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RESUMEN
O conhecimento das propriedades de crescimento de fendas por fadiga é de importância fundamental para a utilização
dos conceitos de tolerância ao dano. Os mecanismos que controlam o crescimento de fendas por fadiga, como a razão
de tensão, R, o ambiente e outros parâmetros, têm sido profundamente estudados mas continuam a suscitar estudos
suplementares para a compreensão da fadiga e a sua relação com o fecho e abertura de fenda. Neste estudo, aborda-se
em particular o efeito do ambiente, da razão de tensão e da rugosidade das superfícies de fractura no fecho e abertura de
fenda. Foi desenvolvida uma nova câmara de vácuo, mais leve, menos dispendiosa e de operação simples e rápida, que
evidencia portanto vantagens sobre as clássicas câmaras de vácuo. A nova câmara de vácuo foi aplicada com sucesso a
ensaios de crescimento de fendas de fadiga para várias razões de tensão em provetas tipo ASTM (MT) em aço Ck 45.

ABSTRACT
It is known that data obtained on fatigue crack growth is of importance for damage tolerance analysis. The knowledge
of the mechanisms that control fatigue crack growth, such as stress ratio, environment and other parameters have been
widely studied but are of continue concern to researchers. In this study, special emphasis is given to the study of the
environment effect, stress ratio and related effects of crack roughness. For the analysis of the effect of environment, the
common chambers of vacuum for the experimental testing are large, expensive and have no quick and easy operation.
A new chamber was designed and constructed, to perform fatigue crack growth under several stress ratio conditions for
ASTM (MT) specimens made of DIN Ck 45 steel.
ÁREAS TEMÁTICAS PROPUESTAS: Técnicas Experimentales, Fatiga e Interacción con el Medio Ambiente
PALABRAS CLAVE: Fatigue Crack Growth, Environment Effect, Crack Closure.

1.

∆Keff , which is the driving force for crack propagation.
The effort was concentrated on process in and around
the plastic zone at the crack tip while the process ahead
of the crack tip was neglected. However in the last years
some researchers have put in doubt that crack closure
has a significant influence when is compared with the
residual compressive stress ahead of the crack tip and
the environment effect [2]. Therefore, more physical
mechanisms should be seen as potentially reducing ∆K
to ∆Keff and not only the mechanical interaction behind
the crack tip as postulated by Elber.

INTRODUCTION

Since the 60’s that fatigue crack growth has been
studied in the so-called Paris regime (da/dN ≥10-9
m/cycle) mainly in ambient air conditions. However, for
the designers the knowing of the thresholds under
different environments is of great importance to
determine the damage tolerance and the lifetime of
mechanical and structural components. For the same
material it is fundamental to know the influence of
different microstructures and environment on the
threshold, ∆Kth, and fatigue crack growth rates, da/dN.
A review of the scientific literature in the two last two
decades shows some of that research work [1].

An example of the minor importance of the crack
closure phenomena when compared with the
environment effect (in ambient air and vacuum) is
shown in figure 1 [3]. If the closure due to only
wedging action is assumed in the wake of a crack
without corrosion influences, then the environment

In the end of 60’s, Elber introduced the fatigue crack
closure phenomena. It is postulated that crack closure
reduces the tensile amplitude to an effective amplitude,
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the influence of the microstructure and environment
effect on fatigue crack growth [6]. The aim of this study
is to observe the mechanisms governing the fatigue
behaviour of DIN Ck45 steel under controlled
environment conditions and different R-ratios. Then,
several mechanical tests were performed on both
conditions and both macroscopic and microscopic
responses are compared. Fatigue crack growth
mechanisms are discussed in terms of the specific role
of several concurrent processes involving crack closure
and environmentally assisted crack growth. Results are
discussed on the basis of the embrittling influence of
environment (ambient air and vacuum) and the two
intrinsic parameters to crack growth: ∆Kth, Kmax.

effect in Ti-6V-4Al alloy data should lie to the right of
the vacuum curve. The ambient air data in figure 1 lying
to the left of vacuum is indicating the important role of
environment damage ahead of crack tip in Ti-Al alloy.
This is not experimentally observed when the
environment results are compared to the results in a
good vacuum. The arrow to the left of vacuum curve
(square points) indicates the environment contribution
to fatigue in ambient air. The arrow to the right (dashed
curve) of vacuum curve indicates the trend of the moist
air curve, if the closure was significant.

2.

MATERIAL AND EXPERIMENTAL
PROCEDURES

The material tested is a normalized medium carbon
steel, DIN Ck 45. The chemical composition is
presented in table 1, and mechanical properties are:
σys=350 MPa; σu= 600 MPa; A (%)= 25. Tests were
carried out in a 100 kN INSTRON servohydraulic
testing machine at a frequency of 10 Hz in load control
mode at different stress ratios R and loading.
C
0.41

Figure 1. Influence of environment on fatigue crack
growth [3].

Mn
0.76

Cr
0.09

Ni
0.08

Ti
0.01

Cu
0.19

Si
0.23

Table 1. Chemical composition of Ck 45 steel

The concept of plasticity-induced closure has been used
to explain a wide range of positive stress ratio crack
propagation results (R≥0) and also to explain the
decreasing crack growth rates with increasing crack
length as a result of plastic deformation at the crack tip.
Less attention has been given to fatigue loading for
negative stress ratios (R<0) which is really also
common in the practice engineering.

The specimens are middle-crack tension (M(T) type) 10
mm thick and 60 mm width in accordance with the
Standard Test Method for Measurement of Fatigue
Crack Growth Rates, ASTM E 647. A wide range of
stress ratios from 0.7≥R≥-3 were used and tests were
carried out always in the Paris regime.
The central notch was 6 mm long and 0.25 mm height.
It was made by electrical-discharge in order to reduce
the residual compressive stresses as a consequence of
machining process. A fatigue precracking was
conducted till the crack length was approximately 10
mm long. On all specimens the direction of loading was
parallel to the rolling direction but due to the effect of
normalized steel the grain size is similar on both
directions.

Negative crack closure loads were found for negative
stress ratios R=-1 which can explain higher crack
propagation rates and accelerations in crack growth
during constant amplitude tests where compressive
loads of different stress ratios are present. Freitas et al.
[4] have measured crack closure effects for negative
stress ratios in a medium carbon steel DIN Ck45 for a
wide range of stress ratios from R= 0.7 to R=-3. For a
given negative R ratio, the Popen depends strongly on the
maximum load Pmax. The ratio Popen/Pmax becomes more
negative for higher negative stress ratios but only for
high applied maximum load levels Pmax. Though the
parameter Kopen/Kmax is suitable for predicting crack
growth rate variations, the term “closure” should be
used with some care. A crack may remain permanently
open after the application of an overload, while internal
stresses at the crack tip limit the efficiency of the
fatigue life [5].

Crack growth measurements were made by an optical
microscope associated to a video camera together with a
stroboscopic illumination at the same frequency of
testing.
For the testing in vacuum environment a new chamber
was used which was designed and constructed by the
authors [7]. Level of vacuum was about 2.5x10-3 Pa.
The new chamber is of very simple design, it doesn’t
depend on the size of the specimen and can be used on
any testing machine. Moreover it allows to reach the
maximum vacuum level only in few minutes because of

In order to establish the damage tolerance concept in
engineering design, it is necessary to be able to quantify
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the little volume of the chamber where the specimen is
placed. It is of the simple assembling on the specimen
and of the easy handling transportation. Inside the
vacuum chamber, it is possible to place a clip gage for
the plotting of the Load/COD data, necessary for the
determination of the opening and closure loads either in
ambient air or in vacuum. The quality of the acquired
signal of the clip gage is not affected by the presence of
the vacuum chamber, as is shown in figure 2, where
plots of load/COD data are presented for one cycle of
loading, at a stress ratio of R=0.1, for different testing
conditions respectively without the vacuum chamber,
with the chamber but without vacuum and with vacuum
conditions. Some dispersion of the data is observed
which is related to the low resolution of the clip gage
used, since the results are similar for the three
conditions tested.

Ra =

1 L
Z ( X ) dx
L ∫0

(1)

R z1 + R z 2 + R z 3 + R z 4 + R z 5
5

(2)

and

Rz =

20
17,5

Load (KN

15
12,5
10
7,5

ambient air

5
2,5
0
-0,01

Figure 3. View of the vacuum testing apparatus on the
testing machine

chamber in
ambient air
chamber with
vacuum
0

0,01

0,02

COD (mm)

Figure 2. Plots of load/COD in different conditions
A view of the testing machine, with the apparatus for
fatigue vacuum testing, composed of the specimen
mounted in the grips, the new vacuum chamber and
with the system for the automatic crack growth
measurements is shown briefly in figure 3. It clearly
shows that, contrary to the chambers present in
literature, the new vacuum chamber is compact and
allows the direct observation of the crack growth in the
specimen.

Figure 4. Standard spectrum of roughness
3.

EXPERIMENTAL RESULTS AND
DISCUSSION

Fatigue crack propagation rates (da/dN) vs. Stress
Intensity Factor ranges (∆K) or Kmax are obtained
according to ASTM 647:

The roughness of the fatigue crack surface was
measured by roughness measurement equipment
(Perthometer) according to the ISO 4287. The surface
roughness was analysed mapping the readings to the
fatigue crack propagation direction. Figure 4 shows for
a standard spectrum of roughness, the calculation of the
parameters Ra and Rz [8], defined as:

∆K = K max − K min forR > 0and
(3

∆K = K max forR ≤ 0
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vacuum. Also for negative stress ratio, the trend of the
data allows to conclude that thresholds are lower in
ambient air than in vacuum as shown in figures 7 and 8.

and the Paris equation is given by:

da
m
= C (∆K )
dN

1E-7

(4)

ambient air

da/dN [m/cycle]

The plots of the Paris equation and the respective
constants for all testing conditions are shown
respectively on figures 5 to 8 and on table 2.
Figures 5 and figure 6 show the fatigue crack growth
rate respectively in ambient air and in vacuum for
positive R-ratios. Different slopes m are observed for
each graph at different environment conditions, air, and
vacuum, as well as the da/dN clearly higher in air than
in vacuum for similar conditions of ∆K. The trend of the
data presented clearly shows that thresholds are lower
in ambient air than in vacuum, which means that for
these conditions, the crack nucleation starts first in
ambient air than in vacuum.
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Figure 7. Crack growth in ambient air for R≤0
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Figure 8. Crack growth in vacuum for R≤0

Figure 5. Crack growth in ambient air for R≥0

da/dN=C (∆K)m
C

1E-7

R
0.7
0.5
0.05
0.0
--1
-2
-3

da/dN [m/cycle]

vacuum

1E-8

R=0.05
R=0.5
R=0.7

Ck45 steel
7

8

9

10

∆Κ

1/2

[MPa m ]

20

3.10-9
4.10-9
2.10-9
8.10-9

m
vacuum
1.10-12
2.10—12
8.10-13
3.10-12
5.10-12
9.10-13

air
3.09
2.97
2.95
3.0
2.75

vacuum
4.25
4.27
4.33
4.2
4.22
4.3

Table 2. Constants of Paris equation in air and vacuum
Results in table 2 show that the C and m parameters in
the Paris equation which are traditionally considered as
a specific property of each material, are significantly
different either in ambient air or in vacuum. For very
negative R-ratios (R=-2 and R=-3) the fit lines are
closer than for R=-1 and R=0. It means that the
roughness is lowest due to the friction and the high
contact pressure. This can be observed by the crack
closure using the COD testing. The fracture surfaces are
plastically deformed during the compression cycle of

1E-9
6

air
9.10-10

30

Figure 6. Crack growth in vacuum for R≥0
The same conclusions are sustained for negative stress
ratios R=-1 to R=-3 as shown in figures 7 and 8,
respectively for ambient air and vacuum. Different
slopes m are observed for each graph at different
environment conditions, air, and vacuum and for similar
Kmax fatigue crack growth is higher in air than in
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fatigue, which reduces roughness and consequently the
crack closure level increasing ∆Keff [5, 6].
Crack closure is traditionally associated with three
parameters: plasticity induced, corrosion debris and
fracture surface roughness. In this study a systematic
measurement of the fracture roughness together with a
fractographic analysis was carried out for all stress ratio
tested and in both test condition, vacuum and laboratory
air, since the plasticity induced around the crack tip is
similar for similar loading conditions.
70
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Rz

60

a) Ambient air R=0

50

µm
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0

R = -1 (vac)
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R = 0.05 (vac)

R=0 (air)

b)
Figure 9. Roughness of the fracture surfaces for a) R<0
and b) R>0
Figure 9 a) shows the comparison of the measured
parameters Ra and Rz described above for the fracture
surfaces obtained at tests of fatigue crack growth in
vacuum for negative stress ratio and the comparison
with stress ratio R=0 in ambient air. This analysis shows
clearly that the parameter Rz is much more sensitive
than the traditional parameter Ra. For the negative
stress ratios R=- 1 to R=-3, the parameter Rz shows a
decrease of the roughness which is also shown on the
fractographic analysis of the fracture surfaces at Figure
10 a) and b) respectively. The roughness parameter Rz
for fatigue crack growth surfaces tested at laboratory air
and at stress ratio R=0 is much higher than those
obtained at vacuum.

c) Vacuum R=0.05
Figure 10. SEM morphology for different fracture
surfaces at different crack growth conditions
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Crack growth tests in vacuum conditions were carried
out for a wide range of stress ratio for a Ck 45
normalized steel. Closure loads were determined under
ambient air and vacuum conditions. The roughness of
the fracture surfaces were measured for different crack
growth conditions. The closure loads determined and
the roughness measured justify the different crack
growth rates obtained for both different ambient
conditions and the negative stress ratios.

For positive stress ratios the same conclusion applies as
can be seen in Figure 9 b), the higher the stress ratio the
higher roughness is measured calculated by the
parameter Rz and also lower roughness is measured in
vacuum than in laboratory air. Figure 10 c) also allows
the same conclusions confirming the lower roughness of
the fracture surfaces obtained when testing al negative
stress ratios.
The plots load/COD obtained for the different crack
growth tests in vacuum also sustain this conclusion.
Figure 11 shows the comparison of the level of closure
loads obtained during fatigue crack growth in vacuum
for a wide range of stress ratio. It clearly shows the
lower levels of closure measured during fatigue crack
growth at negative stress ratios.
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CONCLUSIONS

A new chamber of vacuum was designed and
constructed and crack growth tests were carried out.
The vacuum chamber allowed to obtain very good
experimental data when compared with available
literature results for similar materials, but with much
more flexibility and easy of use.
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