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Microstructure-Sensitive Fatigue
Modeling of AISI 4140 Steel
A microstructure-based fatigue model is employed to predict fatigue damage in 4140
steel. Fully reversed, strain control fatigue tests were conducted at various strain ampli-
tudes and scanning electron microscopy was employed to establish structure-property
relations between the microstructure and cyclic damage. Fatigue cracks were found to
initiate from particles near the free surface of the specimens. In addition, fatigue stria-
tions were found to originate from these particles and grew radially outward. The fatigue
model used in this study captured the microstructural effects and mechanics of nucleation
and growth observed in this ferrous metal. Good correlation of the number of cycles to
failure between the experimental results and the model were achieved. Based on analysis
of the mechanical testing, fractography and modeling, the fatigue life of the 4140 steel is
estimated to comprise mainly of small crack growth in the low cycle regime and crack
incubation in the high cycle fatigue regime. [DOI: 10.1115/1.4025424]
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Introduction

It is well established that the formation of fatigue damage and
subsequent evolution can be segmented into four main groups:
fatigue crack nucleation; microstructurally small crack (MSC)
growth; physically small crack (PSC) growth; and long crack
(LC) growth [1]. This formulation and classification of fatigue
damage was used as the foundation for the multistage fatigue
(MSF) model [2]. The objective of this model was the prediction
of fatigue damage arising from various microstructural features.
The MSF model showed excellent predictive capabilities in the
prediction of fatigue damage in a die-cast A356-T6 aluminum
alloy based on microstructural inclusions (casting pores, oxide
films, and silicon particles), porosity, dendrite cell size (DCS),
and nearest neighbor distance (NND) [2]. Subsequent experi-
ments, micromechanical simulations, and scanning electron
microscope (SEM) fractography showed that the main driving
force for fatigue damage in this cast aluminum alloy was a combi-
nation of several factors, including maximum pore size, DCS,
and NND [3]. As such, incubation represented a significant frac-
tion of fatigue life and the scatter in the fatigue experiments was
correlated by using the microstructural features directly related to
specific test specimens. In an attempt to extend the model to
wrought products of other aluminum alloys, the MSF model was
adapted to a high strength rolled aluminum alloy [4,5]. Unlike
cast alloys, wrought products do not contain pores or significant
porosity, and as such, the source of fatigue cracks were found
in the 7075-T651 aluminum alloy to be uniformly distributed
intermetallics. Micromechanical simulations were also employed
to determine the notch root plasticity effects of intermetallic
particles versus that of casting pores. Therefore, this
microstructure-based fatigue model demonstrated the capability
of capturing the fatigue damage, but from a crack growth domi-
nated material. While the scatter in the 7075-T651 aluminum
alloy was much less than in the porosity-prevalent cast A356
alloy, the formulation of the model based on segmentation of
incubation and crack stages allowed for successful adaption.
Further extension of the MSF model to other alloy systems
included correlation to HCP metals, specifically cast and wrought
magnesium alloys, with good results [6–9]. In addition, the MSF

model was correlated to Laser Engineered Net Shaping (LENS
VR

)-
processed steel [10]. The experimentally observed fatigue
damage in the LENS

VR

steel was similar to cast alloys due to the
significant/predominant presence of pores and weakly bonded
particles.

As the MSF model has evolved to capture fatigue damage evo-
lution arising from various inclusions and microstructurally influ-
enced crack growth regimes for lightweight alloys, the need for a
high fidelity fatigue model for traditional metals, like low and
medium-carbon steel, still exists. While the current political and
environmental atmosphere is pushing research and development
of lightweight metals and composites, steel alloys are still widely
used due to their high strength, good machinability, and low cost.
Steel alloys such as AISI 4140 steel are medium-carbon steels
used in a wide range of industrial applications. Specifically,
fatigue damage in wrought products like 4140 steel is typically
dominated by surface or near-surface initiation sources. As such,
surface and heat treatments have a significant impact on fatigue
life. Nitriting is a typical surface treatment for 4140 steel that has
been shown to improve fatigue performance [11,12]. Thielen et al.
studied the strain-controlled, cyclic fatigue behavior of AISI 4140
steel [13,14] and found it to be a function of the tempering tem-
perature: when quenched, the steel showed a hardening effect,
while softening occurred when it was tempered at temperatures of
200 �C or higher. The largest softening effect occurred for the ma-
terial tempered at 400 �C. This hardening was due to dynamic
strain aging, while the cyclical softening was due to the rearrange-
ment of dislocation substructures and reduction of dislocation
density [14]. Furthermore, heat treatments can also lead to precip-
itation and clustering of carbon particles that lead to early crack
nucleation. Large sources of microstress concentration can lead to
more consistent fatigue results.

The purpose of this paper is to extend the MSF model to
wrought steel alloys based on the classical incubation and micro-
structurally small crack growth stages of fatigue damage using an
AISI 4140 steel alloy as an example. While research has shown
that heat treatments and surface applications can improve the
fatigue performance of this particular steel, the true intent of this
research is to explore the mechanisms of fatigue for baseline
material irrespective of surface treatments. Surface and heat treat-
ments can be naturally incorporated into subsequent model adap-
tations after the foundation of microstructure-based fatigue
modeling is established. As such, structure-property relationships
incorporated into the MSF model is presented.
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Materials and Experiments

AISI 4140 steel is a chromium-molybdenum alloy steel with a
0.4 wt. % C locating this alloy in the medium-carbon steel range.
It is commonly used in machinery due to its relatively high hard-
ening sensitivity [15] and corrosion resistance. The chromium
content provides good hardenability, and the molybdenum imparts
uniformity of hardness and high strength. This grade readily
responds to heat treatment and offers good machinability in the
heat treated condition. Many different types of this steel are com-
mercially available. However, in this work, a cold drawn and
commercially annealed type of 4140 steel was selected. Table 1
lists the chemical composition of the 4140 commercial steel.

The fatigue specimens for this study were machined from bar
stock parallel to the extrusion direction. The cylindrical dog-
bone-shaped specimens had a gage length of 12 mm and a diam-
eter of 6 mm. In order to reduce machining-surface-influenced
fatigue cracks, the shoulder and gage section of each specimen
were ground with 320 grit paper in the longitudinal direction
until the surface was free of all circumferential machining
marks. Fully reversed fatigue tests were conducted under a
constant total strain amplitude that ranged from 0.01 to
0.00175 mm/mm. In order to properly control the strain ampli-
tude, an extensometer was employed in the gage region of each
specimen for up to 10,000 cycles. If the specimen did not fail by
10,000 cycles, the test was stopped and switched to load-control,
and testing was resumed at 30 Hz until failure similar to
Ref. [16]. Upon failure, the fracture surfaces were cut from the
specimen and mounted for SEM observation. After fatigue crack
initiation particles were identified on each fracture surface,
energy-dispersive X-ray (EDX) spectroscopy was used to iden-
tify the type of the particles.

Multistage Fatigue Model for Ductile Steel

Fundamentals of Multistage Fatigue Modeling. A good sum-
mary of the various microstructural features that are the main
drivers for fatigue failure associated with a particular materials
processing method is summarized in Horstemeyer [17]. The para-
digm for the MSF model for fatigue is a microstructurally based
approach that comprises three stages of fatigue damage evolution
at various scales: incubation, microstructurally small/physically
small crack growth, and long crack growth. As such, the total
fatigue life can be decomposed as

NTotal ¼ NInc þ NMSC=PSC þ NLC (1)

where NTotal is the total fatigue life. NInc is the number of cycles
to incubate a crack at an inclusion, which can be a relatively large
constituent particle, a large pore, or a cluster of each, or both. The
incubated crack extends from the inclusion into the matrix and
propagates through a region of the inclusion influence. NMSC/PSC

is the number of cycles required for propagation of a microstruc-
turally small/physically small crack. Finally, NLC is number of
cycles required for LC propagation to final failure, which depends
on the amplitude of loading and the corresponding extent of
plasticity ahead of the crack tip. Nucleation is treated in the
MSF model as a microscale damage parameter, b, in a modified
Coffin–Manson law

CincNa
inc ¼ b (2)

Cinc ¼ CNCþ zðCm � CNCÞ (3)

CNC ¼ Cnð1� RÞ (4)

where b is the nonlocal damage parameter around an inclusion,
and Cinc and a are the linear and exponential coefficients in the
modified Coffin–Manson law for incubation. The choice for Cinc

and a parameters are based on the estimated number of cycles
for incubation life, and, R is the load ratio, Cm and Cn are model
constants, and z is a localization multiplier [2]. The localization
multiplier is nonzero above the microplasticity percolation limit
and transitions to unity as the plastic shear strain increases. The
localization multiplier is given as

z ¼
l

D
� glim

1� glim

(5)

where D is the size of the critical inclusion that incubates the
fatigue crack, l is size of the plastic zone in front of the inclusion,
and glim is the limiting factor. A mean particle diameter of 20 lm
was employed in the MSF model predictions. The limiting factor
[2], glim, defines the transition from constrained plasticity at the
micronotch root to unconstrained plasticity at the micronotch root
as a function of applied strain amplitude and is governed by the
ratio of the plastic zone size to the inclusion size. In cast alumi-
num alloys, eth ¼ 0:3 and was also found adequate for LENS

VR

processed steel [10].
The physical representation of the damage parameter is related

to the nonlocal average maximum plastic shear strain amplitude at
an inclusion and is estimated by the following equation:

b ¼ Dcp�
max

2
¼ Y½ea � eth�q;

l

D
� glim (6)

b ¼ Dcp�
max

2
¼ Yð1þ nzÞ½ea � eth�q;

l

D
> glim (7)

where ea is the remotely applied strain amplitude, eth is strain
threshold for fatigue incubation [2], q is the exponent in remote
strain to local plastic shear strain and n is the geometric factor
determined in micromechanical simulations [5]. In order to
account for mean stress effect, Y¼ y1þ (1þR)y2 is employed,
where y1 and y2 are model constants. Under fully reversed strain
control conditions, Y¼ y1. The cyclic plastic zone size is calcu-
lated using the nonlocal plastic shear strain with respect to the
remote loading strain amplitude [5]

l

D
¼ glim

ea � eth

eper � eth

;
l

D
� glim (8)

l

D
¼ 1� ð1� glimÞ

eper

ea

� �r

;
l

D
> glim (9)

where r is the shape constant for the transition to limited micro-
plasticity [18] and eper is the percolation limit for microplasticity
in the vicinity of the inclusion [5]. While the percolation limit can
be determined through micromechanical simulations [5], it can
also be estimated as eper ¼ 0:73rcyc

y =E, where E is the Young’s
modulus [5].

The crack tip displacement range is the driving force for the
growth of MSC fatigue cracks, as shown in Eq. (7)

Table 1 Chemical composition of AISI 4140 steel

C Mn P S Si Ni Cr Mo Cu Al V Cb Sn

0.4 0.89 0.01 0.021 0.23 0.05 0.94 0.21 0.12 0.014 0.004 0.002 0.007
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da

dN

� �
MSC

¼ v DCTD� DCTDthð Þ; ai ¼ 0:625D (10)

where DCTD is the crack tip displacement range, DCTDth; is
crack tip displacement range threshold, and v is a material con-
stant which is typically less than unity and usually taken as 0.32
for aluminum alloys [2]. The threshold crack tip displacement
range is on the order of the Burgers’ vector of the ferrous matrix
which is equal to 2.48� 10�4lm for pure body–center cubic Fe
[19]. The crack tip displacement range is reasonably proportional
to applied stress amplitude to a power for high cycle fatigue [2]
and to the macroscopic plastic shear strain range in the low cycle
fatigue regime, and are a function of the crack tip displacement

DCTD ¼ CII

GS

GS0

� �x
GO

GO0

� �- UDr̂
Sut

� �f

a

þ CI

GS

GS0

� �x
GO

GO0

� �- DcP
max

2

� �2

(11)

where CI is the low cycle fatigue coefficient, CII and f are the
high cycle fatigue coefficient and exponent, respectively, and are
determined through linear regression, Sut is the ultimate tensile
strength, and a is the crack length. While not employed in this
work, the model constants GS, GS0, GO, and GO0 and the corre-
sponding exponents (x and -) are used to capture grain size and
crystallographic orientation effects, as illustrated elsewhere [7–9].
The equivalent uniaxial stress amplitude, Dr̂ ¼ �ra þ ð1� hÞDr1,
is defined as the linear combination of effective stress amplitude,

�ra ¼ ½ð3=2ÞðDr0ij=2ÞðDr0ij=2Þ�0:5; and the maximum principal
stress range Dr1, where 0 � h � 1 as the loading parameter
introduced by. For mean stress effects on crack growth, the U
parameter is employed, where U ¼ 1=ð1� RÞ is for the case
when R � 0 and U ¼ 1 for R > 0.

While some previous work employing the MSF model con-
tained long crack growth correlations, in this work and elsewhere
[7–9], only incubation and MSC/PSC growth regimes were used
due to the relative small size of the specimens used in this study.
Also, the long crack growth regime would only constitute a small
percentage of the total life in this material, and the long crack
growth regime is insensitive to microstructural influences. Finally,
the MSC/PSC crack growth laws have been shown to be valid on
cracks up to several millimeters in length, which is consistent
with the usage of the equations in this study. Table 2 lists the
model parameters used to correlate the MSF to fully reversed uni-
axial strain-life results for AISI 4140 steel.

Results and Discussion

Microstructure. Optical analyses of the AISI 4140 steel
revealed no pre-existing pores within the microstructure of the
material. However, some particle inclusions were observed. A
representative image of an unetched microstructure is shown in
Fig. 1(a), where dark particles are clearly seen. These particles are
carbides with an average diameter of 20 lm. The microstructure
of the material (etched condition) consists of a course pearlite
and pro eutectoid ferrite as shown in Fig. 1(b). These phases
observed in this steel are consistent with annealed 4140 steel
microstructures.

Table 2 Microstructure-sensitive fatigue modeling parameters for AISI 4140 steel

Constant Value Description

Crack incubation a �0.56 Ductility exponent in modified Coffin–Manson law (Eq. (2))
Cm 0.16 LCF coefficient in modified Coffin–Manson law (Eq. (3))
Cn 0.1 HCF coefficient in modified Coffin–Manson law (Eq. (4))
q 2.4 Exponent in remote strain to nonlocal plastic shear strain (Eqs. (6) and (7))
y1 140 Constant in remote strain to local plastic shear strain (Eqs. (6) and (7))
y2 0 Linear constant in remote strain to local plastic shear strain (Eqs. (6) and (7))
n 2.37 Geometric factor in micromechanics study (Eq. (7))
r 2 Exponent in micromechanics study (Eq. (9))

Small crack v 0.3 Crack growth rate constant (Eq. (10))
f 8 Exponent in small crack growth (Eq. (11))
CI 60,000 HCF constant in small crack growth (Eq. (11))
CII 0.02 LCF constant in small crack growth (Eq. (11))
h 0 Load path dependent and loading combination parameter (Eq. (11))

Fig. 1 (a) Unetched micrograph of a representative AISI 4140 showing inclusions, carbides,
etc. (b) Typical etched appearance of the AISI 4140 revealing course pearlite and proeutectoid
phases.
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Monotonic Stress–Strain Behavior. The effective tensile,
compressive, and torsional true stress–strain behavior of AISI
4140 steel is shown in Fig. 2. The AISI 4140 steel exhibited
greater yield strength under torsional loading than under tensile or
compression loading. However, when comparing tensile with
compressive behavior, the tension specimen exhibited nearly
symmetric yielding and flow stress up to the point of necking.
This reaction is due to the annealing process which relieves the
residual stresses that can contribute to the asymetric behavior
observed in other wrought alloys [20].

Strain-Life Behavior. Table 3 lists the results of the fully
reversible, constant amplitude, strain-controlled fatigue results of
the AISI 4140 steel. Fatigue failure was defined when the maxi-
mum cyclic load dropped by 50%, at which point specimens were
pulled in tension to provide access to the fatigue crack surface.
The strain-life results shown in Fig. 3 display the plateau shape
typical of steel alloys. The specimens tested at 0.185% and
0.17% strain amplitude did not fail, indicating that the threshold
for microplasticity had been reached [5]. The scatter in the fatigue
life was observed to be very low, on the order of 10 in magnitude
or less, even for the lowest strain amplitude tested. The following

specimens were selected for SEM: Specimens #2, #6, #10,
and #13.

Cyclic Stress–Strain Behavior. Figure 4 displays the stress
amplitude versus the number of cycles for the specimens tested at
strain amplitudes ranging from 0.01 to 0.00185. The AISI 4140
steel tested at a 0.01 strain amplitude showed significant cyclic
softening, while the 0.00185 strain amplitude showed slight hard-
ening. This transition from cyclic softening is related to the
threshold of microplasticity and is a function of the deviation
from the proportional limit. Below the proportional limit, the
amount of local microplasticity even in the presence of the inclu-
sions is small. At 0.00185 strain amplitude, the threshold for
microplasticity was reached, as evident from the sharp knee in the
strain-life results shown in Fig. 3. This is further illustrated in
Fig. 5, where the amount of plastic strain amplitude increased rap-
idly above the proportional limit before saturating at a cyclic
stress of 500 MPa. An example of the amount cyclic softening
from the first cycle to the half-life for a representative 0.004
(specimen F10) strain amplitude is shown in Fig. 6. The hysteresis
loops of the strain amplitude of 0.4% exhibited a symmetric
decrease in the yield stress from the first to the half-life cycle. As
a contrast to the monotonic tension versus compression symmetry

Fig. 2 Effective stress–strain comparison of tension, compres-
sion, and torsion of AISI 4140 steel at 300 K and at a strain rate
of 0.01/s

Table 3 Summary of strain-life results of AISI 4140 steel

Specimen ID Strain amplitude (mm/mm) Frequency (Hz) Loading ratio Failure cycles

F1 0.01 3 �1 588
F2 0.01 3 �1 1008
F3 0.008 3 �1 1266
F14 0.008 3 �1 1303
F16 0.008 3 �1 1665
F4 0.006 3 �1 2127
F15 0.006 3 �1 3762
F11 0.004 3 �1 7390
F10 0.004 3 �1 9075
F5 0.004 3 �1 9310
F8 0.003 3 �1 17,593
F9 0.003 3 �1 19,456
F6 0.003 3 �1 19,683
F12 0.002 3 �1 221,678
F7 0.002 3 �1 271,322
F13 0.002 3 �1 343,075
F17 0.00185 3 (strain control) and 30 (load control) �1 Did not fail-runout
F16 0.0017 3 (strain control) and 30 (load control) �1 Did not fail-runout

Fig. 3 Strain-life results of AISI 4140 steel tested under fully
reversed conditions
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loading, the cyclic reverse loading showed a significant Bau-
schinger effect. The pronounced reversed yield asymmetry
remained constant from the first cycle to the half-life cycle.

Fatigue Crack Incubation. Fatigue cracks were found to
nucleate at the surface of all uniaxial fatigue specimens examined
via SEM. The fatigue crack surface was observed to be typically
flat and perpendicular to the loading direction. The crack initiation
site is indicated at the bottom of Fig. 7(a), where Fig. 7 is an SEM
image of specimen F13 tested at a strain amplitude of 0.002.
Figure 7(b) shows a higher magnification of the particle that
initiated the crack. This particle was approximately 60 lm in
diameter. For crack initiation at a high strain amplitude, Fig. 8(a)
displays the fatigue crack initiation site for specimen F1, which
was tested at an amplitude of 0.01. This particle was nearly 20 lm
in diameter, as shown in Fig. 8(b). It is important to note that the
specimens subjected to a high strain amplitude, e.g., specimen F1,
exhibited multisite crack initiation and growth. In contrast, the
specimens tested at low strain amplitudes, e.g., specimen F13,

failed from one dominant crack. Nevertheless, of the six fracture
surfaces examined, particles were the source of crack initiation on
four of the fatigue specimens examined. On the remaining fatigue
fracture surfaces examined, the intiation site contained no par-
ticles, thus suggesting that the crack initiation may have occurred
due to a persistant slip bands near the specimen surface. Chemical
analysis (EDX) aided in indentifing these particles as carbides.
Notably, these types of particles are significantly more brittle than
the surrounding Pearlite phase and were observed to fracture
rather than debond. In fact, no evidence of debonding was
observed.

Fatigue Crack Growth. Typical river marks flowing outward
from initiation sites at or near the surface were observed on all
fatigue specimens examined. The crack grew radially outward
from the cracked particle toward the specimen center. Under high
magnification of specimen F13, striations were observed on the
flat regions near the initiation particle, at a distance of approxi-
mately 5 lm from the intiation site (see Fig. 9). As the crack grew
away from the intiation site, the striations continued on flat-like
regions. Figure 10 shows striations on the flat regions at a distance
of approximately 300 lm. For the higher strain amplitudes, stria-
tions were first observed at a distance much further from the ini-
tiation site compared to the lower strain amplitude. The first
observed striation for specimen F10 was at approximately 50 lm
from the initiation site. In this region, the striations again were
found in or on the microcliffs and striations were not found on the
flat regions. At a distance of approximately 600 lm, the striations
became more uniform and were observed on the flat-like regions.
Also, the fatigue surface at a distance of 600 lm from the initia-
tion site contained much fewer microcliffs. Figure 11 shows a flat
region where striations were observed at a distance of 600 lm
from the initiation site.

In order to further characterize the fracture surface, the striation
spacing for specimens F6, F10, and F13 versus crack length are
shown in Fig. 12. The striation spacing shown in Fig. 12 is the
average striation spacing over several striations. The highest stria-
tions spacing versus crack length was observed for the 0.004
strain amplitude and the lowest spacing versus crack length was
noted for the 0.003 strain amplitude. Also observable from Fig. 12
is the large scatter in the striation spacing, which was observed
elsewhere [10]. At approximately 600–800 lm, the striation

Fig. 4 Stress amplitude versus number of cycles for AISI 4140
steel for the strain amplitude ranging from 1.0% to 0.185%

Fig. 5 Cyclic stress amplitude versus plastic strain amplitude
for AISI 4140 steel

Fig. 6 Representative hysteresis loops of the AISI 4140 steel
for first and half-life cycle of the 0.4% strain amplitude. Speci-
men F10 failed at 9075 cycles.
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spacing became nonlinear as the crack size increased. The scatter
in the striations is likely due to the microstructural effects of the
MSC regime in which the crack growth rate is altered by grain
boundaries, crystallographic orientation and carbides. However,
striation spacing typically cannot be directly related to the crack

advancement per cycle due to undulations. This is particularly
true in the MSC regime where the striation spacing can vary by as
much as a factor of 10 due to crack advancement in weaker areas,
such as grain boundaries or preferably orientated slip planes.
However, it is important to note that the striation spacing for the
0.002 strain amplitude was initially greater than the 0.003
and 0.004 strain amplitudes. This is likely due to the considerable/
sizable particle shown in Fig. 9. This particle was nearly 60 lm in

Fig. 7 (a) SEM micrograph of an overview of specimen F13 and (b) a magnified view of the frac-
tured particle that initiated the fatigue crack. Specimen F13 was tested at strain amplitude of
0.002 and failed at 343,075 cycles.

Fig. 8 (a) SEM micrograph of an overview of specimen F1, and a magnified view of the frac-
tured particle (highlighted) that initiated the fatigue crack. (b) Specimen F1 was tested at strain
amplitude of 0.01 and failed at 588 cycles.

Fig. 9 A magnified view of the particle that initiated the fatigue
crack shown in Fig. 7. Striations are clearly seen near the top of
the particle as highlighted in this image. Specimen F13 was
tested at a strain amplitude of 0.002 and failed at 343,075
cycles.

Fig. 10 A magnified view of striations observed on microcliffs
of specimen F10 at a distance of 300 lm from the initiation site.
Specimen F10 was tested at a strain amplitude of 0.004 and
failed at 9075 cycles.
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diameter, which is two to three times greater than the particles
that initiated the fatigue cracks on the 0.003 and 0.004 strain
amplitude specimens. This large particle for the 0.002 strain
amplitude likely caused early crack incubation and a large plastic
zone in front of the particle, which led to fast crack propagation.
However, as the crack continued to grow, the crack encountered
grain boundaries and nonpreferred crystallographic orientations
that prevented faster crack growth, even in the presence of an
increasing crack driving force. In the other two specimens ana-
lyzed for striation spacing, the fatigue cracks initiated from par-
ticles that were much smaller than the 0.002 strain amplitude
specimen. Thus, the crack growth rate was lower as the crack
grew from the particle, but it increased in rate due to the higher
applied strain amplitude.

Multistage Fatigue Model Correlations. The MSF model pre-
dictions along with the experimental fatigue-life data are shown in
Fig. 13. Based on the incubation and MSC/PSC crack regimes,
the MSF model showed good correlation to the mean of the
fatigue–life results of the AISI 4140 steel. The individual
incubation-life and MSC/PSC-life are also shown in Fig. 13.
The MSF model supports the conclusion that the fatigue life is

dominated by the microstructurally small and physically small fa-
tigue crack growth in the low cycle regime (>0.003) and domi-
nated by crack incubation in the high cycle regime (<0.003).
Furthermore, experimental results revealed that the fatigue cracks
initiated and propagated from fractured carbides, and these frac-
tured particles led to a more consistent fatigue life as exhibited by
the strain-life results, as shown in Fig. 13. As such, the crack
growth dominated low cycle fatigue and incubation dominated
high cycle fatigue modeling approach presented here resulted in
predictions that captured the mean fatigue-life of the experimental
results.

Multistage Fatigue Model Validation. For validation pur-
poses, several cylindrical notched specimens of the same material
as the strain-life specimens were tested under a fully reversed
displacement control at 3 Hz. An isometric view of the notched
specimen with dimensions is shown in Fig. 14. An extenso-
meter with a 20 mm gage section was employed to provide
displacement feedback across the notch region. Three specimens
were tested at the following displacement amplitudes: 0.002 mm;

Fig. 11 A magnified view specimen F13 showing a region of
striations at 600 lm from the initiation site. Specimen F13 was
tested at a strain amplitude of 0.002 and failed at 343,075
cycles.

Fig 12 Striation spacing versus crack length for specimens
tested at amplitudes of 0.002, 0.003, and 0.004 strain
amplitudes

Fig. 13 Experimental AISI 4140 steel strain-life results (R 5 21)
versus the MSF model correlations. Also shown is the incuba-
tion and small crack growth predictions of the model.

Fig. 14 MSF model comparison to notched fatigue specimens
tested under constant displacement. The MSF model predic-
tions were based on finite element internal state variable
plasticity results of the notched specimen. An isometric view of
the notched cylindrical specimen is shown. Local stress/strain
state was used as input for the MSF model.
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0.0008 mm; 0.00052 mm. The specimens tested at 0.0008 mm and
0.00052 mm displacement amplitudes were switched from a dis-
placement control mode to load-control mode at 10,000 cycles
and continued until failure at 30 Hz.

In order to make MSF predictions of the notched specimens,
finite element simulations were performed to determine the local
stress/strain state due to the presence of the notch. The material
model employed in this present study is the internal state variable
(ISV) plasticity/damage model introduced by Bammann et al.
[21–24] and Horstemeyer and Gokhale [25] and later modified by
Horstemeyer and Gokhale [26], and Jordon et al. [27]. The ISV
plasticity/damage model constants for AISI 4140 steel were
determined from experimental data by using the least-squared
best-correlation method. The constants for the kinematic and
isotropic hardening equations were selected to produce the best fit
of the tensile/compression and torsional data. Three-dimensional
finite element simulations were performed with the aforemen-
tioned constitutive model and mesh refinement study was
employed to determine the appropriate element size. For the
boundary conditions, axial displacements identical to the experi-
ments were applied to the finite element simulation for the three
tests at the location of 20 mm across the notch. Maximum princi-
ple strain theory was employed to account for the multi-axial
strain state due to the notch. The maximum principal strain
amplitude from the finite element analysis was used as an equiva-
lent uniaxial strain amplitude for the input to the MSF model.
Figure 14 shows the comparison of the notched fatigue specimens
to the MSF prediction. The MSF showed slightly nonconservative
predictions compared to the experimental results. Also shown in
the Fig. 14 is the incubation and MSC/PSC crack growth regime.
The slightly nonconservative predictions are likely due to the
as-machined surface of the notch, which further reduced the num-
ber of cycles for incubating a crack. The MSC/PSC life prediction
correlated better to all three experimental fatigue-life results
compared to the total MSF life or the incubation life. The better
fit of the crack growth regime is consistent with a reduced incuba-
tion life.

Conclusions

Based on the results of this study of experiments and modeling
of fatigue damage in an AISI 4140 steel, the following conclu-
sions are given:

(1) The strain-life fatigue results of the AISI 4140 steel exhib-
ited relatively low scatter. The scatter observed based on
the tests conducted were less than an order of magnitude of
scatter.

(2) Scanning electronic microscopy revealed that the fatigue
crack incubation was dominated by the presence of carbon-
rich particles located at or near the surface. These particles
were found to fracture rather than debond.

(3) Striations were found within five lm from the incubation
site for the specimen tested to failure at the lowest strain
amplitude. For the higher strain amplitudes, striations were
found within 50 lm of the particle that initiated the fatigue
crack. Increasing striation spacing was observed to corre-
late with increasing applied strain amplitude.

(4) Good agreement was obtained between the MSF model and
experimental strain-life results. The MSF model was found
to exhibit nonconservative predictions of the notched
specimens based on incubation and small crack life stages.
Better correlation was found using solely small crack
growth for the notched specimens.
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