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A microstructure-based plasticity-damage model is used to predict the mechanical
behavior of AISI 4140 steel. Monotonic tension, compression and torsion tests were
performed to obtain the set of plasticity and damage constants required for model
calibration. Then, tension tests on Bridgman notched specimens were undertaken to study
the damage-triaxiality dependence. Three different notch radii generated different levels
of triaxiality at the notch. The modeled triaxiality-damage correlation was validated with
SEM fracture surface analysis. Stress-strain correlations under different strain rate and
temperature testing conditions were also studied. Little influence of the strain rate was
observed. A preliminary study in high-porosity LENS materials was later performed,
with satisfactory stress-strain correlation at two different temperatures on tension tests.
Finally, a multistage fatigue model was used to predict life in AISI 4140 steel. The goal
was to create a baseline for future application of these mathematical models into LENS
manufactured materials in component design.
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CHAPTER I
INTRODUCTION
Recent innovations in digital design and manufacturing of advanced materials and
components have stimulated an important growth of rapid-prototyping technologies in
modern industry. The Laser Engineered Net Shaping (LENS) process is a particular
example of these technologies that may create any kind of components from a three
dimensional CAD solid model with high accuracy [1]. The LENS process involves a
high-power laser beam irradiating powder metal streams flowing from one or more
delivery nozzles [2, 3]. The laser is focused onto the deposition region where the nozzles
deliver the powder metal to be melted instantaneously by the laser, creating a molten pool
at the surface of the layer being created. The three dimensional component is generated
by displacing the powder delivery nozzle and the laser beam assembly in the z-direction,
creating a new layer on top of the previous one additively.
The main advantages of the LENS process are the possibility of obtaining
property gradients along the component, due to different cooling rates in the creation
process; and that no later machining is necessary, making it time and cost effective. On
the other hand, the main disadvantages consist of difficulty in controlling the
microstructure, again due to extremely fast cooling rates; and the propensity to pore
formation [3-5].
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In the past two years, studies have been undertaken at the Center for Advanced
Vehicular Systems (CAVS) at Mississippi State University on the LENS process and
product development. The project comprises different areas of research, such as: thermomodeling, microstructural analysis and performance modeling, performed by a multidisciplinary team with various areas of expertise such as solidification/thermal science,
material science, mathematics, solid mechanics, and electrical engineering. The main
barriers to overcome in LENS fabrication development reside in several fronts: i)
fundamental understanding of the process effect on the temperature distribution and
solidification phenomena along the LENS cycles, ii) process effects on phase
transformation and defect formations and evolutions, iii) performance predictions based
on a given thermal process and the resulting microstructure, and iv) control of processproperty relationships for accurate component design optimization to meet product
attributes.
In terms of the performance modeling division, the main goal is to apply a
computational plasticity-damage model to predict the mechanical behavior and life of
components manufactured with the LENS process. The objective of this master’s project
is to apply the plasticity-damage model in monotonic loading on a commercially
available homogeneous material, in this case AISI 4140 steel, in order to create a baseline
for future application on LENS manufactured materials, while the understanding and
optimization of the LENS process is being undertaken at CAVS. The application of this
2
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mathematical model was studied for different conditions of loading, temperature and
strain rate, in order to simulate different real-life situations. Furthermore, real monotonic
and cyclic testing was performed in validating the model predictions. An application of
the mathematical model in the design of an automotive component, which was previously
studied at CAVS, is given at the end of the monotonic tests chapter. As an addition to the
original scope of this project, a uniaxial fatigue analysis was also performed on regular
round fatigue specimens. A strain-life correlation was obtained by means of a multistage
fatigue model explained later in this chapter.

1.1

Mathematical Models
A microstructure-based Internal State Variable plasticity-damage model first

introduced by Bamman and Aifantis [6, 7] was used in this study. It was later improved
by Horstemeyer and Gokhale [8] by including damage evolution analysis, and
implemented into a finite element code by Horstemeyer et al [9] based on the
formulations of void nucleation and coalescence proposed in [9], and void growth by
McClintock [10] and Cocks and Ashby [11].
For the life prediction under cyclic loading, a microstructure-based multistage
fatigue model was utilized, following the scheme shown in Fig. 1.1. It was first proposed
by McDowell et al [12] and later modified by Xue et al [13] to consider structure-

3
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property relations for cyclic damage and fatigue life in structural applications. A
mathematical overview of both models is given in the following chapter.

4
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CHAPTER II
MATERIAL AND MATERIAL MODELS
A description of the material used in this project is given next. Also, the
mathematical principles of the ISV and MSF models are explained in this chapter.

2.1

Material
AISI 4140 steel is a chromium-molybdenum alloy steel with a 0.4 wt % C, which

locates it in the medium-carbon steels range. It is commonly used in machinery steels due
to its relatively high hardening sensitivity [14] 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 are commercially available. However, in this project, a colddrawn and commercially annealed type of 4140 steel was selected. Hence, all
experimental testing and results reported in this document were performed on this type of
steel, unless specified otherwise. The following table, Table 2.1, shows the chemical
composition stated in the ‘Certificate of Chemistry’ supplied by the vendor:

5
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Table 2.1
C
0.4

Chemical composition of AISI 4140 steel

Mn
P
S
Si
Ni
Cr Mo Cu
Al
V
Cb
Sn
0.89 0.01 0.021 0.23 0.05 0.94 0.21 0.12 0.014 0.004 0.002 0.007
Hardness experimental measurements were performed in CAVS laboratories and

the measurement values are shown in the following table, Table 2.2:

Table 2.2

2.2

Hardness and Yield Strength values of AISI 4140 steel
Material

Hardness (Rockwell B)

Yield Strength (Sy)

AISI 4140 steel

100 ± 5

116 ksi

Plasticity-Damage Material model
A brief overview of the physics involved in the ISV plasticity-damage model is

given next.
- Kinematics of macroscale model
In continuum mechanics, a deformational process can be described by a
deformation gradient F which connects a point in a non-deformed state with the same
point represented in a deformed configuration. In the case of a deformation process that
admits a reversible elastic deformation, associated with the stretching of the crystalline
lattice, and an irreversible plastic deformation, associated with the slip at the
6
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crystallographic level, the total deformation gradient can be multiplicatively decomposed
as
e

p

p

F = F Fv Fd

(1)

e

p

where, F is the total deformation gradient, F is the elastic deformation gradient, F v is
the volumetric component of the plastic deformation gradient caused by damage
p

evolution, and F d is the deviatoric component of the plastic deformation gradient due to
the plastic deformation within the microstructure. This formulation of the multiplicative
decomposition of the total deformation gradient is a modified version by Bammann and
Aifantis [7] of the former equation introduced by Lee [15]. The multiplicative
decomposition explained above is shown in Figure 2.1

F
R

R0
Fpd

Fe
R1

R2
Fpv

Figure 2.1

Schematic illustration of the multiplicative decomposition of a total
deformation process into elastic, plastic and damage components.
7

www.manaraa.com

p

The Jacobian of F d represents the change in volume or change in density as a
result of void nucleation and growth leading to ductile failure of the material.

( )
p

J d = det F d =

V2 ρ 0
=
V0 ρ 2

(2)

Then, according to Equation (2) the damage φ is defined as the ratio increase in
volume from the state R0 to R2 as follows

φ=

V2 − V0 Vv
=
V2
V2

(3)

1
1− φ

(4)

Thus, Equation (2) becomes
Jd =

and, assuming that the volumetric expansion that causes damage is isotropic in nature, the
volumetric deformation gradient can be thereby defined as
1

p

Fv =

(1 − φ )1/ 3

I3

(5)

where I 3 is the 3rd order identity matrix.
The velocity gradient associated with the total deformation gradient defined in
Equation (1), is defined as
•

L=FF

−1

(6)

and can be expressed as
e

p

p

L = L + Lv + Ld
8
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p

From Equation (5), L v is calculated as
•

p
v

p
v

L =F F

p −1
v

•

φ

=

3(1 − φ )

I3

(8)

Considering the deformation rate and the spin rate as D =

(

)

1
1
(
L + LT ) and W = L − LT ,
2
2

respectively, one obtains from Equation (7) the following formula for the total
deformation rate
e

p

p

D = D + Dv + Dd

(9)

where, the volumetric deformation rate can be obtained directly from (8) as
•

p
v

D =

φ

3(1− φ )

(10)

I3

- Kinetics: Elastic-plastic macroscale modeling
Now, assuming a linear elastic relationship between the stress and strain in the
natural configuration

( )

o

•

σ = λ (1 − φ )tr D I + 2 μ (1 − φ )D −
e

e

3

φ
1−φ

σ

(11)

where, the Cauchy stress in a natural configuration is obtained by
o

•

e

σ = σ − W σ + σW

e

(12)

Using Equation (9), the elastic stretching can be written as

9
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e

p

p

D = D − Dv − Dd

(13)

As proposed by Bammann [6], the following flow rule for the plastic deformation
component of the total deformation rate expressed above was utilized
⎡
2
⎤
σ '− α − (k + Y (T ))(1 − φ )⎥ σ '− 2 α
⎢
p
3
3
D d = f (T )sinh⎢
⎥
2
(
)(
)
T
1
−
φ
V
⎥ σ '− α
⎢
⎢⎣
⎥⎦
3

(14)

where σ ' is the deviatoric Cauchy stress tensor, α is a tensor variable, k is a scalar
tensor variable, and f(T), Y(T) and V(T) are scalar functions whose dependence on
temperature is explained in detail in later paragraphs.
The evolution of the state variables α and k is given as
o

•

⎛ 2

⎞ 2

α = α − W α + α W = h(T )D d − ⎜⎜ rd (T ) D d + rs (T )⎟⎟
αα
⎝ 3
⎠ 3
e

e

p

p

⎞
⎛ 2
p
p
k = H (T ) D d − ⎜⎜ Rd (T ) D d + Rs (T )⎟⎟k 2
⎝ 3
⎠

(15)

(16)

where h(T) and H(T) are temperature dependent hardening moduli, while rs(T) and Rs(T)
are scalar functions describing the diffusion controlled static recovery, and rd(T) and
Rd(T) are similar terms associated with the dynamic recovery.
The functions f(T), Y(T) and V(T) are related to the initial yield stress by an
Arrhenius-type temperature dependence. The function f(T) determines the ratedependence effect on the initial yielding of the material. The function Y(T) is the rate10
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independent initial yield, and the function V(T) determines the magnitude of ratedependence on yielding. In the present models, these functions are expressed as follows

⎛ − C2 ⎞
V (T ) = C1 exp⎜
⎟
⎝ T ⎠
⎛ − C4 ⎞
Y (T ) = C3 exp⎜
⎟
⎝ T ⎠

(17)

⎛ − C6 ⎞
f (T ) = C5 exp⎜
⎟
⎝ T ⎠
where C1 to C6 represent material constants
In the equations above, the dynamic and static recovery functions are represented
by the following expressions
⎡
⎛ 4 J 3' 2 ⎞⎤
⎛ − C8 ⎞
rd (T ) = C7 ⎢1 + C19 ⎜ − ' 3 ⎟⎥ exp⎜
⎟
⎜ 27 J ⎟⎥
T
⎝
⎠
⎢⎣
2 ⎠⎦
⎝
⎡
⎛ 4 J ' 2 ⎞⎤
⎛ − C14 ⎞
Rd (T ) = C13 ⎢1 + C21 ⎜ − 3' 3 ⎟⎥ exp⎜
⎟
⎜
⎟
⎝ T ⎠
⎢⎣
⎝ 27 J 2 ⎠⎥⎦

(18)

⎛ − C12 ⎞
rs (T ) = C11 exp⎜
⎟
⎝ T ⎠
⎛ − C18 ⎞
Rs (T ) = C17 exp⎜
⎟
⎝ T ⎠

11
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where C7 to C21 represent material constants, and the indexes d and s refer to dynamic
and static, respectively. The terms J2 and J3 are second and third deviatoric stress
invariants and are obtained by J 2' =

(

1 '
σ −α
2

) and J
2

'
3

=

(

)

3
1 '
σ −α .
3

The isotropic, H(T), and anisotropic, h(T), hardening moduli are defined as
H (T ) = C15 − C16T

(19)

h(T ) = C9 − C10T

(20)

- Damage evolution by void nucleation, growth and coalescence
Ductile failure occurs in ductile metals by void nucleation growth and
coalescence according to Garrison and Moody [16]. In this work, damage evolution was
modeled following the formulation of Horstemeyer [17]

φ = c(φ part + φ pores )

(21)

where c is the coalescence factor, φ part is the damage caused by voids nucleated from
inclusion particles, and φ pores is the damage caused by voids nucleated from pre-existing
pores.
The damage caused by nucleation of voids from particles is given by

φ part = ηv

(22)

12
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where η is the nucleation factor, defined as the number of nucleated voids per unit
volume, and v is the average volume of the nucleated particle. In the present model, the
nucleation evolution equation is taken from Horstemeyer et al. [9] as
d

•

η = Ddp

K Ic 3 f

2
I
J
⎪⎧ ⎡ 4 J 3 ⎤
− 3⎥+b 3 +c 1
2
3
27 J 2 ⎦
J2
J2
⎩⎪ ⎣

η ⎨a ⎢

⎫⎪
⎛ − CηT
⎬ exp⎜⎜
⎝ T
⎪⎭

⎞
⎟⎟
⎠

(23)

where, d is the average inclusion particle size, KIc is the fracture toughness, f is the initial
void volume fraction of inclusion particles, a, b, c and CηT are material constants and I1 is
the first stress invariant.
The void growth equation is taken as the McClintock equation for void
enlargement embedded in an elastic-plastic medium [10],
⎛
⎛
2I1 ⎞⎟ ⎞⎟⎤
4⎡
3
⎥
v = ⎢R0 exp⎜ ε (t )
sinh⎜ 3 (1 − n )
⎜
⎟ ⎟⎥
⎜
(
)
3⎢
2
1
−
n
3
J
2 ⎠ ⎠⎦
⎝
⎝
⎣

3

(24)

where R0 is the initial void radius, ε(t) is the accumulated strain over the period of time t,
and n is the strain-hardening exponent.
The damage originating from pre-existing pores in the microstructure is modeled
using the Cocks-Ashby void growth equation [11]
•

⎡

φ pores = ⎢

1

⎣⎢ (1 − φ pores )

V (T ) / Y (T )

⎤
⎧ 2(2m − 1) σ h ⎫ p
− (1 − φ pores )⎥ sinh ⎨
⎬ Dd
⎥⎦
⎩ 2m + 1 σ e ⎭

(25)

where m is a material constant, σh is the hydrostatic stress, and σe is the equivalent von
Mises stress.

13
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In the proposed model, coalescence arises as a result of the multiplicative relation
between void nucleation and growth. It can be assumed, according to Horstemeyer [17],
that the coalescence causes a discontinuous jump in nucleation and growth, but allows for
a continuous variation of the total damage. Thus, a phenomenological assumption is to
represent the coalescence by the following expression
z

⎛ DCS0 ⎞
c = (cc1 + cc2ηv )⎜
⎟ TCTC
⎝ DCS ⎠

(26)

where cc1, cc2, and CTC are material constants, and DCS0/DCS represents the effect of
grain size.

2.3

Multistage Fatigue Model

Fatigue life model correlation was performed using a mathematical microstrurebased multistage fatigue model developed by McDowell et al [12]. This model originally
considered only high cycle fatigue, but was later generalized by Xue [13, 18] to evaluate
both high cycle fatigue (HCF) and low cycle fatigue (LCF) loading conditions. In this
model, the fatigue crack growth is decomposed additively into four stages [13]:

N total = N Inc + N MSC/PSC + N LC

(27)
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where Ntotal corresponds to the total number of cycles, or fatigue life; NInc represents the
number of cycles for crack incubation; NMSC represents the number of cycles required for
a microstructurally small crack to propagate; NPSC represents the number of cycles for a
physically small crack to propagate; and finally NLC corresponds to the number of cycles
for long crack propagation. These values have an important dependency on the loading
amplitude, and typical variation ranges are given in [13].
The incubation life of crack damage was characterized using a modified version
of the Coffin-Manson law based on the nonlocal maximum plastic shear strain for
uniaxial loading

α

Cinc N inc

P*
Δγ max
=β =
2

(28)

Here, β represents the nonlocal maximum plastic shear strain amplitude around
the inclusion; Cinc and α are the coefficient and exponent, respectively, that link
microplasticity to incubation in the modified Coffin-Manson law; and

Δγ p max

is

the

nonlocal maximum plastic shear strain range. The asterisk indicates that it is an average
value.
Crack growth in the MSC and PSC stages was governed by the crack tip
displacement range (ΔCTD) in the form,
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⎛ da ⎞
= χ (ΔCTD − ΔCTDth )
⎜
⎟
⎝ dN ⎠ MSC / PSC

(29)

where da/dN is the crack growth rate; χ is a material constant that reflects crack tip
irreversibility; and the th subscript refers to the threshold value. The ΔCTDth value can be
found in the literature, and is based on the type of crystalline lattice for a specific
material. On the other hand, ΔCTD is described by
ζ

⎛ Δγ p max
⎡UΔσˆ ⎤
ΔCTD = C II ⎢
⎥ a + C I ⎜⎜
S
⎣ ut ⎦
⎝ 2

⎞
⎟
⎟
macro ⎠

2

(30)

where CI, CII and ς are material constants obtained through fatigue crack growth
experiments in the MSC regime; U is the load ratio parameter in the form of U = 1 / (1 –
R), for R ≤ 0, and U = 1, for R > 0; and Δσˆ is the equivalent applied stress range,
defined as a linear combination of the von Mises uniaxial effective stress amplitude and
the maximum principal stress range [13].
Finally, long crack growth stage is basically mode I opening fatigue crack growth.
Hence, linear elastic fracture mechanics (LEFM) theory can be used to model this stage
as

[

⎛ da ⎞
m
m
⎜
⎟ = A (ΔK eff ) − (ΔK eff ,th )
⎝ dN ⎠ LC

]

(31)
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where A and m are the constants in the Paris law; ΔKeff is the effective stress intensity
factor range; and ΔKeff,th is the intrinsic effective stress intensity factor threshold.
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CHAPTER III
MONOTONIC TESTS
In order for the model to accurately predict the mechanical behavior of any
material, it first needs to be calibrated. This is done through a series of standard tension,
compression and torsion tests. All tests were performed at three different strain rates: 104

/sec, 10-3/sec, and 10-2/sec, and at room temperature (300K). Plus, tension and

compression tests were also performed at 500K. The goal of testing different strain rates
and temperatures responds not only to the refining of the calibration, but to verify the
applicability and accuracy of the model under different conditions. The type and
geometry of specimens used, along with a brief explanation of the experimental setup is
given next. Validation of the model was performed on notched tension specimens with
three different notch radii.

3.1

Specimens Geometry and Experimental Setup

Tension and compression experimental tests were performed on an INSTRON
5882 machine, Figure 3.1; which has a maximum load capacity of ±100KN. Elevated
temperature tests were performed by means of a built-in INSTRON 3119-407 forced air
convection environmental chamber. This chamber encloses the entire specimen as well as
the action grips, and it is designed to work within the temperature range of 123 to 623K (18
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150°C to 350°C). A water-cooled INSTRON 2630-052 extensometer was utilized to
accurately monitor and control the strain rate in all tension tests. Such an extensometer
has a 1” gage length and is designed to accurately measure strains at temperatures up to
773K (500°C).
On the other hand, due to the limitations on the specimen geometry, strain rates
on compression tests were controlled by the displacement of the crosshead of the
machine and the application of a correction factor to the reported strain. This factor
corrects the compliance of the machine components, and was obtained by testing
specimens with known Young’s modulus values. This compliance was reported in the
stress-strain curves by subtracting the strain corresponding to the system deformation
from the imposed displacement for each measured load value.
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(a)
Figure 3.1

(b)

Photographs of the INSTRON 5882 machine used for tension, compression
and notched tension tests, showing the setup for testing at (a) room
temperature and (b) elevated temperatures

Torsion tests were performed on a bi-axial INSTRON 8850 machine (Figure 3.2).
This machine is capable of applying a maximum axial load of ±1MN and has a torsional
capacity of ±10KNm. As in the compression tests, the strain rate in torsion experiments
was controlled by the rotation of the load cell, rather than a torsional extensometer.
However, unlike the compression tests, the compliance was neglected without noticeably
altering the accuracy of the results. This assumption is reasonable in light of the large
dimensions and strength of the machine with respect to the specimen strength and size.
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Figure 3.2

Photograph of the INSTRON 8850 machine used for monotonic torsion and
low-cycle fatigue tests.

3.1.1 Tension specimens
ASTM standard smooth round tension specimens, from now on referred to only as
‘tension specimens’, were utilized. Small changes in the dimensions were applied, such
as the lengthening of the gripping section, in order to guarantee a safe and tight setup.
The following figure, Fig. 3.3, shows a sketch with the final dimensions of such
specimens:
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Figure 3.3

Sketch of round tension specimens used at two testing temperatures: 300K
and 500K (units in inches)

3.1.2 Compression specimens
Compression tests were carried out on cylindrical specimens, originally extracted
from the gage length of the tension specimens. Hence, its diameter is the same as the
diameter in the gage length of the tension specimens, while the length is two times such
diameter. By staying close to this L/D relation, factors as bulging are avoided which
might otherwise affect the accuracy of the results. Both contact surfaces (top and bottom)
were lubricated with oil to reduce the friction. Figure 3.4 shows a sketch and dimensions
of this type of specimen:

Figure 3.4

Sketch of compression specimens used at two testing temperatures: 300K &
500K (units in inches)
22
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3.1.3 Torsion specimens
Torsion experiments were performed on a ‘Lindholm’ torsion specimen type. The
geometry and original dimensions of this type of specimens are given in Figure 3.5.
Again, the length of the gripping section was extended, in order to assure a proper grip.
Thus, the original dimension of 0.844in in this figure was extended to 2.6in, making the
total length of the specimen equal to 5.3in. All other dimensions remained as reported.

Figure 3.5

Sketch of Lindholm torsion specimens before lengthening of the gripping
section (units in inches)

3.1.4 Notched tension specimens
The geometry of the “Notched Tension Specimens”, from now on referred only as
“notched specimens” or just “notched” (to differentiate them from the standard “tension
specimens”), corresponds to the “Bridgman” notched specimens type. This type of
specimens has been used in previous studies by CAVS staff. In the following figure, Fig.
23
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3.6, a sketch of this type of specimens is shown. Three notch radii were tested, i.e. R60,
R100 and R150 corresponding to 0.060, 0.100 and 0.150 inches, respectively. The only
one difference from one specimen to the other is, again, the notch radius. All other
dimensions, including the diameter of the specimen (of .142”) at the notch, remained the
same.

(a)
Figure 3.6

(b)

(c)

Sketch of notched tension specimens used to validate the simulations. Three
notched radii were used: a) R60, (b) R100 and (c) R150 (units in inches)

Due to the nature of this type of specimens, notched tension tests were controlled
by the displacement of the cross-head of the machine at one constant speed, 0.005mm/s,
rather than at a constant strain rate. However, the reading of the displacement was taken
from an extensometer that was attached to the specimen, keeping the notch within its
gage length. It was assumed that all the deformation experimented by the specimen, and
24
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therefore read by the extensometer, was to occur at the notch, right where the crosssectional diameter reaches its minimum value. By doing this, the compliance of all the
parts involved in the experimental setup was avoided from altering the accuracy of the
tests.
3.2

Material Model Analysis

All the analyses herein presented were performed in the finite element code
Abaqus®. Next, a description of the 3D models used, along with the finite element
modeling considerations taken into account, is given.
3.2.1 Creation, boundary conditions and meshing
All four types of specimens described in the previous section were modeled.
Different simplifications were made to each test in order to optimize processing time,
where possible. For instance, the greatest simplification was made for tension and
compression, where only a unit cube was modeled rather than the whole specimen (or a
fraction of it), Fig. 3.7. By doing this, the same results are to be obtained but the
processing time is drastically reduced.
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Figure 3.7

Unit cell used to characterize the mechanical behavior under tension
loading

On the other hand, due to the loading and deformation nature, no simplifications
could be applied to torsion specimens. Thus, the entire specimen was analyzed. The 3D
model analyzed for this type of tests is given in Figure 3.8. A refined mesh was used,
especially at the section of the notch where the interest of the analysis was focused.
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Figure 3.8

Full three-dimensional torsion specimen model used to characterize the
mechanical behavior under torsion loading, showing the stress
concentration in the bevel but almost homogeneous deformation in the gage
region

Finally, symmetry played an important role in the modeling of the notched
tension specimens. A three-dimensional model of just one eighth of the specimen was
sufficient for this analysis to get proper results, Fig. 3.9. This, as in the cases of tension
and compression, also reduced drastically the processing requirements and time.
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Figure 3.9

Model of one eighth of a notched tension specimen used to analyze damage
concentrations and levels of triaxiality as a validation of the computational
model

3.2.2 Calibration - Experimental results correlation
As said before, the plasticity model needs to be calibrated for each material to be
analyzed, prior its application in the prediction of mechanical behavior and/or damage
evolution. Calibration simply means to find the constants that describe the material. Some
of these constants are determined by fitting the stress-strain responses of the
aforementioned experimental testing; while the rest of them are obtained from
observations of the microstructure of the material to be analyzed, and from the literature.
Pre-testing microstructural analyses revealed no pre-existing pores within the
microstructure of the material. However, some inclusions and second-phase particles
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were observed. An image of these particles, obtained by means of an optical microscope,
is given next, Fig. 3.10.

Figure 3.10 Optical microscope surface observations of the AISI 4140 steel showing
typical appearance unetched with inclusions, carbides, etc.
The microstructure of the material (etched condition) consists of tempered
martensite, bainite, etc. Typically, it is from these particles that voids nucleate. Thereby,
an assumption of an initial void radius of R0 = 5μm was made, being this value the
highest one observed in the figure above. By doing this, a first trial with the worst case
scenario was analyzed and adjustments could be easily done afterwards. Other values
used in this model are: fracture toughness KIC = 55 MPa m , average size of the particles
nucleating voids by either cracking or debonding from the matrix d = 50μm, initial
volume fraction of particles f = 0.05, and the initial void volume fraction for preexisting
voids φ0 = 0.001.
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Tension, compression and torsion experimental results were fitted with the
DMGFIT software [23]. This is a useful tool especially created to find the plasticity and
damage constants for the BCJ model, and is capable to find the best fit for various curves
simultaneously, i.e. tension, compression and torsion. Figure 3.11 shows the (effective)
stress-strain comparison between experimental data and the computed model results of
tension, compression and torsion tests at room temperature (300K) and a strain rate of 102

/sec, with the set of constants utilized along this analysis.

Figure 3.11 Effective stress-strain comparison between experimental data and computed
model results of tension, compression and torsion tests on AISI 4140 steel
at 300K and at a strain rate of 0.01/sec.
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Once the right set of constants is found, the accuracy of the model in predicting
the stress-strain behavior in all of the tests is very good. The model predicts well the
onset of yielding, the initiation and evolution of the strain hardening, and the damage
initiation and evolution after passing the ultimate strength point. Still, a difference in the
modeled curve for the torsion test at the initiation of the strain hardening respect with the
experimental curve is observed. However, the curve reaches the maximum stress value
soon and follows the same path as the experimental curve does until fracture.

3.3

Validation of the Model

An analysis of the plastic and damage behaviors of the material in the case of
notched tension specimens is performed in this section. The goal of employing these
specimens is to analyze how different triaxiality conditions influence the damage
behavior of the material. Three specimens with different notch radii were chosen for
analysis. They were labeled R60, R100 and R150 having notch radii of R = 0.060 in, R =
0.100 in and R = 0.150 in, respectively. However, Bridgman characterizes the notch
specimens by the ratio between one half of the cross-sectional diameter of the specimen
at the center of the notch, a, respect with the notch radius, r. Hence, the labels R60, R100
and R150 correspond to ratios of a / r = 0.071 / 0.060 = 1.18, a / r = 0.071 / 0.100 = 0.71
and a / r = 0.071 / 0.150 = 0.47, respectively.
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3.3.1 Load vs. Displacement
An initial comparison between the load-displacement curves obtained
experimentally and computationally was analyzed. All three notch radii were
experimentally tested at one displacement speed of 0.005mm/s, and such were the
computed analyses. The respective curves for both the computationally modeled and the
experimental curves are presented next, Fig. 3.12:

Figure 3.12 Model predicted and experimental load-displacement curves for the notched
Bridgman specimens tested at 300 K and 0.005 mm/s.
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The model predicts well the maximum load and fracture displacement for the R60
specimens, even though the elastic portion is offset the experimental value. In all the
modeled curves, a very slight variation in the slope is observed, while in the experiments
the variation is more noticeable. It is important to have in mind that load-displacement
curves are not as accurate to compare as stress vs. strain. Stress-strain curves take into
account the initial cross-sectional area of the specimen, as well as the area reduction after
passing the ultimate strength point; while load-displacement plots only reflect the
displacement applied to the specimen at a certain load, but corrections need to be made
afterwards if differences between the specimens exist.
One possible reason for these discrepancies is related to human errors when
machining the specimens. Small differences in the cross-sectional diameter at the notch
will require higher loads to deform the specimen. Indeed, this errors are squared when
relating to the stress generated, increasing the load required. For instance, the nosequential order in the effect of the notch radius for the experimental curves suggests that
differences in the cross-sectional diameter of the specimens at the notch might have
presented slight variations from one specimen to the other.
In terms of the elongation at fracture, the model predicts satisfactorily these
values for the R60 and R150. Again, a progressively linear tendency is expected in the
reduction of the load per displacement unit, putting the R100 curve between the other
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two, If that was the case, the model prediction would correspond satisfactorily with the
experimental results, both in maximum load and in fracture strain.

3.3.2 Damage and triaxiality correlation
Damage levels are directly proportional to levels of triaxiality [10, 19, 20]. Thus,
higher levels of triaxiality will not only translate in a greater area where the voids
nucleate and evolve, but these voids will have a bigger fracture diameter.
As another step to validate the accuracy of the plasticity-damage model, both
damage concentration and triaxiality were analyzed for each of the notched specimens
tested above. The contours with the results obtained by finite elements simulations are
given in Figure 3.13
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(a)

(b)

(c)
Figure 3.13 Damage (left) and triaxiality (right) contours obtained using finite element
simulations of tension tests on 1/8 of the notched Bridgman specimens with
three different notch radii ratio: (a) 1.18, (b) 0.71, and (c) 0.47
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The red zone in each of the contours displayed above, reveal the zones of highest
levels of damage (left) and triaxiality (right). One observation from this figure is that the
area of the critical regions for both variables is predicted to be similar in size, for all three
notch radii, revealing the tight relationship between them. Also, in all cases these critical
zones are found to be localized in the center of the fracture surface of the specimen,
rather than in the edges. Another important observation is that the size of this area is
predicted to decrease as the notch radius increases.
In order to support the accuracy of these predictions, a complete fracture surface
analysis was performed on the tested specimens, by means of scanning electron
microscopy (SEM). An overview of the fracture surface of each specimen is given next,
Fig. 3.14:

(a)

(b)

(c)

Figure 3.14 SEM fracture surface images of the notched specimens with three different
a/r ratios of (a) 1.18, (b) 0.71 and (c) 0.47
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Two circular regions are observed in each of the images. The smaller circular
region corresponds to the red zone in the contours previously shown, i.e. to the area of
highest damage concentrations; while the external area corresponds to the low-triaxiality
green band. The size proportions of such areas relate closely to the ones predicted.
Furthermore, they decrease as the notch radius decrease, i.e. as the triaxiality decreases.
The other consequence of high levels of triaxiality is larger dimples. Therefore, it
is expected for the dimples in the center to have a larger diameter respect with the
dimples found in the band of low triaxiality at the edge. Figure 3.15 shows images
revealing the average dimple size of all the specimens. All these images were taken at the
same magnification, 5000X, for comparison purposes.
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(a)

(b)

(c)

Figure 3.15 SEM images showing the dimples at fracture of the notched specimens at
the high (top) and low (bottom) triaxiality areas of the fracture surface for
the three notch radii ratio tested, i.e. (a) 1.18, (b) 0.71 and (c) 0.47
The big difference in the final diameter of the voids in the region of maximum
triaxiality levels respect with the outside band (low-triaxiality) is made evident in this
figure. The observations indicate that in the high-triaxiality region, the void coalescence
term dominates over the void nucleation term. However, the opposite is observed in the
low-triaxiality region, where void nucleation and growth govern the damage evolution
process over the void coalescence.
The average dimple size in the high-triaxiality zone was measured to be ~4µm,
while in the low-triaxiality zone the average dimple size was just 0.8µm. Also, the
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nucleation sites were quantized, having an estimated value of about 2.3 and 0.9
nucleation sites per µm2 for the low and high triaxiality zones, respectively.

3.3.3 Strain rate and temperature effects
As a final validation of the plasticity model, the ability to predict the mechanical
behavior in tension under different conditions of strain rate and temperature was also
analyzed. For this purpose, tension tests were performed at two temperatures, 300K and
500K, and three strain rates, 10-4/sec, 10-3/sec and 10-2/sec. Then, the experimental stressstrain curves were plotted against the ones obtained by finite elements simulations. Both
initial and final damage levels were first estimated and then corroborated with fracture
surface observations. The results of this analysis are shown in the following figure, Fig.
3.16:
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Figure 3.16 Experimental and finite element model simulated stress-strain curves and
damage evolution for the uniaxial tension tests carried out at 300K (left)
and 500K (right) and at three different strain rates, i.e. (a) 10-4/sec, (b)
10-3/sec and (c) 10-2/sec
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The model predicts well the onset of yielding in the specimen, as well as the
hardening portion of the stress-strain curve caused by dislocation accumulation in the
material. Also, the softening portion of the stress-strain curve as a result of the increase in
damage is predicted with certain accuracy. However, little influence of the strain rate on
the overall stress-strain behavior was observed in this figure.
The strain at fracture at 300K for the 10-4/sec and 10-3/sec strain rates was
approximately 0.095, while for the 10-2/sec the strain at fracture was approximately 0.08.
To define the fracture point, the critical damage level before final separation occurred
was chosen in the model as 0.045. The same value was assumed for both testing
temperatures 300 and 500K.
For the uniaxial tension tests at 500K, Fig. 3.16a-c, the model predicts well the
initial yielding and the post-yielding behavior. It can be observed that at a strain rate of
10-3/sec the strain at fracture predicted by the model corresponds to that one obtained
experimentally. However, for the strain rates of 10-4/sec and 10-2/sec, some discrepancies
exist between the strains at fracture predicted by the model and measured experimentally.
These discrepancies are due to the fact that the same criterion was set for the ductile
fracture failure, as in the case of testing at room temperature, namely when the total
damage reaches a value of φ = 0.045. A deeper study of the progressive advance of
damage could be performed in a tensile specimen by monitoring void nucleation, growth
and coalescence in real time with an in-situ x-ray or similar equipment.
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3.3.4 Application to LENS manufactured materials
Further validation consisted in the application of the model on high-porosity 4140
steel, which was obtained by means of the rapid-prototyping technique LENS, and the
variation of certain variables such as powder flux, laser intensity and displacement
velocity.
Generated LENS 4140 steel was characterized by means of Optical Microscopy
(OM), Scanning Electron Microscopy (SEM) and X-Ray Computed Tomography (X-Ray
CT). The main goal of these analyses was to reveal the microstructure features relevant
for damage evolution under subsequent mechanical loading. One of the main findings
was the significant presence of lack-of-fusion induced voiding in all of the bars deposited
under different processing conditions. The voids exhibited different sizes and
morphologies ranging from a spherical shape to a fully penetrating cylinder across the bar
diameter. For simplicity, we approximated these pores by a set of ellipsoids with various
aspect ratios according to the measured volume fraction. A schematic illustration of a
simulated LENS deposited volume containing an array of periodic elliptical voids is
presented in Figure 3.17.
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Figure 3.17 Schematic illustration of a periodic array of voids in LENS deposit unit
volume
Post-processing of X-Ray CT attenuation patterns by means of image analysis
techniques demonstrated that a representation as a collection of cubic unit cells could be
made, with each cell containing an elliptical void. The approximate size of the unit cell
was 350 x 350 μm2. The short axis of the elliptical void was measured at 38 μm, and the
long axis had a length that varied from 76 μm to 252 μm. This gave a variation for the
aspect ratio of the ellipsoid from 2:1 to 6.6:1. A schematic illustration of the unit cell with
the elliptical voids is shown in Figure 3.18.
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(a)

(b)

Figure 3.18 Volumes of LENS material with a periodic array of voids for a unit cell
with an elliptical void with an aspect ratio of (a) 2:1 and (b) 6.6:1
X-Ray CT attenuation patterns on samples reflecting different levels of
mechanical deformations revealed that the main mechanism for damage was void growth
from pre-existing pores. As such, we only considered the damage equation (25)
corresponding to the void volume fraction evolution. The void nucleation and growth
from constituent particles was therefore neglected. To determine the coefficient m from
the aforementioned equation, finite element simulations were performed using the unit
cells shown in Figure 3.19.
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(a)

(b)

Figure 3.19 Finite element calculations showing stress contours for a unit cell with an
elliptical void with an aspect ratio of: (a) 2:1, and of: (b) 6.6:1
Following the same procedure as with commercial 4140 steel, the model was first
calibrated and validated via uniaxial tension tests on 4140 LENS. Figure 3.20a and 3.20b
show the model correlation results based on the aforementioned assumptions at 300 K
and 473 K, respectively. The model seems to predict well the yield stress and linear
hardening trend of the LENS deposit for both temperatures. A slight shifting, however, is
noted for strains up to 7% at 300 K, and 20% at 473 K.
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(a)

(b)

Figure 3.20 Comparison between micromechanical unit cell finite element calculations
and experimental results for tension tests conducted on 4140 steel LENS
material at (a) 300 K, and at (b) 473 K
3.3.5 Application in computational design
The possibility to simulate extreme loading conditions in critical components is
well-known to have a high impact in design nowadays. However, typical computer aided
design (CAD) simulations of mechanical components are used to predict failure based
mainly on the reported stress concentrations, which are later compared with, for example,
the yield stress of such material with an applied ‘Factor of Safety’. This factor of safety
provides a safety margin for issues that might affect the accuracy of the maximum load
reported respect with the real values, due to many possible reasons such as, among
others, porosity or impurities present in the microstructure of the material that can
accelerate the failure process. Therefore, a closer approach to reality can be achieved by
the inclusion of void nucleation and evolution into the CAD modeling predictive tool.
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In this section, the analysis of a high-performance automotive component is
presented, with the main goal of finding the spots with highest damage concentrations, as
predicted by the plasticity-damage mathematical model. This component is one of the
main parts of the suspension of the MSU Formula SAE prototype vehicle and it is called
the ‘Upright’. During a normal race, it is subjected to different loading conditions, being
the most extreme during acceleration, cornering (lateral accelerations) and panic braking.
The following figure, Fig. 3.21, presents the solid model of the upright component, along
with the damage concentration contour during the panic braking condition.
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Figure 3.21 Damage concentration contours of an automotive suspension component
simulating a situation of panic breaking
It can be observed from this figure that there are various sites of high damage
concentrations along the component. This case only reproduces the case of a one-time
panic braking condition. However, a repeatedly occurring study of this condition will
make the damage levels to increase in these spots, due to the growth and coalescence of
the voids that already nucleated during the first time scenario.
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This model was originally analyzed in an aluminum alloy, which was one of the
candidate materials during the design optimization process of this part. However, for the
purpose of this analysis, the computational model was run on 4140 steel with the same set
of constants obtained in this chapter. Therefore, the loads applied to the suspension
component were exaggerated in order to emphasize the damage concentration regions for
illustrative purposes.
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CHAPTER IV
FATIGUE TESTS

Low cycle fatigue (LCF) in 4140 steel has been studied using a microstructurebased multistage fatigue model. LCF is defined as the fatigue life regime for components
subjected to large values of strain or stress, so that the failure occurs in a few hundred or
thousand cycles. For high strain amplitudes, usually larger than 1%, the failure is very
similar to a ductile fracture mode. The damage is accommodated by nucleation, growth,
and coalescence of micro voids and cracks throughout the volume of the sample leading
to the final failure.
Strain controlled cyclic behavior of 4140 steel has been studied by Thielen et al.
[21, 22]. The cyclic behavior of 4140 steel was found to be a function of the tempering
temperature. As-quenched steel indicated a hardening effect with respect to the cycle
progression, while tempering at temperatures of 200°C or higher resulted in softening.
The largest softening effect was found for the material tempered at 400°C. The hardening
was explained by Thielen et al. as a dynamic strain aging, while the cyclic softening was
due to the rearrangement of dislocation substructures and reduction of dislocation
density.
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4.1

Specimen Geometry and Experimental Setup

Low cycle fatigue tests were performed on smooth round specimens extracted
from a 0.75” diameter AISI 4140 steel bar. The gage has a 0.35” length and 0.25”
diameter which are the proper dimensions to attach an extensometer. Also, no slippage
was ensured with 3.14” long grip sections. The main goal of these tests was to
characterize the cyclic stress-strain response and the number of cycles to failure at each
strain amplitude. A sketch of these specimens is given next, Fig. 4.1:

Figure 4.1

Sketch of smooth round specimens used in fatigue tests (units in inches)

The tests were performed using the bi-axial INSTRON 8850 machine shown in
Fig. 3.2. They were controlled by measuring the strain directly at the gage of the
specimen with a 0.25” Epsilon 3442 extensometer, using a triangular wave. The shape of
the wave was determined by setting both the strain amplitude and the frequency of the
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wave. Again, the known parameters were strain amplitude and strain rate. Therefore, the
frequency was obtained using the following relation for triangular waves, in terms of the
known variables
•

ε
f =
4ε

(4.1)

•

where ε is the strain rate and ε is the strain amplitude. The frequencies used for each test
were then computed using equation 4.1 for each of the strain amplitudes tested. Three
strain amplitudes (Δε/2) of 1%, 2% and 3% were tested, keeping a constant ratio of R =

εmin/εmax = -1 in all tests.

4.2

Validation of the Models

The multi-stage fatigue model was applied to the data obtained from the
experiments described above. The main goal was to correlate the fatigue life with the
strain amplitude for this material. The results are presented next.

4.2.1 Multi-Stage Fatigue Model Correlations
The cyclic stress-strain responses as well as the number of cycles to failure were
analyzed for each strain amplitude. Figure 4.2a shows the total fatigue life stress-strain
hysteresis loops for an applied strain amplitude of Δε/2 = 3%. It can also be observed that
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the peak stress decreases with each cycle. This behavior can be attributed to a softening
phenomenon. The same softening behavior was observed by Thielen et al. [21] in AISI
4140 steels tempered at 200°C and 650°C. In Figure 4.2b, a plot of stress vs. time is
given. A drastic peak stress decrease is observed as the crack nucleates in the specimen,
especially for the last cycles. The criteria used to determine fatigue failure of the
specimen was set to a 40% drop of this peak stress. Similar observations can be made
following figures 4.3 and 4.4 for the strain amplitudes of 2% and 1%, respectively. All
specimens experienced a steady softening for the first part of the fatigue loading and a
drastic softening towards the end.
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Figure 4.2

Stress and strain evolution obtained during fatigue loading of 4140
commercial steel round smooth specimens under a strain amplitude of 3%
and a frequency of 0.25 Hz showing (a) all cyclic stress-strain curves; and
(b) stress vs. time curves to fatigue failure
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Figure 4.3

Hysteresis loops obtained during fatigue loading of 4140 commercial steel
round smooth specimens under a strain amplitude of 2% and a frequency of
0.25 Hz showing (a) all cyclic stress-strain curves; and (b) stress vs. time
curves to fatigue failure.
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Figure 4.4

Hysteresis loops obtained during fatigue loading of 4140 commercial steel
round smooth specimens under a strain amplitude of 1% and a frequency of
0.25 Hz showing (a) all cyclic stress-strain curves; and (b) stress vs. time
curves to fatigue failure
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Strain amplitude, number of cycles and the number of reversals are tabulated in
Table 4.1. The latest one, as defined by Thielen et al. [21], corresponds to the number of
peaks, positive or negative, in the strain versus time curve, i.e. twice the number of
cycles.

Table 4.1

Strain versus life for the round smooth specimen of AISI 4140 steel

Strain amplitude (%)

# of cycles

# Reversal, 2N

3

90

180

2

188

376

1

1128

2256

The multi-stage fatigue model was then used to characterize this data. However,
certain required input constants values in the model needed to be determined, in order to
increase the accuracy of the model. Thereby, a fracture surface analysis of the specimens
was performed by means of Scanning Electron Microscope (SEM) for all three strain
amplitudes. Different images were taken along the fracture surface with the intention to
determine the cause of the crack initiation. Figure 4.5 shows these images for three strain
amplitudes.
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Figure 4.5

SEM fracture surface analysis on fatigue specimens subjected to maximum
strain levels of a) 3%, b) 2%, and c) 1%

These images reveal that the crack originated from defects at the edge of the
fracture surface in all cases. In fact, for the strain amplitudes of 3% and 1%, Fig. 4.5a and
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c, more than one crack grew and coalesced with the others. The number of crack
initiation particles, as well as their approximate dimensions, was determined from these
images, as part of the input required for the model. Other required input constants were
obtained from tension stress-strain data, experimentally obtained in the previous chapter:
Young Modulus (E), Yield Stress (σy), Ultimate Stress (σu), Fracture Strain (εf),
Hardening Strength Coefficient (K) and Hardening Exponential (n). Figure 4.6 shows the
strain-life correlation obtained with the MSF model.

Figure 4.6

MSF strain-life correlation of the experimental results obtained with the
round smooth specimens of 4140 AISI steel

The model shows an important accuracy in correlating experimental data with just
a few data points. Therefore, it is not necessary to perform an exhaustive testing process
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to obtain a continuous strain-life curve, since it can be easily obtained with this model.
This reduces drastically the tedious repetitive testing process and the time involved in it,
if this curve was to be created from experimental testing only.
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CHAPTER V
SUMMARY AND CONCLUSIONS
An internal state variable constitutive model was used to study the microscale
plasticity-damage model correlation with experimental monotonic tests on commercially
available AISI 4140 steel. The model was first calibrated with experimental data obtained
from tension, compression and torsion tests that permitted the characterization of the
material. Then, it was validated on tensile tests performed on notched specimens with
different triaxiality levels. The analysis was performed by plotting the experimental and
modeled results on a load vs. displacement graph. The model predicted satisfactorily the
mechanical behavior in each case, even though some discrepancies were observed in the
experimental results. Such discrepancies were attributed to human errors in the
machining process of the specimens.
A damage and stress triaxiality correlation was analyzed later, by validating the
model predictions against observations from a fracture surface analysis with electron
microscopy. The observations of the fracture surfaces of the notched specimens revealed
two zones clearly defined: a high-triaxiality circular centered zone and an external band
of low-triaxiality. The size of the dimples observed in the former was around eight times
larger than in the low-triaxiality band. A high level of void coalescence generated such
large dimples, while a high rate of nucleation with low coalescence was found in the
outside band. The size of the high-triaxiality area was also observed to decrease as the
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notch radius increased. These results matched those predicted by the plasticity-damage
model in all ways.
Also, a stress-strain analysis was performed on tensile tests under different
conditions of strain rate and temperature. The model predicted well the onset of the
yielding as well as the strain hardening and recovery. Very small strain rate sensitivity
was observed, thus future studies should not neglect this aspect. Some discrepancies were
observed with the fracture strain for the tests performed at 500K, which are more
attributed to experimental errors.
Moreover, an in-depth study on high-porosity LENS manufactured materials was
undertaken. Observations of the microstructure with electron microscopy and computer
tomography determined that the damage evolution was due mainly to the coalescence of
lack-of-fusion pores found everywhere along the specimen, rather than nucleation or void
growth. This led to a cubic array of voids where the average void size and the nearest
neighbor distance determined the dimensions of such array. Two void sizes were
analyzed: a spherical void which diameter corresponded with the average void size
observed, and an elliptical void with an aspect ratio of 6.6:1, corresponding to the largest
elliptical void measure through the observations. Again, the plasticity-damage model
predicted satisfactorily the mechanical evolution of the experimental stress-strain curve,
even though some discrepancies were observed in the fracture strain of tensile tests at
300K and 500K.
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Finally, a multistage low cycle fatigue study was motivated from these results to
obtain a strain vs. life curve that characterizes this material, and that can be used to
predict failure under cyclic loading for components design. Fatigue experimental tests
were performed on smooth round specimens at different strain amplitudes. The number
of cycles required to produce failure in each test was recorded in order to be part of the
input data for the multistage fatigue model. Also, experimental monotonic data from the
previous chapter was part of the input data for this model. A strain-life low-cycle fatigue
correlation was obtained with small error.
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APPENDIX A
4140 MATERIAL CONSTANTS USED IN ISV PLASTICITY MODEL

66

www.manaraa.com

Table A.1.

Microstructure-property model constants for AISI 4140 steel

Constants
for J/B
formulas for
G and K

specifies
the yield
stress

Kinematic
Hardening
and
Recovery
Terms

Isotropic
Hardening
and
Recovery
Terms
Yield Strength
Adjustment
Terms
Hardening &
Recovery
Temperature

4140

props 1
props 2
props 3
props 4
props 5
props 6
props 7
props 8
props 9
props 10
props 11
props 12
props 13
props 14
props 15
props 16
props 17
props 18
props 19
props 20
props 21
props 22
props 23

G*
a
Bulk *
b
melt temp *
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16
C17
C18

8.00E+04
0.00E+00
1.40E+05
0.00E+00
1.85E+03
0.00E+00
0.00E+00
3.82E+02
8.22E+01
1.000E-05
0.00E+00
2.83E-01
1.67E+00
1.71E+04
2.40E+00
0.00E+00
5.05E+02
3.58E+03
7.60E+00
3.50E+02
4.43E+00
1.60E-01
4.37E+00

props 24

C19

0.00E+00

props 25
props 26
props 27
props 28
props 29

C20
Ca
Cb
init.temp
heat gen. Coeff.

0.00E+00
1.00E+00
0.00E+00
2.970E+02
0.00E+00
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McClintock
Void Growth

void growth exp

2.00E-01

init. Rad.
tors const. a
nuc const b
nuc const c
nuc coeff
fract. Toughness *
part. Size
part. Vol fract.
cd1
cd2
dcs0
dcs
dcs exp. Zz

5.00E-03
0.00E+00
0.00E+00
5.00E+04
1.00E+02
1.74E+03
5.00E-02
5.00E-02
1.00E+00
1.00E+00
4.00E+01
4.00E+01
1.00E+00

props 44

init. Void vol. Fract.

1.00E-03

props 45
props 46
props 47
props 48
props 49
props 50
props 51
props 52
props 53
props 54

C21
C22
C23
C24
C25
C26
nuc. Temp. depend.
coal. Temp. depend
use of vvfr4.dat flag
random vvf flag

0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00

props 55

CA constant

2.00E+00

props 30

props 31
props 32
props 33
props 34
Nucleation
props 35
props 36
props 37
props 38
props 39
props 40
Coalescence props 41
props 42
props 43

CA Pore
Growth

Recovery
Terms

Nucleation
Coalescence

VVF Flags
CA Pore
Growth

* Value from literature
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APPENDIX B
4140 MATERIAL CONSTANTS USED IN MSF MODEL
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Table B.1.

Multistage Fatigue model constants for AISI 4140 steel
4140
520
247700
833.7
3.8
1496.5
0.14

Description
Yield Stress (MPa)
Young's modulus (MPa)
Ultimate true strength (MPa)
Exponential in Small crack growth
Cyclic Strength (MPa)
Cyclic hardening exponent

-0.504

Modified Coffin Manson Law exponent

0.3

Modified Coffin Manson Law constant

0.00054

Small crack CTD threshold (µm)

0.32

CTOD and crack growth rate constant

8000000

CI HCF constant in small crack growth

0.01

CII LCF constant in small crack growth (µm)

10

Mean particle diameter (µm)

0.2

Exponent in micromechanics study

1.6

Geometric factor in micromechanics study

0.5625
0.171429

Initial crack size contribution as a function of particle size
Constant related to CM constant

2.32

Exponent in remote strain to local plastic shear strain

136

Constant in remote strain to local plastic shear strain

250

small crack size (in micrometer)
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