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ABSTRACT
AN

\A 1.5-inch-thick 2090-T8E48 aluminum-lithium (AI-Li) alloy plate was evaluated in
conjunction with the Navy Cooperative Test Program. Mechanical characterization
included testing of tensile specimens in the longitudinal, transverse, and short direction,
and testing of compact tension/slow bend specimens covering the L-T, T-L, L-S, S-L,
S-T, and T-S directions. In addition, ballistic tolerance against caliber .30 armor pierc-
ing projectile and 20-mm fragment simulated projectile was determined. Corrosion and
stress corrosion studies were made in accordance with ASTM standards. Microstructural
characterization was performed through optical metallography and transmission electron
microscopy. Consolidation and discussion of all the results in comparison with previously
evaluated 0.5-inch-thick X2090-T8 is presented. M)&
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INTRODUCTION

The first commercial aluminum-lithium (Al-Li) alloy was introduced in the 1950’s and was
designated as 2020 by the Aluminum Company of America (ALCOA). The development of
2020 was primarily tailored for airframe applications.! Due to difficulties in fabrication and
the low fracture toughness properties exhibited in this alloy, 2020 was withdrawn from produc-
tion in the late 1960’s. Research studies on Al-Li alloys in the Soviet Union continued,
which led to the development of a weldable 1420 Al-Li alloy.2 Due to an increasing demand
for stiffer and lighter aluminum alloys in the 1970’s for aecrospace applications, interest in
Al-Li alloys was renewed in the United States. A number of commercially available Al-Li
alloys are now available.

In the early 1980’s, the U.S. Army Materials Technology Laboratory (MTL) participated
in the Navy’s Cooperative Test Program on Al-Li alloys to establish a material property data
base. The purpose of this task was to keep abreast of new developments in Al-Li alloys, as
well as to identify potential Army applications. The first group of materials evaluated con-
sisted of 0.5-inch-thick X2090-T8E41 plates and X2090-T8 “T” shape extrusions. Results from
that study were disappointing.> Poor fracture toughness at room and at elevated temperature
was exhibited by the as-received X2090-T8E41. Furthermore, the ballistic penetration (Vsg)
results showed X2090-T8E41 to be only comparable to 7039-T64 at the same areal density
against caliber .30 armor piercing (cal. .30 AP M2) round and against caliber .50 fragment sim-
ulated projectiles (cal. .50 FSP). Severe spalling and delamination observed in the testing pre-
cluded X2090 from further consideration as an armor candidate. The poor fracture toughness
and ballistic performance in X2090-T8E41 were due to excess iron-rich precipitates aligned
along primary grain boundaries.

Since the study made on the X2090-T8E41, ALCOA reported an improvement in process-
ing of X2090 that resulted in a lower iron limit. Concurrently, X2090 was designated as com-
mercial 2090 Al and thicker plates up to 1.5 inches became available. Recent studies at the
ALCOA Technical Center also reported good welding characteristics® and good exposure resis-
tance® in 2090-T8. All indications pointed toward readiness of 2090-T8 for a variety of Army
applications.

In July 1988, MTL received 1.5-inch-thick plates of 2090-T8E48 Al-Li from ALCOA as
the second phase of the Navy's Cooperative Test Program. The purpose of this report is to
document mechanical properties, ballistic performance, corrosion and stress corrosion behavior,
and microstructural characteristics of the as-received 1.5-inch-thick 2090-T8E48 plates.

1. Pg%%MU;[;I-L E. S., and SCHMIDT, R. in Aluminum-Lithium Alloys. T. H. Sanders and E. A. Starke, ed., TMS-AIME, New York,
, p- 69.
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ptem 2

4. MARTUKANITZ, R. P., NATALIE, C. A., and KNOEFEL, J. O. The Weldability of 2090 (An Al-Li-Cu Alloy). Journal of Metal
v. 39, no. 11, Nowcmber 1987, p. RS L Y of 209 4 o). Jou i

5. MALCOLM, R. C, CORDIER, F. 1., and BUCCI, R. J. The Effecss of Various Thermal Conditions on the Tensile Proga'n'cs 98o{Alum«'rmm
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EXPERIMENTAL PROCEDURES

Mechanical Testing

Mechanical characterization of the as-received 2090-T8E48 plate included determination of
tensile and fracture toughness properties. Ultimate tensile strengths (UTS), yield strengths,
elongation, and modulus were obtained from testing of 0.505-inch- and 0.113-inch-diameter
threaded round tensile specimens. Due to the thickness constraint, only subsize (0.113 inch
diameter) tensile specimens were tested in the through thickness (short) direction. Subsize
tensile specimens (0.113 inch diameter) along with standard (0.505 inch diameter) specimens
were tested in the longitudinal and transverse directions to determine possible size effects to
gauge tensile data in the short direction. Tensile testing was performed in accordance with
ASTM B 557, Tension Testing Wrought and Cast Aluminum and Magnesium Alloy Products.
Fracture toughness testing of 2090-T8E48 Al-Li plate was conducted according to ASTM
E 399, Standard Test Method for Plane-Strain Fracture Toughness of Metallic Materials.
Both bend and compact specimens were tested in a variety of sizes and orientations. The
compact specimens included the following thicknesses and orientations: 1.5 inch thick (L-T,
T-L), 0.75 inch thick (L-T, T-L), and 0.5 inch thick (L-T, T-L, S-L, L-S, T-S, S-T). All the
bend specimens were 0.505 inch thick (L-T, T-L, T-S, L-S). Slow bend specimens were
tested for the purpose of direct comparison with the X2090-T8E41 fracture toughness data of
the same thickness and test specimen type.

Ballistic Testing

Ballistic tolerance of the as-received 2090-T8E48 plates was established through determina-
tion of Vso against cai. .30 AP M2 and 20-mm fragment simulating projectiles (FSP). The bal-
listic limit Vso is defined as the velocity at which a specific projectile impacted at a specified
obliquity on a particular material and thickness has a 50% probability of penetration. The
test procedure used in obtaining Vso at MTL is in accordance with U.S. Army Test and Evalu-
ation Command Test Operation Procedure 2-2-710 DRSTE-RP-702-101 (AD No. A137873).
The 2090-T8E48 Al-Li ballistic target plates were tested in the as-received 1.5-inch-thick
condition.

Corrosion and Stress Corrosion Evaluation

The objective of this evaluation was to determine the susceptibility of Al alloy 2090-
T8E48 to SCC in 3.5% NaCl solution as a function of specimen orientation. The
selfstressed, precracked, double-cantilever-beam (DCB) specimen was selected for determina-
tion of K., the stress intensity threshold below which no crack growth occurs.

The DCB specimen which is particularly suited for testing in the short transverse direc-
tion (S-L, S-T) was bolt loaded and mechanically precracked. Upon exposure to the NaCl
solution, stress corrosion crack growth occurred and the propagation of the crack was mea-
sured on two surfaces of the specimen. As the crack length increased, the crack tip intensity
decreased, the crack growth rate decreased, and the crack arrested or reached a reasonably
low crack growth rate of 10 to 6 in./hr and a corresponding stress intensity designated as
Kiscc. Finally, the specimen was broken open and the fracture surfaces were examined.
Three distinct areas were revealed: mechanical precrack; SCC crack growth; and, finally,
mechanical fracture after test. The DCB specimen shown in Figure 1 was tested in the T-L,
S-T, and S-L orientations.




Figure 1. Double cantilever beam specimen.

Microstructural Analysis

Microstructural characterization was performed using both light metallography and electron
microscopy. Metallographic specimens were sectioned from various orientations of the as-
received plate. - The microstructures were determined from specimens polished and etched
using Keller’s reagent. Transmission electron microscopy (TEM) specimens in the form of
3-mm discs were electropolished in a twin-jet electropolishing unit using a 3:1 methanol:nitric
acid electrolyte cooled to -20°C with a potential difference of 10 V. TEM thin foils were
examined on a Phillips EM 400 T electron microscope. Fractographic analysis of both
0.505-inch and 0.113-inch tensile specimens was performed on an AMRAY 1645 scanning elec-
tron microscope (SEM).

RESULTS AND DISCUSSION
Tensile and Fracture Toughness Testing

Longitudinal, transverse, and through thickness (short) tensile properties of 2090-T8E48
are shown in Tables 1, 2, and 3, respectively. Tensile data of 2090-T8E48 provided by
ALCOA, of )(2090-’[‘8}341,3 of 2519-T87 Al, and of 7039-T67 Al® are also presented for com-
parison. Evaluation of tensile data showed slight improvement over the previously tested
X2090-T8E41. Ultimate tensile strength and yield strength were better than the values
reported for 2519-T87 and 7039-T64 armor alloys. Discrepancics were observed comparing ten-
sile properties between the 0.505-inch and the 0.113-inch gauge diameter specimens. Size and
strain rate effects appeared to have influenced the tensile properties between the two types
of specimens. This phenomena will be further discussed under the Microstructural Analysis
Section. All the 0.505-inch tensile results corresponded with data provided by ALCOA from
limited testing.

6. DeLUCA, E., and ANCTIL, A. A. Laminate Armor for Light Comba Vehicles. U.S. Army Materials Technology Laboratory,
MTL TR 86-14, April 1986. for Light o8y d




Table 1. LONGITUDINAL TENSILE PROPERTIES

Uitimate
Gauge Tensile 0.2% Yield
Number Diameter Strongm Stron?th Elongation
Material of Tests (in.) (ks (ksi (%)
] 0.113 770 7.0 4.1
(75.0-79.0)* (69.0-73.0) 2.7-5.95)
TeE48 6 0.505 85.0 81.0 8.5
(84.0-85.0) (81.0-82.0) (7.6-10.1)
ALCOA's Data 4 - 85.0 81.0 6.8
on 2090-T8E48 (85.0-86.0) (81.0-82.0) 6.07.0)
X2090-T8E41 3 0.505 82.0 78.0 5.6
(81.0-86.0) (76.0-83.0) (5.3-5.9)
2519-T87 —_ -_ 67.0 61.0 120
7039-T64 —_ —_ 66.0 58.0 13.0
*Numbers in parentheses represent spread
Table 2. TRANSVERSE TENSILE PROPERTIES
Uhlimate
Gauge Tensile 0.2% Yield
Number Diameter Stren Sttength Elongation
Material of Tests (in.) (ksi (ksi (%)
8 0.113 77.0 71.0 8.9
(75.0-79.0)* (64.0-77.0) (3.8-13.5)
TaE48 [ 0.505 84.0 79.0 7.0
(83.0-85.0) (79.0-81.0) (6.09.0)
ALCOA's Data 4 - 84.0 79.0 45
on 2090-T8E48 (84.0-85.0) (78.0-80.0) (4.0-5.0)
X2090-T8E41 3 0.505 82.0 76.0 8.5
(81.0-84.0) (75.0-78.0) (7.8-8.9)
2519-T87 - — 68.0 59.0 120
7039-T64 — _— 60.0 51.0 136
*Numbers in parentheses represent spread
Table 3. THROUGH THICKNESS TENSILE PROPERTIES
Ultimate
Gauge Tensile 0.2% Yield
Number Diameter Str Strength Elongation
Material of Tests (in.) (ksi (ksi (%)
2090-T8E48 18 0.113 7.2 63.8 —_
(67.0-75.0)* (61.0-65.0)
ALCOA's Data 10 _ 70.0 64.0 1.1
on 2090-T8E48 (66.0-74.0) (63.0-66.0) (0.5-2.0)

*Numbers in parentheses represent spread

Through thickness tensile properties are summarized in Table 3. Again, the properties
shown confirmed results from ALCOA. Since a size effect was observed between the 0.505-
inch- and 0.113-inch-diameter specimens in the longitudinal and transverse directions, better

properties are anticipated with 0.505-inch-diameter specimens in the through thickness

direction.




In general, 2090-T8E48 performs better in tensile testing than 2519-T87 and 7039-T64
aluminum armor alloys. Evaluation of tensile data indicates better ballistic resistance with
2090-T8E48 than 2519-T87 and 7039-T67.

Due to the texturing in the base material, precracking the fracture toughness specimens
appeared to be a major difficulty. In an effort to detect crack initiation without having to
constantly monitor the crack, the 1.5-inch-thick compact specimens were fitted with crack
detection gauges. The gauges were applied using either a cyanoacrylate or epoxy adhesive.
The output from the gauge circuit was monitored by a computerized data acquisition system.
The monitoring system was also used to start/stop the function generator which controlled the
load applied by the test machine. It was hoped that crack initiation would be detected by
the computer and the test stopped before unstable crack growth took place. In theory, and
during simulations, the system performed as expected. In practice, however, it was never possi-
ble to make the crack in the specimen propagate through the adhesive and break the grid of
the gauge, thereby stopping the test. Although this method of monitoring crack growth
proved unsuccessful, it did provide us with the confidence that a crack could be initiated in
this material and grown in a controlled manner.

Precracking loads for the remaining specimens were kept low so that the maximum stress
intensity factor did not exceed approximately 30% of the estimate Kq (a conditional Kj).
The low loads provided slow crack growth and allowed the machine to be set to run a fixed
number of cycles with confidence that unstable crack growth would not occur. In addition, if
the crack should reach the proper length (0.45<a/W<0.55) during cycling, the stress intensity
for final crack growth would be within the limit specified in ASTM E 399.

In spite of the polished surfaces, crack monitoring and surface crack measurement
remained a problem. Surface cracks were extremely fine and difficult to measure. The textur-
ing within the specimen seems to have a pronounced effect on fatigue crack growth. Crack
front profiles often had a scalloped appearance as different portions of the crack front grew
at different rates. In one extreme case, a crack extended from one face across only about
90% of the notch with the internal end of the crack growing as if it were at a free edge.

The direction of texturing in certain specimens seemed to be the dominant force in
determining the direction of crack propagation. In some cases, crack branching and crack
propagation at 90 degrees to the desired direction were noted. While precracks could be gen-
erated in all the bend bars by using low loads, wh~n the specimens were tested to determine
the value of Kq, the cracks in the specimens for T-L, L-S, and T-S orientations propa-
gated at 90 degrees to the precrack and made th. ts invalid.

Summaries of the fracture toughness testing are presented in Tables 4, 5, and 6. Tough-
ness properties of 2519-T87 and 7039-T67 from a prevnous MTL study along with ALCOA’s
data of the same material are also presented for comparison. As anticipated, the best frac-
ture toughness properties were exhibited by specimens tested in the L-T direction. The Kq
and valid K|, values were comparable to ALCOA'’s data as well as what was obtained with
X2090-T8E41 from the previous investigation. Expected improvement was not well defined.
The toughness properties were lower than those for 7039-T64 but comparable to 2519-T87 in
the L-T direction.




Table 4. FRACTURE TOUGHNESS PROPERTIES/L-T DIRECTION

Thickness
Material Spec. Type* No. of Tests {in.) (ksiS |in.) (ksls in.)
CcT 4 1.40 31.3 t 244
(24.0-32.0)
cT 4 0.75 30.6 -
(28.0-32.0)
cT 3 0.50 26.2 30.5
2090-T8E48 (22.0-31.0)
B 4 0.50 30.7 —
(26.0-34.0)
ALCOA's Data - 2 - 34.0 —
on 2090-T8E48 (33.0-35.0)
X2090-T8E41 B8 3 0.50 30.2 —
(29.0-32.0)
2519-T87 CcT — — 272
7039-T64 CcT 8 — —_ 40.7

*CT = compact tension, B = slow bend
tNumbers in parentheses represent spread

Table 5. FRACTURE TOUGHNESS PROPERTIES/T-L DIRECTION

Thickness
Material Spec. Type* No. of Tests {in.) (ksislln.) (ksis |in.)
cT 4 143 245 t 244
(23.0-25.0) (23.0-25.0)
cT 3 0.75 25 232
2090-T8E48 (21.0-23.0) (23.1-23.3)
cT 4 0.50 23.2 218
(22.0-24.0)
ALCOA's Data - 2 - - 27.0
on 2090-TBE48 (24.0-30.0)
X2090-TBE41 B 3 0.50 29.7 -
(27.0-32.0)
2519-T87 (*1) 8 - - 242
7039-T64 (*11 6 — - 35.6

*CT = compact tension, B = slow bend
tNumbers in parentheses represent spread

Table 6. FRACTURE TOUGHNESS PROPERTIES/THROUGH THICKNESS (S) DIRECTIONS

Thickness l$ ’&
Material Direction Spec. Type* No. of Tests (in.) (ksivin, (ksivin.
2090-T8E48 ST cT 3 05 8.6 75
7.59.4)
ALCOA's ST —_ 1 — 7.08.0 -
Data
on 2090-
T8E48
2090-T8E48 S-L CcT 1 05 — 16.9
2519-T87 SL CcT 9 —_ —_ 212
2090-T8E48 LS cT 4 03 18.2 —
(16.0-20.0)
2519-T87 L-s CcT 12 — - 348
2090-T8E48 T8 CcT 3 0.8 13.7 16.7
(8.0-19.0) (15.0-19.0)

*CT = compact tension, B = slow bend
tNumbers in parentheses represent spread




In the T-L direction, the valid K;. values obtained from MTL'’s testing were slightly lower
than what was reported by ALCOA. Direct comparison with X2090-T8E41 cannot be made
since 0.5-inch-thick bend specimens in the T-L direction were not available. The toughness
properties of 2090-T8E48 in the T-L direction had lower value than 7039-T64 but higher than
2519-T87.

Fracture toughness values from the S-T, S-L, L-S, and T-S directions were all low for an
aluminum alloy. These low values reflected the highly anisotropic nature of the plate due to
texturing from the rolling process. This observation would also account for the difficulties in
precracking the compact tension and slow bend specimens.

Ballistic results of 2090-T8E48, 2519-T87, and 7039-T64 against cal. .30 AP M2 at 30°
obliquity and against 20-mm FSP at 0° obliquity are summarized in Table 7. As shown in
Table 7, V5o values were better than 2519-T87 and 7039-T67 against the cal. .30 AP M2, but
were lower against the 20-mm FSP at the same areal density. Postmortem examination of the
2090-T8E48 target plate showed severe spalling and delamination (see Figure 2).

Table 7. 2090-T8E48 BALLISTIC PROPERTIES

Areal Density Obliqu Vso
Material (psh Projectile (degree (f/sec)

2090-TBE48 20 Cal. .30 AP M2 30 3403
2519-187 0 Cal. .30 AP M2 0 3200
7039-T67 20 Cal. .30 AP M2 0 2950
2090-T8E48 20 20-mm FSP o 2368
2519-187 20 20-mm FSP 0 2930
7039-T67 20 20-mm FSP Q 2450

Figure 2. 2090-TBE48 ballistic target plates.



Corrosion Behavior

The DCB specimens couldn’t be loaded by mechanical pop-in. The L-T specimens were
very susceptible to precracking in a direction normal to the centerline and, therefore, could
not be tested. The T-L specimens also exhibited this tendency to a lesser extent. As a con-
sequence, the T-L, S-T, and S-L specimens were mechanically fatigue precracked prior to bolt
loading. The Ky data obtained from the DCB test is given in Table 8. A gelatinous
compound formed on the surface of the DCB specimens (see Figure 3) especially at the
crack tip. This gel, which is comprised of aluminum hydroxide Al(OH); and lithium hydroxide
(LiOH), was also observed at various locations on the surface of the specimen wherever corro-
sion (pitting, cracking) occurred. Upon air drying, the gel became a white, fine powder which
was easily removed from the specimen by scraping. However, in the gel form, this substance
adhered very strongly to the surface of the specimen and also in the cracks and pits and was
extremely difficult to remove. The gel was not removed from the specimen each time the
crack length was measured since it was a corrosion product. At the end of the SCC test, the
gel wus removed from the surface and the surface was polished with 400-grit silicon carbide
paper to more accurately determine the final length of the crack. A large amount of pitting
was observed throughout the specimen and especially along the high stress areas near the
crack tip (see Figure 3).

Table 8. STRESS CORROSION DATA ON 2090-TBE48 PLATE

Orientation (kcivin.)

TL 12-13
ST 58
S-L 7

Figure 3. Photo of gel formation on pit surface of specimen T-L at 25X.




Finally, the specimens were loaded to fracture and the fracture surfaces examined for evi-
dence of SCC. SEM examination of the slow crack growth area showed an intergranular frac-
ture mode (see Figure 4). Intergranular SCC of Al alloys generally involves electrochemical
reactions between the matrix, precipitates, and precipitate-free zones. Microstructural analysis
of the 2090-T8E48 has shown the presence of coarse grain boundary precipitates. One of the
most likely precipitates is T, (Al4CuLi3). Among the fine precipitates present is T,
(AlCuLi). Because of the active nature of lithium, T; is probably an anodic phase relative
to the matrix, and the grain boundary region should dissolve preferentially, leading to SCC sus-
ceptibility. The T, precipitate is probably even more anodic than T, because of more lithium
and less Cu. The corrosion observed on the surface appeared to mask an intergranular
attack along the crack surface. EDS analysis of this surface primarily identified Al with a rel-
atively large amount of chloride and a trace amount of copper.

Figure 4. SEM micrograph of intergranular cracking in the SCC
region of S-T at 1500X.

As expected, the S-L and S-T orientations of the alloy were the most susceptible to SCC
(see Table 8). The Kis values ranged from 5 to 7 ksivin. . Thus, the 2090-T8E48 alloy is
not as SCC-resistant as Al 5083 which has a K. of between 10 to 20 ksivin. . The T-L
orientation (normal to the rolling direction) exhibited higher K. values of 12 to 13 ksivin. .
The pitting resistance, however, was very poor. Pitting occurred at high stress areas adjacent
to the crack tip and along the crack edges. Gel formation, which was present whenever corro-
sion occurred, appeared to slow the corrosion process by impeding the penetration of H,0
and CI" and mitigating the propensity for H* buildup and a more acidic crack tip chemistry.
The crack tip blunting observed appeared to be due to the pitting that occurred in the area
of the crack tip. The resultant increase in the area of the crack tip decreased the stress
intensity and decreased the stress per unit area. Thus, the rate of crack propagation was
retarded causing more pitting than crack growth to occur. The magnitude of pitting around
the crack tip further relieved the stresses in that area, causing the crack to arrest.




In brief summary, the 2090-T8E48 alloy is highly susceptible to SCC in the S-L and S-T
orientations. The alloy is not as susceptible in the T-L orientation. SEM examination
showed an intergranular SCC failure mode. The severe pitting apparent was associated with
the formation of an adherent gel.

Microstructural Analysis

Light microscopy revealed that the 2090-T8EA48 plate had an extremely directional micro-
structure with elongated grains. A small degree of recrystallization occurred, accompanied by
the formation of low-angle subgrain boundaries. Large precipitates outlined grain boundaries,
and EDS indicated that several precipitates were Fe/Cu-rich. These coarse grain boundary pre-
cipitates were most likely the Al,CujFe constituent phase and the T, (Al4CuLi;) identified in
previous studies.”® Isolated precipitation was also visible along subgrain boundaries, but not
to as great an extent as along grain boundaries (see Figure §). This 2090-T8E48 plate was
fabricated with a reduced impurity content over that of the originally studied X2090-T8E41
plate.3 As a result, grain boundaries in the 2090-T8E48 plate were not as heavily delineated
by precipitates as were grain boundaries in the less clean X2090-T8E41 plate and extrusion
examined by Chin and Buscemi.’ A mean free path for precipitates along grain boundaries in
the 2090-T8E48 plate was measured to be 4.3 um.
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Figure 5. Light micrograph of the longitudinal cross section of the 2090 plate
showing coarse T2 and AhCuzfe precipitates on grain boundaries.

7. KAR, R. I, BOHLEN, J. W,, and CHANANI, G. R. Correlation of Microsnicmires, Aging Treasments and Properties of Al-Li-Cu-Mj
IIM and /¥ Alloys. Northrup Corporation IR&D Report. of wres, Aging Trea perties of sz

8 GYSLER, A, CROOKS, R. and STARKE, Jr., E. A. A Comparison of Microsructure and Tensile Properties of PIM and IIM Al-Li-X
Alloys. Aluminum-Lithium Alloys, T. H. Sanders, Jr. and E. A" Starke, Jr., 0., TMS-AIME, Warrendate. PA, 1981, p. 263-291.

9. LIN, F. S.,, CHAKRABORTTY, S. B, and STARKE, Ir,, E. A Microssucture- Property Relationshi, Two Al-2Li-2Cu-0.22Zr- .
Met. Trans. A, v. 13A, March 1982, p. 401-410. KE ’ pe of Two -0.22rxCd Alloys
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In addition to the coarse 1.8-um-diameter grain boundary precipitates, several finer precipi-
tates were also present and were observed via TEM. Figure 6 is a superlattice dark field
image of the 2090 matrix which revealed several second-phase precipitates. Readily observed
precipitates included the spherical coherent 8’ (Al;Li) phase, the spherical composite J'/8’
(AlsZr) precipitate, and the T; (Al;CuLi) and 6’ (Al,Cu) plates. Both T; and €' plates were
visible in the bright field image of Figure 7. A superlattice dark field image using a centered
8'/8' reflection revealed brightly imaged &' and @' precipitates (see Figure 8). The &' precipi-
tates were 200 A in diameter and precipitate-free zones were not observed along grain or sub-
grain boundaries.

SEM analyses of the fracture surfaces of two tensile specimens were performed to deter-
mine mode of fracture. The two tensile specimens were of different gauge diameter, one
being 0.113 inch and the other 0.505 inch. As is standard practice for specimens of varying
size, the crosshead speed of 0.05 in./min for the larger specimen was lowered to 0.005 in./min
for the 0.113-inch specimen. The fracture surfaces of the tensile specimens revealed two dif-
ferent modes of fracture. The smaller tensile specimen exhibited a mixed ductile/intergranular
fracture with microvoid coalescence around Al-Cu-Fe intermetallics (see Figure 9). Con-
versely, the large specimen fractured by a brittle transgranular cleavage mechanism (see
Figure 10). Shear bands were evident (see Figure 11) as well as rods corresponding to the
T; phase (see Figure 12).

Figure 6. Superlattice dark field image of 2090 matrix
revealing &°, 8°/', 0', and Ty precipitates.

11




0.2 um

. 3 %
S, a

Figure 7. Bright fieid image showing Ty and 8 plates.

Figure 8. Dark field image using &'/’ superiattios reflection.
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Figure 9. SEM micrograph of tensile specimen tested at siow strain rate showing
ductile/intergranular fracture.

Figure 10. SEM micrograph of fracture surface of high strain rate tensile
specimen indicating transgranular cleavage.

13




Figure 12. SEM micrograph of fracture surface of high strain rate tensils specimen
revealing cleavage rods corresponding 1o Ty phase.
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The Precipitates identified by TEM, primarily é', T;, and &', are common to all Al-Li-Cu
alloys."™!!  These are the main strengthening precipitates. In addition, partially incoherent T,
and 0' phases act to reduce the extent of strain localization compared to the binary Al-Li
alloy.” Since the well-dispersed T; phase is anodic'? with respect to the matrix, this would
explain the pit nucleation observed throughout the specimen surface.

The coarse grain boundary precipitates observed corresponded to those identified in previ-
ous studies and were most likely a combination of Al,Cu,Fe and T, precipitates with some
oxide phases also possible. The increased purity of the 2090-T8E48 plate resulted in grain
boundaries which were less delineated with the Al,Cu,Fe and T, precipitates than those of
the X2090-T8E41 plate. Fracture toughness values for the 2090-T8E48 and X2090-T8E41
plates were similar (Kq = 30 ksivin.), substantiating a previous conclusion that grain bound-
ary precipitates had little or no effect on fracture path or fracture mode.> As was previously
mentioned, crosshead speed during tensile testing was increased from 0.005 in./min for the
0.113-inch specimen to 0.05 in./min for the 0.505-inch specimen. This corresponded to an
increased strain rate and resulted in a strength lncrease of 10 ksi. This indicated that the
2090-T8E48 alloy had a positive strain rate sensntwnty and that fracture mode was strain rate
sensitive. The fracture mode transition observed between the low and high strain rate tensile
specimens can be explained by this strain rate sensitivity. The 0.113-inch specimen, tested at
the lower strain rate, fractured by a mixture of intergranular fracture along grain boundary
precipitates and ductile void coalescence. The slower strain rate allowed nucleation of voids
at the grain boundary precipitates and resulted in the ductile intergranular failure. The speci-
men tested at the higher strain rate failed by transgranular cleavage with higher strength and
elongation. Transgranular cleavage or shear band failure at room temperature had been
observed as the major failure mechanism in several studies of the Al-Li-Cu alloy." 16

In summary, microstructural analysis of 2090-TS8E48 revealed a cleaner alloy with less
gross precipitations from impurities than X2090-T8E41. However, the results of this study
have shown only slight mechanical property improvement in 2090-T8E48 over the previously
tested X2090-T8E41. Furthermore, the problem with severe spall and delamination due to bal-
listic impacts still persisted.

CONCLUSIONS

1. Tensile and fracture toughness properties of 2090 T8E48 were only slightly better than
properties of X2090-T8E41.

2. Mechanical property data agreed with ALCOA’s data from limited testing.

5. Ballistic limit of 2090-T8E48 against cal. .30 AP M2 was slightly better than 2519-T87
and 7039-T67 aluminum armor alloys.

10. CASSADA, W. A., SHIFLET, G. 1., and STARKE, Jr., E. A. Electron Diffraction Studies of AlxCuLi (T1) Plates in an
Al-24Li-2.4Cu-0.13Zr Alloy. Scripta Met,, v. 21, 1987, p. 387-392.

11. ST. § ﬁsr E.A. and SANDERS, Jr., T. H. New Approaches to Alloy Development in the Al-Li System. Joumal of Melals,
ugust 1
12. DORWARD, R C and HASSA. K R. Swess Corrosion Characseristics of AlCuli 2090 Alloy. Corrosion, v. 44, no. 13,
December 1988, p. 932-94

13. MEYERS, M. A, and CHAWIA K K Mechanical Metallurgy Principies and Applications. Prentice-Hall, Englewood Cliffs, NJ, 1984,

14. JATA, K V., and STARKE, Jr., E. A. Fatigue Crack Growth and Fracture Tou Behavior of Al-Li-Cu AII% Alummum Lithium
Alloys III, C. Baker, P. J. Grcpon S. J. Harris, and C. J. Peel, ed., Institute etals, London, UK, 1986, p.

15. HUANG, J. C, and ARDELL, A. J. Microstructural Evolution in MAI Li-Cu 91&1 Alummum Lithium AlloyI m C. Baker,
P.J Gregson.s J. Harris, and C. J. Peel, ed,, Institute of Metals, London, UK 1 p- 4

16. VENKATESWARA RAO, K. T, YU, W,, and RITCHIE, R. 0. G Tou, of Commacml Aluminum-Lithium Alloys:
Role of Delamination Tou ylaung Met. Tnm.A. v. 20A, March 1989, p. 4854Y7.
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4. Ballistic limit of 2090-T8E48 against 20-mm FSP was lower than 2519-T87 and
7039-T67.

S. Severe spalling and delamination from ballistic testing precluded 2090-T8E48 as an
armor candidate.

6. The S-T and S-L orientation had K 's of between 5 ksivin. to 7 ksivin. .
7. The T-L orientations had a Ky of 12 ksivin. to 13 ksivin. .

8. There are large amounts of gel formation [Al(OH); and LiOH] at all corrosion pits
and cracks which retard SCC.

9. The 2090-T8E48 alloy has extremely poor pitting resistance. Furthermore, preferential
pitting at any stress point was observed.

10. Fracture mode was not affected by coarse grain boundary precipitates but was found to
be strain-rate sensitive. Brittle transgranular cleavage was the primary fracture mode.
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