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Evaluation of Aluminum-Lithium Alloys in Compression-Stiffened
Aircraft Structures

J. C. Ekvall* and D. J. Chellmant
Lockheed Aeronautical Systems Company, Burbank, California

Aluminum-lithium (Al-Li) alloys represent an area of considerable interest to the aircraft industry because of the
potential for high structural efficiencies compared to conventional alloy products. The reported work addresses the
identification and characterization of a candidate Al-Li alloy that demonstrates promise for use in 7075 aluminum
structural applications. Heat treatment studies were conducted initially to select a suitable combination of strength,
ductility, and toughness. Mechanical property evaluations comprising static and cyclic testing were subsequently
performed on extruded bar materials, and compared to baseline 7075 aluminum extrusions. The structural behavior
was established by compression testing of stiffened panels, typical of those used in airframe construction.
Experimental findings and predictions are discussed in terms of the properties of materials. A structural weight
savings of between 8 and 13% was shown for Al-Li alloy materials in compression critical components.

Nomenclature
c — end fixity coefficient
da/dN = fatigue crack growth rate, in./eycle
DADT == durability and damage tolerance
e = tensile elongation, percent in four-dimensional
Ec = compression modulus of elasticity, psi
Es = secant modulus of elasticity, psi
Et = tension or tangent modulus of elasticity, psi
Fcr = critical buckling stress, ksi
Fcy = compression yield stress, ksi
^max = maximum net area stress, ksi
Fsu = ultimate shear stress, ksi
Ftu = ultimate tensile stress, ksi
Fty =0.2% offset tensile yield stressj ksi
F0 7 = secant yield stress at 0.7/s, ksi
/ = flange widthj in.
kc = compression buckling coefficient
Klc = plane strain fracture toughness, ksi-in.1^
KQ = conditional plane strain fracture toughness,

ksi-in.1/2

L = longitudinal grain direction
LT = long-transverse grain direction
/ = total column length, in.
NTS = notched tensile stress, ksi
n == Ramberg-Osgood shape factor
RA = reduction in area, %
t = flange thickness, in,
— T3X = naturally aged heat treatment temper
—T8X = artificially aged heat treatment temper
p = radius of gyration, in.

Introduction

THE family of Al-Li alloys offers the potential for signifi-
cant weight savings in aircraft structures due to density

reiductions and stiffness improvements. The newly emerging
Al-Li alloys have been designed as functional replacements
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for various mill products based on conventional 7075 arid
2024 aluminum alloys. Specific mechanical arid physical prop-
erty targets have been established by the major aluminum
producers for these first generation Al-Li alloy products.1"3

Typically, the development goals represent equivalent proper-
ties to the incumbent aluminum alloys, but with alloy density
reductions of 7-10% and elastic modulus improvements of
10-15%.

The accelerated development of low^density Al-Li alloys
stems from weight savings analyses and parametric design
studies performed by various aerospace companies in the
1978-1986 time frame.4-0 The relationship between weight
savings and property improvements for a generic fighter
airframe from one such study is illustrated in Fig. 1. These
findings generally show that a reduction in alloy density is
more effective in improving performance and payload than
commensurate improvements in any other single primary
property such as strength or modulus, or second-tier proper-
ties such as toughness or fatigue. Over the sarrie period of
time, several major aluminum producers in the U.S., England,
and France started developing an advanced ingot casting
technology for Li-containing aluminurii alloys. Screening eval-
uations have been conducted on a wide range of Al-Li alloy
compositions to identify the most suitable candidates for
satisfying the property targets. A nuriiber of Al-Li alloys have
been registered and produced in limited quantities for evalua-
tion purposes. The community of aluminum producers and
aerospace users are now actively pursuing the maturation of
low-density Al-Li alloy materials for applications in aircraft
structures.

Alloying and processing development activities are cur-
rently underway at the major aluminum suppliers to support
the anticipated need for Al-Li alloy products. A number of
alloys, heat treatment tempers, and product forms have been
introduced and scheduled for delivery to the aircraft industry.
However, to date, only limited quantities of materials have
been available for property evaluations. Complex issues in-
volving molten metal treatment and fabrication schedules
apparently have slowed the emergence of suitable evaluation
materials. In recognition of Jhis situation, LASC-Burbank in
cooperation with Naval Surface Weapons Center (NSWC)
initiated a series of development studies to identify promising
Al-Li alloy systems for structural applications.7 One such
candidate alloy, suitable for replacing 7075-TXX aluminum
extrusions, was cast and fabricated into the two wrought
product forms shown in Fig. 2. Some of the material proper-
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ties and structural testing conducted on this Al-Li alloy are
described in Ref. 8 and in this paper.

Materials Development
LASC-Burbank has been actively involved in the develop-

ment and evaluation of Al-Li alloy materials since 1978.
Diversified efforts from alloy optimization to process develop-
ment have been undertaken to promote the acceptance of
these low-density aluminum alloys as aircraft structural ma-
terials. Recent laboratory scale studies in cooperation with
NSWC have led to the identification of several candidate alloy
systems that represent replacements for conventional 7075-
T6X, 7075-T76, 7075-T73X, and 2024-T3X aluminum al-
loys.9'10 In the present evaluation effort, an Al-Li alloy
exhibiting strength and damage tolerant properties competi-
tive with 7075 aluminum is described in terms of mechanical
properties and structural behavior. Integrally stiffened com-

DURABILITY AND
DAMAGE TOLERANCE
(DADT)

PROPERTY IMPROVEMENT (%)

Fig. 1 Weight savings potential as a function of property improvement
for advanced fighter aircraft.

pression panels typically encountered in airframe construction
have been designed and tested to verify the structural
efficiency of the candidate Al-Li alloy.

Materials Fabrication
A quaternary Al-Li-Cu-Mg-(Zr) alloy composition was

selected for further development at LASC-Burbank based on
a series of screening evaluations on laboratory size billets.
The nominal chemistry limits established for the optimized
Al-Li alloy, designated LOCKALITE, are given in Table 1.
A 1000 Ib, 12 in. diam by 106 in. long ingot was cast of the
LOCKALITE composition at International Light Metals, Inc.
(formerly Martin-Marietta Aluminum) in Torrance, Califor-
nia. Chemical analyses indicated that the target composition
was achieved within ±0.10 weight percent. The cast billet was
scalped to 10.5 in. diam to remove oxide scale and porosity at
the ends of the casting. A homogenization treatment of 975°F
for 12 h was used to minimize solute segregation prior to final
wrought product fabrication. Several product forms were
subsequently processed from the LOCKALITE ingot, includ-
ing the two extruded shapes shown in Fig. 2. The extrusion
products represent the first Al-Li shaped extrusions available
to Lockheed for test and evaluation. The wing plank section
was selected to establish the workability of complex shapes
used typically in the aerospace industry. In general, the candi-
date Al-Li alloy exhibited excellent hot working characteris-
tics, and the resultant wrought products appeared to be
visually equivalent to conventional high-strength aluminum
alloys.
Heat Treatment Studies

The 1 x 4 in. rectangular bar and wing plank section were
directly extruded from the 10.5 in. diam extrusion charge,
resulting in extrusion ratios of 22:1 and 18:1, respectively. The
two extrusions were processed at a temperature of 750°F
using standard conditions for high-strength aluminum alloy
products. Differential scanning calorimetry (DSC) measure-

Table 1 Alloy chemistries and physical properties for candidate IM Al-Li alloy (LOCKALITE)

Product/
location

Billet
Target
A i l

Rectangular
extrusion

Center
Edge

Composition (weight percent)

Li

2.20
2.13

2.16
2.23

Cu

2.50
2.51

2.56
2.48

Mg

1.10
1.05

0.96
0.95

Zr

0.12
0.14

0.13
0.14

Fe

<0.30
0.08

0.09
0.12

Si

<0.20
0.06

0.08
0.07

Density,
lb/in.3

——

0.0932
0.0927

Elastic
modulus,
x 106 psi

11.76
11.83

Rectangular bar Wing plank section

Fig. 2 Extruded products fabricated from IM Al-Li Alloy (LOCKALITE) billet.
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ments and optical metallography examinations were con-
ducted on the LOCKALITE alloy extrusions to determine an
optimum solution treatment practice. Solution heat treatment
at 990°F for 2h was employed to ensure that all alloying
elements were in complete solid solution. The extrusions were
stretched a nominal 2.5-3.0% immediately following solution
treatment and cold water quench, prior to any age hardening.
The extruded products were supplied to LASC-Burbank in
the — T3X condition for subsequent mechanical property
characterization. An isothermal aging study as a function of
temperature and time was conducted initially to identify
candidate heat treatment tempers as shown in Table 2. Tensile
tests were conducted on heat treatments that corresponded to
underaged (UA), peak-aged (PA), and overaged (OA) por-
tions of the precipitation hardening curves, in addition to the
naturally aged condition (-T3X). The artificial aging temper-
atures under evaluation ranged from 300 to 400°F. Tensile
property trends for various aging temperature and time com-
binations are summarized in Fig. 3. The yield and tensile
strength results indicate that the age hardening peak is at-

AGING TIME ( h ,
AGING TEMPERATURE <°F,

D RT

OPEN SYMBOLS FOR Ftu AND e
SOLID SYMBOLS FOR Ft

D RT -J
£ ;??n I
D 375 I
A 400 J

Fig. 3 Age hardening response for IM Al-Li Alloy (LOCKALITE)
extrusions.

Table 2 Isothermal aging study on IM Al-Li alloy (LOCKALITE) extrusions8

Temper

T3X
-T8X (UA)
-T8X (UA)
-T8X (UA)
-T8X (UA)
-T8X (PA)
-T8X (OA)
-T8X (OA)
-T8X (OA)
-T8X (OA)

Aging
temp,

op

300
300
350
350
350
350
375
400
400

Aging
time, h

4.0
12.0
1.5
8.0

24.0
72.0
32.0
12.0
48.0

ksi'

47.1
63.4
66.8
60.4
69.2
83.2
78.8
73.3
72.0
64.1

ksi
c/r o

75.8
77.9
72.3
80.0
88.3
81.7
77.5
76.4
71.4

e, %

10.4
8.2
7.8
8.5
7.5
7.6
8.3
8.8
8.5
7.8

RA, %

19.7
7.6
6.7
6.1
5.0
9.4

15.6
17.5
17.4
12.4

Et, x 106psi

11.6
11.5
11.6
11.3
11.5
11.7
11.4
11.3
11.1
11.2

aLongitudinal orientation, average of triplicate specimens.

Table 3 Mechanical property results for candidate IM Al-Li alloy (LOCKALITE) extrusion

Property

Strength
Fty, ksi

F,M, ksi

e,%

Et, x 106psi

NTS/YS

Fcy, ksi

Ec, x 106psi

^M,ksi

Fracture toughness:
KQ /K/Ci
ksi-in.1/2

Fatigue
C*max> ksidda/d7V, xlO-6in./cycle

Test
direction

L
LT
L

LT
L

LT
L

LT
L

LT
L

LT
L

LT
L

LT

L-T
T-L

L
L-T

LOCKALITEa

82.9
69.6
87.1
78.6
8.3
6.8

11.6
11.5
1.19
1.10

80.4
71.2
11.8
11.6
42.2
42.4

30.7
15.6

23.8
3.2

7075-T6Xb

76.0
68.0
85.0
78.0
7.0
7.0

10.4
10.4
1.25
1.20

76.0
74.0
10.7
10.7
44.0
40.0

29.0
21.0

26.0
18.0

7075-T76b

67.0
61.0
76.0
71.0
7.0
7.0

10.4
10.4
——

67.0
66.0
10.7
10.7
41.0

32.0
23.0

22.0
10.0

7075-T735

63.0
58.0
73.0
69.0
8.0
8.0

10.4
10.4
——

63.0
61.0
10.7
10.7
39.0

35.0
23.0

21.0
9.0

a-T8X temper, aged at 350°F for 24 h.
bMIL-HDBK-5E design properties, "B" basis, 0.75-1.50 in. thickness.
cConstant amplitude fatigue, Fmax at N = 105 cycles, Kt = 3, R = +0.1.
dFatigue crack growth, da/dN at &K = 10 ksi-in.1/2, R = +0.1, /= 20 Hz, relative humidity > 95%.
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tained for times in excess of 8 h at 350°F. Apparently the peak
strength plateau is rather broad, from approximately 8 to 72 h
at this intermediate temperature, with all yield strength values
exceeding 75.0 ksi. Tensile property screening led to the selec-
tion of a recommended — T8X temper consisting of 350°F for
24 h.9 For this heat treatment condition, an optimum combi-
nation of strength and ductility was obtained in the LOCK-
ALITE alloy extrusions.

Materials Properties
The mechanical property behavior of the LOCKALITE

extruded bar was determined from tests conducted using
standard ASTM testing procedures. The results were obtained
to facilitate comparisons with 7075-TXX aluminum extru-
sions and to provide a basis for interpreting the structural
panel evaluations. Smooth and notched tension, compression,
shear, fracture toughness, notched fatigue, and fatigue crack
growth properties were established for the candidate Al-Li
alloy in the recommended — T8X temper. Testing was con-
ducted in both the L and LT grain directions. The average test
results of LOCKALITE were compared with "B" basis design
mechanical properties for 7075-TXX aluminum extrusions
obtained from MIL-HDBK-5E in Table 3.11

The "B" basis properties for LOCKALITE would be 5 to
10% lower than the values given in Table 3. Therefore, the B
basis properties of Al-Li would fall between the properties for
7075-T6 and 7075-T73 aluminum extrusions. Tension and
compression properties are shown in Fig. 4 for the two
extruded products. High strength levels in both grain orienta-
tions, ultimate of 79-87 ksi and yield of 70-83 ksi, were
obtained for the LOCKALITE alloy with tensile elongations
of 7 to 8%. A slightly greater tendency for anisotropic
strength and modulus properties was exhibited by the Al-Li
alloy extrusion. Elastic modulus improvements of 13-15%
compared to 7075 aluminum were in agreement with results
obtained in the aging study. Fracture toughness indications
for the LOCKALITE extruded bar was determined using
compact-tension (CT) fracture toughness specimens. Results
of the fracture toughness tests on the Al-Li alloy are com-
pared with several high strength aluminum alloys in Fig. 5.
Due to minor differences in crack length measurements and
specimen load levels, the test findings were not considered to
be strictly valid Klc values. However, the KQ toughness values
appear to be equivalent to typical results for 7075-T76X and
7075-T73X aluminum extrusions. The preliminary damage
tolerant and durability properties, established from notched
fatigue and crack growth rate testing, met or exceeded 7075-
T6X properties. For these reasons, the LOCKALITE alloy
extrusion appears to be a suitable candidate for consideration
in structural applications involving conventional 7075 alu-
minum alloy products.

/F»

5 1 ^
o

ALLOY LOCKALITE 7075-T6X
PROPERTY TENSION COMPRESSION TENSION COMPRESSION
ORIENTATION L LT L LT L LT L LT

Fig. 4 Tension and compression properties for IM Al-Li alloy extru-
sions.

07175-T73

7075-T730*7175-176

7178-T60

O LOCKALITE, SECTION 1" x 4"
• TYPICAL VALUES 7XXX Al ALLOY EXTRUSIONS

I I I I J_______I

YIELD STRENGTH (ksi)

Fig. 5 Comparison of fracture toughness and strength combinations for
high-strength aluminum alloy extrusions.

Structural Tests
Specimens and Test Arrangements

Two integrally stiffened compression panels approximately
18 in. long were machined from the extruded plank to the
configuration shown in Fig. 6a. Identical panels, shown in
Fig. 6b, were also fabricated from 7075-T73 aluminum ex-
truded bar. The 7075-T73 extruded aluminum was selected for
comparison with Al-Li, because the coupon tests indicated the
compression strength of the Al-Li panels would be equal to or
greater than the compressive strength of 7075-T73 panels. The
panels were designed so that three equally spaced risers could

-wr

T1
h

T
L = PANEL LENGTH

Table 4 Summary of panel dimensions

Panel dimensions, in.

Panel

1
2
3
4

1.051
1.053
1.052
1.052

0.144
0.140
0.138
0.142

0.136
0.136
0.136
0.137

0.138
0.141
0.132
0.140

0.1005
0.0965
0.0975
0.1040

4.505
4.500
4.505
4.504

1.556
1.556
1.556
1.556

1.544
1.555
1.554
1.554

17.83
17.80
17.83
17.81
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Table 5 Section properties of test panels

Panel

1
2
3
4

Material

7075-T73
Al-Li

7075-T7y
Al-Li

Area,
in.2

0.875
0.859
0.0853
0.0891

Section

y>
in.a ,

0.291
0.305
0.290
0.289

properties

/
in.4b

0.0894
0.0840
0.8740
0.9020

RHO
in.c

0.319
0.313
0.320
0.318

aDistance to neutral axis from skin side of panel.
bSection modulus.
cRadius of gyration.

INTEGRALLY STIFFENED
TEST SPECIMEN
(PANELS 2 AND 4)

0.100

A. SPECIMENS MACHINED FROM Al-Li EXTRUDED PLANK,

1 1/2 x 6 IN. 7075-T73 EXTRUDED BARV / INTEGRALLY STIFFENED
TEST SPECIMEN
(PANELS 1 AND 3)

8. SPECIMENS MACHINED FROM 7075-T73 EXTRUDED BAR

Fig. 6 Cross section of integrally stiffened compression panels machined
from extrusions.

/ ULTIMATE LOAD = 54,500 LB

) 1000 2000 3000 4000 5000 6000 7000

COMPRESSIVE STRAIN, MICRO INCHES/INCH

Fig. 7 Strain gage data for 7075-T73 aluminum panel 1.

be machined from the Al-Li extruded plank. The grain flow
characteristics in the skin and the junction between skin and
riser are similar for both extrusions, because of the selected
panel locations (refer to Fig. 6). At the midheight of the
risers, the grain flow is somewhat perturbed in the Al-Li
panels, although a significant influence is not expected on test
results.

The compression panels were sized so that column buckling
would be more critical than localized buckling of the skin and
risers.12 Table 4 summarizes the results of measurements made
on each panel. The final dimensions were very close to the
nominal dimensions given in Fig. 6a. The ends of the panels
were machined flat, square, and parallel to within ±0.0005 in.
The section properties given in Table 5 were calculated using
the dimensions given in Table 4.

'"=40

/ULTIMATE LOAD = 52,500 LB

AVG GAGES #1, #2, #5 AND #\

INITIATION OF BENDING

>AVG GAGES #3 AND #4

NE = 10.5 x 106 PSI
#1 #6

1000 2000 3000 4000 5000 6000 7000 8000
COMPRESSIVE STRAIN, MICRO INCHES/INCH

Fig. 8 Strain gage data for Al-Li panel 2.

LOCAL
BUCKLING
OF RISERS

-LATERAL
DEFLECTION
OF COLUMN

a. FAILURE MODE OF
PANELS NO. 1 AND NO. 2

b. FAILURE MODE OF
PANELS NO. 3 AND NO. 4

Fig. 9 Schematic of failure modes for 7075-T73 aluminum and Al-Li
integrally stiffened panels.

The compression tests were conducted at California State
Polytechnic University at Pomona.13 The tests were conducted
in a Tinius Olsen hydraulically actuated test machine located
in the Strength of Materials Laboratory on the Pomona
University Campus. The specimens were tested flat-ended
between flat square plates that were surface ground to a very
smooth finish. Back-to-back strain gages (Micro Measure-
ment Type CEA-00-125UW-120) were installed at the middle
of the panels at three locations: on the skin midway between
the risers at two locations, and at the end of the middle riser.

Test Results
The panels were loaded incrementally to failure. Strain

readings and lateral deflection measurements were recorded at
each load increment. Typical results of the strain gage read-
ings are plotted in Figs. 7 and 8. The back-to-back gages read
approximately the same value of strain at all load levels. This
indicates that no localized skin or flange buckling occurred up
to the maximum load that was recorded for the strain read-
ings. In all cases, the load-strain curves exhibited essentially a
linear relationship up to the point indicated as "initiation of
bending." When bending occurred, the skin gage readings
curved in one direction, and the flange gage readings curved
in the opposite direction. For panels 1 and 2, the bending
increased the compressive strain in gages 3 and 4 on the riser,
and decreased the compressive strain in the skin gages. For
panels 3 and 4, the bending strains were in the opposite
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Fig. 10 Failed Al-Li and 7075-T73 panels 1 and 2.

70

60

50

STRESS,
ksi
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7075-T7351 EXTRUSION

E = 10.7 x 106 psi

s Al-Li EXTRUSION
F0 7 = 67,372 psi
E = 11.5 x 106 psi
n = 29.6

2 4 6 8 10

TANGENT MODULUS OF ELASTICITY, 106 psi

12

Fig. 11 Tangent modulus of elasticity for 7075-T73 aluminum and
Al-Li extrusions.

direction; i.e., increasing the compressive strain in the skin
gages and decreasing the compressive strain in the flange
gages. This behavior is typical of compression tests conducted
on columns as the compressive load approaches the failure
load.14

The elastic stiffness of the panels, given by the initial slopes
of the load-strain curves, is indicated by the values of E on
Figs. 7 and 8. The stiffnesses were obtained by dividing the
slope by the calculated cross-sectional area given in Table 5. If
these panels were uniformly loaded with no eccentricity, the
slopes of these curves would be approximately equal to the
moduli of elasticity of 10.7 x 106psi for 7075-T73 aluminum
and 11.5 x 106 psi for Al-Li. It is apparent that the stiffnesses
obtained from the skin gage measurements agree very well
with the moduli values for these two materials. The fact that
the slopes are different for the flange gages and skin gages
indicates that the skin and flanges were not being loaded
equally and uniformly. This difference in strain was small and
within the accuracy of measurements up to the "initiation of
bending" load.

The mode of failure of the four panels is depicted schemat-
ically in Fig. 9. Panels 1 and 2 failed by column buckling and

60 -

50 -

STRESS,
ksi

30

20

10

7075-T73 EXTRUSION -
E = 10.7 x 106 psi

Al-Li EXTRUSION ——
F0 7 = 67,372 psi
E = 11.5 x 106 psi
n = 29.6

_L _L _L JL
2 4 6 8 1 0

SECANT MODULUS OF ELASTICITY, 106 psi

12

Fig. 12 Secant modulus of elasticity for 7075-T73 aluminum and Al-Li
extrusions.

local buckling of the risers at the midheight of the panels, as
shown in Fig. 9a. At failure of panel 2, the risers separated
from the skin at the top of the fillet radius. A photo of failed
panels 1 and 2 is shown in Fig. 10. Panels 3 and 4 also failed
by column buckling with local flange buckling occurring at
the ends of the panel as shown in Fig. 9b. The risers also
separated from the skin at the top of the fillet radius on panel
4. As a result of differences in lateral deflection of the
columns, the compressive strain in the flanges of panels 1 and
2 is highest at the center of the panel. Panels 3 and 4 deflected
laterally in the opposite direction, producing the highest
compressive strain in the risers at the ends of the panels.
Separation of the risers from panels 2 and 4 is attributed to
the lower ductility of Al-LI alloys in the short-transverse (ST)
grain direction across the riser thickness compared to 7075-
T73 aluminum. The elongation of some Al-Li alloys is re-
ported to be less than 2% in the ST direction. High tensile
strains are induced at the base of the flanges when the flanges
buckled at panel failure.
Comparison of Predictions and Test Results

The preliminary analysis using a Lockheed-Advanced
Structures computer program indicated that the panels would
fail in column buckling. The predicted local buckling stress of
the cross section was much higher than the predicted column
buckling strength. In the computerized analysis, the predicted
stability loads cannot be exceeded unless localized buckling
occurs at stresses below the predicted stability loads. Based on
the results of this analysis and the following discussions,
column buckling is considered the primary mode of failure,
and localized bucklling of the flanges the secondary mode of
failure.

The column buckling strength was predicted using the
tangent modulus formula given by:14

712Et

"(LJl)2 (D

The tangent modulus of elasticity as a function of the applied
stress is given in Fig. 11 for the two materials. The tangent
modulus for Al-Li alloy material was calculated based on
values of F0 7 and n obtained from tension stress-strain curves.
The end fixity coefficient of c = 3.5 was based on experience
obtained on other compression panels tested in a flat-ended
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Table 6 Summary of test results and predictions for compression panel

Initiation of Panel
bending failure

Material Load, Ib Stress, psi Load, Ib

tests

Panel

aColumn buckling using tangent modulus of elasticity.

Predicted
failure

Stress, psi Stress, psia

1
2
3
4

7075-T73
Al-Li

7075-T73
Al-Li

45,000
37,500
43,500
43,500

51,429
43,655
50,996
48,822

54,500
52,500
54,450
56,500

62,286
61,118
63,834
63,412

62,000
61,500
62,000
61,500

configuration. The radius of gyration of each panel cross
section is given in Table 5.

The comparison between predicted column strength and
test results is given in Table 6. The predicted failure stress is
very close to the ultimate stress at failure of each panel. Also,
the predicted failure stress and the panel failure stress are
approximately the same for the two 7075-T73 aluminum
panels and the two Al-Li panels. This is because the tangent
modulus of elasticity for the two materials is approximately
the same for stress levels above 58,000 psi, as shown in Fig.
11. Therefore, the column strength is equivalent for panels
designed from the two materials for stress levels above
58,000 psi. However, the Al-Li panels would be approximately
8% lighter because of the differences in density between the
two materials. For stress levels below 58,000 psi, the Al-Li
panel would save additional weight because the modulus of
elasticity is higher, as shown in Fig. 11. Weight saving analy-
sis15 indicates a 13% weight saving potential for a compres-
sion surface column mode of failure.

As shown in Fig. 8, the compressive strain in the flanges at
the center of the column increases asymptotically to the
failure load, while the strain in the skin decreases near panel
failure. The compressive strain in the flanges is highest at the
center of the column for panels 1 and 2 because of the lateral
bending of the column as depicted in Fig. 9a. Therefore,
localized buckling of the flanges at the center of the column is
expected to occur at the failure load as the compressive strain
approaches the critical value. For panels 3 and 4 the highest
compressive strain in the flanges occurs at both ends of the
column as depicted in Fig. 9b, and localized flange buckling
would be expected to occur there. Where localized buckling
occurred in the flanges, the compressive strain was much
lower in the skin.

To predict localized buckling of the flanges, it is assumed
that the flanges were simply supported by the skin. This
occurs because the local strains in the skin at the locations of
flange buckling were decreasing as the applied load ap-
proached the failure load, while the local strains in the flanges
were increasing. The buckling stress of long flanges simply
supported on one edge can be predicted from the following
equation:13

(2)

For a long flange with one edge free and one edge simply
supported, kc is equal to 0.375. The secant moduli of elasticity
for the two materials are plotted in Fig. 12. The width b of the
flange was measured from the riser side of the skin.

The flange buckling stress for the panels was calculated to
be 66,300 psi for panels 1 and 3, and 66,800 psi for panels 2
and 4. These stress values correspond to compressive strain
levels of 7600 and 7800^.^. for 7075-T73 aluminum and
Al-Li panels, respectively. By extrapolation of the curves in
Figs. 7 and 8, these critical strain levels in the flanges are
achieved at loads very close to the ultimate load. The flanges
of panels 3 and 4 buckled at the ends of the panels where no
strains were recorded, but it is assumed the same type of
behavior occurred in these two panels.

Based on the data obtained during testing and the subse-
quent analyses, the failure sequence of the panels can be
described as follows. As compression load is applied to the
specimens, the compression strain increases linearly until the
column starts to bend. For these panels, this occurred at
approximately the proportional limit stress of the material as
indicated in Table 6. As the load is increased further, the
bending strains increase more on one side of the panel than on
the other side. Near the tangent modulus predicted failure
load for column buckling, the compressive strains in the
flanges have increased sufficiently to cause flange buckling.
When flange buckling occurs, the stiffness of the column is
further reduced, and complete failure ensues. Whether flange
buckling occurs at the center of the column or at the ends of
the column is related to the direction of column bending, as
indicated in Fig. 9. If the ductility of the material is low, as for
Al-Li alloys in the ST orientation, the risers can separate from
the skin when flange buckling occurs. Even if flange buckling
did not occur, these panels could not support significantly
higher compression loads, because the tangent and secant
moduli of elasticity for both materials decreases rapidly for
higher stresses as shown in Figs. 11 and 12.

Conclusions
A materials characterization and structural behavior study

on Al-Li alloy extrusions has been described in the preceding
sections. The experimental results and analyses have led to the
following conclusions:

1) The mechanical property behavior of the candidate Al-
Li alloy, designated LOCKALITE, represents a suitable re-
placement for conventional 7075-T76X and 7075-T73X
aluminum extrusions.

2) The results of stiffened compression panel tests using
both Al-Li and 7075 aluminum alloys are consistent with
prediction methods involving stress analyses and material
properties.

3) The application of Al-Li alloys in compression critical
structures contributes to a weight savings of 8% due to
density reduction, and an overall savings of up to 13% based
on specific modulus improvements.

Acknowledgments
The authors wish to express their appreciation to the

following people who contributed to the results presented in
this paper: D. G. Richardson for designing the test panels; R.
E. Wood for the fabrication of the test panels; R. A. Rainen
and T. Gillette for performing the Al-Li material property
evaluations; and D. A. Afarian, a senior student at California
State Polytechnic University, for conducting the compression
tests of the stiffened panels.

References
'Grimes, R., Miller, W. S., Reynolds, M. A., and Gray, A.,

"Aluminum-Lithium: The Successes and the Problems," presented at
Western Metal and Tool Exposition and Conference, Los Angeles,
CA, March 1986.



1008 J. C. EKVALL AND D. J. CHELLMAN J. AIRCRAFT

2Bretz, P. E., "Low Density Aluminum-Technology," presented at
Western Metal and Tool Exposition and Conference, Los Angeles,
CA, March 1986.

3LeRoy, G. and Meyer, P., "Status Report on the Development of
Aluminum-Lithium at Pechiney," presented at Western Metal and
tool Exposition and Conference, Los Angeles, CA, March 1986.

4Lewis, R. E., Webster, D., and Palmer, I. G., "A Feasibility Study
for Development of Structural Aluminum Alloys from Rapidly Solidi-
fied Powders for Aerospace Structural Applications," Interim Tech.,
AFML TR-78-102, July 1978.

5Narayan, G. H., Quist, W. E., Wilson, B. L., and Wingert A. L.,
"Low Density Aluminum Alloy Development," First Interim Tech.
Rept., AFML Contract F33615-81-C-5051, Rept. D6-51411, August
1982.

6Langenbeck, S. L., Sakata, I. F., and Sawtell, R. R., "Aerospace
Structural Application of Aluminum-Lithium," presented at Western
Metal and Tool Exposition and Conference^ Los Angeles, C A, March
1986.

7Chellman, D. J., Rainen, R. A., Divecha, A. P., and Garrett, R.
K., Jr., "Influence of Solute Content on Properties of IM Al-Li-Gii-
Mg-(Zr) Alloys," presented at Western Metal and Tool Exposition
and Conference, Los Angeles, CA, March 1984.

8Ekvall, J. C. and Chellman, D. J., "Ingot Metallurgy Aluminum-
Lithium Alloys for Aircraft Structure," Journal of Aircraft, Vol. 24,
Aoril 1987, pp. 255-261.

9Chellman, D. J. and Rainen, R. A., "Influence of Composition
and Processing Variables on Property Behavior of an IM Al-Li-Cu-
Mg-(Zr) Alloy (LOCKALITE)," Third International Aluminum-
Lithium Conference, Oxford, England, July 1985.

10Chellman, D. J., Rainen, R. A., Divecha, A. P., and Garrett, R. K.,
Jr., "Property and Microstructure Characterizations for the Novel IM
Al-Li-Mg-Cu-(Zr) Alloy_System," The 115th Metal Society-American
Institute of Mechanical Engineers Meeting, New Orleans, LA, March
1985.

11 Metallic Materials and Elements for Aerospace Vehicle Structures,
Military Standardization Handbook MII-HDBK-5E, June 1987.

12Contini, R., "Margins of Safety for Unflanged Integrally
Stiffened Sheet Wing Surfaces," Lockheed Aeronautical Systems
Company Rept. 22808, Rev. A, Oct. 15, 1985.

13Afarian, D. A., "Compression Failure Load Determination, Cali-
fornia State Polytechnic University Pomona Senior Project ETT 461,
462, Summer 1985," Pomona, CA, Aug. 1985.

14Shanley, F. R., Strength of Materials, McGraw-Hill, New York,
NY, 1957, pp. 582, 612-613.

15Ekvall, J. C., "Summary Report of 1983-84 Independent Re-
search on Advanced Metallic Structures," Lockheed Aeronautical
Systems Company Rept. 30834, Dec. 1984.

Recommended Reading from the AIAA
Progress in Astronautics and Aeronautics Series . . .

Thrust and Drag: Its Prediction
and Verification
Eugene E. Covert, C. R. James, W. M. Kimzey, G. K. Richey,
and E. C. Rooney, editors

Gives an authoritative, detailed review of the state-of-the-art of prediction and
verification of the thrust and drag of aircraft in flight. It treats determination of the
difference between installed thrust and drag of an aircraft an how it is complicated by
interaction between inlet airflow and flow over the boattail and other aerodynamic
surfaces. Following a brief historical introduction, chapters explore the need for a
bookkeeping system, describe such a system, and demonstrate how aerodynamic
interference can be explained. Subsequent chapters illustrate calculations of thrust,
external drag, and throttle-induced drag, and estimation of error and its propagation.
A commanding overview of a central problem in modern aircraft design.

TO ORDER: Write AIAA Order Department,
370 L'Enfant Promenade, S.W., Washington, DC 20024
Please incjude postage and handling fee of $4.50 with all orders.
California arid D.C. residents must add 6% sales tax. All orders under
$50.00 must be prepaid. All foreign orders must be prepaid. Please allow
4-6 weeks for delivery ^ Prices are subject to change without notice.

1985 346 pp., illus. Hardback
ISBN 0-930403-00-2

AIAA Members $49.95
Nonmembers $69.95

Order Number V-98


