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ABSTRACT

Aluminum-lithium (Al-Li) alloys with their high strength, high stiffness, and
low density continue to be of great interest to the aerospace industry. The
microstructure, properties and fracture of 8090-T8771 and WeldaliteTM. 049-T8 Al-Li
alloys were studied at MTL in participation with a cooperative round robin sponsored
by the Air Force Advanced Aluminum Alloy Test Program.

Both 8090 and Weldalite Al-Li alloys demonstrate superior strength to weight
ratios compared to the 2519 and 5083 aluminum armor alloys. The 8090 alloy possesses
comparable mechanical and ballistic properties to 2519, while providing an 8%
reduction in density. The Weldalite has a comparable density to 2519 but demonstrates
improvements of over 25% in yield strength, ultimate tensile strength and fracture
toughness. Both Al-Li alloys display significantly improved axial fatigue properties
over 2519. Under static loading, both materials display mixed modes of transgranular
shear, microductility and intersubgranular failure. Under ballistic testing, both
alloys display mixed modes of dynamic failure by plugging, spalling and
delamination.

Whether the goal is to reduce weight or to improve strength, Al-Li alloys offer
significant potential for replacing alloys such as 2519 and 5083 as lightweight, high-
strength structural armor materials.
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INTRODUCTION

Aluminum-lithium (Al-Li) alloys continue to be of great interest to the
aerospace industry. High strength, high stiffness, and low density are some of the
attractive properties found in Al-Li alloys. Weldability and ballistic protection are
also crucial material properties for applications in a number of Army systems. From
1991-1992, the U.S. Army Materials Technology Laboratory (MTL) collaborated with
the Air Force in their Cooperative Test Program on Advanced Aluminum Alloys. The
MTL's participation included testing and evaluation of Al-Li alloys and aluminum-
iron alloys. This report covers the experimental results and analysis performed on
the 8090 extrusions and WeldaliteTM 049 plates. The aluminum-iron study will be
covered at a later date.

The principle strengthening mechanism in most Al-Li alloys is attributed to
the precipitation of coherent 8' (Al 3 Li) particles. 1-3 These precipitates have slip
systems that are coincident with the matrix and are easily sheared by moving
dislocation lines. Once sheared, the reduced flow stress allows for substantial planar
slip. As dislocations pile up at the grain boundaries, the resultant stress
concentrations may cause transgranular shear. 1,2  For under- and peak-aged
conditions, 8 (.AILi) precipitates at high angle grain boundaries at the expense of
local 8'. For overaged conditions, 8 also precipitates at low angle boundaries. The
dissolution of 6' precipitates results in precipitate free zones (PFZ's) at the high angle
boundaries. PFZ's at low angle boundaries have only been observed for Al-Li alloys
with high Cu:Li ratios. 3 The absence of 8' in the PFZ's causes strain localization in
the vicinity of the grain boundaries and leads to intergranular failure with some
micro dimpling. 2 The presence of PFZ's at sub grain boundaries leads to reductions
in ductility and fracture toughness. 1

The detrimental effects of the 6' PFZ's can be overcome by alloy additions that
lead to coprecipitation of additional phases up to the grain boundary. 4 "7  Additions of
copper and magnesium lead to solid solution strengthening by uniform dispersions
of 0' (A12Cu) in underaged conditions. The 6' precipitates have also been identified to
form rings around the 0' precipitates. 5  For peak aged conditions, incoherent
precipitates such as S' (Al2CuMg) and TI (AI2CuLi) nucleate at subgrain boundaries
and dislocations. 2 The fraction of S' and T1 precipitates is enhanced by cold working
due to the increase in dislocation density. 6 ,7

EXPERIMENTAL PROCEDURES

The 8090 material obtained from the Air Force for evaluation was in the form
of an "L"-shaped extrusion with a T8771 temper. Prior to receiving the material, the
extrusions were each sectioned into two portions, referred to as the "bar" and
"flange" in Figure 1. The flange portion bad a thickness of about 0.5 inch (12.7 mm),
while the bar was 1.50 inch (38.1 mm) thick. The WeldaliteTM 049 plates obtained
from the Air Force had a thickness of 0.50 inch (12.7 mm) and were heat treated to
the T6 condition. The characterization of these materials consisted of chemical
analysis, metallography, measurement of mechanical and ballistic properties, and a
fractographic analysis of the failed specimens.
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Analytical Methods

Chemical analysis was performed by inductively coupled argon plasma
emission spectroscopy and atomic absorption spectroscopy. The densities of the Al-Li
alloys were determined by the Archimedes technique. Microstructural
characterization was performed through methods of optical and electron microscopy.
Metallographic specimens were prepared and etched with Keller's reagent. A
scanning electron microscope (SEM) equipped with energy dispersive spectroscopy
(EDS) was utilized for detailed fractographic analysis.

Mechanical Characterization

Threaded round tensile specimens of 0.25 inch (6.35 mm) diameter were tested
to obtain 0.2% offset yield strength, ultimate tensile strength, Young's modulus, and
percent elongation. Specimens were tested on a 20 KIP electromechanical
tension/compression machine with a 5,000-lb load cell at a cross-head speed of 0.02
in./min. Testing was conducted in accordance with ASTM Standard B 557-84.8 Short
transverse specimens could not be obtained for Weldalite due to thickness constraints
of the plates. Short transverse specimens were prepared for the 8090 alloy utilizing
subsized 0.10 inch (2.54 mm) diameter specimens machined from the bar portion of
the L-shaped extrusions.

Solid cylindrical compression specimens were prepared in 0.5 inch (12.7 mm)
diameters with 3:1 length:diameter ratios. Specimens were tested on a 50 KIP
electromechanical tension/compression machine with a 50,000 lb load cell at a cross-
head speed of 0.1 in./min. Testing was conducted in accordance with ASTM Standard E
9-89.8 Since ductile materials generally do not display a compressive failure load,
the tests were terminated after a 5% drop in load. The ultimate compressive strength
was then determined from the maximum recorded load.

Shear specimens were prepared to the same configuration as the cylindrical
compression specimens. Testing was conducted in accordance with ASTM Standard B
565-87.8 The double shear configuration was utilized and the rig was operated under
compression. Specimens were tested on a 50 KIP electromechanical
tension/compression machine with a load cell of 50,000 lbs at a cross-head speed of
0.1 in./min.

Fracture toughness compact tension specimens were precracked and tested in
accordance with ASTM Standard E 399-92.8 The crack plane orientation code of the
standard specifies the first letter of a hyphenated code as representing the direction
of the tensile axis while the second letter refers to the direction of crack
propagation. Specimens of 0.5 inch (12.7 mm) thickness were prepared in the L-T
and T-L directions. For the 8090 alloy, 0.75 inch (19.06 mm) thick specimens were
prepared in the S-L direction from the bar portion of the extrusion. Specimens were
tested on a Servo-hydraulic testing machine at a cross-head speed of 0.1 in./min.

Threaded round axial fatigue specimens with 0.20 inch (5.08 mm) diameters
were prepared in the longitudinal direction. Testing was conducted in accordance
with ASTM Standard E 466-82.8 The specimens were tested under ambient conditions,
at a maximum/minimum stress ratio (R) of 0.1. The Weldalite specimens were tested
on a Servo-hydraulic testing machine at a test frequency of 10 Hz. The 8090
specimens were tested on a Satec rotating mass testing machine at a test frequency of
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30 Hz. The minor difference in test frequency falls well within the allowable range

of test conditions specified by the standard.

Ballistic Testing

Determination of the V50 ballistic limits against 7.62 mm (.30 caliber ) M2
armor piercing (AP) and 12.7 mm (.50 caliber) fragment simulating projectile (FSP)
munitions was made in accordance with U. S. Army Test and Evaluation Command Test
Procedure 2-2-710 DRSTE-RP-702-101. The V50 ballistic limit is defined as the velocity
at which a specific projectile will have a 50% probability of causing perforation of a
witness plate behind the test plate. Such perforations may be caused by either the
projectile or by spalling of the armor target itself.

RESULTS AND DISCUSSION

Materials Characterization

1. Chemical Analysis

Table 1 summarizes the chemical analysis of 8090 and Weldalite in comparison
to the 2090 Al-Li alloy. 9 Low Cu:Li and Cu:Mg ratios are observed in 8090.
Aluminum-lithium alloys with low Cu:Li ratios have been shown to result in the
precipitation of 8, 8 and T1.5,10 Increasing the magnesium content lowers the Cu:Mg
ratio and promotes the formation of the S' precipitates. 7  These ratios account for the
formation of 8', 8 , TI and S' in 8090, identified in the literature. 2 ,6 ,7

The chemical analysis of Weldalite reveals high Cu:Li and Cu:Mg ratios. High
Cu:Li ratios have been demonstrated to lead to the precipitation of 8', 8 and e' at peak
aged conditions. 10  Weldalite has been identified as containing S' and e' precipitates
under natural aging conditions, while T1 is present after artificial aging. 1 1 The
addition of silver is believed to enhance the nucleation of T1 in Weldalite.

The 2090 alloy previously studied, contains an intermediate Cu:Li ratio and has
been identified as containing fractions of T1, 8' and O'-like phase, possibly T2
(AI6CuLi3). 12 -14  Both 8090 and Weldalite alloys'exhibit lower iron impurity levels
than previously detected in 2090. Minor increases in the iron and silicon impurity
contents can result in significant reductions in fracture toughness. 12 ,15

Table 1. CHEMICAL ANALYSIS

Alloy/ (wt%) Li Cu MR Zr Ae Fe Si Al

8090 Extrusion 2.24 1.11 0.72 0.12 - 0.044 0.058 Bal.

Weldalite Plate 1.37 4.28 0.41 0.15 0.38 0.028 0.044 Bal.

2090 Plate 9 2.02 2.47 0.01 0.11 - 0.06 0.04 Bal.



All three Al-Li alloys utilize alloying additions of zirconium to refine the grain
size by the precipitation of P' (AI3Zr) during solutionization. 10- 12 , 16  Dispersed ['
particles provide a boundary drag pressure resisting grain growth after
recrystallization. 17 - 19 The A' precipitates have also been identified as preferential
sites for nucleation and growth of 8' because they possess the same crystal
structure. 2 0  This leads to the frequent observance of 0' rings around P' in 809020,21
and 2090.13 The 0' precipitates also form rings around A,'.5 The increase in diameter
with the composite particles results in accelerated aging kinetics in these Al-Li
alloys. 2 2

2. Metallography

Composite micrographs of polished and etched Al-Li materials were
constructed in order to show the aspect ratios of the grains with respect to the
longitudinal (L), transverse (T) and short transverse (S) axes, as defined in Figure 1.
The microstructures of the bar and flange portions of the 8090 extruded L-shaped bar
are revealed, in Figure I-A and B, respectively. Both portions display elongation of
the grains in the extrusion direction (L). Recrystallization is more pronounced in
the bar portion of the extrusion. The flange portion of the 8090 extrusion has a
thickness of 0.5 inch and displays an elongation of the grains in both L and T
directions. This is similar to that observed in the Weldalite plate in Figure 1-C, where
the longitudinal axis is defined as the rolling direction. The Weldalite plate possesses
a significantly smaller grain size and a higher degree of recrystallization than
observed in either portion of the 8090 extrusion.

Scanning electron micrographs of 8090 and Weldalite mctallography
specimens reveal the locations of coarse precipitates within the alloys. The scanning
electron micrograph of 8090 under backscattered electron imaging (BEI) in Figure
2-A displays the presence of precipitates located at the boundaries of recrystallized
grains. Since these precipitates appear darker in contrast than the matrix under BEI,
they must be rich in an element of lower atomic weight than the aluminum.
Analysis of these precipitates by EDS indicates only the presence of aluminum. The
EDS system is unable to detect elements with atomic weights less than beryllium. As
a result, these Al-Li precipitates identified by BEI and EDS are most likely 5 (AlLi).
The large fraction of Al-Li precipitates observed at the boundaries generally indicate
the presence of extensive PFZ's in the alloy.2 ,3

The micrograph of Weldalite in Figure 2-B reveals the presence of strings of
precipitates decorating grain and subgrain boundaries. These Al-Cu-Fe rich
particles, as indicated by EDS, may be Cu2FeAI7 precipitates identified in the
literature. 13 , 15  Second phase stringers of particles larger than one micron are
known to act as nucleation sites for high angle subgrains. 17 -18

Static Behavior

1. Mechanical Properties

For purposes of this evaluation, the mechanical properties of the Al-Li were
compared to those of 2519 and 5083 aluminum armor alloys. These results are
presented below in Table 2 with respect to the specimen orientation. The data sheets
for mechanical testing are presented in Appendices A (8090) and B (Weldalite). The
8090 extrusions exhibited slight improvements in ultimate tensile strength and
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(A) -~200 m

BarTL

Flange -"0.5w

extrusion or rolling direction; (A) 8090 extrusion, bar section, (B3) 8090 extrusion, flange
section, and (C) Weldalite plate.
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Figure 2. SEM micrographs revealirig locatins of coarse precqi.taui JA) backscattored
electron image of 8090 with AM-Li precipitates at boundwanes aid (B) secondary electron
imago of Waldalite with Al-Cu-Fe precipitates at boundaties.
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fracture toughness over 2519 Al, while providing an 8% reduction in density. The
8090 specimens did exhibit a significant reduction in ductility as well as a slight
reduction in yield strength. The maximum compressive and tensile strengths of the
8090 alloy are very similar, with the exception of the short transverse orientations.

Weldalite plates demonstrated improvements of over 25% in yield strength,
ultimate tensile strength and fracture toughness compared with 2519 Al. while
providing a 3% reduction in density. The Weldalite displayed the highest shear
strengths of the three Al-Li alloys and exhibited maximum compressive strengths
well in excess of the tensile strengths for the respective specimen orientations.

Similar properties were observed for 2090-T8 plates where improvements of
over 25% in yield strength and ultimate tensile strength, and also 10% in fracture
toughness were obtained over 2519-T8 Al while providing a 7% reduction in
density. 9 , 12 . 13  The only significant drawbacks of the 2090 alloy are the 'reduction in
ductility and short transverse fracture toughness compared to 2519 Aluminum.

Table 2. MECHANICAL PROPERTIES

Alloy Density 0.2% YS UTS Elong. KIC Ocomp Tmax
-(Process) (lb/in. 3 ) Orient. (ksi) (ksi) (%) (ksij/4in. (ksi) (ksi)

8090-T8771 0.093 L; L-T 60.0 70.7 3.9 31.0 * 71.5 40.6
(Extrusion) T; T-L 53.3 68.2 5.7 30.1 * 72.4 37.5

S; S-L 48.7 63.9 7.3 22.4 81.2

Weldalite-T8 0.099 L; L-T 81.2 88.2 12.5 33.5 109.7 49.3
(Plate) T; T-L 76.0 85.1 14.2 36.5 * 116.4 48.4

2090-T8E48 13 0.094 L; L-T 81.0 84.9 8.5 30.5 71 t 46 t
(Plate) T; T-L 79.4 84.3 7.0 22.0 82 t 44 t

S; S-L 63.8 71.2 16.9

Z519 -T87 23 0.102 L; L-T 61.4 67.4 12.4 27.2
(Plate) T; T-L 58.9 68.0 lM.0 24.1

S; S-L 21.2

5083 -H131 23 0.096 L; L-T 46.2 54.7 9.3 30.3
(Plate) T, T-L 41.7 56.8 12.7 27.6

•: KQ t: 2090-T81; Bucci et al. [91

Axial fatigue properties of the Al-Li alloys -ire pr-sented as S-N curves in
Figure 3 in accordance with ASTM E 468-82, and are compared to 2090-T81 9 and 2519-
T87. 2 3  The curves are plotted to indicate the 50% survivability of the mat.rial -hc
fatigue limit, Sf, is defined as the limit these curves attain as the specimens begin to
runout. All three Al-Li alloys demonstrate significantly improved fatigue life over
the 2519 aluminum alloys. The Weldalite, 2090 and 8090 alloys exhibit improvements
in the fatigue limit of 150%, 100% and 50%, respectively over 2519. The relative

7



80O-so-
ALLOY Su (ksi) Sf (kMi)

70 A A Weldalite-T6 88.2 44
A 2090-T81 [9] 84.9 38
"" 8090-T8771 70.7 27

"60 A * 2519-T87 [23] 67.4 18
Open symbols did not fail (Runouts)

E AO

40' A *
E A A

- 0o *...........

U-, ... oo•

E

23 0 ..... "..w .

..30 0

20 ~

10o Axial Fatigue; R = 0.1, Ambient conditions-

0.20 in. dia. Threaded Round (L) specimens I
0... ... .......... ...... I.................. ..... .. " . ..

1x104 1x10 5  1x10 6  1x10 7  1x108

Fatigue Life: N %'cycles)

Figure 3. Smooth axialstress fatigue (S-N) data for 8090-T8771, Weldalite-T6 and
2090-T819 aluminum-lithium alloys with respect to 2519-T87 aluminum. 23

8



fatigue resistance of these alloys correlates very well with the ranking of the
respective ultimate tensile strengths.

The 8090 L-T and T-L fracture toughness specimens failed to satisfy the sharp-
crack tip condition established by ASTM E 399 for the size specimens utilized,
specifying that:

a and B < 2.5(KQ/OyS) 2

where a is the initial crack length, B is the specimen thickness and O ys is the 0.2%
offset yield strength in the direction of the tensile axis. The conditional fracture
toughness result (KQ) is calculated from E 399-A4.5 for compact tension specimens.
Although the specimens failed the criteria for a valid KIC test, the fraction of oblique
shear at the edges of the L-T and T-L specimens is minimal, such that the KQ values
presented should closely approximate the plane-strain condition. These criteria are
satisfied for the larger S-L specimens, thus validating the KIC values. For the
Weldalite alloy, the plane-strain criteria are satisfied only for the L-T specimens.

2. Failure Mechanisms

The 8090 tensile specimens fractured under mixed modes of transgranular
shear and intergranular failure, as depicted by the micrograph in Figure 4-A.
Elongated primary grains failed by transgranular shear while recrystallized regions
failed predominantly by an intergranular mechanism. Such mixed modes of failure
are common in Al-Li alloys. 2 ,4.10, 13 . 14 The mixed modes of failure are particularly
prevalent in extruded Al-Li alloys, where the fracture mode progresses from
intergranular to transgranular as the processing temperature compensated strain
rate is decreased. 2 4  For underaged conditions, failure has been shown to occur
primarily by transgranular shear as the S' and TI fractions are too low to prevent

strain localization. 6 ,7, 2 5  The coarsening of equilibrium precipitates at grain
boundaries and the widening of PFZ's during over aging lead to extensive
intergranular failure and a reduction in ductility. 2 . 7 , 2 5

The presence of micro dimpling in the regions of transgranular shear can be
observed in Figure 4-B. Transgranular shear with micro dimpling has been
previously identified for peak and slightly overaged conditions in Al-Li alloys of
compositions similar to 8090.6 Some recrystallized grains were identified as failing
in a brittle mode, initiating at Al-Li inclusions, as depicted in Figure 4-B. Secondary
cracking was also noted in the recrystallized regions to follow paths rich in Al-Li
precipitates. For other Al-Li alloys, secondary cracking has been attributed to the
presence of coarse precipitates and the resulting PFZ's at subgrain boundaries. 2 5
Low ductility and fracture toughness in the short transverse direction are also
attributed to weak boundaries in the rolling or extrusion plane. 2 6

Weldalite tensile specimens also demonstrated mixed modes of failure as
presented in Figure 5-A. Transgranular shear of primary grains and e tcnsive
micrevoid coalescence initiating at clusters of Al-Cu-Fe precipitates were identified.
Similar results have been observed in 2090 with microvoid coalescence around
Cu2FeAi 7 particles. 1 3  A closer examination indicates that the transgranular shear
occurs along subgrains parallel to the rolling direction, and steps to adjacent
subgrains. The BEI micrograph in Figure 5-B reveals that these steps are initiated by



(A)W

Figure 4. SEM micrographs depicting failure modes of 809 tensile IL) spe-cimns;
(A) mixed modes of transgranular shear and inteigranular failure, and (a) brittle fracture of
recrystallized grain initiating at Al-L precipitates.
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Figure S. SEM micrographs depicting failure modes in Wekialite tensile ()specimens;
(A) mixed transgranular shear and ductile sheor lips, and (B) microvoid coallescans. at
subgrain boundaries leading to steps.



multiple Al-Cu-Fe precipitates. Failure in Al-Li alloys has been shown to occur
predominantly along grain boundaries parallel to the rolling direction with steps to
adjacent planes. These steps initiate at intersecting grain boundaries and shear
bands by a ductile failure mechanism. 2 6  Many of the recrystallized grains in
Weldalite failed in a brittle manner, also initiating at multiple Al-Cu-Fe precipitates.

Dynamic Behavior

1. Ballistic Properties

Both 8090 extrusions and Weldalite plates provided enhanced ballistic
performance over 2519 and 5083 Al alloys. The V5 0 ballistic limits against AP and FSP
projectiles at 0' obliquity are plotted versus armor demand in Figures 6 and 7,
respectively. The armor demand is cmperically derived as the areal density, PA
(lb/ft2), divided by the projectile diameter, d (in.):

armor demand PA /d (tl/ft2 )
in.

The areal density is defined as is the target thickness, t (ft), multiplied by the density

of the alloy, p (lb/ft 3 ):

PA=-- t "P (lb/ft2)

For a given material, the ballistic data for different caliber projectiles superimpose
on single curves for either AP or FSP projectiles when plotted against armor demand.
This technique allows designers to evaluate ballistic performance as a function of
projectile type rather than for individual caliber munitions. The AP and FSP
projectile diameters are included as inserts in the plots. Ballistic data for 2519 and
5083 are included as the high and low ends of aluminum alloys currently being
considered for structural armor applications. 2 7

Against AP projectiles (Figure 6), the Weldalite plates consistently
demonstrated ballistic limits (V5 0 ) about 10% in excess of the mean values for the
2519 aluminum alloy. Data for Weldalite plates supplied by the manufacturer also
agrees with this trend. 28  The 8090 extrusions demonstrated V50 data slightly lower
than the mean values for 2519, while 8090 plates 29 yielded ballistic limits just above
the 2519. The dynamic performance of these alloys under ballistic testing correlates
with the ranking of yield strengths obtained under static loading rates in Table 2.
Against the FSP projectiles (Figure 7), there appeared to be little difference between
the Al-Li and aluminum alloys. The 2090-T8E48 Al-Li alloy also demonstrates similar
ballistic limits against the FSP projectiles. 1 3

2. Failure Mechanisms

Figures 8-A and B indicate that penetration of 12.7 mm FSP projectiles resulted
in mixed modes of dynamic failure by plugging and delamination mechanisms. These
optical micrographs display penetration cross-sections still containing the plugs.
Upon impact by a blunt projectile (FSP), strong compressive waves propagate
through the target and reflect as tensile waves. 3 0  Failure generally occurs as the
intensity of the tensile wave exceeds the dynamic ultimate tensile strength of the

12



3500-

3000 R 7.62 mm M2-AP 0.243

12.7 mm M2-AP 0.428

01500.-

1000 ,. -40 Weidalite 7.62 mm M2-AP
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0 8090 (Extr.) 7.62 mm M2-AP
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S0~'!
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Figure 6. Balaistc limit (V5) versus armored demand at 00 obliquity
against armor piercing projectiles.
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(A)

(B)

Figure 8. Optical micrographs of 12.7-mm FSP penetration cross sections at lower projectile
velocities; (A) plugging and delamination of 8090 extrusion, and (B) plugging and stepped
cracking of Weldalite plate.
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material. In aluminum alloys, plugging is attributed to narrow bands of intense
plastic strain along planes of maximum shear stress or minimum strength.

The cross-section of the 8090 specimen in Figure 8-A displays significant
delamination initiating at the plug interface and extending in the longitudinal and
transverse directions. Higher projectile velocities and thicker 8090 targets, lead to
increased delamination as the projectile exited the material. Extensive delamination
was also obtained in ballistic testing of 2090-T8E48 plates.1 3  In overaged conditions,
delamination of 8090 flat tensile specimens with polished surfaces were identified as
initiating at grain boundary precipitates. 3 0

The cross-section of the Weldalite specimen in Figure 8-B reveals substantially
less delamination although the presence of stepped cracks at a 451 angle from the
projectile axis can be observed. This is similar to the failure mechanism
identified under static testing whefe fracture occurred along boundaries parallel to
the rolling plane and stepped to boundaries on adjacent planes. For thicker Weldalite
targets, stepped cracks propagated to the surface, resulting in spalling. Spalling is
known to occur primarily in materials that demonstrate compressive strengths well
in excess of the ultimate tensile strengths. 3 1  Such a difference was obtained for
Weldalite under static loading conditions as observed in Table 2.

Examination of the spalled and delaminated fracture surfaces by SEM reveals
some differences in failure mechanisms between dynamic and static testing
conditions. Both Al-Li alloys still exhibit extensive areas of flat transgranular shear
but Figures 9-A and B also reveal an intersubgranular failure mode along low angle
boundaries. In addition, the Weldalite spalled surface demonstrates a stepping of the
transgranular shear between adjacent grains parallel to the rolling plane.

CONCLUSIONS

1. Both 8090-T8771 and Weldalite-T8 Al-Li alloys demonstrate superior strength
to weight ratios compared to the 2519-T87 and 5083-H131 aluminum alloys. The 8090
possesses comparable mechanical properties while providing an 8% reduction in
density over 2519. The Weldalite has a comparable density as 2519 but demonstrates
improvements of over 25% in yield strength, ltimate tensile strength and fracture
toughness.

2. The two Al-Li alloys display significantly improved axial fatigue properties
over 2519-T87 and 5083-H131 aluminum plates. The Weldalite plates and 8090
extrusions demonstrated an increase in excess of 150% and 50%, respectively, in the
fatigue limit compared to 2519.

3. Both 8090 and Weldalite provide ballistic properties comparable to the 2519
and 5083 aluminum alloys against both AP and FSP projectiles. Both Al-Li alloys fall
within the range of scatter for the 2519 alloy, yet above the range of the 5083 data.

16



F"g~ S. SEM micwgaphs of fractuire surfaces of bw'ilStic targets revealing transgranular
sheaw with intersubgranuiar failure Wiong low anoe boundaries; (A) 8090 delamination
fracture surface, and (B) Weldsllte **Il fracture surface.
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RECOMMENDATIONS

Whether the goal is to reduce weight or to improve strength, Al-Li alloys offer
significant potential for replacing alloys such as 2519 and 5083 as light-weight,
high-strength structural armor materials. The limited ballistic data of this study
indicates that these Al-Li alloys possess ballistic limits equal to or greater than what
is currently being considered for aluminum armor materials. Establishment of a
more extensive data base on the ballistic performance as well as optimization of
factors that minimize plugging, delamination or spalling is strongly recommended.
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APPENDIX A. 8090 TESTING DATA

Appendix A.1 8090 Tensile Testing

8090 Extrusion T-8771

Tensile Testing
ASTM B 557: Tension Testing Wrought and Cast Aluminum- and Magnesium-

Equipment: 20 KIP Electromechanical Tension/Compression Machine
Load Cell: 5,000 lb (1,000 lb for [S] specimens)
Cross-Head: 0.02 in/min
Strain Gages: V" 10% for [LI and [T] specimens, 0.5" 10% for [S] specimens

Diameter 8.2% YS UTS Elongation Modulus
Specimen (in.) (ksi) (ksi) (%) (Msi) Remarks

L-1 0.250 69.6 76.0 2.8 10.9 (a)
L-2 0.250 57.5 68.8 3.2 11.0 (a)
L-3 0.250 58.0 70.8 4.7 11.3 (a)
L-4 0.250 58.0 69.8 5.2 11.1
L-5 0.250 59.0 69.4 3.4 10.8 (a)
L-6 0.250 58.0 69.4 4.1 11.3

T-1 0.250 52.8 68.2 6.3 11.0 (a)
T-2 0.250 53.8 68.4 5.0 10.8 (a)
T-3 0.250 53.0 68.6 6.5 10.6
T-4 0.250 52.5 68.0 6.5 10.3
T-5 0.250 54.0 67.5 4.1 11.0 (a)
T-6 0.250 53.5 68.5 5.9 10.8 (a)

S-1 0.100 51.0 66.5 6.0 9.9
S-2 0.100 43.0 58.3 8.0 9.6
S-3 0.100 52.0 67.0 8.0 9.8 (b)

Summary:
L 0.250 60.0 70.7 3.9 11.1
T 0.250 53.3 68.2 5.7 10.8
S 0.100 48.7 63.9 7.3 9.8

Remarks:
(a): Specimen failure initiated at gage mark indentation.
(b): Specimen failed outside gage mark.

J9



Appendix A.2 8090 Compression Testing

8090 T-8771 Extrusion

Compression Testing
ASTM E 9: Compression Testing of Metallic Materials at Room Temperatare.

Equipment: 20 KIP Electromechanical Tension/Compression Machine
Load Cell: 20,000 lb
Cross-Head: 0.1 in/min

speci~me W........(ki)WJ) Flrn

L-1 0.50 1.499 61.3 73.5 10.6
L-2 0.50 1.500 54.6 75.5 10.4
L-3 0.50 1.499 53.8 72.7 11,1
L-4 0.50 1.500 61.7 69.9 9.9

L-5 0.50 1.500 52.8 67.9 11.9
L-6 0.51 1.497 53.9 69.6 10.8

T-1 0.50 1.500 58.2 73.0 9.5
T-2 0.50 1.495 59.9 73.7 11.9
T-3 0.51 1.500 58.8 66.7 13.4
T-4 0.51 1.499 55.7 67.6 11.8
T-5 0.51 1.499 58.1 79.4 11.3
T-6 0.51 1.501 64.7 73.8 8.9

S-1 0.51 1.497 51.5 75.7 10.1
S-2 0.50 1.495 52.0 79.1 11.2
S-3 0.50 1.503 52.0 88.8 11.5 (8)

SU M Y: .... ........ .
L 0.50 1.499 57.0 71.5 10.8
T 0.51 1.499 59.2 72.4 11.1

S 0.50 1 498 51.8 81.2 10.9

Remarks:
(a): Specimen failed by shear. All other specimens buckled, and tests were

terminated after a 5% drop in load was observed. Compressive strengths
then determined from maximum load.
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Appendix A.3 8090 Shear Testing

8090 T-8771 Extrusion

Shear Testing
ASTM B 565: Shear Testing of Aluminum and Aluminum-Alloy Rivets and Cold-

Mating Wire and Rods.

Equipment: 50 KIP Electromechanical Tension/Compression Machine
Load Cell: 20,000 lb
Cross-Head: 0.1 in.Imin

D.. may Max Load Max Shear
Specmen (in.) (W) (1)) Remar-k

L-1 0.499 15,900 40.7
L-2 0.499 16,200 41.4
L-3 0.499 17,590 45.0 (8)
L-4 0.499 15,500 39.6
L-5 0.499 16,200 41.4
L-6 0.499 15,590 39.9

T-I 0.500 15,050 38.3
T-2 0.499 14,850 37.5
T-3 0.499 13,890 35.5
T-4 0.600 15,200 38.7
T-5 0.500 14,900 38.0
T-6 0.499 14,400 36.8

SUMMARY:
L 0.499 16,163 40.6
T 0.500 14,682 37.5

Remarks:
Max Shear = Pmax/ 2 A
All specimens sheared on two planes along the compressive axis.
(a): possible bushing interference.
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Appendix A.4 8090 Fracture Toughness Testing

8090 T-8771 Extrusion

Fracture Toughness
ASTM E 399 Plnan-Strain Eracture Toughness of Metallic Materials.

Compact Tension Specimens
Size: L-T & T-L specimens: W= 1.00 in., B= 0.50 in.

S-L specimens: W= 1.50 in., B= 0.75 in.
Equipment: 10 KIP Servo-hydraulic testing machine
Cross-Head: 0.1 in./min
Precracked: According to ASTM E 399 Annex 4
Plane-Strain Criteria:

(a) 0.45< (a/W) < 0.55
(b) a & B > 2.5(KQI(yS) 2 , where OyS from 8090 Tensile test (Appendix A.1)

L: 60.0 ksi; T: 53.3; S: 48,7
(c) Pmax/PQ < 1.10

a Ka
Specimen (in.) a/W PmaxiPq (It Din. 2.5(Eg/(ys)2 Remarks

LT-2 0.521 0.521 1.00 31.85 0.704 (b)
LT-3 0.529 0.529 1.07 32.92 0.753 (b)
LT-5 0.527 0.527 1.01 30.15 0.631 (b)
LT-6 0.532 0.532 1.02 28.98 0.583 (b)

TL-1 0.523 0.523 1.17 29,84 0.784 (b), (c)
TL-3 0.533 0.533 1.19 28.86 0.733 (b), (c)
TL-4 0.514 0.514 1.14 30.75 0.832 (b), (c)
TL-5 0.541 0.541 1.18 30.19 0.802 (b), (c)
TL-6 0.522 0,522 1.16 30.85 0.838 (b), (c)

SL-1 0.741 0.494 1.00 22.60 0.538 KIC
SL-2 0.715 0.477 1.01 22.60 0.538 KIC
SL-3 0.737 0.491 1.02 22.70 0.543 Kic
$L-4 0.738 0.492 1.02 22.40 0.529 KIC
SL-5 0.754 0.503 1.01 22.30 0.524 KIC
SL-6 0.713 0.475 1.04 21.50 0.487 KIc

SUMMARY:
LT 0.527 0.527 1.03 30.98 0.668 KO
TL 0.527 0.527 1.17 30.10 0.798 Ka
SL 0.733 0.489 1.02 22.35 0.527 KiC

Remarks:
Letters refer to plane-strain criterion that are invalid.
TL-2 did not align with fixture, LT-I and LT-4 spenimens failed during
loading.
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Appendix A.5 8090 Fatigue Testing

8090 T-9771 Extrusion

Axial Fatigue
ASTM E 466 Conducting Constant Amplitude Axial Fatigue Tests of Metallic

MNItzi1l&

Equipment: Rotating Mass testing machine
Stress Ratio: R=O.1
Frequency: 30 Hz
Conditions: Ambient temperatitre and humidity

Diameter Max Stress
Specimen (in.) (ksi) Cycles Remarks

L-1 0.199 26.2 10,382,000 (a)
L-2 0.199 28.0 3,639,000
L-3 0.200 27.8 171,000
L-4 0.199 30.1 1,411,000
L-5 0.201 39.3 164,000
L-6 0.200 47.5 30,000
L-7 0.199 27.5 11,787,000 (a)
L-8 0.199 37.5 (b)

Remarks:
(a) Specimen Run out in excess of 10,100,000 cycles.
(b) Specimen failed from a galled thread while being installed in the test

machine.
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APPENDIX B. WELDALITE TESTING DATA

Appendix BA1 Weldalite Tensile Testing

Weldalite T-8 Plates

Tensile Testing
ASTM B 557: Tension Jesting Wrouaht and Cast Aluminuim- and Magnesium-

Ally rdugl
Equipment: 20 KIP Electromechanical Tension/Compression IMachine
Load Cell: 5,000 lb.
Cross-Head: 0.02 in./min
Strain Gages: 1" 10% for [L) and [T] specimens.

Dianieter 0.2% YS LITS Elongation Modulus
Specimen (110) (ksQ) (kal) N% (ilsi Remarks

L-1 0.249 81.9 88.6 12.9 10.8 (a)
L-2 0.251 81.3 88.2 11.7 10.9 (a)
L43 0.252 80.4 87.7 12.9 10.4 (a)

T-1 0.249 75.4 84.7 14.1 10.8 (b)
T-2 0.250 78.8 85.6 13.8 10.2 (b)
T-3 0.249 75.7 84.9 15.0 10.7 (a)

SUMMARY:
L 0.250 81.2 88.2 12.5 10.7
T 0.250 78.0 85.1 14.2 10.8

Remarks:
ASTM B 557 recommends not to compare values of % Elongation for subsized
specimens.
(a) Specimens sheared at a 450 angle to the tensile axis.
(b) Specimens sheared along two planes intersecting to form a "V" surface.
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Appendix B.2 Weldalite Compression Testing

"Weldalite T-8 Plates

Compression Testing
ASTM E 9: Compression Testing of Metallic Materials at Room Temperature.

Equipment: 50 KIP Electromechanical Tension/Compression Machine
Load Cell: 50,000 lb
Cross-Head: 0.1 in./min

Diameter Length Compressive
Specimen (in.) (in.) (ksi) Remarks

L-1 0.499 1.500 111.2
L-2 0.496 1.500 107.2
L-3 0.494 1.500 110.7

"T-1 0.495 1.500 115.4
T-2 0.496 1.500 119.0
T-3 0.497 1.500 114.7 (a)

SUMMARY:
L 0.496 1.500 109.7
T 0.496 1.500 116.4

Remarks:
(a): Specimen failed by shear. All other specimens buckled, and tests were

terminated after a 5% drop in load was observed. Compressive strengths
then determined from maximum load.
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Appendix B.3 Weldalite Shear Testing

Weldalite T-8 Plate

Shear Testing
ASTM B 565: Shear Testing of Aluminum and Aluminum-Alloy Rivets and Cold-

Heating Wire and Rods,

Equipment: 50 KIP Electromechanical Tension/Compression Machine
Load Cell: 50,000 lb
Cross-Head: 0.1 in./min

Dianmeter Max Load Max Shear
Specimen .. n.) (Ibf) (ki). Remarks

L-1 0.498 19,300 49.5 (a)
L-2 0.498 19,050 48.8 (a)
L-3 0.498 19,375 49.7 (a)

T-1 0.498 19,100 49.0
T-2 0.497 18,800 48.5
T-3 0.498 18,600 47.7

SUMMARY:
L 0.498 19,242 49.3
T 0.498 18,833 48.4

Remarks:
Max Shear = Pmax/ 2 A
(a) Specimens sheared on two planes along the compressive axis.
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Appendix B.4 Weldalite Fracture Toughness Testing

Weldalite T-8 Plate

Fracture Toughness
ASTM E 399 Plane-Strain Fracture Toughness of Metallic Materials.

Compact Tension Specimens
Size: L-T & T-L specimens: W= 1.00 in., B= 0.50 in.
Equipment: 10 KIP Servo-hydraulic testing machine
Cross-Head: 0.1 in./min
Precracked: According to ASTM E 399 Annex 4
Plane-Strain Criteria:

(a) 0.45< (a1W) < 0.55
(b) a & B > 2.5(KQ/Gy$) 2 , where (Oys from Weldalite Tensile test (Appendix B.1)

L: 81.2 ksi; T: 76.0
(c) Pmax/PQ < 1.10

a K
Specimen (in.) a/W Pmax/PQ (Ia 2.6(Ko/ays)2  Remarks

LT-1 0.481 0.481 1.05 26.83 0.273 KIC
LT-2 0.503 0.503 1.18 37.28 0.527 (b), (c)
LT-3 0.526 0.526 1.15 33.34 0.421 (c)
LT-4 0.430 0.430 1.27 3e.39 0.502 (b), (c)
LT-5 0.480 0.480
LT-6 0.487 0.487 1.14 33.70 0.431 (c)

TL-1 0.477 0.477 1.38 40.15 0.698 (b), (c)
TL-2 0.457 0.457 1.09 35.63 0.549 (b)
TL-3 0.502 0.502 1.15 34.96 0.529 (b), (c)
TL-4 0.461 0.461 1.13 35.86 0.557 (b), (c)
TL-5 0.458 0.458 1.12 36.91 0.590 (b), (c)
TL-8 0,456 0.456 1.09 35.51 0.546 (b)

SUMARY:
LT 0.484 0.484 1.16 33.51 0.431
T1.. 0.469 0.469 1.16 36.50 0.578

Remarks:
Letters refer to plane-strain criteria that are invalid
Specimen LT-5 failed prior to loading.
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Appendix B.5 Weldalite Fatigue Testing

Weldalite T-8 Plate

Axial Fatigue
ASTM E 466 Conducting Constant Amplitude Axial Fadiue Tests of Metallic

Equipment: 10 KIP Servo-hydraulic testing machine
Stress Ratio: R = 0.1
Frequency: 10 Hz
Conditions: Ambient temperature and humidity

Diameter Max Stress
Specimen (in.) (ksu cycles Remarks

L.1 0.199 60 67,580
L-2 0.199 50 1,205,760
L-3 0.199 46 290,042
L-4 0.202 40 10,010,000 (a)
L-5 0.202 43 754,000
L-6 0.199 46 10,026,880 (a)
L-7 0.199 55 191,520
L-8 0.199 60 54,220

Remarks:
(a) Specimen Run out in excess of 10,000,000 cycles.
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