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Effects of Compressive Overloads on Fatigue Crack Growth

T. M. HSU* ANDL. W. LASSITERt
Lockheed-Georgia Company, Marietta, Ga.

A phenomenological examination of acceleration in the rate of fatigue crack growth on H-6AL-4V beta an-
nealed and 7050-T73 plate materials produced by compress!ve overloads was conducted. The effects of various
magnitudes of compressive overloads and the sequence of tension-compression overload cycle with applied load
ratio R= -1.0 on fatigue crack growth were investigated. The effects of truncation of compressive loads in a
realistic flight-bv-flight spectrum of the C-141 aircraft were also examined. Specimens used in the test had center
cracks and the through-the-thickness cracks emanating from one side of a 1A in. hole. When the overload cycle
was changed from R = 0 to R = -1.0, with the constant amplitude loads at R = 0 and peak values of overload held
constant, fatigue crack growth rate was increased by 5 to 40%. The rate increases with the increase of the
overload ratio. The influence of sequence of tension-compression overload cycle with R = -1.0 on crack growth
was less than 10%. The fatigue crack propagation times were shortened less than 15% when the compressive
overloads were applied in blocked constant amplitude fatigue tests. Increasing the magnitude of compressive
overload did not change the crack growth rate significantly. If the compressive loads in a realistic flight-by-flight
spectrum of the C-141 aircraft are truncated, the predicted fatigue crack propagation time will be unconservative
by as much as 50%.

Introduction

Er has been known for some time that normal crack growth
ate under constant amplitude loading changes if the

load application is preceded by a different amplitude loading.
The tensile overload causes permanent plastic deformation at
the crack tip which in turn delays the crack growth of sub-
sequent low load cycles,1'2 while the compressive overload
may accelerate the normal crack growth.3'4 The importance
of delay in the rate of fatigue cracked growth, as produced by
tensile overload, on the accurate prediction of fatigue lives of
structures has been recognized and quite a few investigations
have been stimulated in this area.5'12 Three most prominent
theories2'13'14 have been proposed to explain the fatigue crack
delay phenomenon caused by tensile overload, and several
models15"17 have been suggested to account for the effects of
delay on the prediction of fatigue crack growth. The com-
pressive portion of a fully reversed tension-compression cycle
contributed substantially to crack growth in constant am-
plitude fatigue test for high strength alloys,2 but did not sig-
nificantly affect crack growth for sheet aluminum alloys.18-20

Crack growth under constant amplitude cyclic compression
has also been observed.21'22 However there are practically no
systematic investigations that have ever been conducted on the
effect of crack growth due to the presence of compressive
overload.

There are limited data which indicate that the compressive
overload will increase the rate of normal constant amplitude
crack growth. The effects of compressive loading on fatigue
crack growth rate are thus important in the life prediction of
aircraft structures. If the compressive overload cycles are
neglected, as in current practice in aircraft industry, the life
predictions of fatigue crack growth could well be un-
conservative.

The objective of this investigation was to develop the
needed understanding of fatigue crack growth rate as it is af-
fected by the application of compressive overloads when ap-
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plied in blocked constant amplitude fatigue tests. The effects
of the truncation of compressive loads in a realistic flight-by-
flight spectrum of the C-141 aircraft were also examined.

Experimental Procedure
To clajrify the effects of compressive loads on crack growth

during constant amplitude loading, an experimental study was
conducted on Ti-6AL-4V beta anneal titanium and 7050-T73
aluminum plate materials. The material ultimate tensile
strength, yield strength, and elongation (2 in.), respectively,
are 133.3 ksi, 121.3 ksi, and 14.2% for titanium, and 75.0 ksi,
64.1 ksi, and 11.5% for aluminum. Specimens measuring 0.15
X 4 X 16 in. were cut from 1/2 in. plate. Loads were applied
in the direction of rolling. Two types of crack geometries as
shown in Fig. 1 were considered, namely the center-through-
the-thickness cracks (Type A) and through-the-thickness
cracks initiated from one side of a 1/4 in. hole (Type B).

An electro discharge machine was used to introduce the
initial notch. The specimens were then pre-cracked under
fatigue cycling until the initial crack lengths were 0.44 in. for
Type A specimens and 0.068 in. for Type B specimens. The
test area on all specimens was polished to enhance crack ob-
servation and a set of reference lines was marked on the sur-
face of the specimen at about 0.01 in. spacing in the path of
the crack. These lines were used to reference crack growth
when observed through a variable power binocular

2.00"

.005 IN.
EDM SLOT

_\ _ ___L
16.0"

DRILL
1.0 IN,
DIA.
HOLE

— 0.25"

-~~

_0.150
+0.000"
-0.005"

2.0 IN. R.
/

I_

I
—— V )—

0.25 IN.
DIA. HOLE

Z

S

-ct>-

iT
4.0"

8.0"

J
16.

DRILL
1.0 IN.
DIA.
HOLE

a) TYPE A -CENTER CRACK b) TYPE B -CRACK FROM HOLE

Fig. 1 Test specimen configurations.
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microscope. A chamber of clear acrylic was placed around the
specimen to be tested in room temperature air at 95-100%
relative humidity. Humid air was produced by a wash bottle
containing distilled water and bled through the chamber at
low pressure. Buckling restraint was used when the test in-
volved compressive load.

All tests were performed on an MTS systems closed-loop
electro-hydraulic testing machine operated principally at 10
cps. Deviations from this loading frequency were made when
an overload or compressive cycle was to be applied. The six
basic load spectra used in the tests are shown in Fig. 2. Types
A through D spectra were blocked loading. Each block con-
sisted of one overload cycle and 49 cycles of constant am-
plitude stress at 20 ksi for Ti-6AL-4V specimens and 10 ksi for
7050-T73 specimens.

The overload ratios, which are defined as the ratio of the
tensile stress overload and the constant amplitude stress load
(a2/a,), in the Type A spectrum were 1.0, 1.2, 1.5, and 2.0.
The overload ratios in the Type B spectrum were 1.2 and 1.5
with R = -1.0 for the tension-compression overload cycle,
where R is the applied stress ratio and is defined as amin/amax.
The sequence of tension-compression cycles used in Type C
loading was fully reversed from Type B. The compressive
overload ratio, applied in the Type D spectrum, were -1.2 and
-1.5. Type E was a realistic flight-by-flight spectrum of the C-
141 aircraft while Type F was a Type E spectrum with all com-
pressive loads truncated.

The typical flight-by-flight spectrum of the C-141 aircraft,
tabulated in Table 1, consists of the full and partial loading
cycles per average flight. The full-cycle portion occurs in
every flight while the partial cycle (or cycles) occurs only after
every certain number of flights as shown in Table 1. For
example in the test, load layer number 1 was applied 56 cycles
for four consecutive flights and then was applied 58 cycles in
every fifth flight; while layer number 14 was applied only
once in every 18 flights. The entire spectrum was fully
repeated after every 270 flights. The basic spectrum given in
Fig. 2E and 2F are the complete run showing all load levels.
During each test, the basic spectrum was repeated until the
specimen failed or was stopped by the operator when the
crack extended underneath the buckling support.

The Type A spectrum was used to determine the effects of
the amount of tensile overload on the fatigue crack growth of
the constant amplitude loads. The results of these tests
provided the baseline data for studying the effects of the com-
pressive overload on fatigue crack growth. Spectrum Type B

Table 1 Typical flight-by-flight spectrum of C-141 aircraft

TYPE D

f***^

TYPE E

Layer
no.
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

Applied Stress (psi) Full cycles per Partial cycles
maximum

-13070
-12060
-10880
- 9610
- 7220
- 6220

13570
6520

12420
14940
19550
9030

10350
12310
14930

minimum average flight
-15920 56
-16940 2
-18110
-19380
-11390 2
-12400
-16990 1
-4400
7290 24
4760

150
2980 10
1650 1

- 310
-2920

cycles/flight
2
1
1
1

1

2
4
5
1

1
1

5
9

10
270

15

3
10
18

270

18
270

Fig. 2 Load spectra used in test program.

was designed to investigate the effects of the compressive por-
tion of a tension-compression cycle while spectrum Type C
was used to investigate the influences of tension-compression
cycle sequence on the fatigue crack growth. The type D spec-
trum was used to study the change of fatigue crack growth
rate by the application of compressive overloads applied in
blocked constant amplitude fatigue tests. One of the most
common aspects of complex loading which has occasionally
been recognized, but which has not received adequate at-
tention, is the contribution of the compression-compression
cycles and the compression portion of the tension-
compression cycles to the fatigue crack growth. Spectra Types
E and F were chosen to examine such effects because of the
truncation of the compressive loads of a realistic flight-by-
flight spectrum of the C-141 aircraft.

Results and Discussions
The test data from the program are presented in Figs. 3-15.

Figure 3 shows the crack growth rate data at R = 0 obtained
from the constant amplitude tests by using both Type A and
Type B specimens. Data obtained from the compact tension
specimen test at R=Q.\ were also shown in Fig. 3 for com-
parison purposes. As can be seen from Fig. 3, the results ob-
tained from three different types of specimens showed good
correlation. The results of tests under blocked loading (Types
A-D spectra) are presented in Figs. 4-13 while the results of
tests under flight-by-flight spectrum loading are given in Figs.
14 and 15. Each curve in Figs. 4-13 is identified by a letter and
a number combination. The letter stands for type of blocked
spectrum while the number represented the ratio of a2/a\ as
shown in Fig. 2. A cross symbol appearing at the end of a
curve denotes failure of the test specimen, while an arrow sign
indicates that the crack has grown underneath the specimen's
buckling support. Figures 4 and 5 show fatigue crack growth
by using Type A and Type B specimens, respectively, and sub-
jected to Spectrum Type A loading with overload ratio equals
1.0, 1.2, 1.5, and 2.0, for Ti-6AL-4V beta annealed material.
As can be seen from these two figures, the tensile overload
retards the fatigue crack growth, and as expected, retardation
increases with higher values of overload for constant values of
lower stress level. For the same amount of overload ratio, the
difference in retardation effect obtained by using Type A and
Type B specimens is negligible. Figures 6 and 7 show the in-
fluence of change of overload cycle from R = 0 to R = -1.0 and
the influence of tension-compression cycle sequence on
fatigue crack growth for Ti-6AL-4V beta annealed material
with Type A and Type B crack geometries, respectively.

The overload ratios used in those tests are 1.2 and 1.5.
Curves A and B in Figs. 6 and 7 show that when the overload
cycle was changed from R =0 to R = — 1.0, with the constant
amplitude load and peak value of overload held constant,
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Fig. 3 Grack growth rate for a) Ti-6AL-4V Beta annealed,
b) 7050-T73 plate.
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Fig. 4 Effects of tensile overload on crack growth for Ti-6AL-4V
Beta annealed plate with center crack.
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Fig. 7 Effects of change of overload cycle (from R = 0 to R = —1.0)
on crack growth for Ti-6AL-4V Beta annealed plate with crack
emanating from hole.
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Fig. 5 Effects of tensile overload on crack growth for Ti-6AL-4V
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Fig. 8 Effects of compressive overload on crack growth for Ti-6AL-
4V Beta annealed plate.
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Fig. 6 Effects of change of overload cycle (from R = 0 to R = —1.0)
on crack growth for Ti-6AL-4V Beta annealed plate with center crack.
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Fig. 9 Effects of tensile overload on crack growth for 7050-T73 plate
with center crack.
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Fig. 10 Effects of tensile overload on crack growth for 7050-T73
plate with crack emanating from hole.
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Fig. 11 Effects of change of overload cycle (from /? = Oto/? = —1.0)
on crack growth for 7050-T73 plate with center crack.
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Fig. 12 Effects of change of overload cycle (from R = 0 to R = —1.0)
on crack growth for 7050-T73 plate with crack emanating from hole.
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Fig. 13 Effects of compressive overload on crack growth for 7050-
T73 plate.
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Fig. 15 Fatigue crack growth of 7075-T6 plate with crack emanating
from one side of a hole and subjected to full and truncated C-141 air-
craft flight-by-flight spectrum.

fatigue crack propagation rate was increased by 5 to 40%, and
the rate increased with the increase of the overload ratio.
Physically, this means that the compressive portion of ten-
sion-compression overload cycles tends to cancel the retar-
dation effect created by a peak tensile overload, and the larger
the magnitude of compressive load, the greater the degree of
cancellation.

The effect of a tension-compression overload cycle se-
quence on fatigue crack growth can be observed from com-
parison of Curve B and Curve C having same overload ratio
in Figs. 6 and 7. Normally, if the overload cycle was arranged
in a minimum-maximum sequence, one would expect the
retardation effect on crack growth to be much stronger than
when it was arranged in a maximum-minimum order.
However, the results in Figs. 6 and 7 indicate that the in-
fluence of sequence of a tension-compression overload cycle
with R= —1.0 was small (less than 10%). For an overload
cycle having an overload ratio a 2 /a , =1.5 and R =0.03, Por-
ter 17 obtained the difference in crack growth due to change of
overload load cycle sequence was about 25% for Ti-6AL-4V
mill annealed. From these results, we can see that for constant
value of lower stress level and the same amount of overload
ratio, the influence of overload cycle sequence increases with
the increase of overload applied load ratio R.

Figure 8 shows the effects of various magnitudes of com-
pressive overload on fatigue crack growth for Ti-6AL-4V beta
anneal material. The results in Fig. 8 suggested that the effect
of application of compressive overload in blocked constant
amplitude test on fatigue crack growth was negligible. In--
creasing the magnitude of compressive overload does not
change the crack growth rate significantly.

The results of similar tests on 7050-T73 plate material are
presented in Figs. 9-13. Figures 9 and 10 show crack growth
for no overload and tensile overloads with overload ratio
(7 2 /a ]=1.2 , 1.5, and 2.0, obtained from the test of
Types A and B specimens, respectively. Figures 11 and 12
show results of change of overload cycle from R = 0 to R =
—1.0 for overload ratio a2

//(7; =1-2 and 1.5. The effects of
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tensile overload, compressive portion of tension-compression
overload cycle and tension-compression overload cycle
sequence on crack growth for 7050-T73 plate material were, in
general, similar to that of Ti-6AL-4V beta anneal material
which has been discussed earlier. However, when compressive
overloads were applied in a blocked constant amplitude test,
the average fatigue crack growth rate was increased by about
15% as shown in Fig. 13. The increase of the magnitude of
compressive overload did not show significant change in crack
growth rate.

Figures 14 and 15 show fatigue crack growth under the full
and truncated C-141 aircraft flight-by-flight spectrum loading
for 7050-T73 plate with center crack and 7075-T6 plate with
crack emanating from one side of hole, respectively. Curve A,
in Figs. 14 and 15, is the test result using the full flight-by-
flight spectrum of C-141 aircraft as shown in Table 1, while
Curve B is the result using the same spectrum with all com-
pression loadings were set equal to zero. As can be seen from
these two figures, with all the compressive loads truncated,
crack propagation time has lengthened by as much as 50% for
both materials and both types A and B crack geometries.
Hence, if compressive loads are neglected, as is current prac-
tice in the aircraft industry without proper adjustments, life
prediction of fatigue crack growth could well be un-
conservative.

Conclusion
Based on the experimental program conducted, some of the

conclusions reached may be summarized as follows:
1) A tensile overload retards fatigue crack growth and as

expected, retardation increases with higher values of overload
for constant values of lower stress level. For the same amount
of overload ratio, the difference in retardation effect obtained
by using Type A and Type B specimens is negligible.

2) When the overload cycle was changed from R = 0 to
R = -1.0, with the constant amplitude loads and peak values of
overload held constant, fatigue crack propagation rate was in-
creased by 5 to 40 . The rate increases with the increase of the
overload ratio.

3) The influence of sequence of a tension-compression
overload cycle with R = -1.0 was less than 10%. However, for
constant value of lower stress level and the same amount of
overload ratio, the influence of overload cycle sequence will
increase, when the minimum stress of overload cycle in-
creases.

4) For Ti-6AL-4V beta annealed titanium material, the
compressive overload may be neglected if they are preceded
by tension load cycles of nominal value and have essentially
constant maxima.

5) For 7050-T73 plate material, the fatigue crack
propagation times were shortened by about 15% when the
compressive overloads were applied in blocked constant am-
plitude fatigue tests. Increasing the magnitude of compressive
overload did not change the crack growth rate significantly.

6) If the compressive loads in a realistic flight-by-flight
spectrum of aircraft are truncated without proper adjustment,
the predicted fatigue crack propagation time will be un-
conservative.
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