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1. Introduction

The majority of loads present in machines that working
movements are cycling loads that vary in time. They generate
oscillating stress, usually resulting in shortening the life time of
machine parts. The process, cased material fatigue, is important
in designing the “life cycle” of a product. Loads present in such
systems are usually generated at stress levels lower than in
stresses caused by a static strength test [1] and is a significant
feature in fatigue loads.

Fatigue strength is rather unpredictable and is affected by
gravity, duration of load and its nature, how parts are constructed,
material of the part and its structure. It has also been noted
that non-metallic inclusions or discontinuities in the structure
also generate fatigue damage, which result in destruction of a
structure [2].

It is therefore still a significant issue, dating back to the 14th
century’, when it had to be dealt with in designing firearms and
evaluating damage done to them. The development of this area
started in the 1940’s and it has continued to this day.

Carburizing, and particularly its modern variations, i.e. low-
pressure carburizing, is one of the methods of steel treatment
which can greatly improve its fatigue strength.

The main advantages of low-pressure carburizing over
conventional methods include the considerable improvement of
fatigue strength. For example, elimination of internal oxidation
prevents the formation of surface indentations, which can be the
centres of fatigue. Other advantages of low-pressure carburizing
which can affect the fatigue strength include the fact that a clean,

metallic surface of the items under treatment is obtained im-
mediately after the process [3-6]. This can result in elimination
of grinding and polishing when greater dimension tolerance is
also acceptable. Conventional carburizing must almost always
be followed by grinding, and the process is known [7,8] to in-
troduce tensile stress to the surface layer, which is likely to de-
crease the fatigue strength. Therefore, application of this modern
thermochemical treatment can improve the fatigue strength of
steel significantly, although obviously, it cannot eliminate this
type of destruction. It is therefore justified to conduct a study
to determine the mechanism of fatigue destruction of steel fol-
lowing low-pressure carburization.

2. Specimen material

A 15CrNib steel of the chemical composition shown in Ta-
ble 1 and 16MnCrS5 steel, of the chemical composition shown in
Table 2 were used in the fatigue tests. In both cases, the chemical
composition of the alloy was determined by fluorescence X-ray
spectroscopy. The carbon concentration in the examined steels
was analyzed by the absorption of IR radiation method after
burning the sample in an oxygen atmosphere.

TABLE 1
Chemical composition of 15CrNi6 steel [wt.%]
C Mn Si P Cr Ni Cu
0,12 0,57 0,26 | <0,035 1,4 1,5 <0,3
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TABLE 2

Chemical composition of 16MnCrS5 steel [wt.%)]

C Si [Mn| Cr [ Ni [Mo]| Al [cu] P
0,18 | 037 | 1,21 [ 0,98 | 0,19 [ 0,03 | 0,03 | 0,16 | 0,02

3. Thermo-chemical treatment of the specimens

Specimens made of 15CrNi6 steel were subjected to
low-pressure carburizing by FineCarb® [9] technology in an
atmosphere consisting of acetylene, ethylene and hydrogen
[10]. The process temperature was 930°C, the total time (18
min. carburizing boost — 208 min. diffusion) and segmentation
(8 — segments) of the process were selected so as to achieve an
effective carburizing layer of 0.6 mm (for the 0.4%C criterion).
Quenching was performed with cooling down to 870°C and
holding for 30 minutes. Quenching was performed in Burgdorf
H222 oil, at a stabilised temperature of 50°C. Subsequently, the
specimens were tempered once at 185°C for 2h.

Specimens made of 16MnCr5 steel were subjected to
low-pressure carburizing (LPC) — by FineCarb® technology.
Low-pressure carburizing was performed in a VPT-4022/24I1QN
universal low-pressure carburizing furnace with the HPGQ at
the temperature of 920°C. The total time (18 min. carburizing
boost — 214 min. diffusion) and segmentation (8 — segments)
of the process were selected so as to achieve an effective depth
of 0.6mm (for the 0.4% C criterion). The working atmosphere
was a mixture of hydrocarbons: acetylene and ethylene (1:1)
diluted with hydrogen. After carburizing, the specimen was
cooled down to 860°C and nitrogen quenching was performed
at a pressure of p = 1.2 MPa. Quenching was followed by low
tempering at 180°C for 2h. Figure 1 shows the carbon profiles
for both cases. The carbon concentration in surface layer was
measured with a Leco GDS 850A optical spectrometer. Carbon
was determined for a few times after removing thin layers one
by one, using grinding.
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Fig. 1. The carbon profile diagram for both cases

4. A numerical analysis of the choice of a specimen shape
for experimental studies

As part of the experiment for 15CrNi6 steel, a special
specimen was designed, which was then subjected to a negative
cyclic one-sided load in three-point bending [11,12]. The sample
in Fig. 2a has a narrowing in the centre.
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Fig. 2. a. The shape of the specimen designed for fatigue testing, b.
distribution of von Mises reduced stress in a specimen for bending
fatigue strength tests by the one-side three-point bending

This shape was necessary because of a decrease in the
observation field of the fatigue fracture being formed. Given
that it is common knowledge [13-15] that fatigue cracks in
specimens subjected to thermochemical treatment are formed
under the layer, thus making it invisible when initiated, the
shape and load of the speciminspecimen therefore force the
concentration of stress in one plane situated in the exact center.
Additionally, it was proposed that the ends of the should be
broadened, which reduces the unit load on the supports in the
three-point bending. The specimen was subjected to a numerical
analysis by the method of finite elements in order to verify the
concept presented. The numerical computations were conducted
in a Workbench Ansys 18.0 environment. The Cad model was
divided into 8 body-type elements and MES discretization with
Solid 186 elements was performed. All the body-type elements
were connected with a “bonded” type contact with Conta 174



and Targe 170 elements. This produced a uniform specimen with
44544 hexagonal elements.

A specimen was supported on both sides with “supports
displacement” and loaded at the centre with the force F.

The prepared model was subjected to numerical calcula-
tions. The map of stress in the specimen under study is shown
in Fig. 2b. It confirms that the maximum stress is situated in
the centre of the specimen, in the narrowed area. Before ther-
mochemical treatment, the specimen was polished to eliminate
any surface indentations.

A 16MnCrS5 steel specimen was designed similarly. The
guidelines of the ASTM E 606-04 standard [11], FEM simula-
tions of distribution of deformations and stress and the experi-
ments provided the base for developing the optimum shape and
size for a specimen in terms of the possibility of achieving the
desired deformations (stress) and conducting examinations of
high-cycle bending fatigue strength by the resonance method
(Fig. 3) [14,15].
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Fig. 3. a) A specimen for bending fatigue strength tests by the resonance
method [14,15], b) distribution of von Mises reduced stress in a speci-
men for bending fatigue strength tests by the resonance method [14,15]

5. Experiment methodology

A specimen made of 15CrNi6 steel (Fig. 2) was subjected
to one-sided negative load in three-point bending at a test stand
using a servo-hydraulic strength testing machine. The test was
conducted on 16 specimens.

During the first stage, the specimen was loaded with the
force of P,, =—8 kN in order to generate the mean stress of o,,,.
This force lies within the elastic range of the specimen (Fig. 4).
The P,, force is exactly half of P,,,, which, when exceeded
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even slightly [by ca. 10%], causes a permanent deformation of
the structure. The idea behind the study methodology is that it
is possible in extreme cases to subject a specimen to repeated
one-direction stress, i.e. the average force P, is equal to the
variable cyclic force P, corresponding to stress g,, which does
not result in a change of the load sign.

P

Fig. 4. Specimen load in a three-point bending test

Following this, the specimen was subjected to cyclic load
while the force P,, remained unchanged; force P, was selected
s0 as to obtain characteristic points to plot the Wohler curve.

Subsequently, the fatigue strength was determined by the
resonance method for specimens made of 16MnCr5 steel [14,15]
with a type TV50101/LS-80 TIRA inductor with a BAA1000
amplifier and a VR8500 measuring bridge, controlled by Vi-
brationView software. The specimen deflection was determined
with a laser extensometer fitted with an LTC 120-40 measuring
head. The test was conducted on 16 specimens. The load for
each sample was selected according to the step method based
on specific elongation strength, and 0.7 - R,, was taken as the
initial load. Pendular bending of the specimens was conducted
at the resonance frequency for each specimen, with the con-
stant free end tilt amplitude. The stress was determined based
on the deflection arrow. The moment when the fatigue crack
occurred was detected as a change of the specimen’s resonance
frequency.

6. Experiment results

A Wohler curve was plotted after the fatigue tests were
conducted for limited and unlimited fatigue strength for both
cases. The graphs are shown in Fig. 5. The fatigue strength of
15CrNi6 steel was determined to be Zg = 1205 MPa, whereas
that of 16MnCrS5 steel — Zg = 670 MPa (Fig. 5).

In the next stage, metallographic examinations of the fatigue
fractures were conducted.

The examinations showed spheroid non-metallic inclusions
under the carburized layer (Fig. 6). This form was not found in
a fracture following quasi-static load for simple bending (Fig. 7).

Most likely, this form [a spheroid shape] results from cyclic
three-directional impact of the matrix on an inclusion [16]. In
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Fig. 5. Fatigue bending strength: 15CrNi6 and 16MnCrS5 steel (Wdhler
curve) following low-pressure carburizing in the FineCarb® technology

SEI

Fig. 7. A SEM image of non-metallic inclusions observed in quasi-
static load in simple bending for 15CrNi6 steel following low pressure
carburizing and oil quenching

consequence of the variable load, a “pocket” is formed around
an inclusion, followed by decohesion on the phase border, re-
sulting in a crack [fissure]. This zone is highly plasticized. The
SEM image (Fig. 8) of the whole fatigue fracture shows initiated
fatigue fissures as well as sites where inclusions have weakened
the material in the process of the fissure propagation, leading to
local longitudinal “cracks” in the specimen.

A similar case was observed in a fatigue strength test of
16MnCr5 steel following carburization. Fractographic exami-
nation of the fatigue fractures showed a fatigue centre directly
under the carburized layer (Fig. 9).

The fatigue centre with beach marks propagating from it is
spheroidal in shape (Fig. 10). A fatigue fissure also forms around
the fatigue centre.

Spectrum 4

Fig. 6. A SEM image of a non-metallic inclusion revealed under a car-
burized layer for 15CrNi6 steel following low pressure carburizing
and oil quenching
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Fig. 8. A SEM image of a fatigue fracture for 15CrNi6 steel following
low pressure carburizing and oil quenching; a. inclusion under the
hardened surface with: a. formed “pocket”, b. longitudinal cracks of
the specimen

Chemical composition analyses were performed by EDX
method at Oxford Analysis system equipped with X-MAX 80
EDS detector and appropriate software. Analyses were made
from the area of depicted inclusions. Contamination phenom-
enon, of course, deteriorates the analysis results for carbon
and other element and was taken into considerations during
studies. Software allows to take into account absorption caused
by contaminated layer and its influence on the rest of element
content results.

An in-depth analysis of the chemical composition spectrum
of specimens made of 15CrNi6 steel (Fig. 11) has shown that the



Fig. 9. A fatigue fracture of 16MnCrS5 steel following low-pressure
carburizing and nitrogen quenching, formed during the fatigue test
conducted by the resonance method

50um

Fig. 10. A fatigue centre of 16MnCr5 steel following low-pressure
carburizing and nitrogen quenching, formed during the fatigue test
conducted by the resonance method

non-metallic inclusions are composed of a compound of oxygen,
aluminum and calcium, which can be identified as one formed
as a result of deoxidation of steel with aluminum and calcium.

Products include two-component molecules of calcium
aluminates mCaO*nAl,05 and of anorthite and/or gehlenite:
Ca0*Al,05 *28i10, and/or 2Ca0* Al,05*Si0,. The technology
of deoxidation of steel with aluminum and calcium is well-known
[17]. It is applied not only to reduce the amount of oxygen, but
also to control and modify the physicochemical properties of
non-metallic precipitates. It is usually applied in steel cast in the
continuous technology to eliminate ingots congealing. Introduc-
ing calcium, whose solubility increases with the concentration
of silicon and aluminum, helps to eliminate large inclusions and
to modify the composition of other inclusions with a view to
lowering their melting point.
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Fig. 11. X-ray microanalysis of a fatigue centre formed during a test
conducted by the resonance method of a specimen of 15CrNi6 steel

Studies of the chemical composition of the spheroidite
formed in 16MnCr5 steel have shown that such inclusions con-
sist mainly of calcium and aluminum. This is similar to that in
15CrNi6 steel. The inclusions constitute nuclei of fatigue cracks
under the layer hardened by carburization. This study has proved
that these inclusions affect the mechanism of fatigue destruction
of steel which is similar in both cases and does not depend on
the fatigue test conducted or the steel type.

7. Conclusions

This fatigue test in a one-sided load cycle and a pendular
cycle in two different test methods revealed the impact of non-
metallic inclusions formed as a result of deoxidation of steel.
The tests showed that the inclusions initiate fatigue processes
under the hardened layer. Additionally, the mechanism of for-
mation of a fatigue crack was also observed. The initiation of
a fatigue fissure is linked to the formation of a “pocket” around
an inclusion, which results in decohesion on a phase border. The
observed effect of non-metallic inclusions on fatigue strength
was also examined by Lemaitre and Zhou [2,18]. In their work
they have shown that the observed non-metallic inclusions in
the steel structure cause sudden loss of fatigue strength. These
inclusions are crucial in the case of unlimited fatigue strength as
well as high frequency which was proved in the work of Wang
et al. [19]. In most cases the mechanism of fatigue destruction
is influenced by the so-called fisheye formation. Hydrogen
entrapped around non-metallic inclusions causes local decohe-
sion at the boundary of two phases thus initiating a fatigue gap.
A similar mechanism of initiation and propagation of a fatigue
fissure has been observed in two different test methods — different
types of steel and different loads in this paper.
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