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ABSTRACT

Constant-amplitude tests and simplified flight-simulation tests with one peak
load per flight were carried out on.7075-T6 lug specimens. Corner cracks at the
pin-loaded hole were initiated by a small starter notch. Application of marker
loads indicated successive locations of the crack front on the fracture surfaces.
These indications gave information about crack shape development and crack

growth rates along the crack front. The latter data were used to determine
empirical stress intensity factors, which were compared to calculated data.

Damage calculations gave indications on crack growth retardation of corner cracks.

NOTATIONS
a crack debth along the hole
c crack length along the surface
ca constant-amplitude
D hole diameter
F correction factors
K stress intensity factor
L crack length (Fig. 8)
m number of cycles per flight
n - number of cycles
N2 crack drowth life uptil cC = 2 mm
Nt crack growth life until failure
P pin load
R - stress ratio = Smin/smax
- hole radius (D/2)
S net stress
Sg stress at ground level
SOL- stress at peak load (Over Load)
Sp nominal bearing pressure on hole
t thickness
W lug width
6,0'" polar anglés (Fig. 8)



ii
CONTENTS

1 Introduction

2 Experimental details
2.1 Specimens
2.2 Test set-up
2.3 Load histories and marker loads
2.4 Crack growth observations and fractography

3 Test results and numerical treatment of the data
3.1 vVisual crack growth data
3.2 Fractographic observations
3.3 Empirical K-values
3.4 Comparison between empirical K-values and calculated data
3.5 Damage calculations :

4 Discussion
4.1 Fatigue crack growth of a corner crack in a lug
4.2 Free surface effect on corner crack growth
4.3 Damage interaction effects

5 Summary and conclusions

6 References

Appendix A: K-values derived from results calculated by Raju and Newman

Appendix B: Analysis of the constant-amplitude crack growth life

2 tables, 11 figures



1 INTRODUCTION

Fatigue cracks in aircraft structures usually occur in joints of various types
(bolted, riveted, lugs). In the joint the crack frequently starts at a hole
loaded by a bolt or a rivet. A large part of the fatigue life is then covered
by crack growth from a very small size to a size comparable to the hole dia-
meter or the material thickness. Quite often the crack nucleates as a small
"part-through. crack", i.e. it starts as a small corner crack or-as an embedded
semi-elliptical crack inside a hole. At a later stage the crack has grown
through the full thickness to become a well recognized "through crack".

Because the growth from an initially small part-through crack to a visible
through crack covers a substantial part of the fatigue life, the prediction of
the life involved is generally considered to be a technically relevant problem.
This has been greatly emphasized by the so-called damage tolerance requirements
[1]. The prediction is a complex problem in view of the curvature of the crack
front. As a result the stress intensity factor K will vary along the crack
front. The problem received considerable interest in the literature,

especially with respect to calculating and estimating K variations along a
curved crack front. The number of empirical verifications for lcaded holes,
however, is not toco large, and this was the starting point for the present
investigation.

Fatigue tests were carried out on lug specimens provided with a very small
corner notch to initiate crack growth. A lug type specimen was chosen for two
reasons:

(1) A lug has a simple geometry with a well defined load transmission as
compared to bolted and riveted joints. In the latter types of joints load
transmission partly occurs by frictional forces between the plates which are
clamped by the fasteners.

(2) Lugs occur at various locations in an aircraft structure, either for easy
assembling of major components, or for the possibility of rotation (e.g.
landing gears, control rods). In such cases cracks ina lug can lead to. fail-
safe problems, and information on crack growth behaviour is important.

Tests were carried out on simple lug specimens as shown in Figure 1, which also
illustrates the load sequences applied. In all tests batches of small marker
load cycles were applied in oxrder to produce growth bands on the fracture
surfaces. The bands indicate the.development of the crack shape during a test.
The comstant-amplitude (CA) tests were carried out to compare the crack growth
rate along the crack front with predictions based on through-crack data and
K-values derived from the literature. Secondly the CA tests served as a
reference to the simplified flight-simulation tests (type II and III in

Fig. 1). The latter tests were made to see if overloads (OL) or "underloads"
(i.e. ground-to-air cycles) would affect crack front shapes. Another reason

was to obserxrve crack growth interaction effects (growth delays or accelerations)
on the behaviour of a corner crack. For this purpose simple but systematic
variations of the load history were applied. Especially the application of an
overload at the beginning of a flight (type II) or at the end of a flight

(type III) was considered to be of interest. The effect might be different

for a short flight (m = 5) and for a long flight (m = 100)

The present report starts with a description of ekperimental details and

a presentation of test results, including fractography of the marker load
bands. Crack growth rates along the cfack front are deduced from these bands
and these growth rates are used to obtain empirical K values. The latter data
are compared to calculated K data derived from the literature. The data of
the flight-simulation tests are used to indicate possible interaction effects.
The report is completed by a discussion and conclusions.



EXPERIMENTAL DETAILS

Specimens

The double-ended lug type specimens (see Figure 1) were cut from 7075-~T6 bare
plate material of 9.6 mm thickness. The holes were drilled with reaming as a
final treatment. The diameter of the hole is 25 mm with tolerance limits
25.000 and 25.021 mm. The hole was loaded by a low-alloy steel pin with
‘tolerance limits 25.000 mm and 24.979 mm. This gives a neat fit.

Each hole was provided with a single crack initiation notch at one corner of
the hole. The crack initiation notch was produced by electrical discharge
machining (EDM), the shape of the notch being triangular with edges as small
as 0.25 mm (see Fig. 1). The notches were made at different sides of the two
holes and at opposite sides of the plate thickness. The specimens were loaded
in the rolling direction. Mechanical properties of the material are shown in
Figure 1.

Test set-up

Each end of a specimen was mounted in a fork with a hardened steel pin, see
Figure 2. The forks were fixed in the hydraulic clampings of the fatigue
machine. The forks were provided with slots to allow visual crack growth
observations during the test. If one lug end of a specimen had failed the
fracture surface was removed from the specimen. The broken end was clamped in
the fatigue machine to continue the test on the other lug end.- As a result two
data sets were obtained from each specimen.

.The fatigue machine was an electrohydraulic 200 kN Amsler testing machine

with MTS electronics. Load-control occurred by a PDP-11/04 computer.

Special programs were written by P. Kempen to obtain the required load histories.
The cyclic frequency of the loads was 10 Hz, but the marker loads were applied
at 30 Hz. )

Load histories and marker loads

A survey of the tests is given in Figure 1, which includes the specimen
identification number. All stresses indicated are net stresses on the critical
section of the lug. In general only one specimen was tested for each
combination of variables, but it should be remembered that each specimen
contains two lug ends.

The marker loads were applied to indicate crack front positions on the fracture
surface. The load sequence during one block of marker loads is indicated in
Figure 3. This produces bands on the fracture surface as shown in Figure 4.

The stress levels adopted for the marker loads were based on experience of
Minderhoud [2]during a previous investigation on corner cracks at open unloaded
holes in specimens of the same material. The marker loads had the same maximum
stress as the load history of the test. The stress range was As = 15 MPa,
although occasionally AS = 10 MPa was applied. The number of marker load cycles
in one block had to be adjusted to the needs of the test. The criterion was to
minimize the crack extension during the marker loads, without spoiling the
visibility of the marker bands on the fracture surfaces. In almost all tests
the number was 40 000 cycles, but 60 000 cycles were applied in a few tests.

It was shown by Minderhoud [2] that the marker loads had a negligible effect

on crack growth. Blocks of marker loads were applied at selected intervals

in order to obtain some 6 to 10 bands in each fracture surface.



Crack growth observations and fractography

Visual observations during a test could only be made on the outside surface by
watching the crack through the slots in the forks (Fig. 2). Around the hole of
‘the lug ends a grid of concentric circles (spacing 1 mm) was photographically
etched on the specimen surfaces. The grid was used for visual crack length
measurements. An example of the crack growth curves obtained in this way is
shown in Figure 5.

The marker bands on the fracture surfaces were recorded in an optical profile
measuring machine. In this machine the fracture surface was projected on
tracing paper, employing a magnification of 10 times. The positions of the
bands were cbpied on the paper, and the pictures thus obtained were used for
further -evaluation of crack growth along the crack front. Examples of such
pictures are shown in Figure 77

TEST RESULTS AND NUMERICAL TREATMENT OF THE DATA

Visual crack growth data

Full tabular data have been collected in a separate document [3]. As an
illustration data of one specimen are plotted in Figure 5. Similar graphs were
made for all specimens and from such graphs the fatigue life (N,) until a crack
length ¢ = 2 mm was derived. If N_ is the total life until failure the crack
growth life from 2 mm to failure Is obtained as N_ - N_. The value ¢ = 2 mm
was adopted because for lower c-values observations were not always succesful,
or the growth data were still somewhat erratic. A compilation of N_, N, and

Nt - N2 data is given in table 1. The results are plotted in Figure 6.

Fraétographic observations

Several examples of successive crack front locations are shown in Figure 7.
There is a good deal of similarity between crack front shapes of different
specimens. Generally the crack depth (a) along the hole is slightly larger
than the crack length (c¢) along the surface. In many cases aspect ratio's
(a/c) are between 1.1 and 1.2. Because a/c is only slightly larger than 1
the crack growth is almost a concentric and circular crack extension.

One systematic deviation of the similarity of crack front shapes can be
observed. For a higher maximum stress in the test (either Smax for Ca-loading
or S for flight-simulation loading) the crack front at the plate surface
and %ﬁe surface of the hole is bending backwards, see left sketch in Figure 8.
This will be discussed later.

The marker bands were also used for the determination of crack growth rates.
In view of crack front bending at the free surface the definition of a and ¢
is somewhat ambiguous. For that reason the growth rate was measured at three
"interior" points .of the crack front, indicated by angles 8' = 22.5°, 45°
and 67.5° respectively (see Figure 8). The growth rate was calculated as:

ar AL
= - ’n (1)

with AL being the perpendicular distance between the marker bands, and An the
numbey of load cycles applied between two blocks of marker loads. This growth



rate was supposed to apply to a crack length £ midway between the marker loads.
Plots of df/dn as a function of % were made for all specimens. Some examples
are presented in Figure 9 (U and L in the specimen identification number refer
to upper lug and lower lug respectively). It was generally observed that

d%/dn was not very much different for the three 6-values. Actually a constant
da/dn along the crack front requires that the shape becomes circular which is
only approximately true (a/c slightly larger than one).

Figure 9 shows that d%/dn is a slowly increasing function of crack length.

In view of this consistent crack extension behaviour the crack growth life
(Nt - N2) is also characteristic for the growth rate development.

Empirical K-values

Empirical K-values can be derived from the crack growth data of the fatigue
tests with constant-amplitude loading (Fig. 9a). This is possible because

the relation between the crack growth rate (da/dn) for through cracks and AK is
available from a previous test series [2]. Those results obtained at R = 0.1
and R = 0.5 are well approximated by:

v

-6 2.75
da/dn = 2.3 x 10 (AKeff) . (2)

with.da/dn in mm/cycle and AKeff in MPa/E, and:
AR = U AK with U = 0.55 + 0.33 R + 0.12 R2 (3)

eff

With these equations the da/dn-results of Figure 9a were converted into
Ax/AS-values. For specimen 2 the stress ratio is positive (R = 40/100), whereas
for specimen 17 it is negative (R = -40/160). However, for a lug loaded in
compression the critical minimum section remains practically unstressed [4]1.
Consequently, the data for specimen 17 are treated as if S . = 0 and thus:

R = 0 and AS = 160 MPa. The AK/AS results are presented in™" Figure 10.
Although there is scatter the general trend is the same for the two specimens
loaded at a low and a high stress amplitude respectively. Only the result of
the first crack front of specimen 2 are too high. It follows from fracture
mechanics that the same crack front shape development at any fatigue load
requires that the same AK/AS should be found. This appears to be in reasonable
agreement with the results in Figure 10.

The average AK/AS-% curve of Figure 10 is transformed in a geometry correction
factor F as a function of a, where F is defined by:

K=F S_vVma (4)
p
In the definition the nominal bearing pressure on the hole (S_) is adopted as
the characteristic stress in view of a comparison to calculateéd data to be made
later. Because AS is a nominal net section stress:

S(W-D) = S_ D 5
( / )2 o (5)

and Eq. (4) can be rewritten as:

S S (%) D (6)
(Ww-D) vVml(a/l) |



with: 2 -1/2
a/l = a/c [cos2 6+<%> sin 6] (see Fig. 8)

The. curves obtained for three polar angles O are shown in Figure 11. They apply
to a/c = 1.15 which is a characteristic mean value for the present tests.
Figure 11 shows a weak dependence on 8. ;

Comparison between empirical K-values and calculated data

Raju and Newman [5] made finite-element calculations for two symmetrical corner
cracks at holes in very wide panels, both for open holes in panels under
tension and for panels with wedge-loaded holes. By superpositon of these two
cases the solution of a pin-loaded hole can be obtained. The Raju/Newman data
apply to a/c = 0.2, 1 and 2, to a/t = 0.2, 0,5 and 0.8 and to R/t = 0.5 and

‘.1 0. .Consequently interpolations have . to be made to arrive at dimensional ratio's

of the present tests. For R/t ‘it even requlres an extrapolation because here
R/t = 12.5/9.6 = 1.30. Moreover, a width correction has to be introduced,

as well as a correction factor for having only one corner crack instead of the
two symmetrical corner cracks of the Raju/Newman data. The interpolation
procedures are summarized in Appendix A. The results are presented in Figure
11. The agreement with the empirical results is not satisfactory.

Damage calculations

In this report non-interaction damage calculations will be made only. The
purpose is to see whether damage interaction effects would become apparent as
large deviations from In/N = 1. According. to the range-pair count method
(also rain-flow count method) each flight of type II and type III consists of
one large cycle between S_and SOLv“(Fig' 1), and (m-1) smaller gust cycles
between S ., = 40 MPa and? s = 120 MPa. As a result there are only three
differentmln magnitudes of o load Cycles to be considered: (i) S . = 40,
= 120 (gust cycles), (2) S . = 0 and S = 160 (low S__) and
(§?x = 0 and S = 200 (higﬁns ). It MaX hould be notea that the
compre531on part of the larger cycles (2) and (3) is again ignored, because
it leaves the critical minimum section practically unstressed. In Appendix B
it is analysed whether the mean values of N_ - N, in table 1 are a mutually
consistent data set. This is done by considering the crack growth relations
of Egs. (2) and (3). It turned out that the crack growth life for cycles (1)
and (2) are in excellent agreement, whereas the life for cycle (3) was
longer than expected. Since there are no reasons to see why this test result
should not be valid the mean results of Table 1 were used for calculating
In/N for the tests of type II and III..With:

-1 1
A = i = m +
damage per flight (Nt — N2) W, - NO 2)
gusts - *¢ oL
and thus: A/m = average damage per cycle

the result for tests of type II and III is:

predicted life = (cycles)

L
A/m

and: Sn/N = test life

predicted life



Calculated results are presented in Table 2 and Figure 6. If SO and m are
the same for tests of type II and III the predicted lives are a%so the same.
Six In/N-values are between 0.9 and 1.5, which does not point to significant
interaction effects. Four In/N-values are between 2.6 and 3.1. In the latter
cases S = 200 and n = 100. Apparently significant interaction effects

8L L )
occurred for these test conditions.

More detailed predictions for crack growth rates under type II and type III
loading could have been made. However, in view of the consistent crack growth

behaviour in all tests (see discussion on Fig. 9) similar trends as reported
for In/N-values would be found. :

DISCUSSION

Fatigue crack growth of a corner crack in a lug

In the present tests the shape of the crack front during crack growth was
studied by applying marker loads. It turned out that the variation of the
crack depth to crack length ratio (a/c) was small. Generally the crack depth (a)
was somewhat larger than the crack length at the surface {c), with a/c v 1.15
as a mean value. ‘ :

The crack growth rates along the crack front deduced from the marker loads, were
used to obtain empirical K-values as shown.in Figures 10 and 11. According to
Fig. 11 the variation of K along the crack front is not larzge. The comparison
with calculated data derived from results published by Raju and Newman [5]

is not satisfactory as shown in Figure 11. There are several reasons to
explain the differences. Raju and Newman analysed very wide and high panels
(as compared to the hole diameter). Their dimensions were considerably
different from the geometry of the present lug. Various interpolations and
extrapolations, and several correction factors had to be applied before the
Raju/Newman data could be applied to the dimensions of the lug tested here.
Probably the differences were too large to justify the application. A lug

is not a long strip, on the contrary the height of the lug head (40 mm,

see Fig. 1) is smaller than the lug width (60 mm). zatz, Eidinoff and

Armen [6] have shown the significance of the shape and the-size of the lug
head for the stress intensity of a through crack. It should be concluded that
there is still an apparent need for data on K-factors along the crack front of
corner cracks in lugs. At the same time it cannot be overlooked that K for
such cracks will depend on the bearing pressure distribution over the bore of
the hole and on theoccurrence of tangential friction inside the hole as a
result of fretting. Recently Hsu [7] has shown that for a lug the pressure
distribution is considerably depending on. the crack length. Apparently such
problems can be analysed by finite-element calculations. At the same time

more extensive empirical data on corner crack growth would also be most
welcome to check the relevance of calculated results.

Free surface effect on corner crack growth

One systematic trend was observed about the two ends : of the crack front at
the free surfaces. Apparently crack growth is lagging behind near the free
surface, and this was more clear if the maximum stress of the test was higher.
In Figure 7a this is cbserved for constant-amplitude lcading and in Figure 7c¢
for flight-simulation loading. The delayed crack growth near the surfaces is
also clear in Figure 7d which applies to the highest maximum stress. of the
present test series. A similar effect of the stress level on crack front



shapes was observed by Hodulak et al [8]. As an explanation they refer to the
plane stress situation at the free surface and the plane strain condition
inside the material. The plane stress region is associated with a higher crack
growth resistance.

The larger plastic zone in the plane stress region will cause more crack
closure. This surface phenomenon was experimentally confirmed for through cracks
[9, 10]. It should be expected to be applicable to corner cracks as well. Apart
from the difference in crack closure there will also be a difference in the
maximum stress in the plastic zones at the surfacé and further inwards. The
magnitude of the maximum tensile stress in the shaded areas of Figufe 8 will be
in the order of the yield stress, but it will be significantly higher in the
plane strain plastic zone area along the major part of the crack front. As a
result the driving force for crack extension is lower near the surface of the
material. The higher stress occurring at the interior can be alleviated at the
free surface by more plastic deformation. Consequently the: crack' front will be
lagging behind at the surface. It is thought to be fundamentally the same
mechanism, that controls the wellknown tongue-shaped growth bands on the
fatigue fracture surfaces of high strength aluminium alloys [11]. Such bands
were shown to be the result of quasi-static crack extension during a high peak
load as part of a variable-amplitude load history. A large crack extension at
the interior goes together with an apparently restrained extension at th
surface. :

Damage interaction effects

One of the prime reasons for the present investigation was to see whether fatigue
damage interaction effects (crack growth retardations and accelerations)

would occur in a similar way as they are found for through cracks. A very much
similar test program has recently been carried out in the Aerospace Department

in Delft. In this program also type II and III fatigue load histories were
applied to study the growth of through cracks in 2024-T3 sheet specimens of

2 mm thickness. The results will be published shortly. It turned out that the
trends as illustrated by Figure 6 were very much similar for through cracks

and the part through cracks studied here.

When planning the present program is was expected that the once per flight

load cycle between S (ground load) and S (peak load) would highly
predominate the crackK extension. Its own Contribution to crack extension would
probably be similar as in a constant-amplitude test, but it might well reduce
the crack growth during the smaller gust cycles. If so, Ln/N-values should
exceed 1, especially if the number of gust cycles per flight is large (m = 100).
This has been found indeed for S = 200 MPa (Zn/N = 2.8), but it is less
evident for S = 160 MPa (N = 18 > In/N = 1.35). It was also expected that
type II loading with the peak load as the first cycle of the flight would
produce systematically longer crack growth lives than type III loading, where
the peak load occurs in the last cycle of the flight. Although the crack growth
lives for type II loading are larger in the three out of four cases (Fig. 6 and
Table 2). The differences are not convincing. This result should be a question
of further concern, especially if new crack growth models for variable-
amplitude loading are to be checked. Attention to this aspect will be given in

‘a future report.



SUMMARY AND CONCLUSIONS

In the present investigation lugs of 7075-T6 material were fatigue tested
under constant-amplitude loading and simplified flight-simulation loading.

In the flight-simulation tests 4 or 99 smaller cycles were applied to

which one peak load was added either at the beginning of the flight or at the
end. Corner cracks at the holes were initiated from a small starter notch.
Crack front locations could be indicated on the fracture surfaces by
applications of marker loads. The results and conclusions are summarized
below.

1. By the marker load technique information about crack front locations was
obtained. It turned out that in most cases the crack depth (a) along the
bore of the hole was slightly ahead of the crack length (c) along the
surface, the average ratio being a/c "~ 1.15.

2. Crack growth rates along the crack front were derived from the marker load
indications. The variation of the growth rate along the crack front was small.

3. Empirical stress intensity factors were deduced from the crack growth rate
data. The variation of the geometry correction factor (K/SJEE) along the
crack front was small. The variation of this factor when the crack depth
increased from 20 % to 80 % thickness was also relatively small.

4. The crack front near the free surfaces was lagging behind, eSpecially if
the maximum stress in the test was high. This can be understood qualitatively
as being the result of peak stress alleviation and more crack closure in the
plane stress region near the surface.

5. Damage values (Zn/N) considerably exceeding 1 = were observed for a high
peak load stress level and many cycles per flight. Apparently crack growth
retardation can also occur during the growth of quarter-elliptical corner
cracks. The occurrence of the peak load either at the beginning or the end of
the flight had a minor effect on the retardation.
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Appendix A: K-values derived from results calculated by Raju and Newman

Raju and Newman [5] made finite-element calculations to obtain K-values for
quarter-elliptical cracks at open holes and wedge-loaded holes. By
superposition as indicated in [5] K-values for pin-loaded holes can then be
obtained. The dimensions and relevant stresses are shown below:

thickness t _
P The bearing pressure was supposed to be:
_ 3P . 2 (A1)
On ‘ 0n ~ 4Rt sin ¢

- The nominal bearing pressure is:

el s_ == (a2)

D=2R p Dt

> . .
The remote tensile stress is:

TIIdIT T sE e

The results in [5] are presented as boundary-
correction factors Ft and Fp defined by:

Open hole, St applied at upper and lower edge of the panel:

K =F_S, /ma/Q

(A4)
Wedge loaded hole, On applied to upper and lower bore of the hole
K=F S vTa/Q
a is the crack depth and Q is the shape factor. The superposition equation
applying to the pin-loaded hole presented in [5] is:
k=15 v/majg EF +7r) (26)
2 'p W't P
which accounts for the equilibrium:
DS =WS (A7)
P t

values of F_ and Fp were calculated in [5] for:

a/c = 0.2 1 2
0.2 0.5 0.8
0.5 1

a/t

R/t



A2

For the present purpose results are needed for a/c = 1.15, various a/t values

and R/t = 1.30. Interpolation between the data of [5] will be necessary, and

for R/t = 1.30 it requires extrapolation. The accuracies to be expected for
interpolated results were analysed in [12]. -Several interpolation procedures

were compared, and it turned out that reasonably accurate data may be expected
for interpolation between data for different a/c and different a/t values.

With respect to extrapolations to the required R/t (= 1.30) the accuracy to be
obtained is uncertain. Another source of uncertainty .is the width effect

because the F and F values in [5] (*) were calculated for wide panels

(large W/D vaEues). In view of these uncertainties interpolations to be made
here will be restricted to a/t = 0.2, 0.5 and 0.8 thus avoiding the interpolation
step to other a/t values. However, an interpolation between a/c = 1 and a/c = 2
to obtain results for a/c = 1.15 has to be made. According to [12] a linear
interpolation between the data of [5] gives the best results. With respect to the
extrapolation to R/t = 1.30 it was suggested in [5] that the best results should
be expected by considering:

K as a linear function of VR/t

1/4
S vTa/Q {sin2 B + (a/c)2 cos2 9}

Interpolation calculationswere made in this way to obtain F_ and F_ values for
a/c = 1.15, R/t = 1.30 and a/t = 0.2, 0.5 and 0.8 respectively forppolar angles
6 = 22.5°, 45° and 67.5°.

The calculated results apply to very wide panels with two symmetric edge cracks.
For the open hole under tension a width correction factor was proposed by

Newman [5]
1/2
FW_= [sec <%§> sec (ILB%SLN[%>] (a8)

and he suggested (private communication) that it might be adopted for the wedge-
loading case as well. A second correction should be made for the presence of
only one corner crack instead of two symmetric cracks. For this purpose the

Shah correction factor is adopted:

- =1/ D+Tac/4t
21 D+Tac/2t (A9)
With these two correction factors the superposition equation (A6) becomes:

F_F
K W 271 (D

\ (A10)

= ZF_+F
s, /7 2/ Wt p)

Calculated results are plotted in Figure 11.

N )
*) values of F for a/c = 2 and a/t = 0.2 and 0.5 presented in [5] are

incorrect a8 Dr. Newman reported by correspondence. He supplied the
corrected data.
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Appendix B: Analysis of the constant-amplitude crack growth life

It is not logical to plot the three CA results as one single S-N data set because
neither S nor R is the same for all data. However, the difference between R~
values can be accounted for by considering the effect of R on AK . For this

purpose the U-relation is drawn from [13] eff
U = AK__/AK = 0.55 + 0.33 R + 0.12 &% (B1)
The crack growth life can be obtained by integration of:
da/dn = a (&K __)° | o (B2)

eff

with B = 2.75 applicable to the present results (see Eq. 2 ). Combining
(B1) and (B2):

dn = (1/0) (AK )'B da = (1/0) (UAKy‘B = (1/a) [Uu c(a) As /EE]‘Bda

eff
(B3)

with C(a) as the geometry correction factor. Actually Eg. (B3) applies to a
through crack, but da/dn did not vary significantly along the crack front

of the corner cracks, while a/c did not deviate very much from 1.
Consequently (B3) should give approximately correct indications. Integration
leads to:

ffailure
1 -8 -8 .
Nt - N2 = j-dn =3 (UAS) [c(a) vYTmal] da (B4)
%initial
In the present casea., = 2 mm, but a_ . is unknown and will depend on
initial failure , .
S . However, when a>a__, the crack rate is very high, and
max failure
a somewhat different ac will hardly affect the crack growth life. As a

result the integral in ?éi? will be approximately constant for different CA-load
cycles. Equation (B4) then implies:

N_ - N > - 2,75

< ¢ 2 test 1 (Ul Asl\

<Nt - N ) \u, 8s,)/ (B5)
test 2

With tlhiis equation and the U(R) relation in Eqg.

(Bl) the following results were
obtained: ’



B2

Specimens Smax smin R As U Nt - N2 (cy;les)
MPa MPa Av.test result Prediction Ratio

2, 3 120 40 | 1/3 8010.673] ~ 11726 11726 (by def.) 1 (by def.)
17, 19 160 0O(*)| O 160 |0.55 2959 3036 0.97
10, 18 200 O 0 200 [0.55 2481 1644 1.51

*

*) smin = - 40, but a compressive load does not pass through the critical net

section.

The mean life of specimens 2 and 3 was used as a reference value (test 1 in

Eq. B5), from which the life for the other specimens was predicted. The
prediction for the crack growth life of specimens 17 and 19 deviates only 3 %

of the test result, and that is an excellent prediction. For specimens 10 and 18
the test result is 1.5 times the prediction. It is difficult to explain this
fairly large deviation.
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In/n-values
Type of loading Sg Life (cycles) SOL=160 SOL=2OO
(MPa) Predicted Test m=5 m=100 m=5 m=100
IT -40 7363 11077 1.5
11389 16451 1.4
6719 7649 1.1
11305 33708 3.0
IIT -40 7363 6598 0.9
11389 15242 1.3
6719 8632 1.3
11305 29087 2.6
0 11305 35313 3.1
-80 11305 28422 2.5
Table 2: Predicted lives, test results and In/N-values.




- > Al dimensions in mm
load
10 ,
cross section
N .
thickness t=9.6mm
B N
1
-
D=25
triangular crack initation
notch at Aand B made
‘by electrical- discharge machining
220
Material properties ¥
7075f T6 Sy =568 MPa
Sp.2= 506.5MPa
- .§(50mm)=13.5%
rolling
direction
Survey of tests (stressin MPa) Spe;xénen
cA JWWWWUL Smin= 40, Smax= 120 2,3
Smin-'-'--[oO. Smax=160 17,19
Smin= 0 , Smax = 200 10,18
SoL |
Type 120 Sg S ™
\\ ;40 -40 160 5 A
i Le | 100 5
-— 9 200 5 1
© m cycles | 100 9
“’ -40 160 5 6,13
etc. | 100 7
\ ' ' 200 5| 14.16
\ /
40 | ' 100 8
0 \ 15
load . -80 ' 20
' .
Ktm 28 Figure 1: Specimen dimension, material properties

‘and surv y of tests.



| fatigue crack

~slots in fork
for crack growth

hardened observations
steel pin
\ e /
specimen
. | P .
Figure 2 Fork for loading the lug ends
120
stress level 105 CA test
MPa _
['0 1 ) .l
block of marker loads (e.g. 40 000 cycles)
AS=15
__A
160 r A

type I test

L0—

=40 ‘ v

Figure 3. Marker load cycles



Figure 4. Marker load indications on the fracture surfaces of
specimen No. 13 . (load history of type III)
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Fatigue load : CA

_specimen 2
(40 to 120 MPa)

——— gpecimen 17
{~40 to 160 MPa)

hole

Fatigue load: Type
So =160 MPg
Sg=-40MPa

specimen 4
m=5)

' - —e—Specimen 5
(m=100)

hole

L

Fig.7b

Figure 7: Crack front location observed from marker load indications



Fatigue load Type IL
| Sq=—4L0MPa
m= 100
— — — specimen 7(S,,=160 MPa)

specimen 8 (Sq =200 MPa) .

Fatigue load Type III
SoL= 200 MPa
m =100

+++++++ SPEcimen 15 (Sg=0 )

specimen 8 (Sg=~40)

——— specimen 20(Sg=-80)

Figure 7 (continued) '
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at surface
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‘/crack front bending
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Figure 8: The crack extension is measured perpendicular to the crack front
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Figure 9:

Crack growth rate data derived from the marker load
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Figure 10: Empirical AK/AS-value- derived from the da/dn data in

Figure 9a (CA-loading)
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Figure 11: The average empirical curve of Fig. 10 converted into

K/Sp YTa as a function of a.






