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ABSTRACT

various techniques were used to measure crack closure effect in 2124-T351
and 7475-T7351 aluminum alloys. These measurements were made both on long
{~ 10 mm) and short (~ 0.2 - 1 mm) cracks obtained by machining off the
wake of long fatigue cracks. In both alloys it is shown that the opening
stress intensity factor, Kop is an increasing function of crack length
before reaching a plateau corresponding to the value associated with long
cracks. The short crack transient effect in Kop extends over larger
distances in 7475 alloy compared to 2124 alloy while the plateau Kop is
dependent not only on the material but also on crack growth rate. The
variations of Kop with crack length are compared to other results published
in the literature.

INTRODUCTION

Many studies have been devoted to crack closure phenomenom since the
pioneer work by Elber [1971]. These studies showed that crack closure
effect is a useful concept to explain a number of behaviors observed on
long fatigue cracks (x~ 10 mm), especially the effect of stress ratio, R.
More recently it was shown that closure effect was crack size dependent.
rhis property was used by a number of investigators (see eg [Breat e «f.,
(1984), Mc Evily and Minakawa, (1984), Ritchie and Yu, (1986), Lefrancois
at at., (1986) 1) to rationalize the behavior of the so-called
physically-short cracks (<< 1 mm). The anomalous fatigue behavior of these
short cracks is now well documented (see eg [Pearson, (1975), Lankford,
(1982), Miller, (1987), Suresh and Ritchie (1984)]). At equivalent AK
values, the short cracks tend to propagate faster than the long ones. They
also grow below the thresholds commonly observed for long cracks. Depending
on different parameters, such as local plasticity, crack length, crack
qeometry, environment, crack closure and microstructure, a wide range of
possible behavior patterns is observed. Eventually the growing short crack
behavior merges with that of long cracks at some particular small crack
length. There is a need to unify different aspects of the short crack
problem in terms of few and simple concepts. As stated previously an effort
is currently placed to characterize, to some extent, the short crack
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behavior in relation to crack closure effect. This is the main object of
the present study. For this purpose measurements of crack closure effect as
a function of crack length have to be carried out. The results of such
measurements are still very scarce in the literature, except those obtained
on a low alloy steel [Breat et af., (1984), Journet ez af., (1988) 1.
nodular cast iron [Clément e¢ af., (1984)], a 9 Cr-1 Mo steel [Minakawa ez
af., (1984)] and Al alloys [Zaiken and Ritchie, (1985), Journet =¢ af.,
(1988), Morris, (1973)].

Several techniques are commonly used to measure crack closure effect. Most
of them were essentially applied to long fatigue cracks. They can be
classified as follows : (1) physical measurements, such as the compliance
technique or the potential drop technique (2) Direct methods based on the
observation of the crack mouth displacement (3) Indirect methods based on
the postulated existence of an effective stress intensity factor, AKeff to
measure the efficient crack driving force.

The object of the present study is first to compare the results of crack
closure measurements on long cracks obtained by several techniques. Then
the results of crack closure measurements as a function of crack length are
reported. These results are used to show the influence of the crack closure
transient effect observed on small cracks on the fatigue life corresponding
to the propagation of a small crack jnitiated from a notch. The techniques
used for crack closure measurements included : (1) Crack mouth displacement
measurements achieved with a front clip gauge, (2) observation of the
surface crack lip displacement, (3) front strain gauge extensometer
measurements, (4) indirect method based on the concept of effective stress
intensity factor.

MATERIALS AND EXPERIMENTAL PROCEDURES

The composition of the investigated materials was (weight percent) : 2124
(4.37 Cu - 1.46 Mg - 0.63 Mn} - 7475 (5.5 Zn - 1.55 Cu - 2.35 Mg). The
grain size was 600 pm, (800 pm) in the longitudinal direction, 200 umn
(500 pm) in the transverse direction, and 60 um, (80 pm), in the short
transverse direction in 2124 and (7475), respectively. The yield strength
measured in the longitudinal direction was 375 MPa (2124) and 425 MPa
(7475). Conventional CT specimens (W = 75 mm, thickness = 8mm) and four
point bend specimens (W = 30 mm, thickness = 15 mm) were tested in the LT
direction at a frequency of 30Hz. Two types of test were run on CT

specimens : (i) constant amplitude (CA) tests at R ratio of 0.1 and 0.50;
(ii) variable amplitude (VA) loading corresponding to CA test at R = 0.10
including one overload (vt = P /P = 1.70) every 1000 cycles. Crack
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closure loads were measured directly using a clip gauge extensometer
mounted on the front face of the specimens, only for CA tests.

Bend specimens were used to measure the variation of the opening stress
intensity factor, Kop as a function of crack length. 2D short cracks
(a = 0.050 - 0.25 mm) were obtained by machining off the wake of the long
fatigue precracks.The tests for measuring Kop = f(a) were carried out on an
electromechanical Schenck berding machine. Crack closure was measured with
a clip gauge extensometer or strain gauges mounted on the front surface of
the specimens. In a number of specimens a longer crack (a ~ 3 mm) was left.
These specimens were used to compare the results of Kop measurements
obtained by using either the compliance technique (CT specimens) or a
direct method based on the cbservation of the crack lip displacement. The
crack lips were observed with an optical microscope (X 1000) under
increasing bending moment which was applied by a small mechanical bending
machine.
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RESULTS

the results of fatigue crack growth rates (FCGR) measurements on CT
specimens containing long cracks are reported in Fig.la et b. For CA
loading it is usually assumed that the R ratio effect observed on these
curves is related to crack closure effect. In the medium range of FCGR

1o ? to 10°° m/cycle) it is convenient to assume that the U ratio
() - AKeff/AK = (Kmax - Kop)/(Kmax - Kmin) follows a linear relation with R
ratio, as originally proposed by Elber [(1971)1], i.e.

U=AR + B

similarly to account for the retardation effect observed under VA loading
conditions, DAVY et al [(1985)] assumed that the crack closure stress
intensity factor associated with long cracks, Kop remained constant during
the 1000 cycles following one overload and that Kop could also be
calculated from Elber expression, written as

(KP -x']/(x" -K.)=AR ¢B=A(K. /KP ]+B
max op max min P min max

the coefficients A and B can therefore be determined from both CA and VA
tests. It was found that A = 0.39,(0.29), B = 0.61,(0.71) in 2124 and
(7475) alloy, respectively. The values of Kop calculated from Elber
axpression are given in Table 1. These values are in good agreement with
those obtained both on CT and on 3 point bend specimens by using the
deviation of the linearity of the crack mouth displacement measured with a
¢lip gauge mounted on the front surface of the specimens.

fhe results of crack lip displacements (3 - 3r) are given in Fig.2a and 2b.

fhe displacements were measured at various distances a*i , behind the crack
tip. sr (~ lum) is the residual displacement measured in the absence of any
applied load. Two methods were used to assess the value of Kop . Full
details are given elsewhere [Lefrancois, (1987)]. Here it is enough to say
that in the first method, Kop was obtained by extrapolating, as a function
of K applied, the length (Aas) over which an interference of the crack lips
was observed up to zero. The values determined from this method are
referred in Table 1 as "displacement extrapolation”. The second method
relies upon the theoretical value of the displacement determined from LEFM.
For a Mode I crack the crack lip displacement is theoretically given by

= _ - * 1/2
2u, = (3-8 =k (8 K/E) (ai /21\:)

where E is Young modulus, while k = 1 or (1 - uz) in plane stress or plain
strain condition, respectively. This expression, which is valid only for an
opened crack, was used to calculate the value of Kop . by plotting the

varation of (3 - 8r) as a function of (a*i)o's. A straight line with a slope
verifying the above equation is obtained as soon as K applied is larger
than Kop. The values of Kop inferred from this method, assuming that k = 1

are given in Table 1. They are referred as (a*i)o'5 displacement values.

Table 1 shows that the value of Kop obtained by various techniques are very
consistent. Similar results have been reported on Al 2124 alloy [6]. At low
AK values, both materials lead to similar results (Kop ~ 2.7MPa m) . At
higher AK the values of Kop measured in 2124 alloy (~ 6.4MPa m) are
significantly larger than those determined in 7475 alloy (~ 5.2MPa m).
This difference might be related to the fact that the plasticity induced
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crack closure component is lower in 7475 alloy than in 2124 alloy because
of the difference in yield strength between both materials.

The results of measurements of Kop as a function of crack length are given
in Fig. 3 for both materials. These results were obtained by using the
front clip gauge technique, except otherwise stated. The measurements were
made for two values of the precracking stress intensity factor, AK = 5.5
and 15MPa m . In 2124 alloy it is observed that the short crack effect
extends over rather small distances (= 0.3mm). This result is consistent
with those obtained by Ritchie and Yu [(1986)] on the same material. On the
other hand in 7475 alloy the short crack effect extends over larger
distances (~ 1 to 2mm). It is also worth noting that the value of Kop
determined with a strain gauge mounted on the front surface of the
specimens in 7475 are consistent with those obtained with a clip gauge
extensometer.

The shape of the Kop curves can be fitted by a simple expression proposed
originally by Mc Evily et al [(1984) ] as :

KDP= KUP [1 - exp - ka]

where Kop 1is the opening stress intensity factor for long cracks. The k
factor is a material constant, expressed in reciprocal millimeters units
which characterizes the length over which the short crack transient effect
occurs. For the materials investigated in the present study large

differences are noticed since k =~ 1omm~ ! and 2mm~! for both values of AK in
2124 and 7475 alloy, respectively. In Table 2 we have also reported the
results obtained on other materials in which similar measurements were
made. It is observed that K depends on both the microstructure and on the
mechanical properties of the materials. It is not possible to derive from
Table 2 a one-to-one relationship between k and the yield strength although
in ferritic materials k increases with the yield strength. However in Al
alloys the opposite is observed. This suggests that in these materials the
grain size which controls the fracture surface roughness plays also a
predominant role.

APPLICATION OF CRACK CLOSURE TRANSIENT EFFECT TO FATIGUE LIFE

As stated in the introduction the crack closure transient effect has
already been largely used to explain the behavior of short cracks initiated
from smooth specimens. The introduction of this effect into the analysis of
the growth of cracks initiated from notches leads also to a better
understanding of matters, such as the non-propagating cracks. In the
following an attempt is made to illustrate how this concept can be used to
calculate the fatigue life of a notched component containing a small crack.
The component is a simple plate with a hole of diameter, 2o (Fig. 4a). For
a constant value of Ao the curves shown in Fig. 4b represent the variation
of AK as a function of crack length. Curves (1) and (2) are only
approximations while curve (3) is the analytical expression derived by

schijve [(1982)] which can be used for a*/o < 1. Above this value the long
crack approximation (curve 1) must be used. It is well to remember that
these values of K do not take into account the plasticity associated with
the notch.

The use of long crack data to predict the fatigue life spent in crack
propagation (N) is not conservative since it includes the upper limit of
crack closure effect measured by Kop . Those data can easily be converted
into dasdN - AKeff curves when the variation of Kop with crack growth rate
is known. AKeff = Kmax - Kop is the effective stress intensity factor. The
da/dN- AKeff curve for 2124 alloy is shown in Fig.5. The use of this curve
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leads to a life prediction which is too conservative. On the other hand a
better assessment of the fatigue life (Neff) is obtained by using the Kop-a
eéyrves similar to those shown in Fig.3 in addition with the da/dN - AKeff
data. The calculations were made for 2124 alloy, with various initial crack

lengths (a*o0) and various hole radii, p.

The variations of the Neff/N ratio are reprted in Fig.6 for two initial
values of the stress intensity factor AKi = 4.05 and 6.05MPa which are
above the theshold measured on long cracks. It is observed that the long
erack data (da/dN-AK curve) are the less conservative as the initial radius

¢ Is large and as the initial crack length a%o is small, as expected. Fig.?
shows the calculated crack length as a function of number of cycles. It is
noticed that the acceleration in crack growth rate due to the short crack
effect occurs only over a small distance. From these calculations it is
observed that the fatigue live inferred from the long crack data can be
overestimated by a factor of about 2. Larger effects would have been
obtained if similar calculations had been made for 7174 alloy since in this
material the short effect extends over larger distances.

CONCLUSIONS

| - Consistent results of crack closure measurements carried out on long
ecracks by using various techniques were obtained.

2 - The shape of the experimental curve Kop = f(a) determined on short
c¢racks in Al 2124 and Al 7475 alloys cen be described by a simple
expression Kop/Kop = 1 - exp(-ka). The parameter k denotes the distance
over which the short crack transient effect is operating, while Kop is the
erack closure associated with long cracks.

3 - Larger differences in the value of k parameter are noticed when
comparing not only these two Al alloys but also the results published on
other materials in the literature. There is not a straightforward relation
between k parameter and metallurgical factors or mechanical properties.

4 - Kop = f(a) curves can be used to correlate the growth behavior of
e¢racks initiated from notches. In 2124 alloy it is shown that, above the
threshold, the fatigue life calculated by using the crack closure transient
effect associated with short cracks is significantly lower than the life
predicted by using the long crack data.
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MATERIAL 2154|T351 |7475 -|T7351
Precracking AK 55 15 5.5 15
(MPa \m) YIELD
U model 2.50 | 6.9 | 7.05 | 5.6 | | MATERIAL |STHENGTH| k
CT specimens (MPa) |(mm )
Front clip gauge| 2.8 5 ND ND 2124 375 10
+
CT specimens +0.3|" 0.3 7475 425 2
Front clip gauge| 2.9 6 2.6 4.5 Nodular
Bend specimens |* 0.2 +0.5 £0.3]0.3 Cast Iron 270 1.5
Displacement | ND 7 ND 6 A 508 Steel] 419 3
Extrapolation 9Cr - 1Mo 531 13
Steel
[a‘:]°'5 No |6 -8 ND |4 -5
Displacement
ND : Not Determined Table 2 : Values of the k

parameter describing the short
crack closure transient effect
in various materials.

Table 1 : Results of crack closure
measurements Kop. On long cracks
using different techniques.
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