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INTRODUCTION

Although many components of aircraft and aerospace struc-
tures are subjected to biaxial applied loads, the effects on
the fracture process of loads applied parallel to an existing
crack have not yet been fully appreciated. Although this
problem was addressed in the first two papers published on
fracture mechanics by Griffith [1,2], it was not treated ade-
quately then and, in fact, was treated differently in these
two papers. The matter still :1s not been resolved conclu-
sively althourh two research grants dealing with this matter,
sponsored by the Air Force [3,4], have added considerable
insight into this matter. - This report summari:zes the/fésults
of “the third year of AFOSR Grant 76-3099, Fracture and Fatigue
of Aircraft Structural Materials Under Biaxial Loading, which
was initiated for the purpose of examining both the theoretical
and experimental aspects of this problem.

During the first two years of this grant a considerable
amount of analytical work was performed and an experimental
test facility was developed and employed for a number of frac-
ture tests on biaxial specimens. The analytical worE/was re-
sponsible for the publication of five papers in appropriate
journals and the preparation of one additional paper for publi-
cation. These papers discﬁésed'&arious implications of bi-
axially applied loads on the crack-tip stress field, the stress

incensity factor, the angle of initial crack extension, and
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the critical or fracture loads. Several different geometries
were examined including center cracks aligned with and at an
angle to the load axes, shear panels, double and multiple
cracked bodies. For the experimental part of the program, the
test facility was designed and fabricated and a number of test
series were performed on specimens containing flat cracks
oriented with one of the load axes. Biaxial fracture toughness
tests were performed on 7075-T6 and 2024-T3 aluminum alloys
with the cracks oriented both parallel and perpendicular to
the rolling direction and on plexiglass sheets. In addition,
the effect of in-phase biaxial cyclic loads on fatigue crack
growth rates in 2024-T3 aluminum was examined in four tests.
Although the fatigue tests were performed in ghe second year
of this grant, the data reduction was not completed until
later. The results of all of these research tasks were sum-
marized in the first two progress reports submitted to AFOSR.

) During the third year of this program, additional research
has been performed on both the analytical and experimental
aspects of the problem. A careful re-examination of the energy
approach first developed by Griffith has been performed and
used as a basis for predicting the effects of biaxial applied
loads on the breaking strength of cracked bodies. Then these
predictions were compared with the results of tests performed

under this research program and elsewhere [5)}, with the result
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that Griffith's first paper resulted in better agreement with




the experimental results than his ''corrected' paper in 1924 [2].
These results and conclusions have been submitted for publication
but have not as yet been accepted.

Some additional studies have been made into the effect of
biaxial applied loads on fatigue crack growth rates. The pro-
cedure fcllowed was to examine anclytical and experimental
results previously published and to identify fundamental pa-
rameters controlling the fatigue crack growth rates and the
effects of biaxial applied loads on them.

The experimental portion of this research program was
productive during the third year of this grant, with a number
of static and fatigue tests completed. In addition, the data
taken during the present year, along with much of the data
taken previously, has been further reduced and correlated with
the theory and other experimental results.

Additional fracture toughness tests have been performed on
plexiglass sheets having cracks aligned with one of the load
axes and on 7075-T6 sheets with the cracks oriented at 45
degrees to either load axis. 1In addition to the four fatigue
crack growth rate tests performed on 2024-T3 last year, four
fatigue crack growth rate tests were performed on 7075-T6
specimens, with load biaxiality ratios of k = 0, 0.5, 1.0, and
1.5. The results of these tests and the further reduction of

the data from earlier tests will be piescnted in this report.




SUMMARY OF ANALYTICAL PROGRESS

In the introduction to this report it was noted that the
analytical work had two different directions during this
reporting period. These two directions involved a careful
re-examination of the effects of biaxial loads on the energy
approach to tracture developed by Griffith and a study into the
effects of biaxial loads on fatigue crack growth rates. The
results ottained from both of these effcrts are discussed in

this section.

Biaxial Load Effects on the Griffith Problem

The '"'so-called" Griffith problem refers to the energy
analysis of an infinite body containing an internal line crack
subjected to loads along the outer boundaries. Griffith included
some considerations of the effects of biaxial loads in his work
but his analysis was both incomplete and only partially
correct{5]. Griffith showed in his first paper [1] that the
change in strain energy Ua’ associated with the insertion of
a line crack of length 2a in an infinite body (c.f.Fig. 1) was
given as . 2

u, = 93%13—(3-(). (1)
In Eq. (1), o is the applied stress at infinity, p is the

elastic shear modulus, v is Poisson's ratio, and

3- ..

1+3 plane stress conditions
K =

3-4v plane strain conditions.




Although Eq. (1) is correct only for equal tension-tensicn
loadings, k=1, Griffith assumed that it was equally valid for
other biaxial ratios.

In 1924, Griffith published a second paper in which he
modified Eq. (1) to the form

2 2
_ o wa

a " ap

(1+x) (2)

with the following explanation given for the change:

"A solution of this problem was given in a
paper read in 1920 but in the solution there
given the calculation of the strain energy was
erroneous, in that the expressions used for the
stresses gave values at infinity differing from
the postulated uniform stress at infinity by

an amount which, though infinitesimal, yet made
a finite contribution to the energy when
integrated round the infinite boundary. This
difficulty has been overcome by slightly modi-
fying the expressions for the stresses, so as
to make this contribution to the energy

vanish. . .'".

However, the modifications made to the stress components were
not given and have, in fact, been the subject of considerable
speculation over the years since this paper was published.
For example, some researchers [6,7] have claimed agreement
with Eq. (1), while others [8,9] have advocated Eq. (2) as
the correct result.

In a careful reworking of the energy calculations, Eftis

and Jones [5] have shown that the exprcssion for Ua assumes the

form

2 2
u =2 m(l+v)a
a 4E

[1+k(2-%)], (3)




which reduces to Eq. (1) when k=1 for the equal tension-tension
boundary conditions assumed by Griffith. If Eq. (3) is then
employed in the fracture condition established by Griffith,
namely that

%E_F_U) =0, (4)

where the surface energy, I' = 4ya, it follows that the critical

stress, o_, 1s given by

c
8E 1 £
= Y )
% (1u1 [(Sv-lfk+(l+v)] ) ()
for plane stress conditions, and
o = { BB ! ; (6)
o ra(l+v) 1+k(4v-1)

for plane strain conditions. By comparison the "corrected"

value of J. obtained by Griffith [2] is

Y
Oc (‘aﬁg') (7)

for plane stress conditions, which is clearly independent of
the biaxiality ration, k, and Poisson's ration, v.

The results of some biaxial fracture toughness tests on
glass tubes published by Griffith [1] are of considerable
interest since biaxial applied loads did exist in his experiments.
Therefore, it was possible to plot Griffith's critical stress
data as a function of applied load biaxiality and compare the
results with Eqs. (5) and (7). These comparisons are presented
in Fig. 2, where it is quite evident that Eq. (5) provides

a considerably better fit to the data than Eq. (7).




The form of Eqs. (5) and (6) indicates clearly that the
behavior of 0. Vversus k will also be a function of Poisson's
ratio. It was shown by Eftis and Jones [5] that for materials
having Poisson's ratios greater than 0.33 for plane stress
conditions, the predicted critical stress will decrease with
increasing k, while for v less than 0.33, the predicted
critical stress will increase with increasing k. This behavior
is illustrated in Fig. 3. Another indication of the validity
of these results is presented in Fig. 4, which shows a series
of fracture toughness test results on PMMA sheets that were
published by Radon and Leevers [10]. These results as well as
the tests performed by Griffith represent a tentative confir-
mation of the validity of Eqs. (3), (5), and (6). However, the
scatter in the data and the weakness in their variations with
respect to k render the confirmations shown in Figs. 2 and 4
less than conclusive. Therefore, additional data is needed
for eventual confirmation or rejection of these predictions
and one of the objectives of the experimental portion of this

project wiii ve to pruvide suli olata.




Fatigue track Growth Rate Studies

The purpose of the initial phase of this study was to per-
form a carerul study of existing publications concervned with
effects of biaxial loads on the fatigue crack growth rates.

In addition to the study by Liu and Dittmer (5], which was
also supported by the Air Force, a number of papers have been
identified which have addressed some aspects of the problen
{11-15]. The subsequent study of these and other papers has
led to the following conclusions:

(i) Very little analyvtical work has bheen done hecause

the heavy reliance on the semi-empirical crack growth
laws developed by Paris and others has led to the
accumulation of a large amount of data correlated

with the relation

da
N

= C(aK)™. (s

{ii) Since it was shown earlier in this research progran
that the stress intensity factor, K, i< independent
of load biaxiality for the flat crack geometry, the
da/dN versus K data could not be expected to prop-
erly account for load biaxiality, if it were indeed
a factor affecting the fatigue crack growth rates.

(iii) Widely conflicting tiends of the effect of load bi-
axiality on da/dN have been published in which in-
creasing load biaxiality caused increased, decreased

or negligible effects on the fatigue crack growth

rates.




(iv) No other procedures for incorporating load biaxiality
¢ffects into the fatigue crack growth rate data have
been published.

As a result of the current state of confusion ahout the

effects of biaxial loads on da/dN, it was decided that sone

data would be generated under this research program and it
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would then he examined and correlated w
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results. [t is expected that the results o

tions will be included in the final report.




SUMMARY OF EXPERIMENTAL PROGRESS

During the third year of this grant, considerable progress
was made in all of the experimental areas outlined in the pro-
posal. Six additional fracture toughness tests were performed
on plexiglass sheets having flat cracks alizned with cne of the
load axes. These data were intended to be combined with prior
test results on the same matcrial to determine whether a more
definite trend of the effect of applicd load biaxiality on the
breaking strength (or fracture touchness) could be identified.
Two biaxial test series have also been performed on specimens
of 7075-T6 in which the cracks were oriented at 45° to cither
of the load axes. Biaxial load ratios of 0, 0.25, 0.5, and 1.0
were emploved for these tests. In addition, a series of four
fatigue crack growth rate tests were performed on T075-T6
specimens with the crack aligned with one of the load axes.

The biaxiality ratios for these tests were k = 0, 0.5, 1.0

&)
=3
o

2

1.5.

Static Biaxial Tests on Plexiglass

The results of fracture tests performed on plexiglass
sheets during the first year of this grant showed that the
brecaking load was relatively independent of k and therc was a
considerable amount of scatter in the data. However, the resulits
presentcd in Fig. 4 indicate that a considerable amount of
scatter 1s apparently inherent in the tracture toughness testing
of this material (plexiglass is a generic name for polvmethvl-

methacrylate). Therefore, it was decided to perform some




additional fracture tonghness tests on plexiglass specimens
having the samc geometry as those tested during the first vear
(flat center cracks aligned with one loid axis). The test
prccedures followed were alsn the same as in the earlier tests:
(1) The cracks were made by initia? filirg. and then a ra:zor
blad> was forced in to initiate and grow the crack; (ii) A

ranp function was applied witFout interruption so that the
specimen wouid fracture in approximately 50 seconds; (i:1i) The
load versus displacement curves were recorded on an x-v recorder:
and (iv) The pe.X load was also recorded on a special meter.

The range ¢f load biaxialitics for these tests was increased to
-2.0<k<2.5.

The breaking loads of all plexiglass specimens were com-
bined and are shown as a function of k in Fig. 5, where the
most recent six test points are shown as squares while the tests
performed earlier are < »>wn as circles. It is seen that the
addition of the new test results does not contribute to the
appcarance of an identifiable trend except for k values grecater
than zero. The critical load values decrease quickly with in-
creasingly nega'‘ve k values, which does not appear to te part
of the same trend line as the positive k data. It is quite
possible that some form of buckling instability may be causing
the low breaking loads in the tension-compression tests. How-
ever, the results for the positive k values do appear to show a
decrecasing trend in breaking loads as the k values incrcased.
Further discussion of this matter will be presented in the

final report for this grant.




In order to obtain further insight into the significance of
these results, the data from Fig. S5 were converted to KIc values
and plotted in Fig. 6. At first glance these data appear to
exhibit greater scatter than the critical loads, but this is due
primarily to the expanded ordinate scale. For Fig. 5 most data
fall between 0.7 and 1.0 for a variation of approximately 40-45
percent of the base line value while the results in Fig. 6
mostlv range from 1.5 to 1.8 for a variation of 20 percent of
the base line value. The data for positive k values also show
a definite decreasing trend with increasing k, in agreement
with Fig. 4 since this material has a Poisson's ratio in the
range 0.4 - 0.45.

Angle-Crack Tests

Since a crack in a structure subjected to biaxial loads
will in general not bec aligned with either of the principal
loading directions, the effect of biaxial applied loads on an
angle-cracked specimen is of considerable practical importance.
Therefore, two series of four biaxial fracture tests were per-
formed on 7075-T6 specimens, 0.063" thick, in which the crack
was oriented at 45° to either of the load axes. Because of the
symmetry of the specimen geometry it was not necessary to employv
biaxiality ratios greater than 1.0, so values of k = 0, 0.25,
0.5, and 1.0 were employed for both test series. In one test
series the primary (larger load) axis was aligned with the
rolling direction while for the other series the primary axis
was perpendicular to the rolling direction. Fig. 7 shows the

broken specimens from the equal biaxial tests (k = 1.0) for




both test series, with the principal load axis horizontal in
each case. In Fig. 7a the rolling direction was perpendicular
to the principal loading axis and the crack exhibited some
preference to propagate toward the rolling direction, rather
than along the plane of the starter slot. In Fig. 7b the rolling
direction was parallel to the principal loading axis and the
crack again exhibited a preference to propagate in a direction
between the rolling direction and the plane of the starter slot.
For these tests, the load versus displacement for the
principal axis was plotted continuously using an x-v recorder,
and the loading ramp function was interrupted periodically for
the purpose of recording the load and displacement values on
each axis. The critical load along the principal axis was
also recorded using a special meter. In order to obtain an
estimate of the effect of load biaxiality on this geometry, the
cpening-mode plane-stress fracture toughness, Kc’ was evaluated
for each test by resolving the components of the peak loads
along both load axes to a direction perpendicular to the starter
notch. The two load components were then added and used to
evaluate KC. The results of these calculations are presented
in Fig. 8, where it is seen that Kc is strongly dependent upon
k. Both sets of data provided similar results, with the K.
values associated with cracking more perpendicular to taie
rolling direction being slightly higher than the others. In
both cases the KC values nearly doubled as the load biaxiality

increased from zero to one.




Fatigue Crack Growth Rate Tests

During the second year of this grant, four biaxial fatigue
crack growth rate tests were performed on 2024-T3 aluminum sheets,

0.063 "thick, in which the center cracks were oriented with the

center cracks were oriented with one of the load axes. Two tests
were performed on specimens with the cracks perpendicular to the
rclling direction (k = 0, 1.0) and two with cracks parallel to
the rolling direction (k = 0, 1.0). The specimens were of the
same design as for the static tests and the loads were varied
in a sinusoidal manner, with both axes being loaded in phase.
The test frequency was 12 hz and, with the exception of the first
test (Fig. 9), the crack growth measurements were made while the
test was running. The load ratio , R = 9min/9max, was maintained
at 0.1 for all tests. An arbitrary initial cyclic load level
was imposed on the specimen until fatigue cracks initiated from
the starter notches and the load level was then reduced until
a reasonable crack growth rate was obtained. This cyclic load
level was then maintained until the specimen fractured. The
crack size was recorded as a function of the number of cycles
and from these data calculations were made for the crack growth
rate %% as a function of the applied stress intensity range AK.
In the last Interim Scientific Report [3] it was reported
that for the first two tests (Figs. 9 and 10) the fatigue crack
growth rate decreased by a factor of approximately one-half as
the load biaxiality was increased from k=0 to k=1.0. However,

for the second pair of tests with the crack parallel to the
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rolling direction, the fatigue crack growth rate decreased only
about 25 percent as k increased from 0 to 1.0. Because of the

lack of time the data was not reduced and plotted in the prior

report. The initial data reduction and plotting has been completed
and the results for the first four tests are presented in

Figs. 9-12. It can be seen that the results at one AK value
presented in the earlier progress report were typical over the
entire range of AK values tested. It is planned to make some
further examination of these data, including some curve fitting,
and include these results in the final report.

In order to obtain more data about the effect of biaxial
loads on fatigue crack growth rates, four additional tests were
performed on 7075-T6 aluminum sheets 0.063 inch thick. The
geometry was the same as the previous four tests except that the
starter notch was considerably shorter so that more data could
be collected. Also for these tests, after an initial set of
data were taken at a low crack growth rate, the load was increased
in several steps so that a larger range of AK values could be
examined. The test frequency for these tests was varied from
15 to 10 as the test progressed and the crack growth rates
increased. In all four of these tests the crack was parallel
to the rolling direction and the k values selected were 0,0.5,
1.0 and 1.5, as indicated in Figs. 13-16. These results show
that for 2075-T6 as well as for 2024-T3, increasing load
biaxiality causes a significant decrease in the fatigue crack
growth rate. The crack growth rate decreased significantly as

k increased, indicating that this problem needs further exploration.
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The results shown in Fig. 16 were quite limited since the high
k vaiue caused one of the loading tangs parallel to the crack

to break while the crack size was still small. It is planned

that these data will be further studied and presented in detail

in the final report for this grant.
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Fig. 3. Critical stress variation with load biaxiality (plane stress).
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(h) Principal axis parallel to rolling direction.

Fig. 7. Photographs of fractured angle-crack specimens
made of 7075-T6 aluminum, 0.063" thick, k = 1.0.
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Fig. 10. Fatigue crack growth rate data for 2024-T3, k=1.
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Fig. 11. Faticue crack orowth rate data far 2021.TT L=n
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Fig. 13. Fatigue crack growth rate data for 7075-T6, k=0,
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Fig. 15. Fatigue crack growth rate data for 7075-T6, k=1.0.
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Fig. 16. Fatigue crack growth rate data for 7075-T6, k=1.5.
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