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A B S T R A C T

Decomposition of the resistance to fatigue crack growth into the intrinsic and extrinsic component is very im-
portant for understanding of fatigue failure mechanisms, relation to microstructure and modelling of residual
fatigue life. Crack closure for four grades of steel were estimated by the difference between Kmax values and the
effective ΔKeff values (measured at the load ratio R = 0.8) corresponding to the same crack growth rate. The
results showed that crack closure values obtained by the difference Kmax – ΔKeff were not in agreement with the
available crack closure models, both the Newman’s model of plasticity-induced closure and the results from
finite element analysis. The discrepancies could not be explained by the effect of mean stress, specimen thick-
ness, loading amplitude or T-stress. Therefore, the application of fracture mechanics to fatigue cracks should be
revisited. It was pointed out that ΔKeff may not be a good parameter for quantification of the crack driving force,
since the relationship between Kmax – Kcl and the cyclic plastic deformation at the crack tip might not be linear.

1. Introduction

Fatigue crack growth rate (CGR) is an important material char-
acteristic necessary for plausible predictions of residual fatigue life of
engineering components. For both research and applications it is im-
portant to describe the mechanisms of crack propagation and the re-
lation of materials resistance to crack propagation with material mi-
crostructure and processing technology. For fatigue cracks a very
important aspect is to distinguish between the material “true” (in-
trinsic) resistance, characterised by the damage processes at the crack
tip, and the extrinsic resistance, which shields the crack tip [1] or di-
minishes the crack driving force (CDF) in other way.
The stress intensity factor (SIF) K as a parameter of linear elastic

fracture mechanics (LEFM) has been used for characterisation of CDF.
Fatigue crack propagation is controlled by cyclic plastic deformation at
the crack tip. Under small-scale yielding (SSY) the volume of plastically
deformed material is much smaller than the elastic field in the rest of
the body and, consequently, cyclic plastic deformation and crack pro-
pagation should be controlled by the elastic field, which justifies the use
of the LEFM parameter K. The range of SIF ΔK is used for cyclic loading,
however, only the tensile part of the cycle is relevant, since the stress
singularity at the crack tip (connected to the definition of K) disappears

after the fracture surfaces get into contact. Therefore, the original
suggestion of the ASTM was to distinguish between two basic cases
ΔK= Kmax – Kmin for Kmin > 0 and ΔK= Kmax for Kmin < 0. In the past
decades, it was recognized that the fracture surfaces get into contact
earlier during unloading than at the zero external stress level [2]. This
phenomenon is usually called the “crack closure” effect, meaning the
premature crack closure. Therefore, the effective SIF range was in-
troduced in [2] to represent the CDF as ΔKeff = Kmax – Kmin for
Kmin > Kcl and ΔKeff = Kmax – Kcl for Kmin < Kcl. The quantity Kcl is
mostly explained by crack closure mechanisms and becomes very im-
portant in the near-threshold regime, where the majority of material’s
resistance to crack growth is given by crack closure and where also the
majority of residual fatigue life takes place (e.g., [3]). The knowledge of
correct values of plasticity-induced crack closure (PICC) is the basic
step to analyse the remaining crack closure mechanism near threshold,
namely roughness-induced crack closure (RICC), oxide-induced crack
closure (OICC) or possibly others [1].
It is also important to be able to take in to account the effect of the

load ratio R = Kmin / Kmax. The goal is to simplify the measurement
procedures (material does not need to be tested at many different load
ratios). Methodologies using effective SIF range ΔKeff enabled such
simplification, however, many aspects of the material behaviour still
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remain unclear, insufficiently or even incorrectly described, as dis-
cussed in this paper. For constant amplitude loading, one can use a
single da/dN vs. ΔKeff curve to characterise the CGR for a certain ma-
terial under arbitrary stress ratio R = Kmin / Kmax, supposing that the
level of crack closure Kcl is known. Such simplification is very im-
portant for predictions of residual fatigue life of components based on
damage tolerance methodology [3]. A reversed order of this procedure
can be applied to obtain the Kcl values. Measurement of the da/dN vs.
ΔKeff curve combined with the measurement of one da/dN vs. ΔK curve
with the presence of crack closure (Kmin < Kcl) will provide the values
of crack closure according to the equality Kcl = Kmax – ΔKeff for every
measured da/dN. The most widely used and accepted approach to crack
closure quantification is using the Newman model based on results of
the strip-yield model, which is implemented in the NASGRO code.
Another common way to obtain Kcl is the use of finite element (FE)
modelling of the near-tip contact, e.g. [4–6].
Crack closure processes are highly localized in the vicinity of the

crack tip and to the plastically deformed material [7]. It is, therefore,
questionable whether the elastic field still controls the CGR in the
presence of crack closure. If not, the validity of LEFM for fatigue cracks
would be violated even under SSY conditions. Indications that ΔKeff is
not working well as the effective crack driving force can also be found
in literature [8,9]. Several alternative models have been published in
literature, e.g., a quantitative model of the effect of crack closure on
fatigue crack growth (FCG) rates under various load ratios [10], eva-
luation of crack closure using the DIC technique [11], processing of the
strain field using the CJP model in order to separate crack driving force
and crack tip shielding [12], a methodology considering only plastic
component of CTOD [13] or a combination of the last mentioned ap-
proaches [14]. Other authors analysed, e.g. the stress–strain loops
corrected for crack closure [15] or measurement of residual stress and
residual deformation to evaluate PICC [16].
The purpose of this paper is to test the most commonly used concept

of ΔKeff = Kmax – Kcl, where Kcl is described by the Newman model of
PICC in the Paris regime. FCG data were obtained for several types of
carbon steel that are widely used in applications. They were processed
using a newly proposed approach for quantification of the crack closure
level considering the data of da/dN vs. Kmax for the load ratios with
crack closure (R = 0.3 and less) and da/dN vs. ΔK for the closure-free
ratio (R = 0.8). This approach provides a well-arranged view of the
crack closure values which is useful for analysis of the closure me-
chanisms.

2. Experiments

2.1. Investigated materials

Four different steels were investigated, the ferritic-pearlitic steel
with high portions of pearlite of 60% and 70% that match the grades EN
10,267 and 1.2827, respectively. The third material was the mild steel
according to EN 10,028 and the fourth material was the low-carbon
alloyed steel quenched to bainite with the closest equivalent standard
EN 10083. The materials are further characterised by chemical com-
position and basic mechanical properties presented in Table 1 and their
microstructure viewed by metallography cuts in Fig. 1(a) – 1(d). For
simplicity, in the further text these materials are labelled “steel-1″ to
”steel-4″ (see Table 1).

2.2. Measurement of the crack growth rate curves

The fatigue crack growth rates da/dN ≈ Δa/ΔN were experimen-
tally determined as a function of the stress intensity factor range ΔK for
various load ratios R and expressed in terms of Kmax = ΔK/(1 – R).

Steel-1 and steel-2 were tested using the compact tension (CT) speci-
mens with the parameterW= 47.2 mm and thickness t= 10 mm at the
load ratio R = 0.1. Steel-3 was tested using the CT specimens with the
thicknesses t= 6 mm and t= 10 mm at the load ratios of 0.1 and 0.3.
The thinner specimens were tested using two specimen sizes, char-
acterized by the parameterW= 30 mm andW= 50 mm. Additionally,
steel-3 was also tested using the middle-crack tension (MT) specimens
of the thickness t = 6 mm. Steel-4 was tested using the CT specimens
with the thicknesses of 5 mm (W= 50 mm), 6 mm (W= 30 mm), and
8 mm (W = 50 mm) and the MT specimens with the thicknesses of
4 mm and 5 mm and the width of 2 W = 60 mm, see Fig. 2.
The specimens were loaded at the temperature of 23 °C and relative

humidity of 50% using the resonant testing machine at frequency be-
tween 40 and 65 Hz depending on specimen stiffness and load ratio.
Precracks were initiated by cyclic tensile loading at the load ratio
R= 0.1 at the root of a sharp notch of the length of 3 mm produced by
electrical discharge cutting by wire of the diameter of 0.25 mm. After
the crack length reached 1 mm the experiment was started by a step-
wise load shedding (ΔK-decreasing) procedure. Load reduction by 2.5
to 5% was done after every crack increment of approximately 0.1 mm
until the crack stopped (da/dN < 10-7 mm/cycle). The crack incre-
ments were measured optically by two digital cameras equipped with
micro-position measurement system with the accuracy of 0.01 mm. This
methodology has been successfully used for a long time and provided
reliable data for many experiments. The crack length increment was
determined from the average of the two (CT specimen) or four (MT
specimen) measured crack lengths. The da/dN-ΔK curves were pro-
cessed according to the standard ASTM E647 [17]. After the crack
stopped at threshold the measurement was either ended or the force
amplitude was increased and crack was re-propagated with gradually
increasing ΔK until final fracture. The effective CGR curves da/dN-ΔKeff
were measured at the load ratio R= 0.8. They were independent of the
specimen geometry. In the case of steel-1 and steel-2 the CGR data for

Table 1
Properties of the investigated materials (σy – yield stress, σu – ultimate tensile
stress, HV – Vickers hardness).

Called in the
further text

Designation
(DIN)

σy
[MPa]

σu
[MPa]

HV Chemical composition
in wt%

“steel-1″ 38MnSiVS5 540 820 260 C 0.38, Mn 1.41, Si
0.62, Cr 0.15, Ni 0.11,
Mo 0.033, V 0.103, Cu
0.173, Al 0.013, Bi
0.013, Ti 0.014, Sn
0.010

“steel-2″ 44MnSiV4 720 1050 320 C 0.47, Mn 1.20, Si
0.91, Cr 0.1, Ni 0.10,
Mo 0.025, V 0.255, Cu
0.120, Al 0.009, Bi
0.030, Ti 0.018, Sn
0.009

“steel-3″ 16Mn3 260 470 143 C ≤ 0.2, Si ≤ 0.4, Mn
0.8–1.4, Ni ≤ 0.3,
Cr ≤ 0.3, Mo ≤ 0.08,
V ≤ 0.02, N ≤ 0.012,
Nb ≤ 0.02, Ti ≤ 0.03,
Al ≤ 0.02, Cu ≤ 0.3

“steel-4″ 25CrMo4 609
(420*)

727 260 C 0.22–0.29, Si
0.15–0.4, Mn 0.5–0.8,
Cr 0.9–1.2, Cu ≤ 0.3,
Mo ≤ 0.3, Ni ≤ 0.3,
V ≤ 0.06

* cyclic yield stress.
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R = 0.8 lied within one scatter band. Therefore, there is only one ef-
fective CGR curve for these two steels. This is given mainly by their very
similar microstructure. Steel-3 and steel-4 have one effective CGR curve
each.

2.3. Fracture surfaces

Examples of fracture surfaces from the investigated materials are
shown in Fig. 3. The crack propagation direction was from the top to
the bottom, with a crack arrest at threshold marked by dotted white line
in Fig. 3. The cracks propagation was transgranular and mostly non-
crystallographic. Note that the fracture surfaces have typical appear-
ance of the near-threshold loading with no sign of excessive plastic
deformation. In the middle part of the thickness more oxides debris can
be seen, which is also typical [18]. The origin of this phenomenon is
discussed in [19]. More oxidized fracture surface in the case of steel-1
and steel-2 could probably be the reason for their higher thresholds in
comparison to steel-3 and steel-4.

3. Determination of crack closure using classical approaches

3.1. PICC according to the Newman’s model

According to [20] the crack opening function f used in NASGRO
modelling for characterisation of plasticity-induced crack closure

2-leets)b(1-leets)a(

4-leets)d(3-leets)c( (quenched to bainite) 
Fig. 1. Etched metallography cuts of the four investigated materials (a) – (d) imaged by optical microscopy.

Fig. 2. Geometry of (a) the CT specimen and (b) the MT specimen.
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(PICC) is defined as a ratio of crack-closure SIF Kcl (often also denoted
as crack-opening SIF Kop) and the maximum SIF Kmax:

=f
K

K
op

max (1)

It is related by Eq. (2) to the crack closure function U = ΔKeff / ΔK
originally proposed by Elber.

=U f
R

1
1 (2)

The crack closure function f was defined by Newman [20] as:

= + <f A A R R, 2 00 1 (3)

= + + +f R A A R A R A R Rmax( , ), 00 1 2
2

3
3 (4)

where A0, A1, A2 and A3 are polynomial coefficients as follows:

= +

=
( )A

A

(0.825 0.34 0.05 ) cos /

(0.415 0.071 ) /
0

2
2 max 0

1 max 0

1

(5)

=
= +

A A A A
A A A

1
2 1 ,

2 0 1 3

3 0 1 (6)

where α is the constraint factor, usually defined in literature as α = 1
for plane stress and α = 3 for plane strain state. None of these values,

however, can exist in real fracture mechanics specimens. The value can
vary between ≈ 1.3 and ≈ 2.6, depending on specimen geometry and
loading amplitude. It also varies along the crack front and the so called
global constraint factor αg is utilized to account for this effect and to
simplify the calculation by having a single constraint value for the
whole specimen. Proper values of αg were used, for example, in [21].
Here, it is determined according to Eq. (7) taken from a fit developed by
Newman [22]:

= + e1.15 1.4
K

t
g

0.95 max
y (7)

where t is the specimen thickness. Although this empirical relationship
can provide a good estimate, some authors admit that αg, as practically
the only factor influencing the f value, has to be tuned so that the re-
sulting crack closure level fits the experimental data [23]. If this is true,
then Eqs. (3) – (6) completely lose its predictive ability.
Newman's equations (3) – (6) and (7) for f and αg were used for

plotting of the diagram in Fig. 4 for f as a function of Kmax for two
investigated materials and two specimen thicknesses, as examples to
demonstrate these effects on f. The resulting values of f (Fig. 4) are only
slightly changing with the applied Kmax. Note that NASGRO covers the
variation of crack closure in the near-threshold area using a fitting
function of the measured threshold values. The experimental results for
steel-3 and steel-4, however, revealed a significant decrease of Rcl with
increasing amplitude in the Paris regime. Due to the above mentioned

(a) steel-1 (b) steel-2

(c) steel-3 (d) steel-4
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Fig. 3. Typical fracture surfaces of the specimens after fatigue crack growth tests in the four investigated materials.
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observations, a detailed numerical modelling of PICC was done in order
to clarify its dependence on the specimen type, thickness, material and
loading amplitude. The modelling is described separately in Section 4.

3.2. Continuous Rcl function derived from the measured crack growth rates

A special way of quantification of crack closure function Rcl and its
dependence on Kmax is presented. It is useful to reveal interesting
characteristics of crack closure in the investigated materials.
The CGR curves were fitted by Eq. (8) introduced by Klesnil and

Lukáš [24]. The shape of this curve fits well the experimental data. For
every material and specimen geometry the fitting coefficients A, n and
Kmax,th allowed characterisation of the CGR by analytical expression.
Similarly, the effective CGR curves were characterised by the coeffi-
cients Ae, ne and ΔKeff,th of Eq. (9).

=a
N

A K Kd
d

( )n n
max max,th (8)

=a
N

A K Kd
d

( )n n

e
e eff eff,th

e e

(9)

A new expression of crack closure function Rcl was derived as fol-
lows. For a given material the equivalence of the CGRs leads to:

=A K K A K K( ) ( )n n n n
max max,th e eff eff,th

e e (10)

= +K A
A

K K K( )n n n
eff

e
max max,th eff,th

n
e

1
e

(11)

= = = +R K
K

K
K K

A
A

K K K1 1 1 ( )n n n
cl

cl

max

eff

max max e
max max,th eff,th

n
e

1
e

(12)

This equation was used for plotting of the results for all materials
and specimen types in Fig. 6(c) and (d).
The first attempt to apply this approach was described in [25]

where the use of such determined Rcl was demonstrated by an older
version of the expression for discrete points. The results were fitted by
Eq. (13) that allowed a simple parameterisation of crack closure me-
chanisms by f for PICC and a second term considering RICC and OICC.

= + +R f K K
Kcl

RICC OICC

max (13)

If KRICC and KOICC are constant, the dependence of Rcl as a function
of Kmax has the shape of hyperbola of the first order. However, the
experimentally obtained Rcl were not fitted well by this function. The
two curves for high and low threshold values did not merge together
quickly and their slope was not steep enough to reach the correct
threshold value. Further it was found in [25] that the fits were much
better if Eq. (14) was used instead of Eq. (13):

= + + +
R f K K

K

m

cl
RICC OICC

max

1

(14)

where m was the Paris law exponent. Therefore, the dependence was
characterized by hyperbola of the order of 4 or higher. This brought a
new insight into quantification of crack closure processes near
threshold. RICC and OICC cannot be characterised by constant values in
terms of K but they are changing with the crack growth rate. In the case
of OICC, it can be explained by the growth rate of the oxide debris layer
that is higher when the crack propagation is slower [18]. Similar ex-
planations are expected to be found also for the case of RICC, for in-
stance, the gradual change to single-slip growth mechanism when the
crack growth rate approaches threshold.
These ideas are important for crack propagation modelling, since

the original models considered a wedge of constant thickness, re-
presenting the oxide debris, inserted into the crack wake. This wedge
model results in a constant value of Kcl, independent of the loading
amplitude or the Kmax value, which is in contradiction with to the above
mentioned findings.
Additionally, the fitting constants characterizing PICC, RICC and

OICC in Eq. (14) are useful parameters to study the significance of each
closure mechanism. For arbitrary load ratio R, the da/dN curves can be
reconstructed using only these three constants and the effective CGR
curve (also characterised by three constants). The nominal threshold
value is then automatically obtained from the reconstruction of the
applied da/dN curve and it is not required as an input parameter. This is
a great advantage in comparison with the methodology of NASGRO that
needs the dependence of threshold on R as an input function.

3.3. Experimental results – Crack growth rates and crack closure function
(Rcl)

Data from experiments introduced in Section 2.2 were fitted using
Eq. (8) and are presented in Appendix 1 for all specimens. Here, two
examples are shown to introduce the methodology, one for the effective
CGR curve (Fig. 5(a)) and one for CGR at R= 0.1 (Fig. 5(b)). The data
for low load ratios were fitted by two curves representing bounds of the
typical scatter near threshold. The effective data (R = 0.8) were fitted
by only one curve, since the effective thresholds do not exhibit such
scatter.
Fig. 6(a) and (b) present the results in terms of the da/dN curves

fitted by Eq. (8). The effective CGR curve (R= 0.8) in terms of ΔKeff is
marked by the solid black line for both steel-1 and steel-2 in Fig. 6(a)
and for steel-4 in Fig. 6(b). The effective CGR curve for steel-3 has the
bright green colour in Fig. 6(a). The applied curves (R< Rcl) in terms of
Kmax are plotted in the same diagram, distinguishing the specimen
geometries by colours. The horizontal difference between these two
curves is equal to the Kcl value, which allows seeing the quantity of
crack closure in one diagram. The dotted lines are plotted for com-
parison as the theoretical case of the crack growth rate curve that would

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0 10 20 30

f

Kmax [MPam1/2]

σy = 420 MPa, t = 5 mm σy = 720 MPa, t = 10 mm

σy = 720 MPa, t = 10 mm

Fig. 4. Effect of material and specimen thickness on the Newman's closure
function f.
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Fig. 5. Examples of the measured data for (a) effective crack growth rates and (b) crack growth rates at load ratio R= 0.1. Full set of measured data is available in
Appendix 1.
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and (d) steel-4.
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correspond to the value of Rcl = 0.25, as predicted by the PICC models.
Fig. 6(c) and (d) present the Rcl curves computed according to Eq. (12).
All curves are terminated at the point of the highest measured Kmax. The
two fitting curves representing high and low bound of the scatter, as
shown in Fig. 5(b), are plotted in one colour for each specimen type and
material. Additionally, a black thin line was plotted in the left upper
corner to show the position of threshold, i. e., crossing of this line with
any Rcl line represents the point of threshold Kmax,th and the corre-
sponding value of Rcl at the vertical coordinate. The threshold line is
defined by Eq. (15).

=R
K
K

1cl,threshold
eff,th

max (15)

The scatter near threshold is typical especially for steels due to OICC
and RICC that are very sensitive to many factors like environment or
local microstructure and occurs even under the same testing conditions.
In the Paris regime the scatter diminishes and the two curves practically
merge together. The results show that in steel-1 and steel-2 the function
Rcl is constant in the Paris regime. In steel-4 Rcl is decreasing and in
steel-3 it is even more decreasing. According to theory, the function Rcl
should approach the value of f and then remain nearly constant.
Therefore, the following section deals with finite element modelling of
PICC in order to clarify the situation. Other unexpected effects like the
dependence on specimen thickness were revealed by the results in
Fig. 6, which is discussed in more detail in Section 5.

4. Numerical modelling

Finite element analysis (FEA) was done in order to verify the small-
scale yielding condition and check for the influence of specimen geo-
metry, material model and loading amplitude on PICC.

4.1. Model parameters

Finite element software ANSYS Mechanical APDL 19.2. was utilized
for the presented analysis. Three-dimensional finite element models of
the CT specimen and the MT specimen were created. For the CT spe-
cimen with the thickness t= 5 mm, width w= 50 mm and final fatigue
crack length af= 15 mm double symmetry was defined, which enabled
simulation of only one-quarter of the specimen, see Fig. 8(c)). The MT
specimen (Fig. 8(b)) was modelled for various thicknesses and the triple
symmetry allowed modelling of only one-eighth of the specimen. Eight-
node quadrilateral elements with reduced integration were utilized in
order to avoid plane-strain locking and to reach optimal calculation
time. Detailed description of the modelling strategy is available in [26].
The material model was multilinear with kinematic hardening and
defined according to the experimentally obtained cyclic stress–strain
curve for steel-4 presented in Fig. 7. Another material with the yield
stress higher by 200 MPa was modelled for comparison in order to
study the effect of material on the level of PICC.
The following parameters had to be considered in order to obtain

reliable PICC results. The element size Le in the crack tip area in the
direction of crack propagation was not defined according to stress or
displacement convergence. It was found [26] that the decisive para-
meter for the optimal element size is the theoretical plastic zone size rp
according to Irwin’s formula (16):

=r K1
p

max

y

2

(16)

where σy is the cyclic yield stress. General recommendation by several
researchers [4–6,27] is that the ratio of the element size and the plastic
zone should be Le/rp = 10. The values of rp and of α= 3 in Eq. (16) are
theoretical and are only used for calculation of the optimal element
size. As mentioned in Section 3.1 and as can be seen in the results, these
values are actually different.
Contact elements were utilized to model properly the premature

crack closure. Therefore, the upper crack face area was meshed by the
contact type elements CONTA174 and the bottom crack face area was
meshed by the target type elements TARGE170. The Augmented
Lagrange algorithm was employed with the penalty factor of 50 and the
penetration factor of 0.1. Several loading cycles are necessary to model
in order to generate a well-developed plastic wake. In order to stabilise
crack closure values it is generally recommended that the crack should
grow until it reaches the length equal to the size of the plastic zone
generated after the first cycle [4,6,28]. Each cycle is divided into three
parts – loading, debonding and unloading, as shown schematically in
Fig. 9. The crack front node release technique [29–31] was used for
crack extension. The nodes were released at the maximum load. Since
the crack element size Le is 0.1rp, the number of loading cycles was 10
in order to propagate the crack by one rp. The initial crack length a0 was
set up as a0 = af – 10Le. The final crack length (including the notch
length in the real specimen), where the closure level was determined,
was af = 15 mm. Typical element size was Le = 0.0192 mm.
Each computational step of loading or unloading consisted of 15

substeps in order to reach good convergence and fine enough subresults
for the following crack closure determination procedure, illustrated in
Fig. 10. The debonding part of the cycle had 5 substeps. In the un-
loading phase of the last cycle, displacement uy of the first nodes behind
the crack tip was monitored. The value of t* represents the fraction of
unloading (in the range of 0 to 1) at which the crack closes. It was found
by simple regression analysis between the substeps n and n + 1.
For correct estimation of crack closure, distribution of SIF Kmax

along the whole crack front was done by simple linear-elastic analysis
of the same geometry with the crack length af. Then, crack closure
values Kcl were determined locally for each node as Kcl = Kmax (1 – t*).
The procedure was the same as that published in [26] where a more
description can be found. The obtained results allowed analysis of
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Fig. 8. Geometry of the modelled (a) CT specimen, (b) MT specimen and (c) FE model with the detail of mesh refining around the crack tip that was the same for both
specimen types.

Fig. 9. Crack front nodes releasing scheme.

Fig. 10. Schematic procedure of the crack closure determination.
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Fig. 11. The effect of loading amplitude.
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various effects on PICC: the effect of loading amplitude (Fig. 11), the
effect of material (Fig. 12), the effect of specimen thickness (Fig. 13)
and the effect of T-stress (Fig. 14) in the CT and MT specimens.

4.2. Results

The results of FEA are shown in Figs. 11 – 15, where various effects
on the level of PICC can be seen. The determined crack closure value
f = Kcl / Kmax is at the vertical axis. The horizontal axis represents the
normalized coordinate z running through the specimen thickness with
the value of 0 at the free surface and the value of 1 in the middle
section. The effect of loading amplitude is presented in Fig. 11 where
the closure function f is about 0.5 at the free surface and then ap-
proaches the constant value of about 0.2 in most of the specimen
thickness. The value in the middle section is practically independent of
the loading amplitude ΔK. Loading amplitude only affects the slope of
the f dependence near the specimen surface. Higher ΔK leads to a
deeper area of influence of the free surface. Fig. 12 shows the results
from three different material models. It revealed no influence of ma-
terial on the f value in the middle section and at surface. Again, only the
depth of the influence of free surface is changing. The results in Figs. 13
and 14 demonstrate that there is practically no influence of the spe-
cimen thickness or the T-stress on the f values. Results presented
without specification of the applied Kmax were obtained for Kmax = 20
MPam1/2.
Plastic zone contours are presented in Fig. 15. They look discretized,

since the element size was set up as proportional to the plastic zone size
(estimated analytically) as a part of the optimization procedure of crack
closure determination. The sizes of plastic zones are discussed in the
next section.

5. Discussion

The results showed that the classical concept of ΔKeff = Kmax – Kcl
leads to crack closure values that are not in agreement with the theo-
retical models. Several points that might be the sources of the dis-
crepancies are discussed in the following text.

5.1. Effect of specimen thickness

The effect of specimen thickness can be observed in experimental
results for steel-4 in Fig. 5. Thicker specimens mostly exhibited higher
Rcl. Although this correlation was not fully precise, it clearly contradicts
the theoretical prediction that thicker specimens should exhibit lower
crack closure values. On the other hand, in steel-3 the effect of spe-
cimen thickness is not so prominent.
The conclusion made in the section dealing with the Newman’s

model of PICC that the f function is practically independent of specimen
thickness is in agreement with the numerical results, which confirmed
it. The results from FEA showed consistently approximately equal va-
lues of f for various materials and specimen geometries under plane
strain conditions (both 2D solution and the middle section of the 3D
solution). At the specimen surface the values of f are larger and they
continuously decrease to the plane strain values with increasing dis-
tance from the surface, which is in agreement with the commonly
known concept. This, however, predicts larger PICC for thinner speci-
mens, which is not in agreement with the measured data. Therefore, the
effect of triaxiality on PICC cannot explain the experimental results.
The effect of triaxiality on the effective component would probably

be reflected in larger plastic zones close to the specimen surface and,
consequently, slightly larger effective CGR curves in thinner specimens.
This was disproved by the FEA results. The plastic zone shape and size
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at the specimen surface were very different from the commonly ac-
cepted theoretical concepts. The plastic zone shape was not circular and
the size was very close to that of the plane strain state, see Fig. 15. The
ratio of the plastic zone sizes at the specimen surface and the middle
section was approximately 1.3, in contrast to the generally used value
of 3.
Another effect associated with the specimen thickness should be

mentioned here, although it is physically not the effect of triaxiality. It
was shown in literature [19] that specimens with smaller thickness
have significantly lower thresholds due to lower OICC level caused by
falling out of the oxide debris over the specimen edges. This could
explain the observed effect of thickness in steel-4.

5.2. Effect of loading amplitude

The influence of ΔK on PICC was shown in Fig. 11. In a certain depth
below the free surface the f value saturates and further it is independent
of ΔK. Therefore, for the global f value, the only possible effect of ΔK
could be that f is larger for higher ΔK, not smaller. Consequently, the
experimental result of decreasing f in steel-3 and steel-4 cannot be
explained by PICC.
Moreover, the fracture surfaces in all specimens looked like typical

fatigue crack propagation with no signs of large plastic deformation or
shear lips at the edges. The small-scale yielding condition was also
verified by the plastic zone sizes obtained by FEA for the highest
measured loads and the true specimen geometry (Fig. 15). These find-
ings confirm that the studied phenomena were really under small-scale
yielding.

5.3. Effect of T-stress

In steel-3 and steel-4 the MT specimens had slightly lower experi-
mental Rcl values than the CT specimens. The T-stress is lower in the MT
specimen than in the CT specimen, which results in larger plastic zones.
Two possible effects on crack propagation can be considered: (i) larger

PICC due to larger plastic zones which would lead to smaller CGR or (ii)
higher crack growth rates due to larger cyclic plastic deformation at
equal ΔKeff. There are two indications that the second possibility is
more probable. Firstly, PICC had equal values in MT and CT specimens
according to the FEA results. Secondly, the experimental data of CGR
showed that crack propagation was faster in the MT specimens, not
slower, which is also in agreement with the data reported in literature,
e.g. [32,33].

5.4. Effect of material model

The conclusion made based on the Newman model of PICC that the f
function is practically independent of the yield strength was confirmed
by the numerical results in Fig. 12. The experimental results for steel-1
and steel-2 revealed slight, yet noticeable differences in the Rcl values.
Although the numerical models do not predict this difference, such a
result could be explained by hardness of these two steels. The harder
steel (320 HV) has lower PICC values than the softer one (260 HV).
Furthermore, the experimental Rcl values in these steels in the Paris
region were nearly twice as large as f values predicted by the PICC
models. Moreover, the experimental Rcl values in steel-3 and steel-4
were very different from those in steel-1 and steel-2. Hence, neither the
Newman’s model nor the numerical results of PICC were able to explain
differences between the four investigated materials.
As mentioned in Introduction, it is necessary to first determine PICC

correctly, before other components of crack closure can be analysed in
the near-threshold region. It is, therefore, not clear whether the influ-
ence of microstructure on threshold is due to PICC or RICC. Therefore,
in order to identify the dominant mechanisms of resistance to fatigue
crack propagation it is necessary to seek for alternative models.

5.5. Suggested explanations

All considered effects proved to be non-convincing for explanation
of the discrepancies between the measured and theoretical Rcl values. It
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should be emphasized that such disagreement means that one cannot be
sure whether the differences between materials are caused by the in-
trinsic or the extrinsic resistance to crack propagation. Such distinction is
essential for understanding of fatigue crack growth mechanisms and the
relation to materials microstructure. The models of PICC utilized in this
paper are completely unable to take the influence of microstructure on
crack propagation into account.
The comparison of the experimental curves of Rcl in Fig. 6(c) and

6(d) implies that the applied curves (R= 0.1 or R= –1) are similar for
different materials, despite the fact that the effective curves are dif-
ferent, suggesting that the material somehow “ignores” them. There-
fore, revisiting of the application of LEFM to fatigue cracks is extremely
important. Possible solutions to this situation are discussed in the fol-
lowing three “scenarios”.

5.5.1. Scenario a
There is an influence of mean stress on CGR and thus the crack

driving force is different for different load ratios R at equal ΔKeff. The
deformation mechanism of cyclic crack tip blunting and re-sharpening
should be independent of the mean stress. Nonetheless, other me-
chanisms or influences can be present. Some of them can be mentioned,
e.g., cyclic creep or ratcheting [25,34], hydrogen- or oxygen-assisted
cracking supported by larger tensile stress at the crack tip that is open
during a larger portion of the loading cycle [35], coalescence of voids or
microcracks etc. All of such mechanisms would result in faster crack
propagation at higher load ratios. The experimental data, however,
showed the opposite effect. The CGR curves measured for steel-3 and
steel-4 at R= 0.8 exhibited smaller slope (the Paris law exponent) than
that of the curves measured at R= 0.1. This means that the cracks did
not grow relatively faster for higher mean stress and higher amplitude.
The effective and the applied curves approached each other as if crack
closure was vanishing completely with increasing loading amplitudes.
This would not be surprising in the large-scale yielding case [36] but
here, all amplitudes were still in the small-scale yielding regime.
Therefore, this scenario does not seem to provide satisfactory ex-
planation of the situation.

5.5.2. Scenario b
The crack closure values determined in this paper are realistic but

the values predicted by crack closure models are not correct.
Verification of the theoretical value is not easy, since the experimental
techniques of crack closure measurement meet difficulties due to the
difference between the so called “local” and “global” crack closure [37].
It was showed that the measured crack closure values depend on the
position of the strain gauges on the specimen.

5.5.3. Scenario c
The parameter ΔKeff (meaning Kmax – Kcl) itself is not good for

quantification of the crack driving force. As mentioned in Introduction,
crack closure processes are localized near the crack tip where the plastic
deformation is dominant. Therefore, the relationship between Kmax –
Kcl and the cyclic plastic deformation at the crack tip may not be linear.
This would make it possible to have different plastic deformations for
equal Kmax – Kcl for different materials and mean stresses, owing to the
shapes of the cyclic hysteresis stress–strain loops.
Indications of non-validity of the ΔKeff concept are available in lit-

erature [8,9]. In [9] the experimental data clearly show that the crack
growth rates could not be explained by experimentally measured values
of crack closure. In association with these problems, extensive research

of alternative parameters has been done recently, for example the
parameters connected to cyclic plastic deformation, reflecting more the
physics of the process.
Some of them can be mentioned, e.g., the CJP model [12] which

requires full-field strain measurement as the input for the analysis, the
plastic component of cyclic CTOD (ΔCTODp) determined both nu-
merically [38] and experimentally using the DIC technique [14], ana-
lysis of cyclic crack tip plasticity by stress–strain hysteresis loops
[39,40], the approach using the “plastic flow intensity factor” ρ
[41,42], or other approaches that do not consider crack closure at all,
e.g. [43].

6. Conclusions

Large collection of measured crack growth rate data for four dif-
ferent steels was analysed. The new approach to quantify the crack
closure function is a useful tool to study crack closure mechanisms. It
showed that the near-threshold mechanisms (RICC and OICC) cannot be
considered as constant for different loading amplitudes and that their
values depend on crack growth rate. The results further showed that
experimental values of PICC were very different from those computed
by both the Newman’s model and finite element analysis. Behaviour of
fatigue cracks was not explained by classical approach of ΔKeff = Kmax –
Kcl. Neither was it explained by any of the considered effects, the ma-
terial model, possible violation of small-scale yielding or the effect of
specimen thickness (triaxiality). It becomes unclear whether the dif-
ferences between materials were caused by the intrinsic or the extrinsic
resistance to crack propagation. The commonly used crack closure
models are not able to reflect the effect of microstructure on crack
growth rate or threshold. Moreover, several misconceptions of fracture
mechanics applied to fatigue cracks were shown. The constraint factors
of 1 for plane stress and 3 for plane strain are not relevant for real
specimens. The plastic zone at the specimen surface was only slightly
larger (about 1.3 times) than that in the middle section, not 3x larger.
Application of fracture mechanics to fatigue crack propagation needs to
be substantially improved. Three scenarios were formulated on what
could be the reason for the discrepancies between experiments and
theory.
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