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Abstract

Presented are the e�ect of stress ratio and thickness on the fatigue crack growth rate of CK45 steel according to DIN

17200. Test results are obtained for constant amplitude load in tension with three stress ratios of R� 0, 0.2 and 0.4 and

three specimen thicknesses of B� 6, 12 and 24 mm. Microgauge crack opening values were used to calculate DKeff

values from which the da/dN ) DKeff curves are obtained. Crack closure can be applied to explain the in¯uence of mean

stress and specimen thickness on the fatigue crack growth rate in the second regime of the two-parameter crack growth

rate relation. An empirical model is chosen for calculating the normalized load ratio parameter U as a function of R, B

and DK and, for correlating the test data. Ó 1998 Elsevier Science Ltd. All rights reserved.

1. Introduction

Crack closure has played a central role in the
study of fatigue crack propagation [1]. A large
number of researchers have made attempts to
understand the in¯uences of mean stress [2,3] and
specimen thickness [4,5] on the fatigue crack
growth rate based on the crack closure argument.
These in¯uences, however, were not always at-
tributed to the crack closure phenomenon [6]. The
reasons for such misdirected implications are
partly due to the lack of measurement accuracy
and/or improper experimental techniques when
determining the crack closure.

Cause of crack closure [7] has been attributed to
plasticity, oxidation and surface roughness. Except
for high stress ratios or high DK values, fatigue
crack growth can be a�ected by crack closure due

to plasticity in the two-parameter crack growth
rate relation, Regime II and by oxidation and
surface roughness in Regime I of the two-param-
eter crack growth rate relation. The in¯uence of
mean stress on the fatigue crack growth rate in the
former case has been explained by crack closure
using the normalized load ratio parameter U as a
function of R alone [3,8]; of R and Kmax [9]; and of
R and DK [10]. Sometimes, U tends to increase
with R and decrease with increasing Kmax [11,12].
This, however, is in contrast with the conclusion in
Ref. [9] that U increases with Kmax.

Two di�erent specimen thicknesses B� 0.3 and
6.35 mm were used to study the crack growth rate
[13] for two di�erent steels (1018 and 9CK±lMo)
and three aluminium alloys (2024, 6061 and
IN9021). Specimen thickness in¯uence on the
crack rate growth were not present for the 1018
steel and 2024 and 6061 aluminium alloys.
Thickness e�ects observed for the 9Cr±lMo and
IN9021 alloys were attributed to the pronounced
contraction at the lateral surfaces near the crack
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tip. A reduction in DKeff thus prevails. Surface
contractions for these two materials were ob-
tained. Specimen thickness variation had little in-
¯uence on U. But for values below certain critical
thickness Bc, the U parameter was very sensitive to
thickness variations.

Three di�erent thicknesses of compact tension
specimens were tested in fatigue for three stress
ratios values. The objectives of this work are to
measure the crack length and crack closure for
fatigue; to analyze the crack closure variation with
Kmax, (or DK), for di�erent R and B values; to
obtain the da/dN ) DKeff curves such that the in-
¯uences of B and R could be eliminated; and to
propose an empirical model that could correlate U
with R, B and DK.

2. Experimental considerations

Chemical composition and the mechanical
properties of CK45 (DIN 17200) steel, are shown
in Tables 1 and 2, respectively.

Fatigue tests were conducted for the compact
tension (CT) specimens with three di�erent thick-
nesses: B� 6, 12 and 24 mm according to the
ASTM E647 standard [14]. The specimens were
obtained in the transverse longitudinal direction
from a laminated bar with rectangular section
30 ´ 60 mm2. The tests were performed in a load-
controlled servohydraulic INSTRON (model
1341) machine with 100 KN of capacity. The load
is constant amplitude with a frequency of 20 Hz.
Optical and direct current potential drop were
used to measure the crack length. The specimens
were machined and polished mechanically.

The optical measurements were made in trav-
elling microscope (30X) with an accuracy of 10
lm. The direct current potential drop (DCPD)
method consists of a power supply KEPCO,
(model A-TE6-50) (with 0±50 A) and a micro-
voltimeter RACAL DANA (model 5001) with 1
lV of resolution. During the tests, the current was
constant in the range 30±50 A. Note that 30 A
were used for thickness B� 6 mm, and 50 A for
B� 24 mm. The measurements of the DCPD were
in the range 150±2000 lV from the start until the
end of the test. The cables that conducted the
current to the specimens were connected by using
two treaded bolts at the top and bottom surfaces
of the specimens. The DCPD was obtained by two
electrical conductors of nickel with 0.1 mm of di-
ameter welded by the resistance welding process.
The machine used to perform the welds was a
Shandon model Elliot.

Crack closure measurements (opening loads)
were made using a Elber type gauge [1] near the
crack tip located above and below the crack sur-
faces where two holes of 0.5 mm diameter were
drilled for the gauge pins. The distance between
these points was 1.2 mm and about 1 mm from the
crack tip. The load±displacement records were
obtained at a frequency of 0.2 Hz.

At the start of this series of tests, other types
of crack closure measurement techniques were
attempted namely, the Crack Mouth Gauge and
the DCPD technique. In both cases, the results
indicated that these transducers are not adequate
due to insu�cient sensibility. In the case of the
DCPD technique, the load±displacement records
did not correlate with the crack closure phe-
nomenon.

From the load±displacement records, variations
of the opening load Pop were derived using the
point where the curve begins to be linear during
the loading part of the cycle as shown in Fig. 1.
The parameters U, Kop and DKeff are given by the
expressions:

U � �Pmax ÿ Pop�=�Pmax ÿ Pmin�; �1�

Kop � Kmax ÿ UDK; �2�

DKeff � UDK: �3�

Table 1

Chemical composition of CK45 (DIN 17200) steel

C (%) Si (%) Mn (%) P (%) S (%)

0.42±0.50 0.15±0.35 0.50±0.80 0.035 0.35

Table 2

Mechanical properties of CK45 (DIN 17200) steel

rr (MPa) rc (MPa) er (%) Hardness HB

670±820 420 >16 205
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3. Results and discussions

Table 3 shows some U expressions for past
models. Most of them consider U as a function of
R only. Other models treat U as function of R and
DK or Kmax. However, none of them include the
in¯uence of specimen thickness.

3.1. Mean stress and specimen thickness

The in¯uence of stress ratio on fatigue crack
growth can be seen from Fig. 2(a) for B� 6mm and
R� 0, 0.2 and 0.4. Strong in¯uence of the stress

ratio on fatigue crack growth rate is observed. As
DK increases, the in¯uence of R on da/dN de-
creases. The crack growth rate da/dN increases with
R; this trend is more pronounced between R� 0
and 0.2 than that between R� 0.2 and 0.4. For high
values of da/dN near 10ÿ3 mm/cycle, the in¯uence
of R is nearly absent between R� 0.2 and 0.4.

Figs. 2(b) and 2(c) show the da/dN ) DK plots
for B� 12 and 24 mm, respectively. For B� 12
mm, Fig. 2(b) shows that the same behavior is
observed for B� 6 and 12 mm. However, the in-
¯uence of R on da/dN is less pronounced, and
becomes virtually absent for da/dN close to 10ÿ3

mm/cycle and still DK� 50 MPa mÿ1=2.
While the mean stress e�ect for B� 24 mm can

be observed in Fig. 2(c), it is not as signi®cant as
than for B� 6 and 12 mm.

Fig. 3(a) shows the in¯uence of specimen
thickness on crack growth for R� 0. It can be seen
that da/dN increases with thickness. This e�ect
becomes less signi®cant as DK increases; it is more
pronounced between B� 6 and 12 mm than be-
tween B� 12 and 24 mm.

The plots of da/dN ) DK obtained for the other
stress ratios R� 0.2 and 0.4 show similar trends
but with less in¯uence of B on da/dN.

3.2. Opening load stress intensity factor

Since fatigue crack growth rate has shown a
strong dependence on both stress ratio and speci-
men thickness, a crack closure analysis was carried
out to correlate the results with DKeff initially
proposed in Ref. [3]. A typical plot of the crack

Table 3

Models to estimate U

Material Reference Model

2024±T3 Al [3] U� 0.5 + 0.4R, 0.1 < R < 0.7

2024±T3 Al [8] U� 0.55 + 0.35R + 0.1R2, a� 0.1

Titanium [9] U � 1

1ÿ R
1ÿ 6:67Rÿ 4:27

Kmax

� �
6063±T6 Al [10] U � 13:5R� 5:925

1000

� �
DK � 1:35R� 0:223

Mild steel [15] U� 0.7 + 0.15R(2 + R)

Steel [16] U� 0.75 + 0.25R

Fig. 1. Schematic presentation for the determination of the

opening load, Pop.
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Fig. 2. da/dN versus DK curves for R� 0, 0.2 and 0.4: (a) B� 6

mm; (b) B� 12 mm; (c) B� 24 mm.

Fig. 3. da/dN versus DK curves for B� 6, 12 and 24 mm: (a)

R� 0; (b) R� 0.2; (c) R� 0.4.
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opening load obtained with the clip gauge was
shown in Fig. 1, where Pop is the opening load.

Fig. 4(a)±(c) present the variations of Kop/Kmax

with Kmax for B� 6, 12 and 24 mm, respectively.
All these plots are compared with the three values
of the stress ratios R� 0, 0.2, and 0.4. The points
indicated in Figs. 4 and 5 represent values of Kmax

above which Kop/Kmax�R. Numerical results are
given in Table 4. Fig. 4(a) (for B� 6 mm) shows
that Kop/Kmax decreases as Kmax increases until the
minimum value Kop/Kmin was attained, where
Reff �R. For example at point A, where Kmax� 28
MPa mÿ1=2, Kop < Kmin, and Reff �R� 0.4. For
R� 0.2, the condition Reff �R can be obtained
only for Kmax � 40 MPa mÿ1=2. From the trend of
the curve for R� 0, Reff �R is estimated to occur
at point B for Kmax � 40 MPa mÿ1=2.

Fig. 4(b) shows that for B� 12 mm and R� 0.4,
crack closure measurements could not be obtained
even for the lower values of Kmax. However, for
R� 0.2, Kop/Kmax decreases as Kmax increases.
Points C corresponds to Kmax� 40 MPa mÿ1=2,
above which the ratio Kop/Kmax becomes constant
and equals to R� 0.

The results in Fig. 4(c) for B� 24 mm are sim-
ilar to those for other thicknesses. Crack closure
was not observed for R� 0.4. For the others stress
ratios, Kop/Kmax tends to a lower limit de®ned by
the stress ratio R, after which Kop/Kmax remains
constant. Such a behavior is shown for R� 0.2 for
point D at Kmax� 34 MPa mÿ1=2 and R� 0 for
point E at Kmax� 36 MPa mÿ1=2

From the results plotted in Fig. 4(a)±(c), it can
be concluded that:
· for R� 0.4, the values of Kop are higher than

Kmin only for lower thickness of B� 6 mm and
for Kmax < 28 MPa mÿ1=2. No crack closure
was observed for the other thicknesses B� 12
and 24 mm, and therefore Reff �R in the range
of Kmax values was analyzed;

· for R� 0 and 0.2, Kop/Kmax decreases as Kmax in-
creases until the minimum value was attained
where Reff �R;

· the ratio Kop/Kmax is lower for the lower stress
ratios;

· the condition Kop/Kmax� 1 was attained for
Kmax values that increases as R decreases, since
R is positive.

Fig. 4. Kop/Kmax versus Kmax, for R� 0, 0.2 and 0.4: (a) B� 6

mm; (b) B� 12 mm; (c) B� 24 mm.
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Plotted in Fig. 5(a)±(c) are, respectively, the
results of Kop/Kmax against Kmax for di�erent stress
ratio of R� 0, 0.2 and 0.4. Three di�erent speci-
men thicknesses of B� 6, 12 and 24 mm are cov-
ered. The behavior observed for R� 0 and 0.2 in
Fig. 5(a) and (b) is similar. The in¯uence of spec-
imen thickness on crack represented by Kop/Kmax is
highest for B� 6 mm. In Fig. 5(a), point E corre-
sponds, to Kmax� 36 MPa mÿ1=2 (for B� 24 mm)
above which Reff � 0. Point C corresponds to
Kmax� 40 MPa mÿ1=2 (for B� 24 mm) above which
Reff � 0. The curves in Fig. 5(c) pertain to R� 0.4.
Crack closure is observed only for B� 6 mm and
Kmax below 28 MPa mÿ1=2. For B� 12 and 24 mm,
the values of Kop are below Kmin. Therefore, for
Kmax > 28 MPa mÿ1=2 there is no in¯uence of
specimen on crack closure for this stress ratio.

3.3. Normalized load ratio parameter

Other forms of crack closure data can be rep-
resented by plotting the normalized load ratio
parameter U de®ned by Eq. (1) as a function of
DK. Fig. 6 shows that U tends to increase with DK
for B� 6 mm and all values of R. For DK > 16
MPa mÿ1=2 and R� 0.4, U takes a constant value
of unity. Curves for B� 12 and 24 mm are not
shown; their trends are similar to those in Fig. 6
except that the e�ect of R is less pronounced.

Displayed in Fig. 7 are variations of U versus
DK for R� 0. For a given DK, U increases with the
specimen thickness. Note that points E and C
correspond to U� 1 for B� 24 mm (DK� 36 MPa
mÿ1=2) and B� 12 mm (DK� 40 MPa mÿ1=2), re-
spectively. The data for R� 0.2 and 0.4 mm are
similar but not shown.

Table 4

Key points on the curves Kop/Kmax ) Kmax above which Kop/

Kmax �R

Point R B DK (MPa mÿ1=2) Kmax (MPa mÿ1=2)

A 0.4 6 16.8 28

B 0 6 42 42

C 0 12 40 40

D 0.2 24 27.2 34

E 0 24 36 36

Fig. 5. Kop/Kmax versus Kmax, for B� 6, 12 and 24 mm: (a)

R� 0; (b) R� 0.2; (c) R� 0.4.
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3.4. E�ective stress intensity factor

The change of e�ective stress intensity factor
DKeff can be calculated from U and DK according to
Eq. (3). The objective is to represent the crack clo-
sure data by a single curve independent of R or B.

From the values of U calculated, the curves da/
dN ) DKeff were derived. The objective is to ana-
lyze if the crack closure by itself reduces all the da/
dN ) DK curves at a unique curve of da/
dN ) DKeff independent R or B.

Fig. 8 shows these results for the three stress
ratios and thicknesses. All results tend to fall
within a width for all values of R or B when da/dN
is plotted against DKeff according to

da=dN � 2� 10ÿ8DK2:7468
eff : �4�

The correlation factor is 0.98.
The models of U shown in Table 3 present this

parameter as a function of R only or of R and DK
or Kmax. However, this work showed that the
thickness can also have an important e�ect on
crack closure. Presented in Eq. (5) is an expression
that relates U to R, DK and B by using a multiple
linear regression:

U � 0:716R� 0:012DK � 0:144�B=W�
� 0:433 if b < 0:567;

U � 1 if b > 0:567; �5�
where

b � 0:716R� 0:0121DK � 0:144�B=W�: �6�

Fig. 6. U versus DK, B� 6 mm, R� 0, 0.2 and 0.4.

Fig. 7. U versus DK, R� 0, B� 6, 12 and 24 mm.

Fig. 8. da/dN versus DKeff , for R� 0, 0.2 and 0.4 and B� 6, 12

and 24 mm.
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Although the correlation factor 0.941 is low,
this equation can be used for the determination of
U in for CK steel in the range for 0 < R < 0.4 and
6 < B < 24 mm.

The validation of this equation was analyzed by
plotting da/dN as a function of the values of DKeff .
Fig. 9 shows these results for the three stress ratios
and thicknesses. A continuous band is obtained
that appears to be appropriate for determining the
in¯uence of R and B on U.

Proposed in Ref. [3] using U from Eq. (5), it can
be stated that

da=dN � 9� 10ÿ9DK2:95
eff : �7�

The di�erence of the values of C and m con-
stants between Eqs. (4) and (7) are due to the use
of da/dN ) DK data calculated from Eq. (5) for
obtaining Eq. (7), while Eq. (4) is found from the
experimental data for da/dN and DK.

4. Conclusions

1. A strong in¯uence of both stress ratio R and
specimen thickness B on the fatigue crack growth
was observed for the CK45 steel. da/dN increases
with R or B. The in¯uence of specimen thickness is
more pronounced for the lower stress ratio R� 0.
The in¯uence of R and B on da/dN tends to de-

crease as DK increases while da/dN is more sensi-
tive to change of R for the lower thickness range.

2. Crack closure data were obtained and plotted
for Reff �Kop/Kmax versus Kmax. As Kmax increases
Reff decreases until the Reff �R condition was at-
tained. Kop/Kmax decreases with R. No crack clo-
sure was observed for R� 0.4 except for the lowest
specimen thickness B� 6 mm. For constant stress
ratio R, Reff increases as the specimen thickness
decreases.

3. The crack closure load parameter U was also
determined and plotted versus DK. It increases
with R and B. The in¯uence of R on U is more
strong for the lowest thickness B� 6 mm. Also,
the in¯uence of B on U is stronger for R� 0 than
for R� 0.2 and is virtually insigni®cant for
R� 0.4.

4. Despite some scatter obtained for the curves
da/dN ) DKeff the results for the three stress ratios
and thicknesses are represented by a single curve
for the two-parameter crack growth rate relation
as applied to the CK45 steel.

5. A model of U as function R, B and DK was
proposed based on the experimental crack closure
data. This model is limited to 0 < R < 0.4 and
6 < B < 24 mm.
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