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Numerical and Experimental Study on the Residual
Stresses in the Nitrided Steel

X. Song , Zhi-Qian Zhang, S. Narayanaswamy, Y.Z. Huang, and M. Zarinejad

(Submitted November 23, 2015; in revised form June 24, 2016)

In the present work, residual stresses distribution in the gas nitrided AISI 4140 sample has been studied
using finite element (FE) simulation. The nitrogen concentration profile is obtained from the diffusion-
controlled compound layer growth model, and nitrogen concentration controls the material volume change
through phase transformation and lattice interstitials which results in residual stresses. Such model is
validated through residual stress measurement technique—micro-ring-core method, which is applied to the
nitriding process to obtain the residual stresses profiles in both the compound and diffusion layer. The
numerical and experimental results are in good agreement with each other; they both indicate significant
stress variation in the compound layer, which was not captured in previous research works due to the
resolution limit of the traditional methods.

Keywords digital image correlation (DIC), finite element (FE),
focused ion beam (FIB), gas nitriding, residual
stresses

1. Introduction

Gas nitriding is a process of case hardening in which a
ferrous alloy, usually of special composition, is heated in an
atmosphere of ammonia to produce surface hardening by
absorption of nitrogen, without quenching (Ref 1). It leads to
various types of mechanical property enhancement, such as
hardness increment and fatigue life improvement, and hence is
widely used in aerospace and automotive industries. Compar-
ing with carburization, nitriding requires neither high-temper-
ature processing nor severe quenching process; hence, no
significant dimensional change is involved and less distortion is
observed. Therefore, nitriding has been widely considered as an
important surface treatment method for near-net-shape process-
ing of high-value-added components.

A typical gas nitrided case consists of two zones. The outer
zone, which is called ‘‘compound layer’’ or ‘‘white layer,’’
consists predominately of e-Fe2-3(C, N) and/or c¢-Fe4N. It is
usually very hard and brittle, but highly resistant to wear and
corrosion (Ref 2). It remains on the immediate steel surface and
becomes thicker with gas concentration, time, and temperature.
The zone beneath the compound layer is known as diffusion
zone. For pure iron, in the diffusion zone, nitrogen dissolves
interstitially in ferric lattice at nitriding temperature. For steel
with tempered martensite (Fe3C + ferric together with other
carbides), the nitrogen not only dissolves interstitially in ferric

but also reacts with carbides to form carbon nitrides (Ref 3).
For steels that contain nitride-forming elements (e.g., AISI
4140), alloy nitrides will be formed within diffusion zone (Ref
4). The hardened diffusion zone is responsible for a consider-
able enhancement of the fatigue endurance due to the
introduction of compressive residual stress during nitriding.

The effort to understand the nitriding process through
numerical simulation has been ongoing for the last 20 years.
Most of the successful works are in the area of simulating the
nitriding process of pure iron (Ref 5, 6). Good agreement has
been achieved by using various diffusion models. However, the
simulations in steels become more complicated, since the well-
defined e and c¢ sub-layers in nitrided pure iron are replaced by
the mixture of these two phases in nitrided steel. Recently, the
layer growth model has been developed to simulate the layer
growth kinetics for nitriding AISI 4140 steel based on the
customized Lehrer diagram (Ref 7). This model can be used to
calculate concentration profiles of nitrogen as a function of time
and position during the nitriding process. However, such model
has not been extended to the application of residual stresses
estimation during nitriding, whereas residual stresses are widely
considered to have direct link with component dimensional
accuracy (distortion) and fatigue life.

In gaseous nitriding, the residual stresses are originally from
the modification of chemical composition and crystal structure
by precipitation inside diffusion layer. The surface hardness has
been extensively studied for nitriding process. However, only a
limited number of papers deal with the measurement of residual
stresses in nitriding and related technologies (Ref 8-11). The
reason may be that nitriding suffers less distortion and lower
residual stresses comparing with carburizing. In addition, most
data in the literature are relevant to residual stress in diffusion
zone; it is rare to find those for the compound layer (Ref 8).
However, for precision engineering applications, when the
compound layer thickness is comparable to total case thickness
or even to the component characteristic dimension, the
influence of the residual stresses in the compound layer could
be significant.

Data in the literature show a wide range of values for
residual stresses. Initial investigations have shown that
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compressive residual stresses exist in compound layer during
layer growth and the stresses increase during cooling as
consequence of different thermal expansion coefficients of
compound layer and diffusion zone which generate volume
misfit (Ref 9). Further studies have shown that tensile stresses
appear in e compound layers and compressive stresses appear
in c¢ compound layers (Ref 8). All the available data indicate
that higher compressive stresses exist in compound layers of
pure c¢ comparing with those in e or e + c¢ layer. The carbon
content of substrate has a considerable effect on residual
stresses, as increased carbon content results in increased
residual stress level (Ref 9). The significance of carbon content
is more obvious in e-Fe2-3N structures, which is due to the
increased solubility of carbon in compact hexagonal e-Fe2-3N
crystals. Previous investigations have shown that compressive
stresses appear in compound layer due to volume changes
during e-crystal formation as a result of dissolved carbon from
the matrix (Ref 8). Due to the solubility of carbon in e-nitrides
(carbonitrides), the carbide particles of the pearlite grains in the
interface are dissolved in e-crystals. Thus, the compound layer
is ‘‘rooting’’ in the substrate at the boundaries of pearlite grains,
which causes compressive residual stresses not only in
compound layer, but also in substrate in interface region.

For measuring the residual stresses on the surface, two
distinctive classes of techniques are commonly used: destruc-
tive and nondestructive methods. The most prominent and
versatile nondestructive method is x-ray diffraction. In thin
solid film applications, sin2w method is often used (Ref 12) due
to its near-surface nature, but its application is generally limited
to the crystalline materials (Ref 13). Moreover, the sin2w
method, based on the assumption of plane stress condition, is
not always valid. In fact, the residual stress value obtained by
this method is actually an average value over the x-ray
penetration depth, i.e., for 8 keV x-ray source with Fe sample,
the 90% attenuation depth is around 10 lm, which means the
residual stress value it obtains is an average value over 10 lm
depths. This is the actual resolution for the x-ray diffraction
method if small depth increment is used rather than resolution
of the electro-polishing material removal step. Therefore, such
method may work for relatively thick films of >50 lm, but for
thin films of 10-20 lm (typical nitriding component layer
thickness), it may not be accurate enough to obtain the stress
variation in the film in the depth direction. The destructive
method, on the other hand, is applicable to a wider range of
materials and independent of scale. It relies on monitoring the
local component geometry changes, either in the process of
residual stress introduction, or subsequent relaxation, e.g., due
to mechanical or electrochemical removal of material. Common
destructive methods include hole drilling, crack compliance,
and curvature measurement (Ref 14). These methods can be
easily adopted in the micro- to nano-scopic level (Ref 15) by
using micro- and nano-machining tool, notably focused ion
beam (FIB). Korsunsky et al. (Ref 13, 16, 17), Kang (Ref 18)
and Krottenthaler (Ref 19) have carried out extensive research
on the residual stresses measurement at microscale using dual
beam system (SEM+FIB). Effort to employ single instrument
FIB for both imaging and milling has also been made (Ref 20).
In the current study, we employ the dual beam system
(SEM+FIB), for its high measurement precision to obtain the
residual stresses in the nitrided component, in both the
compound and diffusion layer. This result is used to validate
the compound layer growth model we have employed in the
finite element (FE) simulation to predict the residual stresses

and distortion in the nitriding of AISI 4140 sample. The
numerical and experimental results show good agreement with
each other, indicating a significant stress variation in the
compound layer, which was not able to be captured in previous
studies due to the resolution limit.

2. The Finite Element Simulation

The residual strains and stresses of the nitrided AISI 4140
steel components result from the diffusion of nitrogen into the
specimen from the surface. Due to the different concentrations
of nitrogen, the nitrided AISI 4140 steel components will form
different layers, such as compound layer and diffusion zone
(Ref 4). The diffusion of nitrogen atoms will lead to the volume
change in the matrix lattice. The concentration of nitrogen
varies with respect to the different depth from the surface and
consequently introduces the varying residual stress fields. The
concentration profile of nitrogen is highly influenced by many
nitriding operational conditions, such as nitrogen concentration
at the surface and the nitriding time. To analyze the influence of
the nitriding operational conditions on the nitriding effects, trial
and error can always be used to determine the parameters so as
to meet the specifications. However, this method is time-
consuming and hard to control. Therefore, an effective
simulation tool is needed to simulate the nitriding process,
which is able to examine the nitriding operational conditions
and estimate the residual stresses. In this section, a model for
estimating the residual strain related to nitrogen concentration
has been introduced, and a numerical simulation tool for
nitriding process on AISI 4140 steel is developed based on the
commercial finite element software package ABAQUSTM.

2.1 Nitrogen Concentration Profile

The concentration profile of the nitrogen is determined by
the nitrogen diffusion, which can be described by the com-
pound layer growth model (Ref 4, 21). The compound layer
growth model for nitriding AISI 4140 is developed based on
the customized Lehrer diagram, which can be used to calculate
the concentration profile of nitrogen as a function of time and
position. Comparing the dimension of the nitrided specimen,
the maximum depth which the nitrogen diffusion can reach is
small, and therefore, the three-dimensional nitrogen diffusion
problem can be simplified as a semi-infinite diffusion model
along the inner surface normal direction as shown in Fig. 1,
which can be described by a compound layer growth model
(Ref 4, 21). In this model, there is a moving interface between
the compound layer and the diffusion zone, as shown in Fig. 1,
where the local coordinate axis ox direction denotes the inner
surface normal direction.

In the present paper, c denotes the concentration of nitrogen.
cc and cd denote the nitrogen concentration in the compound
layer and the diffusion zone, respectively. The depth of the
moving interface between compound layer and diffusion zone
is defined by x ¼ n tð Þ at time t. Ns denotes the nitrogen
concentration at the surface. Nc and Nd are the nitrogen
concentration in compound layer and diffusion zone at the
interface, respectively. Ns is determined by the operational
conditions. Nc and Nd are two constants for AISI 4140 steel
(Ref 4).

To find the nitrogen concentration profile, the semi-infinite
diffusion problem can be governed by the following second
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Fick�s law with the corresponding boundary and initial
conditions.

@cc
@t

¼ Dc
@2cc
@x2

; in compoud layer 0 � x � n tð Þ:

cc ¼ Ns; at x ¼ 0; cc ¼ Nc; at x ¼ n tð Þ:
cc ¼ 0; at t ¼ 0:

ðEq 1Þ

@cd
@t

¼ Dd
@2cd
@x2

; in diffusion zone x � n tð Þ:

cd ¼ Nd ; at x ¼ n tð Þ; cd ¼ 0; at x ! 1:

cd ¼ 0; at t ¼ 0:

ðEq 2Þ

The key to solve this moving interface diffusion problem is
to find the interface location n tð Þ at time t, which has been
theoretically solved previously (Ref 22). The location of the
interface can be written in the following quadratic form

n tð Þ ¼ k
ffiffi

t
p

: ðEq 3Þ

Here, the parameter k can be identified by the experimental
data.

The analytical solutions of diffusion problem with moving
interface defined by Eq 1 and 2 can be written as follows (Ref
21, 22),

cc ¼ Ns þ Aerf x= 2
ffiffiffiffiffiffiffi

Dct
p

� �� �

; 0 � x � n tð Þ:

cd ¼ Nd þ Berf x� n tð Þð Þ= 2
ffiffiffiffiffiffiffi

Ddt
p

� �� �

; x � n tð Þ:
ðEq 4Þ

where erf denotes the error function and Dc and Dd denote
the diffusion coefficients in the compound layer and the diffu-
sion zone, respectively. Imposing the boundary conditions
into Eq 4, the parameters A and B can be solved, and the
whole nitrogen concentration profile can be summarized as
follows,

c ¼
Ns þ Nc�Ns

erf k=2
ffiffiffiffi

Dc
pð Þ erf

x
2
ffiffiffiffiffi

Dct
p

� �

0 � x � k
ffiffi

t
p

Nd 1� erf x�n tð Þ
2
ffiffiffiffiffi

Ddt
p

� �

x � k
ffiffi

t
p

8

<

:

: ðEq 5Þ

In order to verify the solution in Eq 5, this method is used to
solve the nitrogen concentration profile of nitriding process for
AISI 4140 steel with the given parameters Ns ¼ 7:18 wt:%,

Nc ¼ 6:5 wt:%, Nd ¼ 1:3 wt:%, Dc ¼ 6:5� 10�14m2=s,

Dd ¼ 5� 10�13m2=s, and B ¼ 4:3303� 10�8m=s1=2 (Ref 4).

The parameter k ¼ 4:3303� 10�8m=s1=2 for locating moving
interface is identified by experimental data (Ref 4), that is,
thickness of compound layer is 20 lm after 60-h nitriding. The
comparisons of nitrogen concentration profiles obtained by the
experimental data, the reference numerical solutions (Ref 4), and
the present method are illustrated in Fig. 2. The good agreement
observed in Fig. 2 clearly validates the method proposed above.
Using such solution, the nitrogen concentration profiles for
different nitriding time can be readily obtained (Fig. 2).

2.2 Residual Volumetric Strain

During nitriding, the nitrogen atoms diffuse into the
substrate and the non-uniform nitrogen concentration profile
as modeled in section 2.1 will lead to chemical and microstruc-
tural gradient, which introduces heterogeneities at the micro-
scopic scale. The resultant microscopic heterogeneities bring
about the heterogeneities of the residual volume strain evolij , due

to the structural dilation induced by nitrogen diffusion. As a
consequence, the total residual strain eRij of nitriding arises from

various sources, such as structure dilation evolij , thermal eTij , and

plastic epij, i.e., e
res
ij ¼ evolij þ epij þ eTij . The residual strain will

cause the macroscopic residual stress rR
ij and hence yield the

distortion of the component after nitriding. The plastic part ep
and thermal part eT can be evaluated using the classical solid
mechanics theory. However, the dilation part evolij needs to be

considered in the microscopic point of view.
The method proposed in (Ref 23-25) is employed in this

research to calculate evolij . The method and only the key

formulations are briefly reviewed in this paper for the sake of
simplicity. The method is based on self-consistent scheme of n
phases (ferrite and n-1 phases), which has been demonstrated in
agreement with mechanical model of nitriding, as well as XRD
analysis. The model is governed by the volume changes
resulting from precipitation, which is measured by comparing
the volume of precipitates at a given depth at two successive
time steps (i.e., t and t þ Dt). The specific volume vUi of the
phase Ui and the volume of the participates VP at a given
temperature can be written as follows,

Fig. 1 Schematics of diffusion problem in nitriding process: (left) illustration of cross section of component being nitrided; (right) concentra-
tion profiles of nitrogen at different time
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vUi ¼ Vlattice � A=
X

q

j¼1

N
Zj
Ui
�MZj

� �

; ðEq 6Þ

Vp ¼ m �
X

n

i¼2

vUixUið Þ: ðEq 7Þ

Here, A is Avogadro�s number. Vlattice is the elementary vol-

ume of phase Ui. N
Zj
U is the stoichiometric coefficient of ele-

ment Zj in phase Ui. The molar weight of element Zj is
denoted by MZj. m is the total mass of the system. xUi is the
weight fraction of phase Ui before nitriding. Assume the hea-
vy elements p, such as Fe and Cr in AISI 4140 steel, do not
diffuse during the nitriding process, and the quantities of the
heavy elements are defined by xZj at time t and x0Zj at time
t þ Dt. Moreover, due to the diffusion of nitrogen, the mass
increase in the system between time t and t þ Dt is denoted
by Dm. At time t þ Dt, the volume of precipitates is changed
to V 0

P. The mass increase Dm and V 0
P can then be calculated

by

Dm ¼ m �
X

p

j¼1

xZj

,

X

p

j¼1

x0Zj � 1

 !

; ðEq 8Þ

VP ¼ mþ Dmð Þ �
X

n

i¼2

vUi � x0
Ui
: ðEq 9Þ

Assume that the volume change in the matrix is negligible
compared with precipitation, the volume change accompanying
the precipitation can be written as follows (Ref 25)

evolij ¼ 1

3

DV
V

dij ¼ yP � y
0
P � yFe � yP � y0Fe

yp � y0Fe
; ðEq 10Þ

where yUi and y0Ui
are the volume fraction VUi=V of the phase

Ui at time t and t þ Dt.

2.3 Solution Procedure of Residual Stress Using Finite
Element Simulation

On the basis of the volume strain estimated above, the
residual stresses and distortions can then be evaluated using
finite element method by introducing the corresponding
volumetric strain to each element. In order to produce the
corresponding volumetric strain, the thermal expansion proce-
dure in ABAQUSTM is a simple but effective way. We assume
the whole body has the thermal expansion coefficient a, which
is in the complete form (vector with all components, i.e., a11
and a12). In a matter of fact, the thermal expansion coefficients
in different phases are different. The thermal expansion
coefficient is related to nitrogen concentration and the
microstructures of different phases. However, due to the lack
of the thermal expansion coefficient data of these different
phases, we assumed that the thermal expansion coefficients are
constant and the same to that of the base material AISI 4140

Fig. 2 Comparisons of nitrogen concentration profiles at different nitriding time in (top) the whole nitrided depth; (bottom left) in diffusion
zone; (bottom right) in compound layer
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steel in the FEM analysis, i.e., a = 14.6E�6/�C. Based on this
assumption, the structural dilation strain field can be introduced
by the following method.

The initial non-physical temperature of the whole body is
assumed to be T. If a non-physical temperature change field
DT xð Þ is applied on the whole body, the thermal strain field will

be evol ¼ 1þ a � DT xð Þð Þ3�1: In order to reproduce the
volumetric strain field presented in Eq 10, the non-physical
temperature change field can then be easily determined by

DT xð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ evol3
p

� 1
� �

=a: ðEq 11Þ

This temperature changefield is applied on the nodes usinguser
subroutine UTEMP in ABAQUSTM. The estimated residual
volume strain given in Eq 10 will be produced after performing
thermal analysis with the non-physical temperature change field in
Eq 11. The resultant residual volume strain will yield the distortion
of the specimen andproduce residual stresses,whichwill be shown
later in this work and compared with experimental results.

The plastic strain is included by considering the plasticity of
AISI 4140 steel. Comparing with the thickness of the diffusion
region and the dimension of the whole component, the thickness
of the compound layer is very thin. Therefore, in this research it is
assumed that the influence of the plasticity of compound layer is
marginal, and the residual stress in compound arises from the
structural dilation and thermal residual strain. The plasticity
behavior of the material is implemented by selecting proper
material model in ABAQUSTM.

The FEM analysis also considered thermal residual strains
due to the temperature change in nitriding process. The steady-
state thermal analysis for heating and cooling in nitriding is
carried out, in which the sequential thermal-mechanical cou-
pling FEM analysis has been employed.

The FEM analysis for nitriding includes the following three
steps:

Step I The component is heating up from TA = 27 �C to
TB = 527 �C.

Step II The non-physical temperature change field DT xð Þ
calculated in Eq 11 is applied to the component, in order
to introduce the volumetric strain due to the nitrogen dif-
fusion. The temperature of the component is
TC ¼ TB þ DT xð Þ .

Step III The component is cooling down from TC to
TD ¼ TA þ DT xð Þ.

In the FEM analysis procedure, the heating and cooling stages
in Step I and Step III are assumed to be homogeneous in the
component for the sake of simplicity.

The actual microstructure evolution is very complicated in
compound layer and diffusion zone. The material properties in
compound layer and diffusion zone are highly related to the
concentration of nitrogen and other elements. The microstruc-
tures in the compound layer, diffusion zone, and base metal
also significantly influence the material properties. In order to
provide a macroscopic-scale FEM model for analyzing the
residual stresses of real products in nitriding process, the
materials are homogenized so that FE analysis becomes
possible.

3. Residual Stress Measurement Using Micro-
ring-Core Method

The AISI 4140 steel rod was machined into a 15-mm-
diameter, 40-mm-long test sample. It was nitrided by using the
industry two-stage gas nitriding process: The first stage was
carried out using ammonia gas with dissociation rate of 24-28%

Fig. 4 Illustration of lRCM process steps

Fig. 3 Microstructure of AISI 4140 sample cross section: (a) is a magnification view of (b) to focus on the nitriding compound layer
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at 527 �C for 10 h and the second stage was carried out using
ammonia gas with dissociation rate of 79-82% for 50 h (Ref 7).
Then, the sample was wire-cut and hot-mounted for further
surface polishing. After polishing, 1% Nital etchant was used to
reveal the microstructure. Figure 3 illustrates the AISI 4140
sample microstructure after nitriding, in which the nitriding
white layer can be clearly observed.

The lRCM (micro-ring-core method) developed by Kor-
sunsky et al. (Ref 13, 16, 17) was employed here to obtain the
residual stresses at microscale. This method consists of FIB
ring-core milling on the sample, high-resolution SEM imaging
of the stress-relieved surface, a full-field strain analysis by
digital image correlation (DIC) to obtain the strain change De
and residual stress calculation based on Hooke�s law for either
equi-biaxial stress states or non-equi-biaxial stress states (Ref
13). For each lRCM measurement point, a 292 dotted pattern
was firstly created by FIB, and then, the SEM was employed to
take high-resolution image of the reference pattern with
minimal beam damage to the surface. Subsequently, a circular
trench (ring pattern) was cut around the pattern to fully release

the strain at the surface to create an ‘‘island.’’ The SEM
micrograph of the patterned area on the ‘‘island’’ was again
acquired at the same magnification and contrast after the
milling step to compare with the initial one using DIC to obtain
the relief strain value. Such lRCM step procedure is illustrated
in Fig. 4. The desired ring-core pattern for current application is
illustrated in Fig. 5(a). The white ring region represents the
circular trench, which has 0.5 lm in width and 5 lm in depth.
The inner big circle region represents the ‘‘island’’ with a
diameter of 4.5 lm. The 292 dots matrix was patterned on top
of it to facilitate the strain analysis by DIC as surface marking.

DIC analysis was carried out by a MATLAB�-based code
using the correlation function cpcorr. Firstly, to facilitate the
tracking process, SEM images taken before and after the ring
milling were cropped to 2909290 pixels to focus on the 292
dots surface marking which provides the highest contrast. After
that, a rectangular grid with 2 pixels spacing covering the
patterned area was defined by the program (with MATLAB�

functions filelist-generlator.m, grid_generator.m). Then, the
displacements of all the dot array patterns under the inter

Fig. 5 (a). Regular hole patterning of 232 and circular island of diameter 4.5 lm; (b). location of patterns on cross-sectional area

Fig. 6 Process of digital image correlation (DIC) for strain analysis utilizing the MATLAB functions
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section of the grid were recognized and analyzed (MATLAB�

function automate_image.m). In the end, strains of the areas
covered by the grid were calculated by the program, and result
is displayed (MATLAB� function displacement.m) (Fig. 6).

Starting from the edge of the sample, several rings were
made along radius to the inner core to obtain the residual
stresses profile against the nitriding depth, which is illustrated
in Fig. 5(b). The locations of the rings are (from sample edge):
5, 10, 15 and 20 lm (compound layer); 30, 50, 100, 150, 200,
300, 400 and 500 lm (diffusion zone), respectively.

One of the biggest sources of error in this method is ion
beam drifting. Such drift was corrected by creating a ‘‘cross-
shaped’’ reference mark near pattern region(at a ‘‘safe’’
distance from island of interest) and using FIB to merely focus
on the ‘‘cross’’ and measure the drifting distance with respect to
the original coordination and make adjustment for trench
milling (Ref 16). Figure 7 shows an example of the SEM image
of two sacrificial markers (circled in red) together with ring and
pattern. The ‘‘cross’’ mark here mainly serves for two
functions: (1) monitoring the drifting of image when switching
from SEM to FIB and helping with the targeting of trench
milling process (drift correction) and (2) reducing pattern

surface damage compared with direct imaging of pattern
surface.

The milling speed of the ion beam also has to be studied
before the actual lRCM to be carried out. The current milling
speed is commonly calculated based on silicon samples. It
needs to be converted to the sample material speed so that the
depth of the milling can be obtained accurately to ensure that a
full stress relief of the ‘‘island’’ can be achieved (condition:
depth > diameter). Therefore, the milling speeds of AISI 4140
sample on both diffusion zone and compound layer were
benchmarked against the silicon sample by milling a 3-lm-
diameter shallow hole in 15 min. It was milled using a 30 keV
93 pA ion beam, which was also employed in our actual lRCM
study. Result in Fig. 8(a) and (b) shows that the cutting speed
of ion beam on silicon was approximately twice that of
diffusion zone. As the ring depth should be greater than its
diameter for a full strain relief, a >5-lm ring depth is required.
Therefore, a milling depth (Si-equivalent) of at least 10 lm for
diffusion zone is needed in the current study. We employed the
same Si-equivalent milling depth for compound layer, which
gives the actual depth� 26 lm, also sufficient for the full stress
relief condition to be met.

4. Results and Discussion

4.1 Micro-hardness and SEM Micrograph

Micro-Vickers hardness tests have been carried out from the
sample edge toward the core. Figure 9 illustrates the hardness
depth profile of the nitrided sample. This also indicates that the
nitriding case depth should be no more than 500 lm, which
justifies the range of measurement points in the lRCM residual
stresses study. The SEM image of the nitrided casing area is
shown in Fig. 10, in which region A and region B represent the
compound layer with relative darker color, and region C
represents the diffusion zone region, where the color is lighter
and more toward the inner surface. This is a classic three-layer
nitriding case micrograph which can be observed in a similar
study (Ref 26). To be more specific, Region A consists of two
phases, c¢-Fe4N (the light phase) and e-Fe2-3(C, N) (the dark

Fig. 7 SEM image of two sacrificial cross markers (circled)
together with ring and pattern

Fig. 8 FIB milling of a 3-lm-diameter hole on the sample of (a) silicon, (b) diffusion zone, (c) compound layer using identical ion beam mil-
ling parameters for depth benchmarking
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phase). Region B is mainly dominated by c¢-Fe4N, and in
region C, martensite and Fe3C are commonly found. From this
image, the thickness of compound layer can be determined to

be about 20 lm, which further justifies our lRCM measure-
ment point selection. In this figure, an example of the micro-
ring core (partial) and the ‘‘cross’’ reference can be seen.

4.2 Finite Element Simulation Result

An axisymmetric model was built to analyze the residual
stresses and the distortion of a disk after nitriding, which is
shown in Fig. 11. The dimensions of the disk are radius
r ¼ 0:2 m and thickness h ¼ 0:1 m. 92,416 CAX4 elements
are used to discretize the domain. The compound layer and
diffusion zone are discretized using a very fine mesh, as shown
in Fig. 11(b). The material properties used for simulation are
listed in Table 1.

The residual stresses rrr, rzz, and rhh after 60-h nitriding
were evaluated. In order to compare the residual stresses with
the experimental results, the residual stress component rrr
along the disk center line was sampled and is plotted in Fig. 12.
Compressive residual stresses were found in the compound
layer and diffusion zone. Maximum compressive residual stress
is around 800-900 MPa, which is in agreement with the
experimental data. Figure 12 shows that in compound layer the
residual stress profile shows a hump, not a monotonic variation.
This phenomenon results from the discontinuous nitrogen
concentration profile calculated in Eq 5 and the discontinuous
misfit volume strain due to the discontinuous nitrogen concen-
tration. As being calculated in section 2.2, the magnitude of
volume strain in compound layer will degenerate to zero at the
interface. The residual strain of the diffusion zone at the
interface is not zero according to the modeling in section 2.3.
However, in macroscopic-scale FEM simulation the steel
specimen is a continuum body, and therefore, the interactions

Fig. 10 SEM image of sample AISI 4140

Fig. 11 (a) Computational model of an AISI 4140 steel disk for nitriding; (b) finite element mesh used for residual stress analysis

Fig. 9 Micro-hardness results in the nitrided samples

Table 1 Material properties of AISI 4140 steel and Fe4N
(27)

Modulus
of elasticity,

GPa
Poisson�s
ratio

Tensile
strength

(yield), MPa

Tensile
strength
(ultimate),

MPa

AISI 4140 205 0.29 800 965
Fe4N 160 0.36 … …
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between diffusion zone and compound layer will influence the
final deformation and the total residual stress distribution. The
magnitude of the compressive residual stress in compound
layer first decreases to a nonzero level at a certain depth and
increases due to the influences of the diffusion zone. Because
the compound layer is very thin, the influence from diffusion
zone on the residual stress is significant and shows a sharp
change. The compound layer also shows similar influence to
the residual stress distribution in the diffusion zone, which
makes the residual stress not changing monotonically, espe-
cially in the vicinity of the interface. In Fig. 12, one can also
find that the residual stress becomes tensile stress in the region
beyond the diffusion zone, which has also been found in the
simulation and experimental results reported in the literature
(Ref 25).

A good agreement of the numerical simulation results and
the experimental data is shown in Fig. 12, which successfully
validated both the experimental and numerical methodology in
measuring and predicting the residual stress and distortion of
AISI 4140 steel specimen after nitriding.

5. Conclusions

In the present study, the residual stresses distribution in the
gas nitrided AISI 4140 sample has been obtained using both FE
simulation and lRCM measurement, which allows obtaining
the residual stress values in both the compound and diffusion
layer with high resolution. A FEM model is proposed to
analyze the residual stresses including plasticity, thermal, and
structural dilation in nitriding process of AISI 4140 steel. Such
model integrates existing diffusion model into the thermal-
mechanical model so that the distortion in nitriding steel can be
easily and readily obtained. More importantly, using this well-
established model, we can provide theoretical explanation to

the big stress variation we observed in the compound layer.
Such variation is rarely reported previously due to the
measurement resolution limit. Now we are using the novel
lRCM to drive down the resolution, so that the residual stress
variation at microscale level can be directly observed and
explained.
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