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ABSTRACT

The influence of the initial 4K level on the fatigue crack retardation pro-
cess has been studied in a large range of AK, on a 2024 aluminum alloy.
Experimental results show that in the Jow &K regime where plane strain
conditions predominate, microstructural factors govern the high delay obser-
ved. In the mid aK range a transition from plane strain to plane stress con-
ditions leads to a minimum delay. At high &K values the progressive develop-
ment of a plane stress regime at the crack tip induces a delay increase.
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INTRODUCTION

It is now a well documented fact that the application of an overload can
cause a significant decrease 1in the fatigue crack propagation rate and 1in
some cases can even lead to complete crack arrest (Corbly, 1973 ; Wei, 1980;
Probst, 1973). Models proposed earlier have helped in bringing out the me-
chanistic factors governing the retardation effect. But a unified approach
is yet to emerge (Wheeler, 1970 ; Willenborg, 1971 ; Matsuoka, 1976 ; Elber,
1970) and the models cannot thoroughly explain the evolutions of the crack
growth rate in the overload affected zone (Suresh, 1983).It has been pre-
viously reported that the application of a tensile overload can lead to four
types of crack growth behaviour (Bernard, 1977). These are termed as
i - No effect
ii - Immediate retardation
iii - Delayed retardation following a slight acceleration
iv - Lost retardation in which case the crack reaches a growth rate
higher than the base line one before attaining the stable regime.
The retardation effects observed in a large range of AK on a high
strength aluminum alloy in air and in vacuum are presented here to provide
further phenomenological understanding of the post overload crack behaviour.
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EXPERIMENTAL DETAILS

The material used was the 2024 Aluminum alloy in the T351 condition with two
average grain sizes measured on the surface, Series I - 28 um x 45 um,
Series II - 60 ¥m x 100 um.

The nominal composition and mechanical properties, are listed in Table I.
The 10 mm or 4 mm thick and 75 mm wide compact tension specimens were so
oriented to have crack growth parallel to the longest grain dimension.

The specimen surface was polished up to 1 um to facilitate crack length mea-
surement using a travelling microscope (resolution 0.01 mm) .

Element Si Fe Cu Mn Mg Cr Zn Ti Al

Percentage 0.10 0.22 4.46 0.66 1.50 0.01 0.04 0.02 Rest.

Table Ia - Nominal chemical composition

Orientation Yield Strength Ultimate Strength Elongation

MPa MPa %
LT 320 473 17.5
L 365 475 16.5

Table Ib - Average mechanical properties, specified by the supplier

The tests were conducted in load control conditions on a 5000 N electrohy-
draulic testing machine coupled with a PDP 11 computer. Test frequencies we-
re typically 20 Hz in air and 35 Hz in vacuum ( Petit, 1980). For all the
tests the load ratio used was 0.1 and the overload ratio defined as the ra-
tio of the peak load range to the initial cyclic load range was very near 2.

After the tests the specimen surfaces were examined under interferential
contrast to analyse the development of the plastic zones and the behaviour
of the crack in the overload affected region.

EXPERIMENTAL RESULTS AND ANALYSIS

A - Retardation behaviour :

In table 2 and 3 giving the test results the following parameters are
defined starting from the left.

- No = Test Number

- oK, = Stress intensity factor range before the overload.

- K = Stress intensity factor corresponding to the overload.

- ag = Crack growth necessary to grow out of the overload affected region
measured up to the point where the stable crack growth rate was
again reached (Ranganathan, 1979).

-a*r = Cr?ck)growth after overload up to the point of minimum growth rate
da/dN)_.

- Ng = Number™F delay cycles associated with ay-

- DF = Delay factor (da/dN)i /(da/dNimin.
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- Type = Type of delay curve, defined further down.

- Calculated plastic zone sizes in plane stress (CP) and plane stresse (DP)
in_the following order :

2r = monotonic zones due to overload,

2rY monotonic zones before the overload,

2r€ cyclic zones before the overload.

nwn

The formula used is : 2r = 1/aw [ K or AKi/n uy]2

5K
max’ p

Where « = 1 (CP) or 3 (DP)
o = yield strength of the material
% =7 (monotonic plastic zones) or 2 cyclic zones)

The plastic zones so calculated can be compared to the characteristic
Tengths a, and a*.

4 2rP 2rY 2r€

No AK1 Kp ay a* Ndx10 DF Type (CP) (DP) (CP) (DP) (cp) (DP)
A1° 5.6 11.8 - - A 0.44 0.15 0.12 0.04 0.02 0.008
A2° 7.0 14.8 0.18 0.04 10.0 16 B 0.68 0.23 0.19 0.06 0.04 0.01
A3° 8.0 16.9 0.7 0.05 4.5 42 B 0.89 0.30 0.25 0.08 0.05 0.02
A4° 10.0 21.1 0.3 0.25 2.0 11 & 1.39 0.46 0.38 0.13 0.08 0.03
A5° 12.6 26.6 0.9 0.30 1.5 14 C 2.19 0.73 0.61 0.20 0.12 0.14
A6° 15.7 33.1 1.7 0.70 2.5 80 D 3.40 1.13 0.94 0.31 0.19 0.06
A7° 18.9 39.9 4.7 0.83 4.0 111 D 4.94 1.65 1.37 0.46 0.28 0.09
A8° 12.7 26.8 1.2 0.26 1.7 1 C 2.23 0.75 0.62 0.21 0.13 0.04
Ag* 13.5 28.5 1.13 0.50 1.6 64 D 2.52 0.84 0.70 0.23 0.14 0.05
A]O* 15.7 33.1 3.11 0.60 4.2 57 D 3.41 1.14 0.95 0.32 0.19 0.06
A]1* 20.2 42.0 4.4 2.20 5.5 57 D 5.65 1.89 1.57 0.52 0.32 0.11

Table 2 - Experimental Results - Air (°-Series I ; * - Series 11)

2rP orY 2r€
No AKi Kp ay a* Ndx10 DF Type (CP) (DP) (CP) (DP) (cp) (DP)
V]° 15.7 33.1 1.6 0.45 2.7 98 D 3.4 1.13 0.94 0.31 0.19 0.06
V2° 18.9 39.9 4.9 0.55 1.7 257 E 4.9 1.6 1.4 0.46 0.28 0.09
V3* 12.7 26.8 1.0 0.32 0.93 162 C 2:23 0.74 0.6 0.21 0.13 0.04
V4* 13.5 28.5 2.0 0.41 1.7 383 D 2.52 0.84 0.7 0.23 0.14 0.05
V5* 15.7 33.1 3.4 0.56 2.7 174 D 3.5 1.13 0.94 0.31 0.19 0.06
V6* 18.5 39.0 2.8 1.65 4.1 35 D 4.7 1.58 1.32 0.44 0.27 0.09
V7* 21.0 44.3 7.2 3.70 4.2 487 D 6.1 2.03 1.69 0.56 0.34 0.11

Table 3 - Experimental Results - Vacuum (° - Series I , * - Series II)

3 . . *
Units : AKi, Kp. MPa vm ; aq-a*s 2rp,y’c mm
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B - Types of delay curve

As mentioned in tables 2 and 3, five types of delay behaviours have been
obtained according to the &K, lTevel.

Type A - Crack arrest following the overload observed at the lowest value of

A Kij.e65.6 MPa YT (test A,°). No further crack growth is detected after
1.3x10° cycles following the application of the overload.

Type B - (Fig.1) - Obtained in the range 7.0 < &K, < 8.0 MPavm. The overload
causes a very slight crack advance after which thé crack remains blocked be-
fore reacclerating to reach its preoverload growth rate. The number of
cycles during which the crack is blocked is 35000 cycles for the lower AK.
value and 16500 cycles for the higher ore. !

Type C - (Fig.2) - Observed in the range 10.0< & K:< 13.5 MPav m. The crack
growth rate following the overload is at first accélerated, then decelerates
gradually to reach (da/dN) . .The reacceleration process after this point is
sudden and the crack growtw1pate reaches its preoverload value immediately.

Type D - (Fig.3) - Observed in the range 13.5<8K,< 20.2 MPavm in air and
3.5<AK. < 21 MPa vm in vacuum in 10 mm thick spbcimens. The overload is
charactérized by a transient acceleration followed by a gradual deceleration
and then a gradual reacceleration of the crack growth. This kind of beha-
viour is known as delayed retardation (Corbly, 1973 ; Ranganathan, 1979).

Type E - (Fig.4) - This type has been observed in vacuum and on a 4 mm thick
specimen (test V,°). In this case while the initial part of the reatardation
curve is similarto type D, the final acceleration phase is characterized by
a dip in the crack growth rate before the stable regime is reached.

—
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Fig.l - Type B - Retardation curve Fig.2 - Type C - Retardation curve
test A3 , S - overload ap- test AZ
plicatfon point.
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Fig.3 - Type D - Retardation curve
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Fig.4 - Type E - Retardation curve

test V2.

C - Crack behaviour in the overload affected zone

Fig.5 shows the development of the plastic

Fig.5- Plastic zone development. Test V¥
S - overload application point,
A - end of initial acceleration
M - Point of minimum growth rate,
F - end of affected region.

AFR VUL 3-H

zone fort the tests V_.* where a
type D delay curve is obtained.
The points corresponding to the
beginning of the different sta-
ges in the delay process are
indicated. As seen, the over-
Joad plastic zone is characte-
rized by two wings, and in the
deceleration phase the crack
tip plastic zone diminishes to
reach a minimum size for a

4 crack growth approximatively e-

qual to a* before increasing as
the crack grows out of the
overload affected zone.

In the case of the test V,°
where a type E curve was obser-
ved, it has been seen that whi-
le the evolution of the plastic
zone in the initial stages is
similar to the previous case,
at the beginning of the final
stage the current plastic zone
interacted with one wing of the
overload plastic zone.



1772
DISCUSSION

Evolution of the delay parameters

and its significiance

In the low &K. range <10.0 MPa~m the crack growth rate is strongly depen-
dent on the miérostructure and it can vary from one grain to another depen-
ding on its orientation (Petit, 1982, Kirby, 1979). The error in the deter-

mined a, value is on the order of
table 2~ is approximatively equal
associated with K_. At higher &K,
2r§P< a <2r8 , aRd tends toward?:
re herS.The ?ig

It can be seen that N, which is

. 6 shows the variat

grain size, the average value indicated in
to the plane strain overload plastic zone
values, the values of a is in the range
2rR_ at the highest leve¥s of aK, conside-
?gn of Nd with AK. for tests ° to A°

very high for low aK. values Jeaches7a

minimum of 15000 cycles for a aK; of 12.6 Mpa /m before increasing for
higher AKi values. Such a "U" shapeb curve has been attributed to a predomi-
nance of plane strain mode on the left hand side to a predominance of plane
stress conditions on the right hand side (Veechio 1983).

Using the criterion given in (Knott 1973) the transition for plane strain to

plane stress can be assumed to occur for a value of K

7 t/2.5 which

=0
gives for the 10 mm thick specimen a value of 20.24tﬂ?gs/ln.y For the test

conditions studied, that is for R

= 0.1 and for an overload ratio,t = 2.0 we

have K / Ak. = 2.11. Considering that the transition occurs when K attains
KB“SSSP jt'corresponds to AK, = 10.65 lPav/ . This result corroboRates the
abo

discussion on the ay values.
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Fig.6 - Evolution of Number delay
cycles with AKi'
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Fig.7 - Near threshold behaviour for
series I and II in vacuum.
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Concerning the a* values, it can be seen from the table 2 that 1in the range

AK. <8.0 MPavTm, a* is comparable to the cyclic zone in plane stress. In
the1range 10.0 < MK, < 12.6 MPavm, there is a sudden increase in a* which
reaches the order of a grain size. In the range 13.50 <& K; < 18.9 MPav m,
a * values are intermediate between 2 rﬁp and 2 nfp, a* bteing greater than
2 vY. for the highest value of aK. considered, 20.20 MPav m. These observa-
tiohs are in accordance with the dne reported in (Wei, 1980) .

It can be noticed that the series Il specimens have generally a more pro-
nounced delay for comparable values of 8K, , corresponding to a h1gher grain
size. It has been previously reported that near threshold conditions exist
at the crack tip following the overload (Ranganathan 1979, Lapkford 1982).
Two series of tests were run to study the near-threshod conditions on the
two grain sizes. As seen in Fig.7 the &K h is lower for series I 1n vacuum,
a similar behaviour being observed in at?. such a dependance of AKt,Y‘h on
grain size has been reported (Beevers, 1977). Now considering that for the
same overload the change in the crack tip intensity factors 1s on the same
order for the tow series of specimens, the higher delay factor observed in
cerie II can be attributed to the conditions being closer to the threshold
stress intensity range (Lankford, 1977).

Types of delay behaviour

It has been shown that at least five types of delay behaviour can be
observed after overload, the type A, B and C correspondong to the left hand
side of the U shaped curve ip fig.6. For types A and B calculated plane
strain plastic zone sizes?2 rpp and 2 rpp are typically gma11er than the
grain size. It should be noticed that the model proposed in (Mc K1intock,
7965) assumes a circular zone in plane strain while as reported in (Lankford
1977) the plastic zone size in the crack propagation direction can be 1in
fact 4-5 times smaller than in the maximum size direction. In the case of
type A behaviour it can be assumed that the effective crack tip stress
intensity following the overload Jeads to a 4K value at the crack tip
smaller than the threshold inducing the crack arrest.

At higher aK. values corresponding to type B curves where the crack remains
blocked for & considerable time, and then suddenly progresses, the number of
cycles during which the crack is blocked can be agsociated to_the time ne-
cessary to induce new fatigue damage at the crack tip. Once this process 1s
over the stable regime is reached after a crack growth of the order of 1
grain as indicated by the ay values.

Type C behaviour is characterized by a substantial increase in a* value
(from = 0.05 mm in type B to = 0.3 mm in type C). The minimum delay observed
in this case corresponds to the fact that the crack is not blocked at all
after the deceleration period, the reacceleration taking place over a length
of the order of 1 grain. After the transition point in fig. 6 1s_pa§sed, ty-
pically type D curves are observed. This behaviour is character1§t1c of de-
velopment of plane stress conditions with a large overload plastic zone af-
fecting several grains and corresponding to deformation Jevels of the order
of 5 % plastic strain at the crack tip (Ranganathan, 1981). In this case it
has been shown that the observed delay can be explained by a residual stress
effect (Matsuoka 1976, Ranganathan 1981).
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In type E curve it has be seen that the dip in the final acceleration phase
is due to the interaction of the crack with one wing of the plastic zone.
Indeed, in vacuum the wings of the plastic zone are seldom symmetrical with
respect to the crack plane and crack deviation after overload is more often
observed than in air (Verkin 1979).

CONCLUSIONS

This study has shown that five types of delay behaviour can be observed
according to the initial AK Tlevel for the same overload ration. The condi-
tions for their occurence and the governing factors are :

Low 24K region : high delay and even crack arrest, under plane strain condi-
tion, the microstructural factors playing anm important role.

Mid AK region : minimum delay corresponding to a predeformed fatigue zone of
the order of 1 grain and to the transition from plane strain to plane stress
conditions at the crack tip.

High 8K region : more pronounced delay associated with the plane stress con-
ditions deveToped at the crack tip, and residual stress effect.
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