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Abstract :Surface treatments affect fatigue life of rotating
components due to stresses induced on surface. The fatigue life
can be correlated with the stresses induced. However, to
measure stresses in actual practice is time-consuming as well
as costly process. Alternatively, FEA studies are carried-out to
determine the stresses induced. In this investigation plasma
nitriding has been carried-out to enhance surface related
properties of steel components. The hardened case in these
components comprise of a compound (white) layer on top
followed by a diffusion zone underneath it. The increase in
hardness and strength at the surface leads to improvement in
fatigue life. However, increase in thickness of the compound
layer beyond a certain critical reduces the fatigue life of the
base material. Hence, it is desirable to have close control on
the process to limit the formation of excessively thick
compound layer. This paper discussesthe effect of thickness of
white (compound layer) on fatigue life of component. The
stresses induced due to plasma nitriding were determined by
Finite Element Analysis (FEA)on the plasma nitrided samples
with respect to thickness of compound layer for the En-24 steel.
The rotating bending fatigue test on plasma nitrided samples
was conducted at various stress levels to plot S-N curves. The
experimental data indicates that the fatigue life of samples
increases up to a certain thickness of compound layer and then
decreases. This finding has been correlated with the stresses
induced using FEA.
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I. Introduction
The plasma nitriding is one of the thermo-chemical processes
used to harden the surface of steel. Similar to other nitriding
processes, plasma nitriding also enhances the surface related
properties such as wear & erosion resistance as well as fretting &
plain fatigue strength ([i], [ii]).
In general, the fatigue strength depends upon the strength level
of surface layer. There are three ways in which the surface
treatment influences fatigue strength; firstly, by affecting the
intrinsic fatigue strength of material at the surface, secondly by
introducing or removing residual stresses in the surface layers
and thirdly, by introducing or removing irregularities in the
surface which act as stress raisers [iii]. Plasma nitriding enhances
fatigue strength by first two mechanisms stated above.
Relationships have also been established between the case
properties and fatigue strength [iv].

Finite Element Analysis or Method (FEA or FEM) is a tool used
for solving engineering problems through modeling and
simulation. FEA is extensively used for stress and fatigue
analysis of dynamically loaded components [v-ix].
Components subjected to surface treatments are most likely to
initiate fatigue cracks at surface. Hence, stress pattern developed
at and near surface are required to be established using
simulation methods. Usually the surface treatments generate
residual stresses in the surface [xi-xvi]. FEM tool is used to
determine residual stresses of components subjected to thermal,
thermo-mechanical and mechanical treatments [ix].
At the same time, state of stress in the surface layer, while it is
subjected to loading, will change the stress pattern already
existing due to residual stresses [xvii-xxi].
However, for determining stress state using FEA, availability of
precise data on mechanical properties of phases present in the
surface is important. Also, results of such analysis done have to
be validated before it is used for actual application. Compound
(white) layer in the plasma nitrided components comprises of
various types of nitrides (ε-nitrides & γ’-nitrides) which have
different mechanical properties. Hence, the response of such
layers to the loading will vary depending on the phases present.
Plasma nitrided components have not been studied for state of
stress developed in the compound layers of varying phases.
Using the property related data available on various nitrides
steels [xviii & xxii] it is possible to determine the effective state
of stress in the compound layer and then correlate with the
experimental results of fatigue testing.
In this work an attempt has been made to modify the surface
characteristics of the hardened & tempered AISI 4340 steel
specimens subjected to plasma nitridingand to examine their
effect on fatigue behavior of this steel. The methodology of
smooth bar rotating bending fatigue testing, using a R. R. Moore
type rotating bending fatigue testing machine is adopted for
evaluating the fatigue behavior after respective surface
treatments. The surface treated specimens were characterized for
coating thickness, surface hardness and/or hardness profile,
phase identification using XRD, optical and SEM fractography
and microstructure. The results of fatigue test have been
correlated with compound layer thickness values and the same
has been validated using Finite Element Analysis (FEA)
approach.
II. Material and Methodology
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a) Specimen Design and Fabrication:
AISI4340 grade low-alloy steel, which is a most commonly
used shafting material, has been selected for this study. A
coil of hot-rolled wire-rod of 20 mm diameter was obtained
from steel plant. Subsequently wire drawing was done to
obtain scale and decarburization free rods of 18.7 mm
diameter. The rod material had an average prior austenite
grain size No. 6 (as per ASTM E – 115) and controlled nonmetallic inclusions index equal to 1.5 as per IS: 4163 –
2004.Figure 1 shows the schematic of the test sample used
for fatigue testing, wherein the gauge diameter of 12 mm
contains a machined, semi-circular notch of depth 1.5 mm
and root radius of 1 mm. This translates into a stress
concentration factor of 2, as computed using analytical elastic
stress analysis theory. The normalized wire-rods were given
hardening & tempering heat-treatment by preheating at
500˚C,austenitising at 855˚C, quenching in oil & finally
tempering at 520˚C to obtain hardness of 32±2 HRC ( 320
HV).
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state of stress in the two types of white layers will then open-up
possibility of direct correlation of the stress state in the white
layer with the observed behavior of the fatigue life as a function
of thickness of the white layer.
For this purpose, recourse was taken to static elastic stress
analysis in the isotropic solid approximation. This analysis was
conducted in the following sequence:
i.
ii.

iii.

iv.
v.

vi.

Fig. 1: Schematic of the fatigue test specimen
b) Surface Treatment – Plasma Nitriding:
The machined fatigue test samples were subjected to plasma
nitriding to obtain three different thicknesses (categories) of
compound (white) layer i.e. without compound layer
(category-1), with compound layer thickness of up to 10
microns (category-2) and thickness of > 10 microns
(category-3). For all these categories of samples, the nitrided
layer thickness was around 400 microns.
c) Fatigue Testing:
The rotating bending fatigue tests were conducted, using a R.
R. Moore type rotating bending fatigue testing machine. The
samples without surface treatment (Control category), and
surface-treated categories (3 nos. each) were evaluated for
fatigue life. Six stress levels with four replications were
selected for fatigue evaluation.
d) Finite Element Analysis (FEA):
To rationalize the key finding of this study, namely that white
layer thickness below 10 µm does not degrade the fatigue life
while white layer thickness of greater than 10 µm results in
reduction in fatigue life to a value below the threshold fatigue
life of the base material, it is pertinent to note that X-ray
diffraction analysis clearly indicates that the constitution of the
white layer for thickness below 10 µm is predominantly Fe 4N
while for thickness greater than 10 µm it is Fe2-3N. Since the
elastic constants of the Fe2-3N and Fe4N are significantly
different, it is reasonable to conjecture that the magnitude of the
state of stress in white layers with predominant Fe 2-3N and Fe4N
phase constitution respectively may be significantly different in
comparison to the base material under identical external loading
conditions. Demonstration of existence of such differences in the
IJER@2017

Explicit 3D model of a reduced section of the fatigue
specimen is preparing using Solid Works package.
Formulation and solution of a closed form analytical solid
mechanics model of the “Composite beam” fatigue
specimen using a tractable geometrical approximation for
the purpose of validation of the FEM results.
Meshing of the Solid Works generated 3D model after
importing into FEM based structural analysis package of
ANSYS.
Stress state solution using steady state elastic analysis.
Comparison of results with the closed form solution
obtained in step ii, above for the purpose of validation of
the FEM analysis.
Tuning of the FEM model and determination of stress state
as a function of white layer thickness for white layers of
Fe4N & Fe2-3N constitution.

FEM software ANSYS 15.0 was used for modeling, meshing, as
well as stress analysis. Properties were assigned to materials
including base material and coatings. Boundary conditions were
applied on the specimen for load & displacement (constraints).
Output parameters (plots) in terms of stresses generated (Max.
normal stresses) were obtained. The stress values were correlated
with behavior observed during fatigue testing.
A 3D solid model of the relevant portion of the fatigue specimen
was developed in Solid Works package and a number of such
models were replicated using various thicknesses of white layer
ranging from 5 µm to 20 µm. A 3D CAD drawing of full size
fatigue test specimen is shown in Fig. 2.

Fig. 2: 3-D drawing of the full size fatigue test specimen
The following cases were considered for FEM analysis of the
fatigue specimen. Stress analysis was done for a case of bending
moment of 5000 Nmm.
Table 1: Geometry configurations considered for analysis
Case

I
II
III
IV

Compound layer configuration
Thickness of Fe4N Layer,
µm
5, 10, & 20
Nil
10
10

Thickness of Fe2-3N Layer,
µm
Nil
5, 10, & 20
5
10
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Table 2: Properties assigned to the base material & phases in
compound layer
Material / Phase in Properties
compound layer
Young’s modulus Poisson’s ratio ν
E,GPa
Base material
210
0.30
γ΄-Fe4N
162
0.36
ε-Fe2-3N
243
0.29
The representative 3-D models, meshed model and models with
boundary conditions applied are shown for each case in the Fig.
3 to 5.
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(b)

(c)
Fig. 4: FEM modeling for analysis of Fe4N layer (a) 3-D CAD
model (b) Meshed model and (c) Model with boundary
conditions

(a)

Magnified view of white layer

(a)

(b)

(b)

(c)
Fig. 3: FEM Modeling For Analysis of Untreated Specimen (a)
3-D CAD Model (b) Meshed Model and (c) Model With
Boundary Conditions
Magnified view of white layer

(c)
Fig. 5: FEM Modeling for Analysis of Composite Fe4N &Fe23NWhite Layer (a) 3-D CAD Model (b) Meshed Model and (c)
Model with Boundary Conditions
Validation of FEM Analysis Procedure Using Closed Form
Equivalent Composite Beam:

(a)
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For the purpose of validating the FEM analysis procedure, a
composite beam as shown in Fig. 6 with neutral axis X-X was
considered.
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III. Results and Discussion
The analysis of composite beam was carried out as mentioned
above and also using FEM software “ANSYS -Version 15.0”.
Data used for both these analyses is given in Table 3. These
comparisons are presented in Table 4. Close fit was found
between the FEA and closed forms solutions. Hence, it can be
said that the FEA procedure used is validated.
Table 3. Data used for Composite Beam Analysis
Parameters

Values

(a)
(b)
Fig. 6: Composite Beam Considered for Validation Purpose
(a) Original “Actual” Cross Section and (b) Transformed Cross
Section

Thickness of base material, (mm)

25

Width of base material, (mm)

10

E1 for coating, (GPa)

72

Nomenclatures used  Subscript “1” corresponds to white layer
 Subscript “2” corresponds to base material
 “W” is width and “T” is the thickness of the composite beam
 E1, E2 and E are elastic constant for white layer, base
material and composite, respectively
 X-X is Neutral axis

E2 for Base material, (GPa)

207

IXX (base material), (mm4)

13020.8

With reference to Fig. 6, to enable the application of elementary
“monolithic” beam theory, we need to convert the composite
“E1- E2” cross-section into a monolithic E2 (based material) crosssection. It can be shown that this can be accomplished by the
following algorithm:
a) For every y1 ≤ y ≤ y2 ,
Change beam width Wyold to new beam width Wynew by
transformation:
Wynew

= E1 E2

σXX (monolithic), (N/mm )

4.8

Moment, (Nm)

5

Table 4. Results of Composite Beam Analysis
Width
of
coatin
g
(new)
(mm)

σXX
σXX
Calculated (composite)
IXX
(transfor
σXX
(max)
(mm4)
med) (composite) (N/mm2)
N/mm2
(N/mm2) obtainedthro
ugh FEA

5.000

3.478

2091
9

3.59

1.454

1.45

2.000

3.478

1556
1

4.34

1.623

1.62

1.000

3.478

1419
7

4.58

1.653

1.67

0.500

3.478

1358
6

4.69

1.664

1.68

0.250

3.478

1329
8

4.75

1.667

1.69

0.100

3.478

1313
0

4.78

1.668

1.73

0.050

3.478

1307
5

4.79

1.669

1.71

0.025

3.478

1304
8

4.79

1.669

1.70

Thicknes
sof
coating
(mm)

Wyold

b) The neutral axis of this equivalent beam will now coincide
with its centroidal axis. Thus, we can compute section stress,
Equiv
σzz
by the flexural expression:
Equiv
Equiv
σzz
= − Mxx Y Ixx
Where,
MXX= Bending moment
Y= Outer fibre distance from neutral axis
IXX= Area moment
Equiv

c) Next we need to normalize the equivalent stress, σzz
actual stress in original composite beam by:
Equiv
σactual
= E2actual E1transformed σzz
zz
= E1 E2

2

to

Equiv
σzz

In the present work, the above formulation has been used to
compute the state of stress distribution in a rectangular crosssection beam by approximating the beam height to be equal to
the diameter of the specimen.

FEM Analysis on Actual Fatigue Geometry:
A sub section of the fatigue specimens was modeled in SOLID
WORKS 3D modeling package. This model was subsequently
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imported in to ANSYS version 15.0 FEM software and subjected
to linear elastic-isotropic-stressanalysis.
Typical output plots of this analysis are presented in Fig. 7 to
Fig. 10. The results of elastic analysis are summarized in Tables
5 to 7 and are also summarized in Fig. 11 to 12.
In Fig. 11, plots for maximum normal fiber stress in Fe4N and
Fe3N are compared as a function of white layer thickness varying
from 5 µm to 20 µm. It can be noted from these plots that the
peak stress in the Fe2-3N phase is nearly 50% higher than in the
Fe4N phase. Further, it is also pertinent to note that significant
variations in the value of the peak stress as a function of white
layer thickness do not exist for both phases. This lack of
significant variation is essentially associated with the low
thickness of the white layer.
In Fig. 12, plot of the state of maximum normal fiber stress is
presented in the actual plasma nitrided fatigue specimen as a
function of the thickness in the white layer from the surface of
the base material. When we compare this plot with the peak
normal stress in the base material, it is found that up to a distance
of 10 µm in white layer the peak normal fiber stress is about
25% lower than the peak normal fiber stress in the base material.
However, beyond a distance of 10 µm, the stress in the white
layer rapidly switches over to a value which is nearly 30%
higher than the peak normal fiber stress in the base material. The
zone of “switching over” of the normal stress isdue to presence
of a two phase white layer zone of Fe4N + Fe2-3N.
Further, it is has been found that the post- plasma nitriding
residual stress in the white layer of Fe2-3N constitution is of
tensile orientation while that in the Fe4N phase is of compressive
orientation. Thus, presence of tensile normal stress in the Fe2-3N
layer, (in white layer with thickness greater than 10µm) will add
to the externally applied bending stress creating further stress
intensification resulting in further degradation of fatigue life.

Fig. 8: Normal Fiber Stress in the Fe4N White Layer of
Thicknesses, T= 10 µm

Fig. 9: Normal Fiber Stress in the Fe2-3N Layer of Composite
White Layer of Thicknesses of T (Fe4N) = 10 µm&T
(Fe2-3N) = 5 µm

Fig. 10: Normal Fiber Stress in the Fe2-3N Layer in Composite
Layer of Thicknesses of T(Fe4N) = 10 µm + T (Fe2-3N) = 10 µm

In contrast, the compressive state of normal stress in Fe4N white
layer of thickness less than 10µm, will subtract from the
externally applied bending stress resulting in reduction in stress
intensification and increase in fatigue life.
To summarize, the findings of the FEM stress analysis carried
out in the present study confirm and support the fatigue life
versus white layer thickness correlation found in the
experimental program carried out in this work.

Fig. 7: Normal Fiber Stress in the Untreated Specimen
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Fig. 11: Maximum Normal Fiber Stress in the Untreated
Specimen and single layers of Fe4N and Fe2-3N
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Table 5.Max. Normal Stresses Developed in Single Layer of
Fe4N
Thickness of Layer, Microns
Max. Normal Stresses,MPa
0 (Untreated)
639.30
5
515.56
10
510.39
20
534.59
Table 6.Max. Normal Stresses Developed in Single Layer of Fe23N Layer
Thickness of Layer, Microns

Max. Normal Stresses, MPa

0 (Untreated)

639.30

5

727.64

10

728.03

20

746.32

Table 7: Max normal stresses developed in single layer of Fe4N
and compositewhite layer of Fe4N + Fe2-3N
Thickness of Phases in white Max
Max normal
white layer, layer
normal
stresses in
microns
stresses in Fe2-3N
Fe4N
(MPa)
(MPa)
0
Fe4N
639.3
-(Untreated)
5
Fe4N
515.56
-10
Fe4N
510.39
-15
Fe4N
(10 -771.38
microns) & Fe23N (5 microns)
20
Fe4N
(10 -820.79
microns) & Fe23N (10 microns)

Fig. 12: Maximum Normal Fiber Stress in the Untreated
Specimen, single layer of Fe4N layer &composite layer of
Fe4N+Fe2-3N
IJER@2017
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IV. Conclusions
i. FEA modelling reveals that up to a thickness of 10 µm of
white layer the peak normal fiber stress is about 25% lower
than the peak normal fiber stress in the base material.
ii. However, beyond a thickness of 10 µm, the stress in the
white layer rapidly increases to 30% higher than the peak
normal fiber stress in the base material. Lower the value of
peak normal stress, better is the fatigue life of the material.
iii. The post- plasma nitriding residual stress in the white layer
of Fe2-3N constitution is of tensile nature while that in the
Fe4N phase is of compressive nature.
iv. Presence of tensile normal stress in the Fe2-3N layer, (in
white layer with thickness greater than 10µm) increases the
outer fiber stress creating further stress intensification,
resulting in degradation of fatigue life.
v. In contrast, the compressive nature of normal stress in
Fe4N white layer of thickness less than 10µm, lowers the
outer fiber stress bending stress and results in reduction in
stress intensification, helping in increasing the fatigue life.
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