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The fatigue performance of machine parts under cyclic loads is significantly reduced by notches, cracks and
geometric irregularities on their surfaces. Therefore, it is necessary to eliminate the notch effect, which is
effective on the formation of fatigue cracks. In this study, it is aimed to enhance the fatigue strength of
notched parts via plasma nitriding. Four various radii (» = 1, 2, 4 and 8 mm) variations were created from
AISI 4140 steel with theoretical stress concentration factors (K,) of 1.63, 1.41, 1.27 and 1.19, respectively.
Then, the samples were plasma nitrided at 480 °C for 2 h and 9 h. The morphological, structural and
mechanical properties of the samples were characterized by SEM, XRD and microhardness tester. The
fatigue tests were performed using a rotating bending fatigue test device. All plasma nitrided parts
exhibited higher fatigue strength compared to untreated samples and the level of this increase decreased
with increasing K,. The fatigue properties of plasma nitrided parts improved in comparison to untreated
parts, depending on the residual stresses, microhardness and diffusion layer thickness. Consequently, it was
found that the fatigue limit improvement up to 72% was achieved in the samples with the lowest K, and

nitrided for long periods.
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1. Introduction

Machine parts operating under cyclic loads are at serious
risk of fatigue and it is well-known that fatigue causes the
premature failure of materials. Surface properties and geometric
properties of materials are among the most important factors
affecting fatigue. Fatigue cracks in machine elements usually
initiate from the surface irregularities which have high stress
concentrations. Therefore, the calculation of theoretical stress
concentrations is important (Ref 1, 2). In particular, geometric
irregularities called notches are at the forefront of these factors.
Stress concentrations occur in the regions of these geometric
irregularities and fatigue damage frequently starts from the root
of the notches (Ref 3-5). The fatigue limit of the notched parts
decreases with the increase of stress concentration (K,) values
and the notch affects the crack formation and propagation life
of materials. In addition, the variation of crack propagation life
depends on the stress concentration factor, which is the measure
of notch effect (Ref 6-9). If the notch effect is inevitable due to
geometrical constraints, the fatigue properties of materials
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should be improved by utilizing beneficial residual stresses,
decreasing the stress intensities, increasing the hardness of
these regions and reducing the grain size (Ref 10-12).

Fatigue damage usually starts at or near the surface of
materials and therefore, some thermochemical and mechanical
surface treatments are performed to enhance the fatigue, wear,
and corrosion properties of machine elements (Ref 13-18). In
order to improve the fatigue strength of materials, plasma
nitriding (PN), which is a well-known thermochemical surface
treatment, is used frequently. Many different studies were
performed to examine the effect of the plasma nitriding on the
fatigue strength of materials (Ref 19-22). These studies
commonly pointed out that the fatigue strength of materials is
improved by plasma nitriding due to high compressive residual
stresses, hard surface and inner surface layers and hard nitride
phases. Also, some studies focused on the investigation of the
effects of plasma-based surface treatment on the notch fatigue
strength of materials. Akita and Tokaji (Ref 3) investigated the
fatigue limit of the carburized notched samples with different K
values. The study showed that the formation of cracks was
prevented by limiting the shear deformation on the notch root
and the fatigue strength of the material was improved by
carburizing. Peng et al. (Ref 23) reported the influences of low
temperature carburization on the fatigue strength of notched
316L samples with two different K, values. After the carbur-
izing, the carbon atoms were evenly distributed on the material
surface and did not affect the notch shape. Low temperature
carburizing significantly improved the notch fatigue strength. In
a different study, the notch fatigue strength of plasma nitrided,
tempered and quenched (Q&T) samples made of steel were
examined in seawater. When the S-N curves were examined, it
was observed that seawater suppressed the fatigue limit and
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decreased the fatigue limit of the notched PN and Q&T samples
(Ref 24). In another study, the influences of plasma nitriding on
the notch effect and fatigue limit of SACM 645 steel were
investigated. The fatigue properties were improved by nitriding
because fatigue crack started under the nitride layer with the
effect of compressive residual stresses on the surface and the
crack initiation was delayed. The increase in K; due to the notch
effects decreased the fatigue strength (Ref 25). Shengwei et al.
Ref 26 reported that they correlated fatigue performances with
different carburizing heat treatments on 18CrNiMo7-6 steel.
Notched specimens exhibited a significant improvement in
fatigue strength up to 128% by carburizing (K, = 3.46).

As mentioned so far, there are inevitably many geometric
changes in machine elements, namely irregularities that can cause
notch effect and fatigue originates due to stress concentrations
caused by these irregularities. Therefore, surface modification
methods are expected to be effective to eliminate the notch effect.
Also, as it can be seen in earlier literature studies, many studies
were performed to understand the influences of plasma nitriding
on the fatigue properties of materials. Also, some preliminary
studies were carried out to show that plasma nitriding improved
the notch fatigue strength of the materials but these studies were
performed generally by considering only one or two plasma
nitriding and notch parameters. However, the combined effects of
plasma nitriding and stress concentration/notch effects on the
fatigue properties of materials have not been investigated by
considering different notch and plasma nitriding parameters in
detail yet. From this point of view, it is aimed to examine the
combined effects of stress concentrations and plasma nitriding on

the fatigue properties of AISI 4140 low alloy steel in this study. A
detailed analysis was performed to determine the combined and
multiple effects of plasma nitriding and notches on fatigue limit
of the materials. For this purpose, four different notch variations
(r=1,r=2,r=4 and r = 8 mm) were created in AISI 4140
low alloy steel samples, which is used in different industries and
many engineering applications like gears, automotive crank-
shafts, landing gear parts, etc., with theoretical stress concentra-
tion factors (K,) of 1.63, 1.41, 1.27 and 1.19, respectively. Then,
the samples were plasma nitrided at 480 °C for2 hand 9 hin a
gas mixture of 25% N,-75% H,. SEM and XRD were used for the
characterization of the notched parts. Besides, mechanical
properties of the samples were determined via rotating bending
fatigue test device and microhardness tester.

2. Experimental Details

AISI 4140 low alloy steel was used as a substrate in this
study. Tables 1 and 2 show the chemical composition and
mechanical properties of this material, respectively. The
samples were designed in four various radius (1, 2, 4, 8 mm)
with K, values of 1.63, 1.41, 1.27 and 1.19 respectively Ref 4,
9, 27-29, to promote cracking from the entire circumference to
the center to create a circular pattern. All samples were
produced on CNC lathes according to DIN 50113 standard (Ref
30) and the specimen geometries are shown in Fig. 1. The
prepared notch samples were normalized at 850 °C for 30 h
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and their surfaces were polished. Before plasma nitriding,
surfaces of all the specimens were cleaned in acetone. The
specimens were subjected to plasma nitriding for 2 h and 9 min
at 480 °C in a gas mixture of 25% N, and 75% H, under 5 x
10% Pa constant pressure in the I-Nit industrial plasma nitriding
furnace (istanbul Isil Islem Ltd. Sti.). PN1 and PN2 denote the
plasma nitrided samples at 480 °C for 2 h and 9 h, respectively.

The phase analyses were carried out using an x-Ray
diffractometer at 40 kV and 40 mA with a wavelength
J=1.54 A with Co- K o radiation. The scan angle (2 ) was
chosen between 30 ° and 90 °. In addition, the residual stress
values were determined with the sin’ @ method. Three
measurements were performed at ® =5°, ®=10° and
w = 15° for each sample groups. When measuring residual
stress, since the wavelength and diffraction angles of the x-ray
source used in the XRD device are known, (d) spacing can be
determined using Bragg’s law. When the sin®  graph was
drawn against the distance (d), it was stated that the slope of the
curve was proportional to the stress. Residual stress measure-
ments were carried out based on this principle. Phase analyses
and residual stress measurements were performed using the
GNR-Explorer XRD system. Some of the samples prepared for
fatigue tests were cut to 8 mm in diameter and 10 mm in length
to be used in structural and morphological examinations. Since
the samples are in sizes that cannot be easily held by hand, the
mounting process has been considered necessary. In this
context, the samples were grinded with 240, 320, 600, 800,
1000 and 1200 grinding papers, respectively. They were
polished with 3 um alumina powder and then etched with 3%
Nital at room temperature for 10 s. SEM (Zeiss Sigma 300 and
FEI Quanta-FEG 50) devices were used to investigate cross-
sections and fatigue fracture surfaces of samples. Surface
hardness values were determined by using a Shimadzu HMV-G
microhardness tester at a dwell time of 10 s and a constant load
of 50 g, according to ASTM E384-11 (Ref 31). The hardness of
each specimen was measured at least five times before and after
plasma nitriding. The hardness measurements were performed
from surface to core in plasma nitrided samples. Surface
roughness of the samples was measured using Kla Tencor
Stylus Profiler P7. Five measurements were taken on each
sample and their average values were given.

Effects of plasma nitriding on fatigue properties of materials
were investigated in this study by means of stress life approach.
Stress life approach investigates all fatigue life of a component
from the beginning of fatigue to final fracture. In the stress life
approach, as well known, fatigue life of a material is defined by
S-N (stress-number of cycles) curves. Untreated and plasma
nitrided notched samples were subjected to fatigue by a rotating

Table 1 The chemical composition of AISI 4140 steel
used in this study, wt.%

C Mo Mn P S Cr Si Fe

0.41 0.20 0.75 0.025 0.02 0.95 022 Balance

Table 2 Mechanical properties of AISI 4140 steel

bending fatigue test machine under constant stress amplitude
loading. Rotating bending limits were determined under
laboratory air conditions (~ 21 °C and 50% ambient humidity
air) operating a sinusoidal frequency of 50 Hz (3000 rpm) and
a stress ratio of R = — 1. The fatigue tests were terminated at
each applied stress level up to failure or up to about 10° cycles,
as performed in preceding studies (Ref 32-34). In order to
assess the stress amplitude of each group of samples, 10-12
specimens were used and at least two specimens were tested at
each stress level. ASTM E739-91(2004)el standard (Ref 35)
procedure was carried out to represent the results of statistical
analysis and to confirm the fatigue limit with 95% confidence
level/band for Wohler’s curve, as in preceding studies (Ref 19,
36). S-N equation for all fatigue test conditions and fatigue
limit value for 10° cycles are tabulated in Table 3.

3. Results and Discussions

3.1 Structural Characterization

XRD graphs of untreated and plasma nitrided samples are
given in Fig. 2. The XRD results show that the untreated

rl, 12, r4 and 18

r=1
a) K=1.63 b) K=1.41 ¢) K=1.27 d) K=1.19
(a)
r=1 =2 =4 r=8
(b) a)K=1.63 b)K=1.41 c)K=1.27 d)K=1.19

Fig. 1 The detailed specimen geometry used in rotating bending
fatigue tests: (a) notch geometries and (b) manufactured specimens

Ultimate stress, MPa Yield stress, MPa

Elastic modulus, GPa Hardness, HV

650 420

205 210
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Table 3 The S-N equations, 95% confidence interval of fatigue limit and the fatigue limit values for all fatigue test
conditions for 10° cycles

95% Confidence

Fatigue limit at 10° cycles, *Change in fatigue limit,

Specimens Equation of S-N curve interval MPa %
Untreated- LogN = 35,80307 — (11, 84303 x logS) 313-335 328

rl
Untreated- LogN = 32,32581 — (10, 33870 x logS) 330-360 352

2
Untreated- LogN = 37,98709 — (12,36773 x logS) 375-392 386

4
Untreated- LogN = 33,28002 — (10,48113 x logS) 390-411 401

r8
PNI1-rl LogN = 51,54983 — (17,45535 x logS) 395-410 407 +24
PNI1-r2 LogN = 50,56394 — (16,91223 x logS) 425-440 432 +22
PN1-r4 LogN = 60, 14502 — (20, 38749 x logS) 448-465 482 +17
PNI1-r8 LogN = 55,69554 — (18,52029 x logS) 460-476 465 + 15
PN2-r1 LogN = 87,57343 — (29, 62786 x logS) 559-572 567 +72
PN2-r2 LogN = 85,18704 — (28,55403 x logS) 585-602 593 + 69
PN2-r4 LogN = 109,99476 — (36,98385 x logS) 640-656 650 + 68
PN2-r8 LogN = 101, 82518 — (33,73211 x logS) 668-698 691 + 72

*“The values of % change in fatigue limit” is calculated with reference to the fatigue life of each notch geometry in the untreated state.

—PN2
——PNI1
Untreated

--- € (110)

o-Fe =o-ferrite
. =Fe, ;N
=Fe,N

Intensity [counts]

T T T T 1

T
30 40 50 60 70 80 90
2Theta [deg.]

Fig. 2 XRD patterns of untreated and plasma nitrided AISI 4140
steel at different treatment time for 480 °C

specimen has only o-ferrite peaks. After the plasma nitriding
process, it was observed that the a-ferrite peaks disappeared. At
the same time, multi-phase high density &- Fe,_3 N (HCP) and
y/—Feq N (FCC) were observed in the nitrided samples (Ref 36-
38). The process time essential for the diffusion of the formed
phases in plasma nitriding. The diffusion of nitrogen atoms
increased with increasing process time, so the formation of iron
nitride phases in the material became easier. Therefore, it was
determined that the intensities of the peaks of both &- Fe, 3 N
and )7 — Feq N phases increased with the increasing treatment
time at 480 °C.

The residual stresses values measured from untreated and
plasma nitrided specimens are shown in Fig. 3 and tabulated in
Table 4. Residual stresses can be tensile or compressive in the
structure depending on the direction of the force. Tensile
residual stresses are undesirable in fatigue because it facilitates
the formation of fatigue damage. Compressive residual stresses
increase the fatigue strength of materials by delaying the

w=5 w=10 0=15 w=5 0w=10 w=15 w=5 w=10 w=15

-100

-200

-300

-400

-500
L%
00 | (HEEPNI
[ ] Untreated|

Compressive Residual Stress (MPa)

-700

Fig. 3 Residual stresses measured from plasma nitrided specimens
at different incident angles

initiation of fatigue cracks. Therefore, tensile stresses are
detrimental for fatigue, while compressive stresses are benefi-
cial (Ref 39). Plasma nitriding changes stress state and creates
residual stresses in modified layers. Compressive residual
stresses form in AISI 4140 steel samples, with high values
obtained at longer times. Residual stresses reduce from surface
to core due to decreasing diffusion rate. Three glancing angles
were used to measure residual stress changes, with lower values
obtained at higher angles due to deeper x-Ray beams. The
residual surface stress of the untreated specimen is, on average,
— 12 MPa. After plasma nitriding, the amount of compressive
residual stresses increased and the maximum surface residual
stress was determined in the PN2 sample. In this context, the
residual stresses increase due to increasing plasma nitriding
time. However, the value of residual stresses measured with
increasing angle of incidence decreased for all conditions. This
is due to the decrease of N diffusion from the surface to the core
of the material. The low-incidence angles of x-rays only count
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Table 4 Layer thickness, microhardness and residual stress values of untreated and plasma nitrided samples

Plasma nitriding Thickness, pm Hardness Average residual stress, MPa
Specimens Temp., °C t,h Gas mixture, % Compound Diffusion HV 05 w=5° w=10° w=15°
PN1 480 2 25%N, + 75%H, 2-4 140-170 300-320 — 355 — 344 — 331
PN2 480 9 25%N, + 75%H, 4-7 290-330 490-530 — 631 — 612 — 597
Untreated 200-220 - 12 -8 -3
600
— 4 — Untreated
550 —e— PN
s —A— PN2
>o‘
jan)
Compound layer >
AR o ]
N RS =
8
=
160 T T T T T T
0 50 100 150 200 250 300

Fig. 4 The cross-section SEM images of plasma nitrided
specimens: (a) 480 °C for 2 h-PN1 and (b) 480 °C for 9 h-PN2

the residual stress formed on the surface. For this reason, it
cannot reach deeper distances.

Cross-section SEM images of plasma nitrided specimens are
shown in Fig. 4. The compound layer in the structure formed
after the plasma nitriding is visually distinguished from the
substrate with a clear line in a homogeneous thickness. When
plasma nitriding is performed at 480 °C for 2 hours, the nitride
layer thickness is 4 um on average. The average value of the
thickness increases to 5 um, for 9 hours. The diffusion
coefficient of N in steels is low at a low process time.
According to these results, it could be said that the increase in
plasma nitriding time did not affect the compound layer
thickness considerably.

The relationship between microhardness and distance from
the surface of untreated and plasma nitrided are given in Fig. 5.
Plasma nitriding resulted in a significant improvement in both
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Distance from the surface (um)

Fig. 5 Microhardness values vs. distance graph of plasma nitrided
specimens

the hardness and diffusion zone thickness of the AISI 4140
steel. While the surface hardness value of untreated samples
was determined as 210 HV o5 on average, the surface hardness
of PN1 and PN2 was 307 HV, s and 503 HV, o5 on average,
respectively. Accordingly, approximately 50% and 140%
hardness increase was obtained in comparison to the untreated
sample. In plasma nitrided samples, the microhardness values
decrease from the surface inwards as the dissolved nitrogen
concentration in ferrite and metal nitrides decreases. The
thickness of diffusion zones are approximately 150 yum for PN1
and 320 um for PN2 (Fig. 6). The thickness of the diffusion
zone increases because the N atoms will have adequate time to
diffuse into the steel with longer treatment times (Ref 40). As a
result, it can be inferred that the surface hardness of AISI 4140
is improved by plasma nitriding. In addition to these analyses,
the surface roughness values of samples were measured.
Average roughness value (Ra) of untreated samples were
measured as 0.12 pm, whereas 0.17 and 0.22 um values for
obtained for PN1 and PN2, respectively. As it was expected,
surface roughness values of the samples increased with plasma
nitriding and the increasing process time provided further
increment.

3.2 Fatigue and Fractography Results

S-N (Wdhler) curves of untreated notched samples accord-
ing to the ASTM E739-91(2004)el standard Ref 35 are given
Fig. 7. According to the graph, an increase in fatigue life was
observed due to the increase in the notch radius value. Fatigue
limit of untreated r8 (» = 8 mm and K, = 1.19) notched sample
is higher than the fatigue limits of untreated r4 (» = 4 mm and
K, =127),12(r=2 mmand K, = 1.41) and r1 (» = 1 mm and
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Fig. 6 The cross-section SEM images of microhardness profiles of
plasma nitrided specimens: (a) 480 °C for 2 h-PN1 and (b) 480 °C
for 9 h-PN2
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Fig. 7 S-N curves of untreated notch specimens according to the
ASTM E739-91(2004)el standard Ref 35

K, = 1.63) samples. The lowest fatigue limit was obtained from
the untreated r1 sample and its value was 328 MPa. This is due
to the influences of the theoretical K, Local stresses are
significantly affected by the value of the radii of the notch and
therefore, a decrease in the notch radius causes an increase in
K,. While the notch radius is sharp, the fatigue limit is low.

However, the fatigue limit is increased because the stress
concentrations are reduced i.e., the notch radius is smoothly
transitioned.

The S-N curves for PN1 and PN2 conditions are given in
Fig. 8. Fatigue limits of both untreated and plasma nitrided
notched parts decreased with decreasing notch radius value,
with increasing K, value. The fatigue limit of plasma nitrided
notched parts increased compared to untreated notched sam-
ples. The fatigue limit of the untreated rl (K, = 1.63) sample
shown in Fig. 8(a) was increased from 328 to 407 MPa by PN1
condition, while it was increased to 567 MPa by PN2. The
fatigue limit of the untreated r2 (K, = 1.41) sample shown in
Fig. 8(b) was increased from 352 to 432 MPa by PNI
condition, while it was increased to 593 MPa by PN2. The
fatigue limit of the untreated r4 (K, = 1.27) sample shown in
Fig. 8(c) was increased from 386 to 453 MPa and 650 MPa by
PN1 and PN2, respectively. The fatigue limit of the untreated r8
(K; = 1.19) sample shown in Fig. 8(d) was increased from 401
to 465 MPa and 691 MPa by PN1 and PN2, respectively. The
highest fatigue strength (691 MPa) was obtained in the PN2-r8
sample, where the process time and notch radius were the
highest. According to these results, the fatigue limits of plasma
nitrided notched specimens were higher than the untreated
ones. After the plasma nitriding process, the fatigue strength of
the samples showed an improvement between 20 and 72%. Up
to 72% improvement was achieved in the fatigue limits of the
samples with the lowest stress concentration factor and nitrided
for long periods.

When the S-N curves of untreated specimens (Fig. 7) are
examined, it is seen that fatigue strength of the material is
reduced by increasing K, as expected. A high K; value means
that the notch is sharp, and stress concentrations around sharp
notches are also high. Therefore, fatigue crack starts from the
regions where stress concentrations are high due to the effect of
cyclic loads, and this has a negative effect on the fatigue life of
the material (Ref 41-43). On the other hand, when the S-N
curves of the untreated and plasma nitrided samples (Fig. 7 and
8) are examined together, it is seen that the fatigue strength of
the material increases for each notch geometry compared to the
untreated samples after plasma nitriding. As mentioned earlier,
the reason for this is the increase in surface hardness, the
formation of compound and diffusion layers and compressive
residual stresses on the surface and near the surface of material
after plasma nitriding. As it is known, compressive residual
stresses have beneficial effects on the fatigue life of materials.
In addition, in plasma nitrided samples, the formation of hard
surface and subsurface structures makes dislocation movement
difficult and hence, the fatigue strength of materials is improved
(Ref 16, 44). Therefore, the fatigue strength of the material was
improved by these effects through plasma nitriding. However,
another significant point is the amount of increment in fatigue
strength. When the S-N curves and Table 3 are examined
together, it is observed that PN2 specimens exhibit more
improvement than PN1 specimens in terms of fatigue strength.
While the fatigue strength of the nitrided samples in the PN1
condition increased by around 20%, the increase rate in the
nitrided samples in the PN2 condition was around 72%. This
shows that the compressive residual stresses and the thickness
of the diffusion zone is highly effective on the fatigue strength.
As discussed earlier, PN2 had high diffusion zone thickness and
compressive residual stresses and therefore, the specimens,
which were plasma nitrided at this condition, exhibited higher
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Fig. 8 S-N curves of untreated and plasma nitrided notch specimens according to the ASTM E739-91(2004)el standard: (a) rl, (b) 12, (c) r4

and (d) 18 (Ref 35)
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Fig. 9 Relationship between fatigue limit and stress concentration
factor

fatigue strength than untreated specimens and plasma nitrided
specimens at PN1.

The relationship between stress concentration factor and
fatigue limit is shown in Fig. 9. It is understood that there is an
approximately linear relationship between fatigue limit and K.
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Table 5 Constants of linear Eq 1 by curve fitting from
Fig. 10

Specimens A B Correlation coefficient, R*
Untreated 168.21 598.03 0.9669
PN1 172.15 683.46 0.9300
PN2 273.86 1001.30 0.9018

The fatigue limit increased as the K, decreased with the notch
effect. Also, the increase in fatigue strength was found due to
increasing nitriding process time. Therefore, an inverse rela-
tionship was established between these values as given in Eq 1.
Table 5 also shows the constants of Eq 1. It was determined that
the correlation coefficients of the linear trend obtained by using
the curve fitting method were close to 1. For this reason, it is
concluded that the fatigue limit of untreated and plasma
nitrided AISI 4140 specimens can be expressed as in Eq 1.
Another critical point here is the correlation coefficients. The
highest value of the correlation coefficient was obtained from
the untreated sample. The K, and fatigue limit of the untreated
sample is more linear than that of the plasma nitrided parts.
This can be explained by the structures and mechanical
properties of the layers and phases formed after nitriding.
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Fig. 10 Design curves presenting the relationship between microhardness, diffusion layer and residual stress on the fatigue limit and notch

factor

Although hard and high-strength surface layers are obtained
after plasma nitriding, the metallurgical properties of these
structures show great variability. For this reason, these changes
in nitrided samples cause the relationship between stress
concentration factor and fatigue strength to deviate from
linearity.

S=-AxK +B (Eq 1)

In our experimental study, two different plasma nitriding
(PN1 and PN2) process parameters were applied to four
different theoretical stress concentration factor values (K, (1.63,
1.41, 1.27 and 1.19)). The microhardness, diffusion layer depth
and compressive residual stress values were determined. These
values were correlated with the fatigue limit and the notch
factor. The design curves presenting the relationship between
the notch factor and microhardness, diffusion layer and residual
stresses in terms of fatigue strength are given in Fig. 10.
According to these graphs, the fatigue limit of the specimens
decreases when the notch factor increases. However, a signif-
icant increase takes place in the residual stress, hardness, and
diffusion layer thickness of the material with the application of
plasma nitriding. Additionally, here, when the desired micro-

hardness, diffusion layer thickness or compressive residual
stress values are known for a certain K, value, the approximate
fatigue life of the material can be determined.

Fatigue fracture images of the specimens are given in
Fig. 11. The images show that fatigue occurs in three stages:
fatigue crack initiation, propagation of the crack in a certain
period and the final fracture (Ref 45). The fracture surface of
the untreated rl1 (K, = 1.63) sample is shown in Fig. 11(a). This
image shows that fatigue crack started on the notch root due to
cyclic shear deformation due to the high K, The fracture
surface of the untreated 12 (K, = 1.41) sample is shown in
Fig. 11(b). Numerous micro cracks were observed on the
surface of untreated notched parts. Therefore, it is understood
that the crack in the untreated samples starts from the notches
where the stress concentrations are the highest. These micro
cracks then propagate to the inner section of the sample, and at
the last stage, fracture damage occurs. In plasma nitrided
samples, fatigue cracks tend to start under the surface due to
high surface hardness, the presence of surface and subsurface
layers and compressive residual stresses, which cause the
prevention of cyclic slip in the surface (Fig. 11(c)). These micro
cracks form and propagate under the surface and subsequently
cause sudden failure. The fatigue cracking in plasma nitrided
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Fig. 11 SEM

fractography ~ of  notch
(S; =430 MPa, N = 180960 cycles), (c) PN1-r2 S, = 480 MPa, N =

samples:  (a)

samples generally occurs with this mechanism. Fig. 11(d)
shows that the fatigue crack forms at a single point on the
surface and this crack causes the fracture. The compound layer
containing more than one phase is of high hardness, which
causes the compound layer to be more brittle. Therefore, the
fatigue crack starts at a single point in the brittle compound
layer in this part (Ref 46).

The images showing the fracture surfaces of untreated and
plasma nitrided samples are shown in Fig. 12. Transgranular
ductile fracture is observed in the core regions of samples. In
contrast, Transgranular brittle fracture is seen in the diffusion
zone (Fig. 12(a)). The final fracture appearance of untreated and
plasma nitrided notched samples is the same. The ductile
fracture seen in the core zone of the PN1-r2 sample is shown in
Fig. 12(b). The most distinctive feature of ductile fracture is the
presence of micro-voids (dimples). The micro-void formation
breaks the particles and separates the particle interfaces. Due to
the more significant plastic deformation in these disintegrating
regions, the section is broken by not being able to carry the
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Untreated-r1
417243 cycles) and (d) PN2-rl (S, = 600 MPa, N = 50321 cycles)

(S, = 380 MPa, N = 156314 cycles), (b)  Untreated-r2

applied load anymore. From these observations, it is concluded
that transgranular ductile fracture is seen in untreated sample
and/or core region of plasma nitrided specimen, whereas
transgranular brittle fracture is seen in surface and subsurface
layers of plasma nitrided specimens due to the brittleness of
these structures (Ref 47, 48).

As a result of the plasma nitriding, in some cases, a structure
called “fish-eye” is observed after fatigue fracture. The system
of fish-eye crack is as follows: an inclusion under the nitrided
layer is subjected to tensile stress and stress concentration
occurs at the inclusion-matrix interface. Therefore, the cracks
nucleate at the inclusion-matrix interface and form a radially
propagating circular crack under tensile stress (Ref 49, 50).
While fish-eye formation was not observed in notched parts
under PN1 condition, it was observed in notched samples
nitrided with PN2 condition. This is because high residual
stresses are observed on the surface of notched samples with
increasing plasma nitriding time. The typical fish-eye fracture
formation was observed in the fatigue fracture surface (Fig. 13).



It has been stated in many different studies in the literature that
fatigue cracking does not always start on the surface of the
material but it starts in the inner parts of materials due to their

Fig. 12 SEM fractography of notch samples: (a) Untreated-r4
(S, = 440 MPa, N = 138416 cycles) and (b) PN1-12 (S, = 440 MPa,
N = 846173 cycles)

hard surface in plasma nitrided materials. In this regard, the
results are in accordance with the literature (Ref 19, 20).

4, Conclusions

In the present study, four different groups of specimens with
stress concentration factors (K,) of 1.63, 1.41, 1.27 and 1.19
were produced from AISI 4140 low alloy steel and they were
plasma nitrided at 480 °C for 2 h and 9 h. The specimens were
subjected to rotating bending fatigue tests and the influences of
stress concentration and plasma nitriding on the fatigue strength
of the material were investigated. The obtained results of the
present study are as follows:

e After plasma nitriding, &- Fe,_3N and y7—FesN phases
formed and their intensity were increased by increasing
treatment time. Compound layer and diffusion zone were
formed on the surface of the samples by plasma nitriding.
In addition, diffusion layer thickness increased with
increasing plasma nitriding time.

¢ Compressive residual stresses formed and their amount in-
creased with plasma nitriding time due to the increasing
amount of diffused nitrogen atoms. Also, plasma nitriding
caused an increase in the surface hardness of the material
and its amount increased with plasma nitriding time.

¢ Fatigue strength of notched specimens were enhanced by
plasma nitriding due to increasing hardness and compres-
sive residual stresses formed on compound and diffusion
layers. Up to 72% improvement was achieved in the fati-
gue strength of the notch parts with the lowest K; and ni-
trided for long periods.

¢ Fatigue limit of the material decreased as the K, increased
due the radius size variation. However, plasma nitrided
specimens showed higher fatigue limits than untreated
specimens and the amount of increase in fatigue limit de-
creased with increasing K; value. Also, it was determined
that there is an inverse relationship between the stress
concentration factor (K,) and the fatigue limit (S), which
can be expressed as S = —4 x K, + B

Fig. 13 SEM fractography of fish eye crack formation: PN2-r8 (S, = 720MPa, N = 464913cycles)
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According to fractographic examinations, it was observed
that plasma nitrided specimens (at 480 °C for 9 h) exhib-
ited sub-surface ‘fish-eye’ type crack formation originating
from nonmetallic inclusions. In addition, transgranular
ductile fracture was observed in the core of the specimens,
while transgranular brittle fracture was obtained in the dif-
fusion layer.
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