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Abstract

In the present investigation, a more efficient method for retardation of fatigue crack growth is examined. Residual stresses were
created around the crack tip by indenting a cracked panel with rigid ring punches. The residual stresses near the crack tip were
evaluated using fracture mechanics principles with the Bueckner weight function. It was observed that a state of compressive
residual stress is introduced inside the indentation area. Fatigue testing of an aluminum specimen with single edge crack showed
that the significant retardation effects were observed after the application of the ring indentation. It is also shown that the ring-
indentation process increases the total fatigue life.
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1. Introduction indenting a circular punch into steel specimens, they
induced compressive strains along the workpiece sur-
Fatigue life enhancement based on the introduction of faces. Lee and Kanfy] have carried out a fatigue crack
residual stress fields around cracks are important ingrowth study on aluminum alloy specimens indented by
improving the fatigue performance of aircraft structures. a ring punch around holes. This process produced a
Among various techniques developed for fatigue life marked improvement in fatigue life. Lim et 4B] have
enhancement are the applications of overlogtig], also induced residual stresses onto pre-machined holes
drilling stop holes[3] and pressing steel bal4,5] at using a ring-indentation process near the fastener hole
crack tips. However, there are some limitations to the combined with cold-expansion. They obtained the retar-
practical use of these methods. For the overload method dation of cracks emanating from a circular hole in alumi-
the magnitude of overloads generally is limited since it num specimens.
must be below the failure load of the structure. The The present investigation is undertaken to examine a
method of drilling stop holes can result in reduction in more efficient method for the retardation of crack
structural strength. Finally, the procedure of ball inden- growth, using ring punches indented around cracks in
tation is difficult in practice as it requires finding the a sheet structure. Residual stresses near a crack tip are
precise position of crack tips in sheet structures. evaluated by fracture mechanics approach using the
One way to compensate for this decrease in fatigue Bueckner weight function. By fatigue testing of alumi-
life is to create plastic deformations around regions of num specimen with single edge crack, the retardation
high stress by using an indentation process. A suitableeffects are measured after the application of the method.
state of compressive residual stresses can be achieve@®ur goal here is to show that the indentation process is
around a notch or hole using the process. Sehgal andvery beneficial for obtaining an increase in fatigue lives
Kobayashi[6] have examined the detailed deformation of materials with a crack.
characteristics involved in the plastic indentation. By

2. Experimental procedures

* Corresponding author. Tek82-31-330-6422; faxt82-31-321-4959. The fatigue test specimens were of the single edge
E-mail address: limwk@miju.ac.kr (W.-K. Lim). notch type and were 50 mm wide and 300 mm in length.
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Fig. 1. Schematic of the A16061-T6 specimen (unit: mm).

Table 1
Mechanical properties of A1 6061-T6

Tensile strength (MPa) 318
Yield strength (MPa) 282
Elongation (%) 12
Modulus of elasticity (MPa) 68.9 x 10°
Poisson’s ratio 0.33

The geometrical details of the specimens are given in
Fig. 1. The specimens were prepared from 2 mm thick
6061-T6 aluminum alloy. The specimens were cut from
the plate such that the longitudinal axis of the specimen
was aligned with the rolling direction. The mechanical
properties of the specimen are given in Table 1. In order
to start fatigue cracks, a saw cut of length 7 mm in the
direction transverse to the long axis of the plate speci-
men was introduced at one edge of the specimen using
a saw of 0.3 mm thick. The test specimens were pre-
cracked to the length of 5 mm by applying zero-to-ten-
sion cyclic loads. After the pre-cracking process, the
specimens were placed on a surface plate and the process
of plastic indentation was preformed around cracks by
using ring punches with an average diameter of 12.7
mm. Three types of ring punch, with different thickness
of 0.5, 0.7 and 1.0 mm, were used as illustrated in Fig.
2. The ring punches had flat ends and were heat-treated.

20 20 20

13.2 13.4 137

Fig. 2. Three types of ring punch used for indentation (unit: mm).

The indentations were located around cracks. The dis-
tances from the crack tip to the inner boundary of the
ring ranged from 1 to 5 mm. Three different indentation
depths, 0.06, 0.12 and 0.18 mm, were arbitrarily chosen
and applied. The specimen details are given in Table 2.

Rectangular specimens of size 50 x 300 mm were
used in the experiments to determine the residual stresses
due to the indentation process. The specimen materia
and preparation procedures were identical to that of
fatigue test specimens as described in Table 2. A crack
in the form of a saw cut of length 12 mm in the direction
transverse to the long axis of the plate specimen was
introduced at one edge of the plate. The reative dis-
placement between points ¢ and c¢’, separated by a dis-
tance of 25 mm (see Fig. 4) was measured using an
extensometer. The crack was extended simultaneously in
a stepwise manner with increments of 1 mm until the

Table 2
Classification of the fatigue test specimens

Specimen Width of Indentation Indented Distance,
circular ring, load, p (KN) depth, b (mm) h (mm)
w (mm)

1 05 20 006 +001 3
2 23 0.12 + 0.01

3 24 0.18 + 0.01

4 0.7 24 0.06 + 0.01

5 27 0.12 + 0.01

6 29 0.18 + 0.01

7 1.0 30 0.06 + 0.01

8 34 0.12 + 0.01

9 36 0.18 + 0.01

10 0.5 23 012+001 1
11 3
12 5
13 0.7 27 1
14 3
15 5
16 1.0 34 1
17 3
18 5
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Fig. 3. A body loaded by forces, P and virtual forces, F.

crack length reached 22 mm. The residual stress distri-
bution around the crack was then computed from the
measured displacements. The theory of residual stress
measurement is given in the next section.

The fatigue crack growth testing was carried out in a
100 kN capacity Instron electro-hydraulic material test
system with stress ratio R = 0.1. The specimens were
fatigue tested with constant amplitude sinusoidal l1oading
at arate of 12 Hz in a laboratory atmosphere. One face
of the specimens was polished to a good surface finish
around the center region so as to facilitate ease of sub-
sequent crack growth measurements. A traveling micro-
scope was used to measure the crack lengths while the
specimens were mounted in the machine. Three speci-
mens for each type were tested and one of test records
was chosen.

3. Evaluation of residual stresses
3.1. Relative displacements of crack surfaces

In order to evaluate the residual stresses around a
crack from ring indentation, the fracture mechanics
approach proposed by Kang et a. [9] was employed in
the present study. Consider a body loaded by forces, P,
which in addition has virtual forces, F, applied, as shown

(a) | (b) |

AF \F
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2 e 2
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Fig. 4. Single edge cracks in a finite width plate. (a) The residua
stress o, released by introducing a crack length Aa. (b) The residual
stress o, released by increasing a crack length Aa.

in Fig. 3. Then letting the virtual forces to approach zero,
the displacement, Ar between points ¢ and ¢’ can be
derived as [10]

AF = AF no crack + da (1)

£l For T Keor
where K, and K, are the stress intensity factors due to
P for mode | and I, respectively, and K,z and K, are
those due to virtual forces, F. E' is a parameter with
E’' = E for plane stress and E' = E/(1-v?) for plane
strain and E and v represent Y oung’s modulus and Pois-
son's ratio, respectively.

The stress intensity factor for the crack in a residual
stress field can be written as [11]

zfa[ 0Ke oK

0

K = J m(x,a)o}(x) dx 2

where m(x,a) is the weight function for a given
geometry, A is crack face length, and o}, is the normal
component of residual stress at the prospective crack cal-
culated for the uncracked body. Substituting K| of Eq.
() into K;p of Eq. (1) and alowing K,;p and Ag 1o crack
to be zero, the displacement, Ag, can be simplified to

_ 2 e
Ap = E’L[K' 3F ] da €)

3.2. Determination of residual stress

When there are residual stresses along the line of a
single edge crack, introduction of a crack emanating
from the edge of the plate will release the residua
stresses. Assuming that the residual stress, o, is constant
in the interval, Aa, we can replace it by a concentrated
force, 0,Aa applied at the point of distance, ¢, as shown
in Fig. 4. The stress intensity factor due to o;,Aa is then
derived from Eq. (2) and is given as
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< - f G1Aa5(X—C)m(xay) dx @

= 261Aa.m(01,a1)

where §(x—c,) is Dirac’s delta function, ¢, = Aa/2, a,
is the length of the present crack (a, = Aa in this case)
and m(x,a) is the weight function for single edge crack
emanating from an edge in a finite plate given by Wu
and Carlsson [12]

m(x, a;) = fZﬁ.( )(1 )'m (5)
Bi(@) = 2.0

o) = | 4at@ + 2@ + 5P| 160
@) - {as + JsF@-Faa] /162
@) = (e + 7R -3F@l} /i@

@) = |aF @~ SFaa) | f16a

F.(a) = 4f(a)

F(a) = \/E[slsm//(a) 105V, (a)— 208, 2f, (a)]

Fi(a) = [ 1260my(a) + 525V,(a) + 616,2f, (a)]
30,2
Fa@) = \2V,(8)—[F1(a) + F»(a) + F5(a)]

we) = | shoor os

where f(a) and V,(a) are defined as

f(a = K,/oymaw
V,(a) = E'u(a,0)/ca

The stress intensity factor due to virtual forces, K,e
shown in Fig. 4 is determined similarly from Eq. (2) and
is given by

K = 2 f ‘mxa)o5(x) dx ©)

where o}, (x) is the normal stress distributed along the x-
axis of the uncracked strip due to a pair of forces, F, and
which is determined by using a finite element analysis.
oy(X) = FIA; + AX + A + ... + A0 (7

Substituting Egs. (4) and (6) into Eqg. (3), the relative

displacement, A;, between c and ¢’ due to the introduc-
tion of a crack, whose length is Aa can be obtained as

1 4
Ay = E,olAaj ‘m(c,, a)h(x, &) da ©)

y()

h(x,a) = ZJ m(x,a)

On further extending the crack length from Aa to 2
Aa as shown in Fig. 4, the relative displacement, A,, can
be expressed as

%Az é,alAa J “m(c,a)h(xa) da ©

4
E,GzAa j m(c,,a)h(x,a) da

Similar equations for the relative displacements, A,
A, ..., A, can be obtained by extending the crack
further. The residual stresses are thus determined using
these equations.

4. Results and discussion
4.1. Residual stress

Fig. 5 shows the distribution of residual stresses intro-
duced into the material surrounding the crack by the pro-
cess of ring indentation. In order to investigate the
effects of indentation depth on the distribution of
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—o00 | -- @ --w=0.5mm, p=20kN, =3mm
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~300 —
Distance from crack tip, X (mm)
Fig. 5. Effect of indentation load on the distribution of residual hoop

stresses, showing that compressive residua stress is increased more
for increasing indentation load.
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Fig. 6. Effect of indented position on the distribution of residual hoop
stresses, showing that compressive residual stress is increased more
for closer indentation.

residual stresses, the indentation was located at h = 3
mm by using the ring punch with a thickness of 0.5 mm.
The solid line in the figure is obtained with the inden-
tation depth of 0.18 mm, the dashed and dotted lines are
obtained with the indentation depth of 0.12 and 0.06,
respectively. It can be observed that complex residua
hoop stress fields are introduced around the crack by ring
indentation. The stresses are due to the local deformation
of material adjacent to the punch. It can be seen that the

process provided a significant increase in compressive
residual stresses in the region immediately adjacent to
the surface of the crack. The compressive residua
stresses around the crack increase as the relative inden-
tation depth increases. It is closely related to the inden-
tation load.

The effects of punch location on the distribution of
residual stresses around the crack are shown in Fig. 6.
The indentation was located at three different distances,
h =1, 3 and 5 mm. Specimens were indented by using
the ring punch with athickness of 1 mm. The indentation
depth was 0.12 mm. It can be observed that the com-
pressive residua stresses around the crack tip increase
as the indentation is located in a region immediately
adjacent to the surface of the crack. The indentation dis-
tance h = 1 mm gives the biggest increase of compress-
ive residual stress at the crack tip. The figure shows that
although the induced compressive stress at the crack tip
is somewhat less when the punch is farther away, the
effect actually extends over a greater distance and actu-
aly varies considerably more than one might expected.

4.2. Fatigue crack growth

All specimens listed in Table 2 were fatigue tested to
failure. This alowed a comparison of fatigue crack
growth behavior of ring-indented specimens and non-
indented specimen. Fig. 7 depicts the crack growth com-
parison of ring-indented cracks. In order to investigate
the effects of indentation load on crack growth curves,
the indentation was located at h = 3 mm by using three
different types of ring punch as noted previously. The
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Fig. 7. Effect of indentation load on crack growth curves, showing that crack growth is retarded more for increasing indentation load.
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results are compared with that for the non-indented
specimen, which is represented by a solid line. It can be
observed that the lowest indentation load (20 kN) with
0.5 mm thick ring punch creates little difference in the
fatigue data over non-indentation, but when the inden-
tation load isincreased, its effect is seen in crack growth.
Similar results were obtained from specimens indented
by other ring punches. Fig. 7 shows that increased inden-
tation load results in increased fatigue life, for al three
punches used. For the case of specimens indented to the
same depth, a ring having a larger width is more ben-
eficial for crack retardation. It is also closely related to
the indentation load, which increases with the width of
the ring punch. Conseguently it can be concluded that
the retardation of crack is clearly related to the inden-
tation load. This phenomenon has a relation to the distri-
bution of compressive residual stresses around the crack
as shown in Figs. 5 and 6, and crack growth is further
retarded with increasing compressive residua stresses.

The effects of indented position on crack growth
curves are presented in Fig. 8. The indentation process
was performed using three different types of ring
punches at distances h = 1, 3, and 5 mm, respectively.
The indented depth for al specimens was 0.12 mm. It
can be observed that the crack retardation increases as
the indentation is closer to crack tip for a given ring
punch. The indentation process is therefore very ben-
eficial in terms of total fatigue life. The number of cycles
to failure for specimens BP1(27) and CPI(34) increased
by about 2.3 and 2.8 times, respectively, compared to
specimens BP5(27) and CP5(34).

Fig. 9 shows the fatigue crack growth rate as a func-
tion of crack length for three specimens indented using

107°
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—&— w=1.0mm, p=34kN, h=3mm
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Crack growth rate, da/dN (mm/cycle)

10_10.l-l-‘|-|-|.|.1.|-|.

7 9 11 13 15 17 19 21 23 25 27
Crack length, a (mm)

Fig. 9. Effect of indentation load on fatigue crack growth rate, show-
ing that da/dn is retarded more for increasing indentation load.

the ring punch with a thickness of 1.0 mm. The speci-
mens were indented at a distance of h = 3 mm. The
retardation of growth rate was clearly observed when the
crack had grown into the indentation area. A possible
reason for this phenomenon in crack growth rate is the
distribution of compressive residua stresses inside the
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Fig. 8. Effect of indented position on crack growth curves, showing that crack growth is retarded more for closer indentation.
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Fig. 10. Effect of indented position on fatigue crack growth rate,
showing that da/dn is retarded more for closer indentation, but retar-
dation is over a smaller distances.

indentation area. It can be seen that the retardation effect
increases as the indentation load increases. On the other
hand, when the crack passes through the indentation area
the growth rate increases rapidly and then becomes equal
to that of the non-indented specimen. This sudden
increase of growth rate may be explained in terms of the
tensile residual stresses outside the indentation area, and
the dlight variation of specimen thickness due to inden-
tation and the stress concentration at the indentation
groove.

The fatigue crack growth rate vs. crack length for
specimens with indentation depth of 0.12 mm is shown
in Fig. 10. The indentation process was performed using

three different types of ring punch at distances of h =
1, 3, and 5 mm. It is shown that the indentation process
is very beneficial for crack retardation when the inden-
tation is located in closer range to the crack tip.

5. Conclusions

The results show that for the testing conditions con-
sidered, the indentation around a crack by ring punch
caused negligible retardation. Experimental procedures
were given to define residua stress distributions sur-
rounding the crack tip. The induced compressive stress
at the crack tip is somewhat less when the punch is far
away, the effect actually extends over a greater distance
and actually varies considerably more than one might
expect. Increased indentation load results in increased
fatigue life. Fatigue crack growth is retarded more for
closer indentation, but retardation is over a smaller dis-
tance.
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