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Strength of 7075-T6 and 2024-T3 Aluminum Panels
with Multiple-Site Damage

B. L. Smith,*A. L. Hijazi,T and R. Y. Myosei
Wichita State University, Wichita, Kansas 67260-0044

Much attention has been given to the development of technology for the purpose of determining the strength of
aluminum panels that have multiple-site damage. The linkup model has been investigated because of its simplicity,
and a number of modified linkup models have been presented. However, most of the attention has been given
to 2024-T3 aluminum. Little attention has been given to 7075-T6 because it is a more brittle material with lower
fracture toughness, makingit more suitable to be analyzed by conventionallinear elastic (brittle) fracture mechanics
technology. The work presented here involves the study of 7075-T6 panels with multiple-site damage. Both the
classical linear elastic fracture model and the linkup model are shown to be highly inaccurate. A modified linkup
model and a modified brittle fracture model have both been developed by empirical analysis. Both of these models
appear to have a high degree of accuracy over a wide range of crack geometry. The modified linkup model for
7075-T6is then compared with a previously developed modified linkup model for 2024-T3. This comparison shows
that 2024-T3 panels with multiple-site damage have greater strength than 7075-T6 panels, especially for panels

with small ligament lengths.

Nomenclature
a = lead crack half-length
a, = nominal lead crack half-length
c = multiple-site damage (MSD) crack length
D = hole diameter
K. = apparent fracture toughness
L = ligamentlength
14 = half-length for MSD crack and hole, c + D /2
R = ratio of critical strength of 2024 to 7075
w = panel width
Ba = correction to stress intensity
of the lead crack, B,/.Bw
Base = correction to stress intensity of the lead
crack for the effect of the adjacent MSD crack
By = correction to stress intensity of the adjacent
MSD crack for the effect of an open hole
Be = correction to stress intensity of the adjacent
MSD crack, By. B/ (c/€)
Besa = correction to stress intensity of the adjacent
MSD crack for the effect of the lead crack
Bw = finite width correction to stress intensity
of the lead crack
Opt = critical stress for ligament failure based
on brittle fracture
Obmod(7075) = critical stress for ligament failure based
on modified brittle fracture for 7075-T6
O, = critical stress for ligament failure
Ol = critical stress for ligament failure based on linkup
Ol,mod(7075) = critical stress for ligament failure based
on modified linkup for 7075-T6
Otest = critical stress for ligament failure based on testing
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Owsw2024) = critical stress for ligament failure based
on modified linkup for 2024-T3
Oys = yield strength
Introduction

UCH attention has been given to the remote stress corre-

sponding to ligament failure for 2024-T3 aluminum panels
with multiple-site damage (MSD). A schematic diagram of such
a panel is shown in Fig. 1. It has a central lead crack of length
2a and collinear (MSD) cracks emerging from the adjacent holes.
The small-scale cracking referred to as MSD occurs in aging air-
craft as a result of fatigue loading. A value of the remote stress that
produces crack extension and ligament failure is referred to herein
as a critical stress. This critical stress cannot be determined with
conventional brittle fracture based on fracture toughness. In an at-
tempt to explain this phenomenon, Swift! described an analytical
model called the linkup model or the plastic zone touch model. The
linkup model clearly shows the adverse effect of MSD; however, it
does not accurately predict the magnitude of the remote stress cor-
responding to ligament failure for many geometric configurations.
A number of different modifications of the linkup model have been
developed>~* Smith et al.* developed two modified linkup models,
one being a nondimensionalizedversion of the other. These models
were developed by empirical analysis based on test data from 40
different unstiffened panels and later validated with test data from
36 different stiffened panels.> All of these models were developed
only for 2024-T3 aluminum because this is the primary material
used in aircraft skin. However, an important material still in use, but
to a lesser extent, is 7075-T6 aluminum. Thus, a question arose as
to the behavior of 7075-T6 panels with MSD.

The purpose of the project described herein was to develop an
analytical model for 7075-T6 and then to compare the remote stress
that producesligament failure in 2024-T3 with that of 7075-T6.Two
analytical models were developed by empirical analyses based on
test data from panels with 12 different crack configurations. One
of these models is a modified linkup model that requires the use
of yield stress, and the other model is a modified brittle fracture
model that requires the use of fracture toughness. The modified
linkup model for 7075-T6 developed and described herein and the
linkup model previously developed* for 2024-T3 were then used to
compare the remote stresses corresponding to ligament failure for
these two materials.
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Fig. 1 Schematic diagram of panel with MSD.

Linkup Model
The analyticalmodel, describedby Swift! and first used to predict
the value of the remote stress corresponding to ligament failure, is
often referredto as the linkup model or the plastic zone touch model
and is given in Eq. (1), as follows:

O = 040/ 2L [ (a2 + ¢8?) (0

The corrections to stress intensity of the lead crack and adjacent
MSD crack (Fig. 1) are as follows.
Lead crack:

Ba = BayeBw 2)

Adjacent crack:

Be = BB/ ¢/t (3)

The correction to the stress intensity of the lead crack for the effect
of the adjacentMSD crackis B,/ (Ref. 6,p. 119), and By is the finite
width correction to stress intensity of the lead crack and is given by
Bw = +/[sec(ra/W)]. The correction to the stress intensity of the
adjacent MSD crack for the effect of the lead crack is B,,, (Ref. 6,
p- 117), and B, is the correction for open holes (Ref. 7), which is
given by the following equation:

_,_ oI5 3.46
Py = 1+2¢/D " (1+42c/D)?
4.47 3.52 @
C (1+2¢/D)® ' (1+2¢/D)*

Equation (1) is based on the concept that ligament failure will occur
when the remote stress o reaches a level that causes the surfaces
of the lead crack tip plastic zone and the adjacent MSD crack tip
plastic zone (Fig. 1) to touch. Unfortunately, the linkup model has
provento be unreliable, as previouslyshown.* Itis accurate for some
configurations, but highly inaccurate for others. Thus, the modified
models*~ have been developed.

Modified Linkup Model for 2024-T3

A modified linkup model developed by Smith et al.* for 2024-T3
and used later to compare the two materials 2024-T3 and 7075-T6

is given in Eq. (5). This model was referred to as the WSU2 model
in Ref. 4, and that designation will be used here,

Oy

Ciln(L)+ C, ®)

Owsu2(2024) =

In Eq. (5) the stresses o are in units of ksi, and the ligament length
L is in inches. The coefficients C; and C, were determined from an
empirical analysis based on MIL-HDBK-5G yield strength values.
For A-basis yield strength values, the coefficients are C; = 0.3065
and C, = 1.3123. For B-basis yield strength values, the coefficients
are C; =0.3054 and C, = 1.3502. A nondimensionalizedversion of
Eq. (5) was also presented; however, it was slightly less accurate,
and, therefore, it is not used here.

Test Data for the 7075-T6 Panels

A servohydraulictesting machine was used to obtain the loads re-
quired to produce ligament failure for the 7075-T6 panels. Figure 2
shows a test panel along with test fixturing. The panels were 24 in.
wide and 36 in. long, and the holes along the crack line were 0.25 in.
in diameter with a pitch of 1 in. Midspan fixtures were used to pre-
ventbuckling along the crack line, and heavy stiffeners were used at
each end to help distribute the load across the width. During earlier
testing it was determined that the same results could be obtained
by using either stroke or load control. Therefore, stroke control was
usedatarateof 0.01 in./min. Real-time observationswere made with
aclosed-circuittelevisionsystem, which allowed magnified viewing
of the lead crack and adjacent MSD crack. A charge-coupled de-
vice camera and super-video home system (S-VHS) video recorder
recorded the observed test results. A time code generator imprinted
a time reference on the video every 3—10 of a second. This allowed
frame-by-frame viewing of the recorded images and comparison
against quantitative measurements of load vs time made by the ser-
vohydraulic test machine. The critical values of remote stress o for
ligament failure obtained from testing are designated as o5 and
given in Table 1 for each of the 12 panels.

The syntheticMSD cracks were produced by saw cut. During pre-
vioustesting,* the synthetic MSD cracks were producedby both saw
cut and electrodischarge machine (EDM) and found to give equiv-
alent results. The cracks produced by EDM were more reliable;
thus, duplicate testing for statistical accuracy was not necessary in
the earlier testing. Because the EDM cracks had to be produced by
an outside source, which was no longer available, the cracks were
produced by saw cut. Only 12 panels were available for testing the
7075-T6 material. Although saw cuts are not as reliable as EDM
notches, it was decided that 12 different configurations would be
more useful than 6 different duplicate configurations or 4 different
triplicate configurations. The 12 panels tested were bare (rather than
clad), the load was applied perpendicularto the grain, and the panel
thicknesswas 0.071in. Thus, the A-basis and B-basisyield strengths
were 68 and 70 ksi, respectively,accordingto MIL-HDBK-5G. Sev-
eral panels were also tested for apparent fracture toughness (based
on initial crack length), which was found to be 70 ksi (in.)'/2. De-
tails of the crack configuration for each of the 12 panels are given
in Table 1.

Table1 Crack geometry and experimental
stresses (7075-T6)

Panel a,in. ¢, in. L,in. Otest» KSi
1 3.325 0.15 0.40 14.59
2 4.325 0.20 0.35 11.75
3 4.275 0.15 0.45 13.67
4 4.275 0.10 0.50 14.06
5 4.225 0.05 0.60 15.28
6 5.275 0.10 0.50 11.78
7 5.225 0.10 0.55 13.12
8 5.325 0.15 0.40 10.91
9 6.225 0.10 0.55 11.21
10 7.525 0.20 0.15 4.73
11 7.475 0.20 0.20 5.98
12 7.425 0.20 0.25 6.77
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Fig. 2 Test setup.

Modified Brittle Fracture Model for 7075-T6

The critical value of remote stress based on brittle fractureis given
in Eq. (6), as follows:

oo = K. /Vmap, 6)

This equation predicts values for critical stress that are much too
high; therefore, it becomes necessary to adjust or modify this equa-
tion so that it matches the test values. This modificationis developed
from the data as displayed in Fig. 3. The ligament length is plotted
on the horizontal axis, whereas the difference between the brittle
fracture stress o,s and the test value oy divided by the test value
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Fig. 3 Naturallog form correction for modified brittle fracture model.
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Fig. 4 Linear form correction for modified linkup model (for A-basis
yield strengths).

is plotted on the vertical axis. Although there is some scatter in the
data, a reasonably good representationof the data can be made with
a single equation of the natural log form. When the data are repre-
sented by a single curve, the stress oy, becomes the critical stress
based on a modification of brittle fracture:

(Ovt — 0.) /0. = —0.4964 fn (L) — 0.144 (7)
0. = 0v¢/[0.856 — 0.4964 b (L)] (8)
0. = K. [{V/maB.[0.856 — 0.4964 ln(L)]} )

or
Totmoacrors) = Ko [ {V/7aB.10.856 — 0.4964 (L)1} (10)

Equation (10) is the expression for the critical stress based on a
modification of the brittle fracture equation, which was developed
from empirical analysis described earlier.

Modified Linkup Model for 7075-T6

The critical stress based on linkup, given in Eq. (1), also predicts
values that are much too high; therefore, it also becomes necessary
to modify this equationso that it matches the test values. This mod-
ification is developed from the data as displayed in Fig. 4 for the
A-basis yield strengths. The corresponding curve for the B-basis
yield strengths is not shown, but is similar. The ligament length is
plotted on the horizontal axis, whereas the difference between the
linkup stress oy, and the test value o divided by the test value
is plotted on the vertical axis. Although there is some scatter in
the data, a reasonably good representation of the data can be made
with a single linear equation. When the data are represented by a
single curve, the stress oy, becomes the critical stress based on a
modification of the linkup equation:

(o —0c)/o. = DiL + D, (1D
o.=oy/(D\L+ D, +1) (12)
o, =ow /(DL + D3) (13)
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or
Olu,Mod(7075) = Ulu/(DlL + D3) (14)

Equation (14) is the expression for the critical stress based on
a modification of the linkup equation, which was developed from
the empirical analysis described earlier. If A-basis yield strength
values are used in Eq. (14), the coefficients are D; =1.042 and
D; =1.377.1f B-basis yield strength values are used, the coefficients
are D1 =1.073 and D; =1.417.

Results

The results based on brittle fracture, Eq. (6), and modified brittle
fracture, Eq. (10), are givenin Table 2. For each panel configuration,
the absolute value of the difference between the test value and each
of the analyticalmodels was determined, then multiplied by 100 and
defined as a percent error. The average error for the brittle fracture
modelis 33.86%,whereasthat for the modified brittle fracture model
is 2.65%. The brittle fracture model has predicted critical stresses
thatare too high for every panel. The resultsbased on linkup, Eq. (1),
and modified linkup, Eq. (14), are givenin Tables 3 and 4. The results
in Table 3 are based on A-basis yield strength values, whereas those
in Table 4 are based on B-basis yield strength values. The values for
Olu.mod fOT A-basis yield strengths are the same as those for B-basis
yield strengthsbecausethe curve fitis linear. For the A-basis results,
the average error is reduced from 80.21% for the linkup model
to 1.97% for the modified linkup model. For the B-basis results,
the average error is reduced from 85.51% for the linkup model
to 1.97% for the modified linkup model. Also note that, although
both unmodified models give poor results, the brittle fracture model
yields more accurate results than the linkup model.

The ratio of the critical strengths of 2024-T3 to that of 7075-T6
can be investigated easily by dividing Eq. (5) by Eq. (14) and de-
noting the ratio by R:

Oywsu Oys D, L+ D
R = 20024 _ ys024) (D1 3) (15)

Olu,mod(7075) Uys(7075)[C1 &@'(L) +Cy)

Table 2 Critical stresses based on brittle fracture and modified
brittle fracture (7075)

Panel Obf, KSI  Obfmod> KSI  Obg, % €ITOr  Opf.mod, % €rror
1 19.57 14.93 34.12 2.32
2 16.23 11.78 38.06 0.25
3 16.83 13.44 23.11 1.70
4 17.06 14.21 21.35 1.11
5 17.44 15.72 14.15 2.88
6 14.64 12.20 24.30 3.58
7 14.81 12.85 12.92 2.04
8 14.25 10.87 30.58 0.39
9 12.78 11.08 14.00 1.11
10 9.02 5.02 90.49 5.96
11 9.48 5.73 58.37 4.31
12 9.81 6.35 4491 6.15
Average % error 33.86 2.65

Table 3 Critical stresses based on linkup and modified linkup
for 7075 and A-basis yield strengths

Panel O, kS1 Ol mod, KSI oy, % error 01y mod, % error
1 26.58 14.82 82.22 1.60
2 20.49 11.77 74.35 0.13
3 24.70 13.38 80.70 2.09
4 26.85 14.15 91.02 0.66
5 30.77 15.37 101.38 0.59
6 23.29 12.27 97.66 4.16
7 24.80 12.72 89.07 3.03
8 19.83 11.06 81.75 1.34
9 21.60 11.08 92.73 1.16
10 7.50 4.89 58.45 3.37
11 9.22 5.82 54.06 2.80
12 10.78 6.58 59.18 2.76
Average % error 80.21 1.97

Table4 Critical stresses based on linkup and modified linkup
for 7075 and B-basis yield strengths

Panel O, kS1 Ol mod> KSI oy, % error 01y mod, % error
1 27.37 14.82 87.58 1.60
2 21.10 11.77 79.48 0.13
3 25.42 13.38 86.02 2.09
4 27.64 14.15 96.63 0.66
5 31.68 15.37 107.3 0.59
6 23.97 12.27 103.5 4.16
7 25.53 12.72 94.63 3.03
8 20.41 11.06 87.09 1.34
9 22.24 11.08 98.40 1.15
10 7.72 4.89 63.11 3.37
11 9.49 5.82 58.59 2.80
12 11.10 6.58 63.87 2.76
Average % error 85.51 1.97
Table 5 Ratio of critical stress
of 2024-T3 to 7075-T6 [Eq. (15)]
L,in. R
0.15 1.312
0.20 1.210
0.25 1.154
0.30 1.120
0.40 1.087
0.50 1.079
0.65 1.083
0.70 1.095
0.75 1.102
1.40 —
1.30 —
R 1.20 -
1.10 5
1 I
1
1.00 i
0.00 0.20 0.40 0.60 0.80
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Fig. 5 Ratio of the critical stress of 2024-T3 to that of 7075-T6.

For a numerical comparison, an example is shown based on
the following two materials from MIL-HDBK-5G: For 2024-T3,
t =0.071 in., clad, long-transverse (LT) grain direction, A-basis,
and oy, = 40 ksi; for 7075-T6, t =0.071 in., clad, LT grain direc-
tion, A-basis, and oy, = 64 ksi.

Based on this information, the values of R are determined for
various ligament lengths, and the results are shown in Table 5 and
plottedin Fig. 5. Figure 5 shows that the critical strength of 2024-T3
is greater than that of 7075-T6 for all ligament lengths. However, it
is significantly higher as the ligament length decreases.

Conclusions
The critical strength of 7075-T6 aluminum panels with MSD
cannot be predicted accurately with either the conventional brittle
fracture method or the linkup equation. This is especially important
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because7075-T61s aratherbrittle material that might be expectedto
behave according to linear elastic fracture methodology. However,
it was shown that the brittle fracture model gave better results than
the linkup model, which is the opposite for 2024-T3. With testing
over a wide range of ligament lengths followed by an empirical
analysis, it was shown that a modified brittle fracture model and a
modified linkup model both appear to give very good results. Smith
et al. showed that a modified linkup model developed from open-
hole unstiffened panels for 2024-T3 aluminum could be used for
a variety of panel configurations including several different kinds
of stiffened panels. There is no reason to believe that the same is
not true for 7075-T6. The critical strength of 2024-T3 appears to be
greater than 7075-T6 panels with MSD, especially for small liga-
ment lengths. The results of this investigation show a difference in
residual strength between 2024-T3 and 7075-T6; however, note that
the results were based on a limited number of test configurations for
the 7075-T6 material.
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