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relative to homogeneous deformation, could not be clearly established by the characterization of these alloys. Six alloys with systemat-
ically controlled microstructures (SCM) were produced to establish the effect of slip planarity on FCP. Alloys with substantial lithium
additions were chosen for evaluation because of the tendency of the Al Li ( 6 ') strengthening precipitate to deform by shearing, which
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containing AI 3 Zr dispersoid phase. A thermomechanical process (TMP) variant of the AI-3 Cu-2 Li-0.lZr composition was also
studied to determine the effects of grain structure on spectrum FCP. Although this TMP was intended to result in a fine, recrystallized
grain structure, the actual result was a mixture of fine, equiaxed, recrystallized grains and relatively coarse, unrecrystallized,
pancake-shaped grains.
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1. INTRODUCTION

The survey of spectrum fatigue behavior for commercial 2XXX and 7XXX

aluminum alloys conducted in Phases I and 11(1 - 4) of this study suggested

that a primary microstructural parameter which influences cyclic crack growth

is the nature of precipitation (i.e., temper), which controls slip character.
When the presence of metastable precipitates permits slip to be inhomogeneous

(planar), fatigue crack propagation (FCP) rates are lower than when inco-

herent precipitates encourage homogeneous deformation by dislocation looping.

Although not addressed specifically in Phases I and II, the influence of

grain structure on FCP resistance has been thoroughly document d in the lit-

erature. ( 5 - 14) The theme which runs throughout this variety of work on Ti

alloys, steels, Ni-based superalloys, and aluminum alloys is that increased

grain size reduces crack growth rates substantially, particularly in the

near-threshold region. Bretz, et al.,(13) addressed specifically the case of

aluminum alloys, and showed that grain size effects are due to a combination

of crack closure and crack deflection/branching mechanisms. Vasudevan and

Bretz ( 14 ) recently reviewed microstructural effects on FCP in aluminum

alloys, and Suresh ( 15 - 16 ) has provided a model to explain both closure and

deflection/branching effects.

The decision to use Al-Li alloys as the basis for systematically-

controlled microstructures (SCM) in the current phase was made with the

foregoing metallurgical effects on FCP behavior in mind. The tendency of

these alloys, particularly binary Al-Li, to deform by planar slip as a result of

shearing of the coherent Al 3 Li (6') precipitates has been known for some

time. An early study by Sanders (17) and a recent review of Al-Li metal-

lurgical fundamentals ( 18 ) discuss this relationship between precipitation and

planar slip. The ability to change the degree of slip planarity in Al-Li alloys

by varying aging treatment is of particular interest. In binary Al-Li alloys,

planar slip is enhanced as aging progresses toward peak strength. This ten-

dency toward coarse planar slip gradually decreases as overaging leads to a

1



reduction in the volume fraction of coherent AI 3 Li precipitates and an increase

in the amount of equilibrium AlLi (6) phase. The 6 is incoherent and tends

to form at grain boundaries, with the subsequent development of a 6' PFZ.

The 6 phase also can precipitate within grains, and its nonshearable nature

results in dislocation looping and greater homogeneity of deformation within

these grains. As will be discussed later in this report, however, the

influence of aging on slip planarity in ternary and quaternary alloys is

somewhat different.

Wrought product grain structure in Al-Li alloys frequently is controlled

by additions of Zr, which forms the Al 3Zr phase. This precipitate acts as a
dispersoid to prevent grain boundary migration,(17) and usually results in an

unrecrystallized microstructure in the final product. One method to vary

grain size/structure is to intentionally omit Zr from the alloy to obtain a

totally recrystallized, large-grained alloy. In the present work, we chose

instead to use thermomechanical processing to vary grain structure in alloys

of otherwise identical composition, including Zr content. The goal was to

obtain two structures: one, an unrecrystallized structure with a relatively

large high-angle boundary spacing (a coarse structure); and the other, a

recrystallized alloy with a small grain size (a fine structure). These two

structures would permit an examination of grain size effects directly.

The particular choice of Al-Li alloy compositions was aided by the early

work of Sanders ( 1 7 ) and by extensive alloy development activities ongoing at

Alcoa. Sanders had shown that Al-Cu-Li alloys had substantially higher

strength potential than those from the Al-Mg-Li system; furthermore, the

latter suffer from the tendency to form grain boundary AI 2 MgLi precipitates,

which reduce elongation to failure and toughness significantly. Of course,

high strength is a particularly desirable feature in aerospace alloys, so that
an Al-Cu-Li alloy would be a natural choice. In addition, the first commercial

Al-Li alloy, 2020, was of the Al-Cu-Li family, so much was known about this

system. Internal Alcoa alloy development activities already had identified an

alloy of this type which appeared to have very attractive properties for aero-

space application. Subsequently, this alloy composition was refined and has

been registered with the Aluminum Association as 2090 (Al-2.7Cu-2.2Li-

0.12Zr); this alloy is designed to be a replacement for high-strength,
(19)

7075-T6X products at a 7 percent density reduction. Additional studies

2



of the Al-Cu-Li system were going on concurrently in a separate NAVAIR-

funded contract ( 2 0 ) to study fatigue, fracture, and corrosion behavior of

Al-Li alloys. This work was expected to provide substantial background

information on the alloy system and permit cross-fertilization of ideas.

Because the Al-Cu-Li system appeared very attractive for study, we

decided to look at both aging (i.e., deformation mode) and grain structure

effects in a nominally Al-3Cu-2Li-0.12Zr alloy (identical composition to that in

Reference 20). Similarly, we chose an Al-3Cu-2Li-lMg-0.12Zr alloy because

background information on it also was anticipated from the work of

Vasudevan. (20) Quaternary alloys from this system (Al-Cu-Li-Mg) have been

studied extensively, and several with commercial potential have been regis-

tered recently (AA designations 8090, 8091, 8092). Thus, the Al-Li alloy

choices were made to make the best use of available information and to permit

study of compositions which appeared to have commercial potential at the time

(1982-1983).

3



2. EXPERIMENTAL PROCEDURE

The six alloys with systematically controUed microstructures (SCM) were

produced and evaluated as described below. The evaluation procedures were

the same as those used in Phase II of this program.( 2 )

The acceptability of each alloy was verified by chemical composition

analysis and by tensile and fracture toughness (KIc) tests as described in

this section. Also described in this section are the fatigue crack-growth test

procedures, the background on the spectra selected for use in the program,

and the modifications of these spectra.

2.1 MATFRIAL PRODUCTION AND PROCESSING

The alloys were cast into ingots weighing nominally 36 kg. (80 lb.),

using facilities at the Alcoa Technical Center. After a high-temperature

soaking cycle to homogenize the composition, the ingots were scalped to roll-

ing sections and rolled to 7.6-mm (0.30-inch) thick plate. This gauge was

chosen to maximize the amount of product obtained while providing the mini-

mum of 6.4 mm (0.25 inch) desired !or FCG specimens. The alloys with

varied grain size were fabricated using a different thermomechanical

processing (TMIP) schedule than was used for the other alloys, in order to

change the grain structure. Since, however, TRIP technology is not the

subject of this contract, the actual rolling schedules and thermal practices

used will not be discussed.

After fabrication, each plate was solution heat treated, cold water

quenched, and stretched 2 percent to relieve residual stresses. For the
AI-3Cu-2Li-0.lZr alloy chemistry, the solution treatment temperature was

552 0 C (1025 0 F); for the Al-3Cu-2Ii-lMg-0.1Zr alloy chemistry, 527 0 C (980 0 F).

The aging treatments consisted of 16 hours at either 163cC (325 0 F) or 190cC

(375 0 F) to produce underaged or peak aged structures, respectively.

5



2.2 CHEMICAL ANALYSIS AND DENSITY DETERMINATION

The chemical composition of each of the plates was determined on remelt

samples of material (about 65 g each) cut from the plates. A quantometer

(atomic emission spectrometer) interfaced with a minicomputer was used to

obtain the analyses.

The density was determined by displacement in water.

2.3 METALLOGRAPHY AND FRACTOGRAPHY

Specimens for optical metallography were taken from each alloy plate to

ensure that the observed microstructures were typical of those in the spec-

trum specimens. Standard metallographic procedures were used in preparing

all the specimens. The specimens were examined both in the as-polished con-

dition and following etching with Keller's reagent. Specimens for fracto-

graphic analysis were cleaned ultrasonically in an acetone bath, rinsed in

alcohol, and gold-coated to improve resolution. Fractographs of the fracture

surface of each specimen were obtained at crack lengths, a, of 6.4 mm

(0.25 inch) and 19 mm (0.75 inch), using a scanning electron microscope

(SEM).

2.4 TENSILE TESTS

Tensile tests were conducted in accordance with ASTM Standard Method

B557. All tests were performed at room temperature in laboratory air on

specimens taken in the longitudinal (L) orientation with respect to the rolling

direction.

2.5 FRACTURE TOUGHNESS TESTS

The SCM alloys were produced in a thickness (0.3-inch) which pre-

cluded valid plane strain KIc testing per ASTM Standard Test Method E399,

even in peak strength temper. To estimate the toughness of these alloys, a

three-point slow bend test was used. This test is conducted in accordance

with ASTNI Standard Test Method E812-81 for determining the crack strength

of high-strength metallic materials. The test data are analyzed using an

equation suggested by Ronald, et al.,(21) to calculate an indicator toughness

value K ich ' in fracture mechanics units. This relationship is:

6



K2 = E (WA)
KIch 2(1-v (W/A),

where E is the elastic modulus, v is Poisson's ratio, W is the energy absorbed

during fracture, and A is the cross-sectional area of the uncracked ligament.

Alcoa experience with this test suggests that there is a one-to-one correlation

between Kic and the Indicator value KIch up to about 35 ksij/in., beyond

which the indicator value exceeds KIc*

2.6 FATIGUE-CRACK PROPAGATION (FCP) TESTS UNDER CONSTANT LOAD

AMPLITUDE

Constant load amplitude FCP tests were conducted over low, inter-

mediate, and high-stress intensity factor ranges (AK) on modified C(T) spec-

imens (B = 6.4 mm (0.25 inch), W = 64.8 mm (2.55 inch), and H/W = 0.486)

in the longitudinal (L-T) orientation. All testing was performed on closed

loop, servo-hydraulic test machines at a load ratio (R = P min/Pmax) equal to

0.33 and at a test frequency of 25 Hz. The test environment was room tem-

perature- laboratory air with high humidity (relative humidity>90 percent).

The precracking of each specimen was conducted at R of 0.33 with vis-

ual crack length measurement. Upon attaining the desired precrack length,

a, an automated test system utilizing a computer for data acquisition and

machine control was used to obtain the crack-growth rate (da/dN) data.

Crack length was monitored continuously by an elastic compliance technique,

enabling the stress intensity factor, K, to be controlled according to the

equation:

K = K exp [C (a. - a.)]

where K is the initial cyclic stress intensity corresponding to the starting

crack length, ai; ac is the current crack length, and C is the constant with

the dimension of 1/length. (22) A double cantilever clip-on displacement gage

was used for monitoring crack opening displacements (CODs). The K-

decreasing tests (near-threshold) were conducted using a value for the pa-

rameter C of -0.059 mm - 1 (-1.5 inch- 1 ), and the K-increasing tests

(intermediate and high K) were conducted using values of C between
-l -1 -1) -1

0.069 mm (1.75 inch ) and 0.098 mm (2.5 inch 1 Several visual crack

7



length measurements were also made during each test to verify the compliance

measurements.

The test procedures strictly adhered to the ASTM Standard Test Method

F647 for "Constant-Load-Amplitude Fatigue Crack-Growth Rates Above

10-8 m/Cycle," and to the proposed ASTM Standard test practice for

measurement of near-threshold growth rates, da/dN 10-8 m/cycle. ( 2 3 )

The crack-closure load (Pcl) was monitored periodically by recording

the load (P) and COD signals and plotting P versus COD. The series of Pcl

data as a function of crack length were then used to calculate AKeff values,

where AKff = Pmax - Pcl

2.7 SPECTRUM TESTING

Two different F-18 spectrums were selected for this program. Also,

these two spectrums were modified to reveal effects of compression load cycles

and small amplitude load cycles and to shorten the testing time. These addi-

tional spectrums resulted from these modifications. Using these five

spectrums, the six materials in the program were evaluated for their spectrum

fatigue-crack growth behavior. In this section, the spectrums, modifications,

and spectrum test procedures and analysis are described.

2.7.1 Spectrum Selection and Definition

Portions of the two F-18 spectrums are shown in Figure 1, while

Figure 2 shows the terminology used to describe spectrum test parameters.

One is a tension-dominated spectrum representing the lower wing root load

history; and the other is a tension-compression spectrum representing the

horizontal tail hinge moment load history. Both spectrums were computer-

generated for the two components of the same aircraft assuming an identical

sequence of events.

One "pass" of this basic event spectrum consists of a sequence of 250

flights representing 300 flight hours. One pass of the tension-dominated

(TD) spectrum (wing root) has 4,705 load peaks and an equal number of val-

leys while the tension-compression (TC) spectrum (horizontal tail hinge) has

7,852 load peaks and an equal number of valleys. Since the service life of

the F-18 aircraft is 6,000 hours, one service life is obtained by completion of

8
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PEAK LARGEST
(HIGHEST)

+ hmax LOAD PEAK

..... .

-0 a - TIME
0hmin

VALLEY LOAD SMALLEST (LOWEST)
POINT VALLEY

0 P max- °max OR Kma x 2 PEAK LOAD, STRESS, OR STRESS INTENSITY FACTOR

$ P'nn, Omin OR Kmn = MINIMUM LOAD. STRESS, OR STRESS INTENSITY FACTOR

• IP,-O, OR .1K - RANGE OF LOAD.STRESS, OR STRESS INTENSITY FACTOR;ALGEBRAIC DIFFERENCE
BETWEEN SUCCESSIVE VALLEY AND PEAK (POSITIVE OR INCREASING) OR BETWEEN
SUCCESSIVE PEAK AND VALLEY (NEGATIVE OR DECREASING)

Phmax' 0 hmax' OR Khmax = LOAD, STRESS, OR STRESS INTENSITY FACTOR AT LARGEST (HIGHEST) PEAK OF
A SPECTRUM

Phmin' ohmrn' OR Khmn 2 LOAD, STRESS, OR STRESS INTENSITY FACTOR AT SMALLEST (LOWEST) VALLEY,
I.E., THE LOWEST ALGEBRAIC VALUE IN A SPECTRUM

* 1Ph'OnOR-1Kh =OVERALL LOAD. STRESS. OR STRESS INTENSITY RANGE, I.E., THE ALGEBRAIC DIFFERENCE
BETWEEN THE LARGEST PEAK AND THE SMALLEST VALLEY OF A SPECTRUM

0 Psm OR 0 sm = SPECTRUM MEAN LOAD OR STRESS, ALGEBRAIC AVERAGE OF ALL THE PEAK AND VALLEY
STRESSES OR LOADS OF A SPECTRUM

NOTES 1 STRESS IS GROSS STRESS
2. STRESS INTENSITY IS A FUNCTION OF CRACK LENGTH

*ALSO CALLED POSITIVE OR INCREASING LOAD RANGE
**ALSO CALLED NEGATIVE OR DECREASING LOAD RANGE

FIGURE 2. DEFINITION OF TERMS

the total of 20 passes of the above sequence. The F-18 is designed to last

four lifetimes, i.e., 24,000 flight hours.

The F-18 was used as a 1 qsis for selection of spectrums, stresses, and

lives; therefore, a very brief and simplified description of the F-18 design

follows. The F-18 (more precisely, F/A-18A) is a Navy carrier-based

fighter/attack aircraft. The life requirements for anqlysis of components are
based on both durability and damage tolerance criteria. These criteria differ
from the U.S. Air Force requirements of MIL-A-83444 In which the damage

tolerance is based on fatigue crack-growth from assumed initial flaws to

10
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various inspectability criteria. The F-18 durability and damage tolerance

requirements include various combinations of fatigue-crack initiation, assumed

initial flaws, and growth requirements with a different number of lifetimes for

each combination. The initial flaw size (or initiation) requirements are less

severe than the Air Force requirements; however, the F-18 must endure more

severe spectra and longer Inspection intervals.

A discussion of the spectrum generation procedure follows, and a sche-

matic chart of the procedure is shown in Figure 3. The first 100 flights out

of a total of 250 flights are carrier operations which initiate with a catapult

launch and end with an arrested landing. The following 150 flights are field

operations ending with a field landing. Field carrier landing practices are

also dispersed at intervals during the field operation phase of the spectrum.

Each flight is flown at one of four critical points defined by a weight,

speed, and altitude. Symmetrical events (pitch and level flight) within a

flight are defined by a peak and valley load factor (n z) sequence.

Asymmetric conditions (rolls) are defined by a given roll rate (p) which gives

a positive and negative load perturbation to the associated symmetrical load.

Landings are defined by type (arrested landings, touch-and-go, field, etc.)

and sink speed.

The load sequence for a particular location on the aircraft structure is

obtained for each defined event from a table linking load magnitude with load

factor (nz ) at each critical point condition; roll rate and load factor at each

critical point condition; and with sink speed for each type of landing. The

table is obtained from the results of a finite element model run of the com-

plete structure loaded by a range of unit conditions. The load values are

normalized by dividing them by the load for a reference condition. This nor-

malized load sequence is then "laundered" to eliminate small perturbations and
"pass through" event peaks which are smaller than the valley of the previous

event. After the laundering operation, the final load sequence is stored on a

permanent file to be called up for analysis or the creation of a test tape. A

listing of the spectrum is also made available in the cycle-by-cycle format.

Exceedance data are summarized in the form of a graph, a table of peak and

valley occurrences (spectral density function), and a tabular matrix of peak-

valley couplings tabulated in Increments of five percent of the maximum

11

iiJillll I l



4 CRITICAL POINTS IlN THE SKY. LOCAL STRESS VALUES FOR

nz EXCEEDANCE CURVE. 300 HR (250 FLT.) BASIC FATIGUE CONDITIONS

EXCEEDANCE CURVES AT GIVEN nz  "MASTER EVENT
SP;CR 

N
SINK SPEED DISTRIBUTIONS FOR SPECTRUM"LOAD MATRIX PROGRAM COMBINES
GROUND CONDITIONS. AND INTERPOLATES BASIC

VALUES FOR USE IN "SPECGEN"

SELECT REF. CONDITION &
NOTE STRESS

SPECTRUM GENERATOR
PROGRAM GIVES

EVENT PEAK & VALLEYSTRESSES NORMALIZED
TO REF. VALUE

ZIZEZZPEA EXEDACOUREUOUTNABET

ROUTINE A I~GENERATE LAUNOERE~sECRU

SPECTRUMPSELECTE

SPECTRUM STORED ON EXCEEDANCE DATA

PERMANENT FILE FOR
FATIGUE &CRACK l

GROWTH ANALYSIS PEAK & VALLEY PEAK & VALLEY1 PEAK/VALLEY
EXCEEDANCE CURVES COUNT (TABLE 1) COUPLING-MATRIX

WING ROOT AND (FIGURE 4) (TABLE 2)

HORIZONTAL TAIL
SPECTRUM SELECTED

FOR TEST & ANALYSIS
IN THIS PROGRAM

FIGURE 3. SPECTRUM GENERATION PROCEDURE

spectrum load. These summaries for the spectrums used are presented in

Figure 4 and Tables 1 and 2.

2.7.2 Spectrum Modification

Two modifications were performed independently on the baseline spec-

tra. One modification had two goals: (1) to eliminate low amplitude cycles to

reduce testing time without changing the ranking (relative life), and (2) to

determine the importance of low amplitude cycles on the overall spectrum life.

The second modification was made to determine the importance of compression

cycles.
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TABLE 1 RPECTRAL DENSITY FUNCTION

a. TENSION-DOMINATED (WING ROOT) SPECTRUM AND RACETRACK MODIFIED VERSION

PERCENT OF NUMBER OF EVENTSa TD (TDR)
MAXIMUM

PEAK LOAD PEAKS VALLEYS AMPLITUDESh MEAN LEVELSC
TD (TDR) TD (TOR) TD (TDR) TD (TDR)

P = 100 1 (1) - - 0 (0) - -
95 < P < 100 7 (7) 0 (0) 0 (0) 0 (0)
90.< P< 95 8 (8) 0 (0) 0 (0) 0 (0)
85 < P < 90 14 (14) 0 (0) 0 (0) 0 (0)
80 < P< 85 20 (20) 0 (0) 0 (0) 0 (0)
75 < P< 80 42 (41) 0 (0) 0 (0) 0 (0)
70< P< 75 63 (64) 0 (0) 0 (0) 0 (0)
65< P < 70 112 (109) 0 (0) 0 (0) 5 (2)
60 < P< 65 189 (182) 1 (0) 0 (0) 15 (5)
55 < P < 60 123 (116) 1 (0) 0 (0) 17 (10)
50 < P< 55 367 (257) 2 (0) 2 (1) 60 (26)
45 < P< 50 379 (344) 3 (0) 12 (17) 144 (81)
40 < P < 45 560 (788) 11 (3) 24 (34) 351 (250)
35 < P < 40 770 (529) 42 (2) 89 (108) 620 (379)
30 < P < 35 978 (444) 69 (4) 258 (323) 943 (700)
25 < P < 30 99 (47) 169 (20) 565 (667) 1706 (1140)
20 < P < 25 168 (0) 305 (45) 1085 (1219) 2198 (1438)
15 < P < 20 98 (0) 437 (111) 2274 (2032) 1355 (1037)
10< P < 15 335 (0) 589 (301) 2290 (856) 453 (200)
5 < P < 10 372 (0) 1192 (685) 1210 (0) 1348 (33)
0 < P < 5 0 (0) 1345 (922) 1601 (0) 187 (6)

-5 < P < 0 0 (0) 404 (400) - - 6 (0)
-10 < P < -5 0 (0) 91 (91) - - 2 (0)
-15 < P <-10 0 (0) 21 (21) - - 0 (0)
-20 < P <-15 0 (0) 11 (11) - - 0 (0)
-25 < P <-20 0 (0) 10 (10) - - 0 (0)
-30 < P <-25 0 (0) 2 (2) - - 0 (0)
-35 < P <-30 0 (0) 0 (0) - - 0 (0)
-40 < P <-35 0 (0) 0 (0) - - 0 (0)
-45 < P <-40 0 (0) 0 (0) - - 0 (0)
-50 <P <-45 0 (0) 0 (0) - - 0 (0)
-55< P <-50 0 (0) 0 (0) - - 0 (0)
-60 < P <-55 0 (0) 0 (0) - - 0 (0)
-65< P <-60 0 (0) 0 (0) - - 0 (0)
-70 < P <-65 0 (0) 0 (0) - - 0 (0)
-75 < P <-70 0 (0) 0 (0) - - 0 (0)
-80 < P <-75 0 (0) 0 (0) - - 0 (0)
-85 < P <-80 0 (0) 0 (0) - - 0 (0)
-90 < P <-85 0 (0) 0 (0) - - 0 (0)
-95 < P <-90 0 (0) 0 (0) - - 0 (0)

-100 < P <-95 0 (0) 0 (0) - - 0 (0)
P =-100 - - 0 (0) - - 0 (0)

TOTALS 4705 (2629) 4705 (2628) 9410 (5257) 9410 (5257)

a SEE FIGURE 3 FOR DEFINITION OF TERMS
b ONE HALF OF LOAD RANGE
c AVERAGE OF PEAK AND VALLEY LOADS
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TABLE 1. SPECTRAL DENSITY FUNCTION (Concluded)

b. TENSION-COMPRESSION (HORIZONTAL TAIL HINGE MOMENT) SPECTRUM AND MODIFICATIONS

PERCENT OF NUMBER OF EVENTSa, [TCZI TC (TCR)
MAXIMUM

PEAK LOAD PEAKS VALLEYS AMPLITUDESb MEAN LEVELSC
[TCZ] TC (TCR) [TCZI TC (TCR) [TCZ] TC (TCR) [TCZ] TC (TCR)

P = 100 [10] 10 (10) - - - [01 0 (0) - - -

95 S P < 100 [7] 7 (7) [01 0 (0) (0] 0 (0) [0] 0 (0)
90 < P < 95 [2] 2 (2) (0] 0 (0) (0] 0 (0) [01 0 (0)
85 < P < 90 [22] 22 (22) [01 0 (0) (01 1 (1) (0] 0 (0)
80 < P < 85 [20] 20 (20) [01 0 (0) [0] 3 (3) [0] 0 (0)
75 < P < 80 (191 19 (19) [01 0 (0) [01 0 (0) (0] 0 (0)
70 < P < 75 [841 84 (84) [0] 0 (0) (0] 6 (7) [0] 0 (0)
65 < P < 70 [471 47 (47) [0] 0 (0) [0] 19 (21) [0] 0 (0)
60 < P < 65 [121] 121 (121) [0] 0 (0) [0] 79 (81) [0] 0 (0)
55 < P < 60 13] 3 (3) [0] 0 (0) [01 24 (34) [5] 5 (5)
50 < P < 55 [319] 319 (319) [0] 0 (0) [13] 67 (83) [18] 5 (2)
45 < P < 50 [841 84 (84) [01 0 (0) [18] 154 (187) [27] 16 (12)
40 < P < 45 (398] 398 (398) (01 0 (0) [791 125 (186) [981 50 (44)
35 < P< 40 [126] 126 (108) [0] 0 (0) [2011 450 (510) [224] 99 (72)
30 < P < 35 (8811 881 (839) [0] 0 (0) [292] 423 (533) (582] 529 (433)
25 < P < 30 [2037] 2037 (1994) [01 0 (0) (4351 998(1163) [494] 214 (152)
20 P < 25 (296] 296 (130) (01 0 (0) [918] 1896(1997) [10161 563 (373)
15 < P < 20 (556] 556 (98) [0] 0 (0) [20931 2077(1862) [2169] 1383 (1025)
10 < P < 15 [1208] 1208 (63) [237] 237 (134) (4737] 4974(2355) [4479]4794 (3736)
5 < P < 10 [1273] 1273 (68) [3771 377 (80) [30691 2835 (2) 136951 2504 (1355)
0 < P < 5 (2001 201 (32) [7099] 1621 (165) [3571] 2373 (0) [2619] 3127 (744)

-5 < P < 0 (0] 61 (18) [01 2349 (1467) - - - [0] 1111 (334)
-10< P< -5 [0] 37 (15) [0] 1288 (888) - - - [0] 577 (300)
-15 < P <-10 [01 16 (6) [01 325 (234) - - - [01 261 (162)
-20 < P <-15 [0] 15 (3) [0] 633 (567) - - - [0] 182 (97)
-25 < P <-20 [01 0 (3) [01 210 (193) - - - [01 127 (79)
-30 < P <-25 (0] 1 (0) (0] 228 (219) - - - [01 66 (45)
-35 < P <-30 [0] 0 (0) (0] 123 (113) - - - [01 40 (24)

-40 < P <-35 (01 0 (0) [01 140 (137) - - - [0] 33 (22)
-45 < P <-40 [01 0 (0) [01 70 (77) - - - [0] 9 (5)
-50 < P <-45 [01 0 (0) [01 113 (109) - - - [0] 7 (3)
-55 < P <-50 [01 0 (0) [0] 49 (48) - - - [01 2 (1)
-60 _ P <-55 [01 0 (0) (0] 28 (28) - - - [01 0 (0)

-65 < P<-60 [0] 0 (0) (01 17 (17) - - - [0] 0 (0)
-70.< P <-65 (01 0 (0) (01 17 (17) - - - [01 0 (0)
-75< P <-70 (0] 0 (0) (01 10 (10) - - - (0] 0 (0)

-80< P <-75 [01 0 (0) (0] 4 (4) - - - [0] 0 (0)
-85< P <-80 [01 0 (0) (0] 1 (1) - - - [0] 0 (0)
-90 < P <-85 [01 0 (0) [0] 3 (3) - - - [0] 0 (0)
-95.s P <-90 [01 0 (0) [01 1 (1) - - - [01 0 (0)
-100 < P <-95 (01 0 (0) [0] 0 (0) - - - (0] 0 (0)

P = -100 - - (0] 0 (0) .-. .. .

TOTALS (7713 7852 (4513) [77131 7852(4512) [15426115704(9025) [15426115704(9025)

a SEE FIGURE 3 FOR DEFINITION OF TERMS
b ONE HALF OF LOAD RANGE
c AVERAGE OF PEAK AND VALLEY LOADS
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2 .7 .2. 1 Racetrack Modification. The technique used to eliminate the small

amplitude cycles was the "racetrack" method, which is a screening technique

based on the determination of significant load reversals. The technique,

shown graphically in Figure 5, utilizes the analogy of a racecourse of a

specified width and is represented by the load-time trace of the load spec-

trum. (24) The number of direction changes required to traverse the course

using the shortest route depends on the width specified for the course.

Significant "corners" are identified as those involving a change in the sign of

the slope of the shortest route. These may be thought of as "primary"

direction changes. As the course width tends towards zero a change In pri-

mary direction is indicated at every load level. As the course width in-

creases towards the other limit, it becomes possible to traverse the course

with very few changes in primary direction. This "course width" or '"screen-

ing level" is given the variable name DMIN and is defined as a fraction of the

load used to normalize the spectrum. In the case of the spectrums used in

this investigation this normalizing load has been taken to be equal to the

value of the maximum tensile spectrum load (aOhmax) Note that the primary

load levels are identified and stored in the order that they occur -and that

there was a significant reduction in applied cycles.

Little information was available to suggest appropriate levels of DMIN,

and the selection was complicated by the two competing goals of this modifica-

tion, one of reducing cycles and the other of determining the importance of

low amplitude cycles. The results of applying the racetrack modification with

a DMIN of 0.25 on the TD and TC spectrums are shown In Tables 1, 2 (2 of

4), and 2 (4 of 4); and Figure 4. The racetrack modified spectra are

designated TDR and TCR, respectively. As shown in Table 1 the numbers of

load points are reduced by 44 and 43 percent, respectively (from 9410 load

points for the TD spectrum to 5257 load points for the TDR spectrum and

from 15704 load points for the TC spectrum to 9025 load points for the TCR

spectrum). This reduces the testing time by a like amount and would also

reduce spectrum prediction calculation time. The higher magnitude peaks,

valleys, and amplitudes are unchanged with a gradual reduction in the num-

ber of these features at lower magnitudes and the complete elimination of the

lowest magnitude features. Since little was known about the potential effects

of this modification, only a single test was performed on each of the seven
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materials. Additional modifications are planned for future phases of the

program, and then duplicate tests or tests with a smaller or larger DMIN can

be performed.

2.7.2.2 Truncation of Compression Loads. The effects of tension overloads

superimposed on constant-amplitude loading has been extensively evalu-

ated, ( 2 5 - 3 4 ) and it has been well established that the overloads retard

fatigue-crack growth. Retardation has also been observed in spectrum

loading, usually by comparing the spectrum fatigue behavior of a material

tested under a spectrum and the behavior under that same spectrum with the

highest loads truncated. ( 3 5 ) Some work has been done on the effects of

compression loads following overloads superimposed on constant-amplitude

loading. The effect of the underload is to reduce the retardation, although

the resultant constant-amplitude fatigue-crack growth rates are still lower

than without the overload/underload combination. (36-38)

The effects of underload/overload sequencing vary for spectrum

fatigue. Hsu and McGee ( 3 9 ) added compression underloads to two otherwise

all-tension spectra, a bomber and a transport spectrum. These underloads

were added before or after high-tension loads. Tests were performed under

essentially constant maximum peak stress intensity (K in the present

report) conditions by load shedding, and spectrum-crack growth rates were

measured. For the transport spectrum, results were obtained at two different

levels of Khmax. For the transport spectrums at the higher level of Khmax,

the result was the same as would be expected from constant amplitude re-

sults; (36-38) that is, a slower spectrum fatigue-crack growth rate for the

underload/overload sequence than that for the overload/underload sequence.

However, for both spectrums at the lower value of Khmax, the opposite was

found. Schilve ( 3 0 ) reported results similar to these latter results. The

high-amplitude gust-load cycles in an otherwise random spectrum were applied

in either an underload/overload sequence or in a overload/underload se-

quence. He found that spectrum life for the underload/overload sequence of

gust loads was 85 percent of that for the overload/underload sequence, which

corresponds to a slower spectrum fatigue-crack growth rate for the overload/

underload sequence, again opposite to the results for similar test with a

22
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constant-amplitude loading baseline. These latter results show that applying

results from constant-amplitude fatigue to spectrum fatigue can be misleading.

In the present study both baseline spectrums contain significant com-

pression loads in random spectra. The spectrum with the higher magnitude

compression loads (TC) was taken as the baseline and all loads below zero

were eliminated from this spectrum by setting all loads less than zero equal to

zero. This spectrum is designated TCZ. The number of load points was

reduced only slightly as few linked load reversals occurred below zero load

(278 load points eliminated from the 15704 load points of the TC spectrum).

The summary for this spectrum is shown in Table 1. The TC spectrum con-

tains many compressive load points with magnitudes up to about 95 percent of

the maximum peak tensile load. The Phase II results showed that, for a

given material and maximum peak stress, the spectrum life for the TCZ spec-

trum was always longer than the spectrum life for the TC spectrum. It was

not clear whether the more damaging effect of the TC spectrum was due to

the greater proportion of compressive loads in this spectrum or a difference

in the -characteristics of the tensile portions of the two spectra. By com-

paring the fatigue lives for the TC and TCZ spectra, which are identical

except for the absence of compressive loads in the latter, the effect of the

compressive portion of the complex spectrum on fatigue life can be deter-

mined. It is important to separate the effect of compressive loading on

spectrum life because different material selection criteria may be needed for

aircraft components which experience either a tension-dominated or a tension-

compressir load spectrum.

2.7.3 Specimen Preparation

The spectrum fatigue specimens (Figure 6) were machined from the alu-

minum plates in the L-T orientation. The plates were nominally 8-mm

(0.3-in.) thick; however, the plates with mixed microstructures require

extensive TMT (32M8 and 32MU, see Section 3). Therefore, the specimens

were thinner than the 6.3 mm (0.247 inch) shown in Figure 6; they ran from

4.9 to 5.2 mm (0.193- to 0.205-inch) thick - the maximum thickness after

clean up of both surfaces. The specimen surfaces were polished and grids

for measuring crack lengths were photographically applied on both sides.

The grid spacing was 1.27 mm (0.050 inch). Jeweler's saw cuts, 0.2-mm wide
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6.3± 0.1
(0.247 ± 0.004)

SEE SECTION 2.6.3

36
(1.4)TYP

13 (0.3)TYP.

76
(3.0) TYP

38(l.50)TYP

1.57(0.062) DIA
HOLE AND

FATIGUE PRECRACK

401(15.8)

201 (7.9)

E26 I.03ND I A

AREA
148.(5.8)

(2.0-- JDIMENSIONS IN MM (IN.)

99+3(3.9+_0.1) -1

FIGURE 6. SPECTRUM SPECIMEN
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and 1-mm deep (0.008-inch wide by 0.04-inch deep), were made at the

centrally located hole which provided an adequate "flaw" for precracking the

test specimens.

2.7.4 Testing

All spectrum tests were performed on a computer-controlled servo-

hydraulic machine following the methods of ASTM E647 as appropriate. Pre-

cracking was performed under constant amplitude fatigue loading at a stress

ratio (R) of 0.1. The maximum stress at the final stages of precracking was

approximately half of the subsequent maximum peak spectrum stress (Ohmax).

The final precrack length, a, was targeted at 3 mm (0.12 inch). The relative

humidity for all spectrum testing was between 40 and 60 percent.

The load history data were stored on a magnetic tape. The stored data

contained all the necessary information to control the test, including the

desired waveform, frequency, and load points. The test setup is shown in

Figure 7. Restraints were used to prevent buckling at high compressive

loads.

Spectrum testing was conducted at a maximum peak stress (Ohmax) of

145 MPa (21 ksi), corresponding to the lowest stress level that would meet

test needs. The spectrum tests were performed using a sinusoidal waveform.

The linear (theoretical) point-to-point load rate (peak to valley or valley to

peak) was constant at 220 KN/sec. (50 kip/sec.). The choice of load rates

was governed primarily by the test system response. The maximum frequency

overrode the loading rate when necessary and ensured that even the very

small load excursions were applied to the cpecimens.

A special feature termed Null Pacing was used to ensure that peak loads

were obtained. When the error between command and feedback exceeded

about one percent, the computer command rate automatically slowed down so

that the peak and valley loads were met and overshoots did not occur.

Crack length measurements were made visually with reference to the

photographically printed grid lines at four locations on the specimen (front

and rear of specimen, right and left tip of crack). The accuracy of a read-

ing was enhanced by the use of a zoom stereo microscope (7-30X) equipped

with a 0.025-mm (0.001-inch) increment reticle.
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FIGURE 7. SPECTRUM TEST SETUP
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2.7.5 Test Analysis Procedure

The two-point secant method was used to determine crack growth rate

per ASTM E647. To minimize previous loading history effects, data points

with crack growth rates greater than the first minimum crack growth rate

were not plotted on the crack growth rate curves.

For comparison of the different materials, the lives, simulated flight

hours for the crack to grow from an initial crack length, a,, of 6 mm (0.24

inch) to failure was used. A comparison of the maximum peak stress inten-

sities versus crack length is shown in Figure 8.

Khma . km8. V/

10 20 30 40 50 60
40

1.5

35

1.3

30 -1.2

MAXIMUM PEAK (GROSS) STRESS- 1.1
E 145 MPa (21 ksi)
E 25 - 1.0

0.9

20 0.8

0.7.

is 0.6

-0.5

1o- - 0.4

,0.3

5s - 1

1 0.1"_ 0.3

0.1

0 * ' * ' ' ' ' IIiI 0.0
10 15 20 30 40 50 60 70

MAXIMUM PEAK STRESS INTENSITY. Khmax . sI5

FIGURE 8. COMPARISON OF RANGES OF Khmax VS a
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3. RESULTS AND DISCUSSION

The results for the aluminum-lithium alloys with systematically controlled

microstructures will be compared to selected results from the evaluation of

commercial aluminum alloys in the previous efforts of this program.

3.1 CHEMISTRY AND DENSITY

The chemical compositions and densities of the materials used for this

evaluation are presented in Table 3.

TABLE 3. MEASURED COMPOSITIONS AND DENSITIES

COMPOSITION, WEIGHT PERCENT* DENSITY
- NOMINAL SAMPLE- - - - -

ALLOY CODE* COMPOSITION NO. Cu Li Mg Zr Fe Si LB/IN.3 (GM/CM3 )

321CU, 321C8 3Cu-2Li-lMg 504796 2.8 2.00 0.65 0.11 0.06 0.04 0.0940 (2.60)

32CU 3Cu-2Li 505071 3.0 1.88 - 0.11 0.06 0.04 0.0947 (2.62)

32C8 3Cu-2Li 505199 3.0 1.92 - 0.13 0.06 0.03 0.0946 (2.62)

32MU, 32M8 3Cu-2Li 505310 3.0 1.94 - 0.13 0.06 0.04 0.0945 (2.62)

*FIRST DIGIT - NOMINAL PRECENTAGE OF COPPER
SECOND DIGIT - NOMINAL PERCENTAGE OF LITHIUM
THIRD DIGIT - NOMINAL PERCENTAGE OF MAGNESIUM
FIRST LETTER - GRAIN SIZE: M - MIXED, C - COARSE
LAST CHARACTER - TEMPER: U - UNDERAGED, 8- PEAK AGED (T851)
MEASURED BY ATOMIC EMISSION SPECTROSCOPY

3.2 MICROSTRUCTURAL EVALUATION

The microstructures of all six alloys are shown in three-dimensional

optical micrographs in Figure 9; these were constructed by photographing the

longitudinal, transverse, and rolling planes of each alloy at the center
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(T/2) plane and then assembling the separate views. The grain structures

for the four coarse-grained alloys (Figures 9a through 9d) are all basically

unrecrystallized. This same type of structure has been seen for similar

alloys in a related NAVAIR-funded contract (20) on Al-Li fracture and

corrosion behavior. The coarse nature of these structures is a result of the

relatively large distances between high-angle grain boundaries (the major

boundaries in these micrographs). These high-angle boundary separations

can be up to 100 gm in the plate thickness direction. In contrast, the mixed

structure alloys (Figures 9e and 9f) are partially recrystallized, with both

coarse and fine recrystallized grains along with the unrecrystallized

structure.

The crystallographic textures of these alloys were determined by gen-

erating X-ray pole figures, using the transmission method. This technique is

preferred because it provides important orientation information on the periph-

ery of the pole figure, whereas the reflection method does not provide any

peripheral data. The transmission method does not provide information in the

center of the pole figure; however, there generally is very little unique tex-

ture data for aluminum alloys in this region.

Before discussing the textures of these specific alloys, a slight diver-

sion to describe aluminum alloy textures in general is helpful. The classical

retained rolling texture in aluminum alloys is a continuous series of compo-

nents varying from (i01)[121] through (123)[634] to near (112)(111], where

(hkl) are the indices of a plane parallel to the rolling plane, and [uvw] are

the indices of a crystallographic direction parallel to the rolling direction.

This series of components is plotted in one quadrant of the (111) pole figure

in Figure 10; the numbered points correspond to the six most common texture

components. [According to convention, the north pole corresponds to the
rolling direction (RD) and the center corresponds to the direction normal to

the rolling plane (ND).] Notice that if these points were repeated in all four

quadrants, there would be a continuum of intensities starting at the 90-

degree and 270-degree locations along the periphery and extending inwa-i on

either side of, but not including, the equatorial plane. It is this hol-

low "tube" of intensities on either side of the equator which denotes the alu-

minum rolling texture. Complementary texture intensities also appear near
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•FIGURE 10. LOCATION OF THE SIX ROLLING TEXTURE COMPONENTS IN (111)
POLE FIGURE USUALLY FOUND IN ALUMINUM ALLOY,

PLOTTED IN ONE QUADRANT

the north and south poles and about 20 to 30 degrees on either side of the

poles along the periphery.

The (111) pole figures for the three alloy types (321Cx, 32Cx, 32Mx)

are shown in Figure 11; the regions of highest intensity (>4 times random)
are shaded to highlight the strongest preferred orientations. Particularly for

the 321Cx and 32Cx alloys, the type of preferred orientation basically is

characteristic of the retained rolling texture usually found in aluminum alloys,

with one exception. In these AI-Li alloys, the equatorial intensity tube is

discontinuous near the 30-degree circle, suggesting that one or more of the

preferred orientations which make up the tube is weak. These missing

components appear to be between (123)(634] (the so-called "S" component of

texture) and (112)[111] (the "copper" texture); these specific components are

labeled 4 and 6, respectively, in Figure 10.

Since the 32Mx structure is partially recrystallized, some textural indi-

cation of the so-called "cube" component should be present in the pole figure.

This component is denoted by intensity maxima along the four 45-degree lines
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where they intersect the 30-degree circle. The pole figure for the 32M8 alloy

shown in Figure lc is asymmetric, but does indicate intensities greater than

random for the cube component in the upper left quadrant. This is minimal

evidence, at best, to corroborate the metallographic observations. However.

the 32Mx duplex structure is rather coarse, and the X-ray technique samples

only a small volume of material. It is possible that few recrystallized grains

were present in the sampled volume, in which case little or no intensity in

the cube orientation locations would appear on the pole figure.

Guinier X-ray analysis was used to determine the amounts of various

phases present in each alloy after the two aging treatments. The results are

shown in Table 4 as relative amounts of phases detected. Note that these

results can be compared only within each type of phase; that is, a "medium"

intensity for AlCu 2Fe indicates a greater volume fraction than "small" for the

same phase, but does not indicate that there is a greater volume fraction of

tlis phase than of Al 3 Li with a "small" intensity. The data basically are con-
(20)

sistent with that reported by Vasudevan, et al. in a parallel contract

investigating similar alloys. Aging from the -U temper to the -8 temper

appears to slightly decrease the volume fraction of Al 3Li in the 32 alloys, and

has no effect on the presence of the Al 7Cu 2Fe constituent. For the 32Cx and
32Mx alloys, aging increases the fraction of the T ,'-T, transition phase, and

also increases the amount of T 1 phase in the 32Mx alloys. The equilibrium

ALi phase was detected only in the 32Mx alloys, possibly due to the presence

of the high-angle recrystallized grain boundaries which could serve as

preferred nucleation sites for this phase. Somewhat surprisingly, the S'

phase (Al ,C uMg) was not detected by Guinier analysis in the 321Cx alloys,

despite the presence of 0.65 percent magnesium. As will be discussed below,

however, clear evidence of this phase is available from transmission micros-

copy. The TEM studies also shed further light on the presence and nature

of the several Al xCu yLiz precipitates (T-type phases) which occur in this

system.

A thorough characterization of the fine structure of these alloys was

undertaken, using the transmission electron microscope. Pertinent details of

these microstructures will be described below; however, more details on the

microstructures of ternary and quaternary AI-Li-Cu(-Mg) alloys can be
(40) (41)

found in articles by Hardy and Silcock, Schneider and Heimendahl,
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TABLE 4. GUINIER X-RAY RESULTS SHOWING RELATIVE VOLUME
FRACTIONS OF PHASES PRESENT

ALLOY Al Li AILi AI2CuL "AI5CuLi3"- A2Cu AI7Cu2F*
6 6 T2'-T2

321CU MEDIUM - - MEDIUM-

321C8 MEDIUM - - - TRACE SMALL+

32Cu MEDIUM - - - MEDIUM-

32C8 MEDIUM- - - V SMALL - MEDIUM-

32MU SMALL+ V SMALL + SMALL- V SMALL+ - SMALL+

32M8 SMALL SMALL- SMALL SMALL- - SMALL+

NOTE RELATIVE VOLUME FRACTIONS ARE RATED SMALL-MEDIUM-LARGE, WITH FINER
GRADATIONS INDICATED BY "VERY" AND EITHER A "+- OR "-" SIGN.

Sanders and co-workers, Starke and co-workers, Vasudevan,

et al. (20) (which describes alloys very similar to these), and Rioja and

Ludwiczak ( 4 3 ) (a very thorough discussion of the Al-Cu-Li system).

Figure 12a shows a (100) zone axis (ZA) electron diffraction pattern

(EDP) for the 321C8 alloy. Strong superlattice reflections at 1/2 (002) and

1/2 (022) positions indicate the presence of Al 3Li (6'); weaker spots at 1/3
(022) and 2/3 (022) suggest the Al 2 CuLi (T 1 ') phase, which occurs as

platelets on (1111 habit planes. The faint streaks along all four <100>

directions emanating from the 1/2 (022) positions are characteristic of the

Al 2 CuNig (S') precipitate, although the low intensity indicates a relatively

small volume fraction. Figure 12b is a dark field (DF) micrograph taken

using the 1,2 (020) superlattice reflection, and shows a high density of 6'

precipitates in the matrix. When the 2/3 (022) reflection is imaged, the T

phase can be seen (Figure 12c); the faces of some platelets can be seen

because the fl11 habit plane is inclined at 54 degrees to the ZA. Some S'

precipitates are visible when the faint <100> streak near 1/2 [022] is imaged,

as seen in Figure 12d. Recall that Guinier X-ray analysis did not detect any

S'; apparently the small volume fraction observable in the TEM is below the

resolution limit for X-ray analysis.
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85-03779-13

a. [100] ZA ELECTRON DIFFRACTION PATTERN SHOWING AI3Li SUPERLATTICE
REFLECTIONS, FAINT T1' SPOTS, AND [100] STREAKING INDICATIVE OF AI2CUMg

85-03779-12

b. DF MICROGRAPH USING 1/2 (002) REFLECTION; [1001 ZA.
UNIFORM SPHERICAL AI3Li ARE VISIBLE

FIGURE 12. ALLOY 321C8
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85-03779-11

c. DF MICROGRAPH USING 2/3 (022) REFLECTION; [100] ZA.
SOME T1 PLATELETS ARE REFLECTING; THESE DO NOT APPEAR ON EDGE SINCE

THE [1111 HABIT PLANE IS INCLINED TO THE ZA.

85-03779-10

d. DF MICROGRAPH USING (1001 STREAK NEAR 1/2 (022) SPOT; [100] ZA.
SPHERICAL AI3Li AND AI2CuMg LATHS ON [0121 HABIT PLANES ARE VISIBLE.

FIGURE 12. ALLOY 321C8 (CONT)
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When this same alloy is underaged (321CU), the 6' precipitate radius is

smaller (compare Figure 13a with 12b). The BF-DF pair in Figures 13b and

13c shows that no 6' PFZ is present on this low-angle grain boundary; in the

T8 temper, only a small PFZ occurs (see below). The same region as in Fig-

ure 13b and 13c is shown in Figure 13d using a <100> streak and shows the

somewhat non-uniform distribution of S' in the grain interior as well as

precipitation along the grain boundary.

The (100) ZA FDP for the 32CU alloy (Figure 14a) appears very similar

to that for the 321Cx alloys, with superlattice reflections, T1 ' spots at 1/3

and 2/3 (022), and <100> streaking. Notice, though, that these<100> streaks

are continuous through both 1/2 (002) and 1/2 (022) positions, unlike the

S' streaks which appear around only the 1/2 (022) position. This continuous

streaking suggests the presence of a T 2' phase with a [1001 habit plane.

Rioja and Ludwiczak ( 4 3 ) believed that this is the "T 2'-T 2
1 phase identified by

Guinier analysis in Table 4. Because these streaks are continuous through

the superlattice reflections, a DF micrograph using the 1/2 (022) reflection

(Figure 14b) reveals both spherical 6' and T2' platelets (two orthogonal

variants can be seen). Also, some evidence of 6' encapsulating the Al 3Zr

dispersoids can be seen in Figure 14b; this phenomenon has been discussed

at great length, most recently by Sanders, et al.,(44) at the third Al-Li
Conference. A BF micrograph (Figure 14c)of a similar area shows the T1

precipitates on [111] planes, with 6' visible in the background.

Further aging of the 32C alloy to the T8 condition increases the density

of the T-type phases. Figure 15a shows the T1 ' precipitates distributed

uniformly through the matrix and copiously at the grain boundary. Note,
though, that a TI' PFZ does not occur on low-angle boundaries. A DF

micrograph from a superlattice reflection, Figure 15b, shows a decreased

volume fraction of 61, continued encapsulation of Al 3 Zr, and thickening of the

T2 ' phase.

The fine structure of the 32Mx alloys Is very similar to that for the

32Cx alloys, as would be expected. The BF-DF pair for 32MU shown in Fig-

ures 16a and 16b reveal T1 ', T 2 ', and 5' in the BF image, and 6' and T 2 ' in

DF. Though not clearly seen In these micrographs, a small Al 3 Li PFZ does

occur. The peak-aged alloy (Figure 16c) shows a high density of T 1' preci-

pitates on two [1111 variants, one of which Is inclined to the [1121 ZA.
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S5-03779-17
a. DF MICROGRAPH USING 1/2 (002) REFLECTiuN; [100] ZA

SMALL SPHERICAL AI3L-i ARE UNIFORMLY DISTRIBUTED, ALONG
WITH SOME ENCAPSULATION OF A13Zr DISPERSOIDS BY AI3L-i

85-03779-16

b. BF MICROGRAPH SHOWING A SUBGRAIN BOUNDARY AND SOME TI'

FIGURE 13. ALLOY 321CU
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85-03779-15

c. DF MICROGRAPH OF B, 1/2 (002) REFLECTION; [100] ZA
COPIOUS AI3Li PRECIPITATION WITH NO SUBGRAIN BOUNDARY PFZ

85-03779-14
d. DF MICROGRAPH OF b, USING<001> STREAK; 1100.1 ZA.

LOW DENSITY OF S' PLATELETS, INCLUDING SOME ON SUBGRAIN BOUNDARY.

FIGURE 13. ALLOY 321CU (CONT)
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85-03779-20

a. [100] ZA ELECTRON DIFFRACTION PATTERNS. AI31i SUPERLATTICE
REFLECTIONS, T 1 ' SPOTS, AND [1001 STREAKS INDICATING T 2' PRECIPITATES

85-03779-19

b. DF MICROGRAPH USING 1/2 (022) REFLECTION, [1001 ZA.
SPHERICAL AI3Li AND T2 ' PLATELETS ON [1001 HABIT PLANES ARE VISIBLE

FIGURE 14. ALLOY 32CU
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85-03779-18

c. BF MICROGRAPH OF b. T 1 ' PLATELETS CAN BE DISTINGUISHED
BY THE FRINGE CONTRAST WHILE SOME T2 ' IS VISIBLE AS VERY

THIN PLATELETS SEEN ON EDGE

FIGURE 14. ALLOY 32 CU (CONT)
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85-03779-21

a. DF MICROGRAPH USING 2/3 (022) REFLECTION; [112] ZA. T1 ' PRECIPITATES
SEEN THROUGHOUT MATRIX AND ALONG SUBGRAIN BOUNDARY.

85-03779-22

b. DF MICROGRAPH USING 1/2 (022) REFLECTION; [1101 ZA. LOW DENSITY OF
LARGE AI3Li IN THIS T8 CONDITION, INCLUDING SOME AI3Zr

ENCAPSULATION. ONE VARIANT OF T2 ' ALSO VISIBLE.

FIGURE 15. ALLOY 32C8
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85-03779-25

a. BF MICROGRAPH SHOWING 5', Tl', AND T2 ' PRECIPITATES AND SOME LARGE GRAIN
BOUNDARY PHASES IN UNDERAGED CONDITION.

85-03779-24

b. ALLOY 32MU DF MICROGRAPH OF a, USING 1/2 (002) REFLECTION; 1100] ZA
AI3Li AND T2 ' ARE VISIBLE. A CLOSE COMPARISON OF THIS WITH a

INDICATES A SMALL PFZ.

FIGURE 16. ALLOY 32MX
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85-03779-23

c. DF MICROGRAPH USING 2/3 (131) REFLECTION; [112] ZA. AT LEAST TWO VARIANTS OF
T1' ARE VISIBLE, ONE OF WHICH IS INCLINED TO THE ZA IN PEAK AGED CONDITION.

FIGURE 16. ALLOY 32MX (CONT)
A

Further evidence of the effect of aging on precipitation can be seen

from the [112] ZA EDP's in Figure 17. These [112] patterns are especially

relevant, since Rioja and Ludwiczak ( 4 3 ) have shown that this orientation is

necessary to unambiguously identify the metastable T 1' and equilibrium T 1

phases. In the 32MU alloy, Figure 17b, strong superlattice reflections from

Al 3Li are seen at 1/2 (022) and 1/2 (024). Weak spots at 1/4 and 3/4 (024)

indicate some T 2 ', while streaking in <111> directions and intensities at 1/3

and 2/3 (024) suggest the presence of TI9 . Further aging to peak strength

(Figure 17b) sharpens the T1 ' streaks noticeably, while the superlattice spots

lose intensity and the T 2' spots become very difficult to resolve. These

changes in intensity imply that aging toward peak strength causes the volume

fraction of T to increase at the expense of Al3Li and, possibly, of T21.

1The Guinier X-ray results in Table 4 similarly show an increase in T1 ' at the

expense of A13 Li during aging in the 32Mx alloys and a parallel decrease in

Al 3Li In the 32Cx alloys. Notice, though, that a slight increase in T2 ' with

aging is suggested for the 32Mx alloys. The Al 3Li and T1 phases are the

dominant precipitates in all of these alloys from volume fraction considerations
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85-03779-27

a. UNDERAGED

85-03779-26

b. PEAK AGED

FIGURE 17. ALLOY 32MX - THESE ELECTRON DIFFRACTION PATTERNS SHOW
THE EFFECT OF AGING ON PRECIPITATION. RELATIVE TO THE U TEMPER (A),

THE T8 TEMPER (B) SHOWS A SHARPENING AND INCREASED INTENSITY OF THE
T1 ' STREAKS ALONG (111] DIRECTIONS, AND DECREASED INTENSITY FOR

BOTH THE AI3Li SUPERLATTICE SPOTS AND THE T2' SPOTS AT 1/4 AND 3/4 (024).
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however, so it is their relative changes which are most important with regard

to mechanical behavior.

The preceding paragraphs have alluded to grain boundary structures in

these alloys. Particularly in the C structure materials, which are unre-

crystallized, most boundaries seen in the microscope are low-angle; these
exhibit no PFZ in the U temper and only a small 5' PFZ at peak strength.
Figure 15a especially shows uniform T1 ' precipitation throughout the matrix as

well as at the grain boundary, but no PFZ. Because the S' phase in the 321

alloys and T ' in the 32 alloys tend to be inhomogeneously distributed within2
the matrix, it is difficult to discern any evidence of a grain boundary PFZ

for either precipitate. The occasional high-angle boundary will exhibit a
small 5' PFZ in the underaged temper and a larger one when peak aged.
What is not seen, however, is substantial evidence of equilibrium ALi pre-

cipitation at grain boundaries, which is responsible for PFZ formation in

binary alloys. ( 4 2 )  Rather, it is the precipitation of the various ternary

phases which is primarily responsible for depleting the grain boundary region

of Li and causing PFZ formation.

*! Given this background information on the microstructures of these
alloys, it is pertinent to discuss the influence of such structures on deforma-

tion and fracture behavior. Innumerable papers have described the tendency

of Al-Li alloys to deform via planar slip due the presence of shearable 5'
precipitates. This planar slip usually is argued to lead to strain localization,

particularly in the unstrengthened PFZ which forms as a result of equilibrium

ALi precipitation on grain boundaries. Low ductility and intergranular frac-

ture are rationalized in terms of failure in the PFZ, primarily as a result of

the intense planar deformation causing severe stress concentrations at grain

boundary pileups. The article by Starke, et al. ( 4 2 ) provides a brief but

clear discussion of this subject.

While intense planar deformation is clearly the case in Al-Li binary
alloys, it is not necessarily an accurate description of the deformation process

In higher-order systems. The 5' PFZ In these alloys is very small, especially
in the underaged (U) temper; consequently, there should not be a strong

tendency toward strain localization along the grain boundary. Because the

ternary precipitates, particularly T ', are distributed throughout the matrix
and do not form a PFZ, there in fact is some strengthening by these
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precipitates in the 6' PFZ. The abundance of T-phase precipitates. especially

T 1 ', in these alloys certainly mitigates the tendency toward planar slip, since

these phases are not easily sheared. Similarly, the presence of S' in the

321Cx alloys also can contribute toward the breaking up of planar slip,

thereby reducing the tendency toward low ductility and intergranular fracture

usually associated with Al-Li alloys. This is analogous to a solution to the

low ductility problem (42) which relies on the introduction of a large volume

fraction of incoherent dispersoids to impede the formation of slip bands.

Although the T ', T 2' and S' metastable precipitates are only semicoherent,

their large total volume fraction can be very effective in reducing the

tendency toward planar slip. The observed reduction in 6' volume fraction

with aging should further reduce strain localization. In fact, Vasudevan, et

al. ,(45) have shown that aging a 3Cu-2Li alloy toward peak strength does

indeed reduce the 5' volume fraction (from 7 percent to 0.5 percent),

increase the amount of T-phases (from 1 percent to 7 percent), and induce

cross-slip. In summary, then we would expect that the T8 temper condition

in these ternary and quaternary alloys will be less prone to planar

deformation than the underaged temper.

3.3 TENSILE AND FRACTURE TOUGHNESS RESULTS

The mechanical properties determined are listed in Table 5. The rela-

tionship between yield strength and fracture toughness is shown in Fig-

ure 18. The mixed microstructure material had slightly lower strength and

toughness properties compared to the coarser material. The magnesium-

containing alloy has higher strength and toughness properties in the

longitudinal direction.

3.4 FATIGUE-CRACK GPOWTH RESULTS UNDER CONSTANT AMPLITUDE

LOAMING

Fatigue-crack growth data were generated for all alloys from near-

threshold (A.Kth) through intermediate AK values, with measured near-

threshold FCG rates approaching 10- 10 m/cycle (4 x 10 - 9 in/cycle). The

FCGR data for the alloys are presented in Figures A-i through A-6 in

Appendix A. In Figure 19. the da'dN versus AK curves are shown and com-

pared with 2020-T651 and 7050-T7451. In addition, the FCCR data are shown
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TABLE 5. TENSILE AND FRACTURE TOUGHNESS RESULTS

LONGITUDINAL*

ULTIMATE YIELD Kic h
ALLOY STRENGTH STRENGTH EL
CODE MPa IKSI) MPa (KSI) (%) MPa a, --m (KSI v'")

32 Cu [ 498 1722 444 (644) 103 699 (63.6)

321C8 543 (788) 516 (749) 55 23 7 (21 6)

32CU 458 66 4) 411 t59 6) 80 496 (451

32C8 500 (726) 460 (667) 78 40.7 (37 0)

32MU 441 (640) 396 t57 4) 82 38.2 1348)

32M8 458 (664) 418 (606) 70 21 5 (196)

LONG TRANSVERSE

ULTIMATE YIELD K
ALLOY STRENGTH STRENGTH EL
CODE MPa IKSI) MPa IKSI) 1%) MPg v/m (KSI vIT.)

321CU 442 (64 1) 384 (55.7) 5 7 511 (46 5)

321C8 495 (718) 465 (67.4) 45 24.8 (226)

32Cu 430 162-3) 394 (57 1) 40 45.5 (41.4)

32C8 495 171 8) 479 (695) 28 265 (24 1)

32Mu 450 (653) 403 (585) 60 309 (28 1

32MB 470 68 1) 451 1655) 12 185 (168)

"LONGITUDINAL MODULUS WAS DETERMINED TO BE BETWEEN 11 4 AND 11 5 MSI ( 79 GPa(FOR ALL ALLOYS

"'CHARPY TOUGHNESS INDICATOR VALUE. NOT A TRUE MEASUREMENT OF KICPER
ASTM E399

49



KICh, kSi 'in

12030 40 50 60 7

5075

702

S4506

7475-T7351 32C

32 M82CU

40

10 20 30 40 50 60 70

TOUGHNESS INDICATOR VALUE FOR SCM, KIch. MPa %/-

FRACTURE TOUGHNESS FOR COMMERCIAL ALLOY, KIg, MPav~

a. LONGITUDINAL (L-T)
klch- ksi %V'~n

10 20 30 40 50 60 70-

55 1 

75

500
32C8

70 -

z 45021%86
32M8'

- 0

> 400 inMn

32CU 
-5321CU

3501_____
10 20 30 40 50 60 70 80

TOUGHNESS INDICATOR VALUE, KIch' MPa ~m
b. LONG TRANSVERSE CT-I)

FIGURE 18. YIELD STRENGTH VERSUS FRACTURE TOUGHNESS
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A K, ksi V Tjn

1 2 3 4 5 6 78910 20 30 40 50

10F R 1 0. 3 3 111 III II IIII11
25Hz 1
HIGH HUMIDITY AIRI
C(T) SPECIMEN B-6 mm

106L-T ORIENTATIONI

10-6 _ _ _ _ _ _ _ _ _0_5

0I0

z / -

V LilV
10-7

io- 8  '0-8
$32CU

S 10-10 32M8
...... 3M

-- 321CU

321C8

-p2020-T651
*--*7050-T7451

1 2 3 4 56 7 8910 20 30 40 50 100

STRESS INTENSITY RANGE, IK, MPa V.m

FIGURE 19. CONSTANT LOAD AMPLITUDE FATIGUE CRACK GROWTH
RATE DATA
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in Figure 20 and Table 6 as the stress intensity required to drive a fatigue

crack at a specified rate. In Figure 20 the results are in ascending order of

their spectrum fatigue lives (See Subsection 3.5, Figure 24). In general, the

applied stress intensity necessary to drive the fatigue crack at a specified

rate decreases in the same order as the spectrum fatigue life ranking.

The results in Figures A-1 through A-6 (Appendix A) are plotted in

terms of both AK app and AK eff; i.e., the applied and effective crack-tip

driving forces, respectively. AKeff represents the stress intensity range

above the point of crack closure, and generally is believed to be that part of

the applied AK responsible for crack growth.

The FCP data show that, particularly in the near-threshold region be-

low about 10 - 8 m/cycle (4 x 10- 7 in/cycle), crack-growth resistance is

greater for each underaged alloy than for the corresponding peak aged ma-

terial. This behavior is expected, based on the increased slip planarity in

underaged microstructures. This type of deformation behavior enhances

crack branching, which has been shown to exert a powerful influence on FCP
(20) (46)

behavior ( 2 0 )  Suresh, for example, has demonstrated that branching re-

duces the stress intensity at the crack tip not only because of crack closure

considerations, but also due to the inclination of the crack away from a path

normal to the direction of applied stress.

3.5 SPECTRUM TFST RESULTS

The spectrum life results for each test are listed in Table 7 and shown

graphically in Figure 21. In Figure 22 the results are shown In the order of

their average under the TD and TDP spectrums making comparison of the ma-

terials easier. Crack length versus simulated flight hour data (a versus H)

are shown graphically ir. Appendix B. while results for spectrum crack

growth rate versus maximum peak stress Intensity (da/dUl versus K hmax) are

shown in Appendix C. For comparison, spectrum crack growth rate curves

(da/dtl versus K hmax) for all six materials are shown in Figures 23a and 23b

for the TD and TC spectrum. For easier comparison of resistance to

spectrum crack growth among all ten materials for both spectra, the maximum

peak stress intensities to obtain a given crack growth rate are shown in
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TABLE 6. STRESS INTENSITY RANGE TO OBTAIN A GIVEN FATIGUE-
CRACK GROWTH RATE UNDER CONSTANT-AMPLITUDE LOADING

..K. MPa V/-iTO OBTAIN A GIVEN FCGR
KIch a

FCGR I0"10 m/CYCLE 109 m/CYCLE 104 m/CYCLE 107 m/CYCLE 106 m/CYCLE (MPa / )

ALLOY
CODE

321CU 3 .46b 3.49 5.69 11.6 28.0 69.9

321 C8 3.10 3.19 5.25 8.79 19.7 23.7

32CU 4 02 4.06 7.97 13.7 30.2 49.6

32C8 2.31 2.47 4.70 8.55 19.2 40.7

32MU 3.21 3.33 6.32 10.1 19.3 38.2

32M8 2,9 1b 2.96 4.20 7.53 10 9 b 21.5

a CHARPY TOUGHNESS INDICATOR VALUE

b EXTRAPOLATED

TABLE 7. SPECTRUM FATIGUE RESULTS

MAXIMUM PEAK STRESS, 0 hmax 145 MPs (21 ksi)

CRA( K GROWTH FF OM6mm (0.24 in.) TO FAILURE

SIMULATED FLIGHT HOURS, H

SPECTRUM TD TDR TC TCR TCZ

ALLOY CODE

321CL 64,371 81.293 47.802 39,433 104,774

321C8 15 196 12337 13,347 11,038 14,432

32CU , 99,997 95,296 24,527 46,632 109,439

32C8 18373 22.171 14,376 13,534 20,918

32Mu 26.942 34,045 21.621 18492 41,388

32M8 1 790 1.217 895 840 0*

LESS THAN 1900 SIMULATED FLIGHT HOURS
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120,000

53 TCZ
100,000 U TD Uhmax 145 MPa (21 ksi)

~~ TD FROM 6mm TO FAILURE

C 60,000- E3TCR

S40,000-

20,000

0 32M8 321 C8 7050- 32C8 2020- 2024- 32MU 321 CU 32CU
T7451 T651 T351

FIGURE 21. SPECTRUM FATIGUE LIVES
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Khmax. ksj in.

10 20 30 40 50 60 70 8090

1 0 10-4

zu

S10-6

0 'p

-- --- 32CU
cr 107 - - 32M8

-o.... 32MU
- -- 321CU

* - - *321G8

-- W7050-T7451 10-6
ci

rj,10 20 30 40 50 60 70 80 90100

MAXIMUM PEAK STRESS INTENSITY, Khmax. MPa -<rf

a. TENSION-DOM INATE D SPECTRUMS

Khmax. ksi n.

10 20 30 40 50 60 70 80 90
11E 10-5

CL

10-60-
E

V) 106  0-5*9

9.. -- -I 3C

.........-32MU

u321CU i-
-~ -- 32B8

2i 10-81- 2M

10 20- 30 40 52617GU 00

SPECTRUM CRACK GROWTH RATE. da/dH, rn/H

b. TENSION-COMPRESSION SPECTRUMS

FIGURE 23. SPECTRUM FCGR CURVES
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Figure 24 and Table 8, in presentations similar to those for the constant ampli-

tude data in Figure 20 and Table 6.

3.5.1 Ranking of Materials

In Figure 22, the average of results under the baseline and racetrack

spectrum are shown. These averages are designated TD(R) and TC(R).

Several observations can be made based on this comparison for crack growth

from 6mm to failure:

1. The most significant observation is that the underaged temper

resulted in significantly longer spectrum fatigue lives.

2. In the same temper, the coarse-grained alloys have longer lives

than the mixed microstructure alloys.

3. The lives for the coarse-grained alloys with and without magnesium

are similar for the same temper (321CU versus 32CU and 321C8 ver-

sus 32C8) with the magnesium-free alloy generally having longer

lives.

4. The three experimental underaged alloys had longer -spectrum

fatigue lives than the commercial alloys evaluated in this program

(represented in the graphs by 2024-T351 and 7050-T7451).

However, the mixed microstructure peak aged alloy (32M8) had shorter

lives than any alloy evaluated previously (2024-T851 with lives of about 8,000

flight hours).

3.5.2 Spectrum Crack Growth Behavior

To develop an understanding of the material behavior, more information

can be obtained from observations of the behavior as the crack grows, either

from crack length versus simulated flight hours or more easily by spectrum

FCGR versus maximum peak stress intensity. These data are given in

Appendices B and C of this report for the SCM alloys and for the commercial

alloys in Appendices B and C of the previous reports. (1,2) A comparison

of these FCGR data for alloys with SCM and for the commercial alloys will

show that the alloys with SCNI have much more scatter. That is, the change
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ITD(R)I
0. 45

SPECTRUM CRACK / 40

GROWTH RATE,
E da/dH, m/H 6 C6%

S40-

Z 35 >

z_ -30 -+

30 EC, p%,..
w ,,,,,3x10

-7

< 25 1

02.

_ 202

15
32M8 321C8 32C8 32MU 321CU 32CU

FIGURE 24. MAXIMUM PEAK STRESS INTENSITY NEEDED TO OBTAIN
A GIVEN SPECTRUM FCGR

TABLE 8. RANKING OF MATERIALS IN SPECTRUM FATIGUE BY MAXIMUM PEAK STRESS
INTENSITY TO OBTAIN A GIVEN FATIGUE CRACK GROWTH RATE

Khmax. MPg m (ksi in.) TO OBTAIN A GIVEN SPECTRUM FCGR

FCGR 18-7 m/H (1.2 X 10-5 in./H) 3 X 10-7 rn/H (1.2 X 10's in,/H) 10-6 rn/H (4 X 10-5 in./H) 3 X 10-6 m/H (1.2 X 10-4 in./H)

SPECTRUM TO(R) RANK I TCIR) TO(R) RANK TC(R) TO(R) RANK TC(R) TO(R) RANK I TCiR)

MATERIAL I I 1 I I I III I I II
321CU - 2 17 35 2 28 48 1 42 - 1 49I I I I I I I
321C8 - - I - 18 5 1 18 28 5 I 17  361 5 32

32CU 23 1 1 17 41 1 25 47 2 38 - 2 j 47

32C8 - I - - 20 1 4 17 33 I 4 I 29 42 4 I 37

32MU I I _ 33 3 1 19 36 3 134 441 3 41

32M8 - I - - - 6 - 19 6 17 - 6

of spectrum FCGR with increasing stress intensity was much less consistent.

In general, the scatter was greater for the underaged alloys than for the

peak aged alloys. (To obtain the data for Figure 23 and Table 8, the data
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had to be replotted using additional data smoothing.) Possible reasons for

this scatter will be discussed in Subsection 3.6, Fractographic Analysis.

4 3.5.3 Effects of Load History

As for the commercial alloys, the lives under the tension-dominated

spectrums (TD and TDR) were longer than for the tension-compression spec-

trums (TC and TCR). However, the lives under TCZ spectrum were not

- always longer than for the TD spectrum as they were for the eight commercial

alloys evaluated - the exceptions being for the 321C8 and 32M8 alloys.

3.6 FRACTOGRAPHIC ANALYSIS OF SPECTRUM FATIGUE SPECIMENS

3.6.1 Macroscopic Appearance

The fracture surfaces of all six alloy/temper/structure combinations

were especlally rough and coarse. This was true for both the constant-

amplitude and spectrum fatigue specimens, though detailed fractographic work

was done only on the latter specimens. This roughness corresponds with the

generally high crack-closure levels measured during constant amplitude tests,

and is expected to contribute towards improved FCP resistance for all types

of loading. In some cases, a large amount of dark fretting debris covered

parts of the fractures, indicating substantial fracture surface rubbing during

the fatigue test. This was especially true for specimens tested with the TC

spectrum.

A significant difference in fracture surface roughness was evident

between underaged and peak-aged specimens for each structure. Figure 25

shows the fracture surface of 32C8 (TD spectrum) at low magnification (x20);

this surface is relatively coarse, especially at longer crack lengths. There is

a substantial amount of "delamination" on planes parallel to the plane defined

by the crack-growth direction and the loading axis (parallel to the plate

surface) and substantial changes in height both laterally and longitudinally on

the surface. Figure 26 shows, however, that the fracture surface for the

underaged 32CU specimen is even more tortuous and contains extreme eleva-

tion differences. Notice that the fracture surface predominantly consists of

planar faces at various angles to one another. These planar faces will be

discussed in more detail later, but it is sufficient to point out at this
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CRACK GROWTH DIRECTION

X 20 85-03778-29

-~ a. a =6.4 mm (0.25 IN.)

-7d

I.OW

/X 20 85-03778-2;

b. a =19.1 mm (0.25 IN.)

FIGURE 25. FRACTURE SURFACE OF ALLOY 32C8, TD SPECTRUM, SHOWING
RELATIVELY COARSE SURFACE TOPOGRAPHY
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time that such planar fracture corresponds with the expected high degree of

slip planaritv in an underaged alloy.

it was mentioned in Subsection 3.5.2 that the scatter in spectrum FCP

data was greater for the underaged alloys than for the peak aged alloys. The

greater degree of surface roughness for the underaged alloys suggests

greater degrees of both crack closure and branching, both of which are

known to reduce -rack-growth rates. Local changes in either crack-tip

geometry or fracture surface roughness immediately behind the crack tip win

(, f greater miagnitude in the underaged condition. causing greater local

ac'releration or dleceleration in crack propagation rates and the FCP data to

ru'.Iate more about the mear trend.

~tiros~yFracture Mechanisms

T!-er#. Ar*- Two fracture mechanisms which are most characteristic of the

-PrTru Oratigue surfaces for aJP of the aluminum- lithium alloys tested. One

lo. ss6i4 4Fitigue -%triation" formnation, though the lines or the fracture

slrface #Ar~not he -orrelated with individual load excursions for such complex

,pr'r There are, however, noticeable differences in the character of these

- riatirroo ar)ong the specimens. these will be liscussed below. The other

Wa it.e fra "liro mrevhanism is r'harscterized bv' the planar faces pointed out in

iv jr#- . r "I)( h very fine-scaie dimplesK often can be seen. Again, more

4"1 gbrding othip mechaniit- subsequent ly To streamline the dis

if A f rho 'egraphvo The TD fractures will b#- examined first in some

a] t.# I ( fracturets will be discussed later, concentrating only on the

,It ffrone a tielwsien TC and TD mechanisms

T?, # fatigue striations generally are superimposed on the rough back-

ivjr)r ~ *#xture of the fracture surface. Figure 27 shows this coarse topop'ra

;jh f( r -. f R (TD) , with the 14triations evident at higher magnification

1)0(1 ThieP atriations tire relatively noat mn'icating it relativelv small

o ur f 'rhtio 'Pip plastlelty an(" blunting duritig the tra('tllre pro.ess such

sheliow fiarkings ofter are referredJ to as "brittle" striations. Partirulari', mt

Ihe P 4- K hMaxlevels experienceed at this orack length (6 4 mm)., there is

Mitle (-viderrce 'f void -oalescenoe ais a fracture mechanisr, Brittle triation

4formation Purciats ats the dominant ,rhirk growth meehanisr mt longer -rack
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CRACK GROWTH DIRECTION

X 250 85-03778-30

" BRITTLE" STRIATIONS SUPERIMPOSED ON ROUGH SURFACE

x 15 35-03778 31

b DETAIL OF AN AREA IN a

FIGURE 27. FRACTURE SURFACE OF ALLOY 32C8. TD SPECTRUM,
AT a - 6.4 mm (0.25 IN.)
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lengths (19.1 mm - Figure 28), although the general fracture topography

changes. This more blocky appearance (Figure 28) begins to take on a char-

acter suggestive of intergranular fracture; the continued presence of stria-

tions, however, indicates that fracture remains transgranular. Intergranular

fracture is characteristic of unstable fracture in all these alloys and will be

seen later.

Underaging these alloys results in a mixed fracture mode at all crack

lengths. Figure 29 shows striations in 32CU (TD) at both crack lengths;

these striations are flat and brittle in appearance, as in the peak-aged alloy.

NTotice, though, that at 19.1 mm (Figure 29b) there is some secondary

cracking (tearing) associated with striations. This has been seen previously

in both Phases I and II. (1,2) These striations occur toward the edges of the

specimen, in regions more likely to experience plane stress conditions. At

the center of the specimen, the predominant fracture mechanism is the planar

type seen in Figure 26. At higher magnifications (Figure 30) these planar

features are seen to be covered with very shallow dimples.

As described previously, these ternary and quaternary AI-Li alloys are

especially prone to planar deformation in an underaged temper. The broad,

,lat fracture planes such as in Figure 26 suggest that crack growth is

occurring along slip bands. The inclination of the local slip band fracture

plane is at various angles, which incorrectly suggests an lntergranular

fracture mechanism. Because the grain structures of these alloys are very

lamellar with most of the grain boundary area parallel to the rolling plane,

intergranular fracture would occur in that orientation. Furthermore,

characteristic intergranular fracture is seen during unstable fracture (see

below).

For the 321C8 alloy, striation formation once again is the dominant

crackgrowth mechanism, as shown in Figure 31. In some instances, though,

the fracture surfaces are obscured by large patches of debris (presumably
oxides) such as those seen in the right side of Figure 31a. This debris indi-

cates substantial crack closure has occurred, even in the TD spectrum. The

minimum loads in this spectrum reach -0. 3 0 Pmax' so some surface contact was

expected.
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CRACK GROWTH DIRECTION

44

Sis 8111 03?7U 33

b DIFFERENT AREA THAN INd

FIGURE 28. FRACTURE SURFACE OF ALLOY 32C8. TD SPECTRUM,
AT a -19.2 mm (0.75 IN.) VERY FINE STRIATIONS

SUPERIMPOSED ON A -BLOCKY- FRACTURE
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CRACK GROWTH DIRECTION

*x iwoso0793

a AT a -6 4mm 025 IN STRIAIONS AREVERY SALLOW

b AT o 19 1 mm 40 75 IN iSTRIATIONS ARE MORE DUCTILE THAN INa

FIGURE 29. FRACTURE SURFACE OF ALLOY 32CU, TD SPECTRUM
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CRACK GROWTH DIRECTION

4 5 0
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*
-~~W -.-wA - -

06 03779 37
x Ism0

x 5000 as 03771)

DIf Aii )J PN AREA 'Na

FIGURE 30 FRACTURE SURFACE OF ALLOY 32CU. TD SPECTRUM.,
AT a- 19 1 mm (0 75 IN ) CLOSEUP OF PLANAR REGIONS IN FIGURE 26b

SHOWING SHALLOW DIMPLES SUPERIMPOSED ON THESE FACES



CRACK GROWTH DIRECTION

S85-0377- 
30

x is2a5017

b DIFFERENT AREA THAN IN a

FIGURE 31. FRACTURE SURFACE OF ALLOY 321C8, TD SPECTRUM,

AT a - 6.4 mm (0.25 IN.). PREDOMINANTLY STRIATED GROWTH
IN THIS REGION, ALTHOUGH PART OF THE FRACTURE IS

OBSCURED BY HEAVY OXIDE DEBRIS (RIGHT-HAND SIDE OF a.)
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Figure B-2 (Appendix B) shows that crack growth in 321C8 was

approaching instability at a crack length of 19.1 mm for all spectra, as

evidenced by the extremely high slope of the a versus H curve. The frac-

ture surface similarly indicates incipient fracture by the presence of coarse

bands of alternating stable and unstable crack growth. Figure 32a shows a

series of these bands; the darker regions, labeled 1 and 3, contain predomi-

nantly coarse striations as seen in Figure 32b, while regions 2 and 4 are

predominantly intergranular (unstable) fracture (Figure 32c). In fact, region

4 is the final fracture zone for this specimen. Figure 32d shows the abrupt

transitions from region 3 to 4 at the onset of final fracture. Upon close

examination (Figure 32e), these intergranular regions are seen to consist of

very shallow dimples superimposed on the intergranular facets. This type of

fracture often has been seen in Al-Li alloys ( 1 7 ) and is attributed to void

formption in PFZs. The presence of these coarse bands of alternating frac-

ture mode suggests that local Instability occurs during high load excursions

in the spectrum as Khmax approaches the toughness of the alloy. The

unstable "pop-in" fractures occur in the specimen center, where a more tri-

axial stress state exists. Final fracture can be delayed, however, as the

alloy has the ability to arrest at least several of these instabilities.

In the case of the mixed structure alloy, several fracture modes

occurred simultaneously, Including the coarse banding indicating local insta-

bility even at the beginning of the test. This early instability Is consistent

with the substantially lower toughness levels in the 32Mx alloys (Table 5).

Figure 33a shows the coarse bands at the specimen edge (top of photo), with

predominant striation formation occurring toward the specimen center (Fig-

ure 33b). As the crack length increases, the crack growth switches to more

of the planar mechanism, even in the peak-aged condition (Figure 34).

It was noted in the previous section that a particular difference

between TD and TC spectrum fractures was the greater degree of surface

abrasion and fretting debris in the latter. Figure 35a indicates the presence

of striations for 32CU (TC) near the beginning of the fatigue test, with sub-

stantial amounts of debris along the top and bottom of the fractograph. This

debris is shown more closely In Figure 35b, and consists mostly of somewhat

spherical particles from 0.1 - 5 pm in diameter; macroscopically, these

regions of debris are gray to black. The original fracture features have
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CRACK GROWTH DIRECTION

85-03778-43
X 40

a -1EGION 2 INDICATES POP-IN FRACTURE AREA PRIOR TO SPECIMEN FRACTURE

X( 25085orsg

h STRIATED GROWTH REGION I OF

FIGURE 32. FRACTURE SURFACE OF ALLOY 321C8. TO SPECTRUM, 19.1 mm (0.75 IN.)
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CRACK GROWTH DIRECTION

X 5 85-03778-41

c. UNSTABLE INTERGRANULAR FRACTURE OF REGION 2 OF

Cl TRANSITION P RONA S'R AL R . RE_ % A, NJ,' ASt
r7 ;4A - o Q '

FIGURE 32 FRACTURE SURFACE OF ALLOY 321C8 TD SPECTRUM
19 1mmn0O75 IN CONT



CRACK GROWTH DIRECTION

5 0367 42

x 5000

e SHALLOA MICROVOIDS ON NTERGRANULAR ACES IN REuON 4 OP-

FIGURE 32. FRACTURE SURFACE OF ALLOY 321C8, TD SPECTRUM
19.1 mm (075 IN.) (CONT)
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CRACK GROWTH DIRECTION

X 20 85-03778-2

aMIXED FRACTURE MODES WITH UNSTABLE POP-IN FRACTURES NEAR SPECIMEN EDGE

t) STRIATIONS IN CENTRAL REGION

FIGURE 33. FRACTURE SURFACE OF ALLOY 32M8, TD SPECTRUM,
AT a =6.4 mm (0.25 IN.)
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CRACK GROWTH DIRECTION
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X 250 85-03778-9
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CRACK GROWTH DIRECTION

85-03778-5
9' X 250

a. STRIATIONS AND SURFACE ABRASION AND DEBRIS ATa 6.4 mm (0.25 IN.)
a

-no

85-03778-4
X 1500

b. SPHERICAL DEBRIS AT HIGHER MAGNIFICATION AT a = 19.1 mm (0.75 IN.)

FIGURE 35. FRACTURE SURFACE OF ALLOY 32 CU, TC SPECTRUM
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CRACK GROWTH DIRECTION1!

05-03778-3

is X 250

c. PLANAR FRACTURE AT a = 19.1 mm (0.75 IN.)

FIGURE 35. FRACTURE SURFACE OF ALLOY 32CU, TC SPECTRUM (CONT)

been obliterated by the repeated rubbing together of the fracture surfaces

and the abrading action of the oxide debris. When the original surface is

visible at greater crack lengths, the same planar fracture mechanism occurs

for the 32CU specimen as was seen in the case of the TD spectrum.

Further evidence of abrasion and debris superimposed on striated fa-
tigue crack growth is seen for the 321C8 alloy tested using the TC spectrum

in Figure 36a. This same test specimen also exhibited the banding at high

Khmax levels indicative of local crack instability prior to final fracture

(Figure 36b), as had been the case for the same alloy tested using the TD

spectrum. For the 321CU alloy, oxide debris is littered across the fracture

at 6.4 mm but does not cover the flat striations underneath (Figure 37a).

Planar fracture again is observed at higher Khmax levels (Figure 37b) in con-

trast to the mixed striation plus pop-in fracture for the peak-aged alloy at

the same crack length (Figure 36b).
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CRACK GROWTH DIRECTION

6: " . e %. 8';

-- Mi

k 85-03778-7

X 250

a. SUBSTANTIAL SURFACE ABRASION AND DEBRIS AT a = 6.4 mm (0.25 IN.)

• qn ,... : 4Z .

85-03778-6

X 250

b. BANDED FRACTURE INDICATING MULTIPLE POP-IN FRACTURES AT a = 19.1 mm (0.75 IN.)

FIGURE 36. FRACTURE SURFACE OF ALLOY 321C8. TC SPECTRUM
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CRACK GROWTH DIRECTION

85-03776-11
X 1500

a. FRETTING DEBRIS OVER STRIATIONS AT a 6.4 mm (0.25 IN.)

4to

'4'h

IlkI

85-03778-10
X 5000

b. PLANAR FRACTURE AT a =19.1 mm (0.75 IN.)

FIGURE 37. FRACTURE SURFACE OF ALLOY 321CU, TC SPECTRUM
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A mixture of striations and abrasion also can be seen in Figure 38 for

the 32N U alloy. An extreme example of abrasion is shown in Figure 38; the

furrows in this fractograph indicate that the hard oxide debris has been

pushed along the surface, gouging it out with every load cycle. It is impor-

tant to remember, in summary, that abrasion and fracture surface debris are

not crack-growth mechanisms in themselves, but do indicate that substantial

crack closure has occurred. The reduction in effective crack-tip stress

intensity factor which results from high-closure levels can decrease the rate

of crack growth significantly.
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CRACK GROWTH DIRECTION

X 250-03778-13
a. STRIATIONS AND ABRASION AT a 6 6.4 mm (0.25 IN.)

~~~~X 1500 s-3

b. SEVERE ABRASION OF SURFACE AND FURROWING OF SURFACE BY
DEBRIS INDICATING SUBSTANTIAL CRACK CLOSURE AT 19.1 mm (0.75 IN.)

FIGURE 38. FRACTURE SURFACE OF ALLOY 32MU. TC SPECTRUM
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4. SUMMARY AND CONCLUSIONS

An investigation summarized in Volume I of this report led to the

selection. fabrication, and critical evaluation of the aluminum-lithium type

alloys with systematically controlled microstructures described in Vo.ume II of

the report. Underaged and peak aged tempers were studied in two alloy

chemistries represented by the nominal compositions Al-3Cu-2Li-O. lZr and

AI-3Cu-2Li-lg -0. lZr. Grain structure was also varied in the Al-Cu-Li-Zr

alloy. Microstructure, tensile properties, and fracture toughness were

characterized. FCP tests were conducted on specimens of each alloy for both

constant-amplitude loading (including the low AK region) and two F-18 load

spectrums. The spectrum FCP testing was performed at a maximum peak

stress of 145 MPa (21 ksi). The alloys were also tested using three modified

(simplified) spectrums. Pertinent fracture surface features were documented

on the spectrum fatigue specimens.

The constant-load-amplitude FCP tests were performed on each of the

six alloy variants to provide a baseline characterization of steady-state FCP

response. The following observations can be made about the

constant-load-amplitude FCP behavior of these alloys:

1. Resistance to FCP is dependent on temper especially in the

near-threshold regime (da/dN <10 - 8 m/cycle)

2. In each alloy, the underaged condition demonstrates greater resis-

tance to FCP relative to the peak aged condition of that alloy

3. The 32CU alloy possesses the greatest resistance to FCP.

Macroscopic examinations of the constant-load-amplitude FCP specimen

fracture surfaces were performed. All six of the alloy/temper/grain structure

combinations exhibited especially rough and coarse fracture surfaces. In

some cases, a significant amount of fretting oxide debris covered areas of the

fracture surfaces, which indicated substantial fracture surface rubbing.
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Spectrum FCP tests were conducted on each of the six alloy variants,

using two complex F-18 load histories. These results provide baseline infor-

mation for the analysis of spectrum modifications.

Several observations can be made based on the results of spectrum

fatigue tests conducted at a maximum peak stress of 145 MPa (21 ksi):

1. The fatigue life was longer for eacl alloy in the underaged condi-

tion relative to the peak aged condition regardless of the particular

spectrum

2. The 32CU alloy demonstrated the longest life under the TD spec-

trum followed by the 321CU alloy, while the 321CU alloy possessed

the greatest resistance to the TC spectrum followed by the 32CU

alloy: the ranking of the other four alloys was consistent under

these spectrums, which in order of decreasing life, was 32MU,

32C8, 321C8, 32M8

3. The underaged alloys showed the greatest difference in life between

the TD and TC spectrums, with the 32CU alloy having only 25

percent of the TD life under the TC spectrum

4. The relative TD ranking of the six alloys remained unchanged

under the TDR racetrack modification; but under the TCR spec-

trum, the positions of the 321CU and 32CU alloys were reversed,

relative to the TC ranking

5. The TCZ modification of the TC spectrum reversed the ranking of

the 321CU and 32CU alloys, but the other four alloys remained in

the same relative positions

6. Elimination of all compressive loads through the TCZ modification

resulted in the longest spectrum life relative to the other spectrums

for the alloys in the underaged condition; however, this trend was

not evident for alloys in the peak aged condition

7. In the same temper, the coarse-grained alloys have longer lives

than the mixed microstructure alloys

8. The lives for the coarse-grained alloys with and without magnesium

are similar for the same temper, with the magnesium-free alloy

generally having slightly longer lives
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9. The experimental underaged alloys had longer spectrum fatigue lives

than the commercial alloys evaluated in this program (see Volume I

of this report).

The most significant trend in the FCP data (constant and variable load

amplitude) is that the underaged alloys with predominant planar slip

deformation had longer fatigue lives than the peak aged alloys that deform

more homogeneously. The characteristics of the age-hardening precipitates

control the degree of slip planarity, with the predominant strengthening

phase being the shearable Al 3Li (6') in the underaged temper leading to

enhanced slip planarity. Concentrated planar slip results in greater crack

path tortuosity and branching, which causes enhanced crack closure and a

reduction in stress Intensity at the crack tip (AKeff).
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APPENDIX A

CONSTANT AMPLITUDE FATIGUE CRACK GROWTH RATE,

da/dN VERSUS AK
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APPENDIX B

CRACK LENGTH VERSUS SIMULATED FLIGHT HOURS
a VERSUS H

1. The scale for the ordinate (a) is the same for each graph; the scale

for the abscissa (H) varies, and to make comparisons easier, the

abscissa was adjusted so that a crack length of 6 mm corresponded

to zero simulated flight hours.

2. Data are in numerical order by alloy designation with TD spectrum

first, then TC spectrum.

3. The tension-dominated (TD) spectrum representing the lower wing

root load history of the F-18 is coded C2 at Northrop and the

tension-compression (TC) spectrum representing the horizontal

-hinge tail moment load history is coded E3. The TDR, TCR and

TCZ spectrums, which are modifications of the TD and TC

spectrums, are coded TDR25, SCARC2 and F18E3A.

4. Crack length was measured at the end of one or more passes (300

simulated flight hours per pass) of the spectrum, which at the

beginning of the 103 and 145 MPa tests resulted in the crack

growth increment being less than 0.25 mm which is required by

ASTM E647. (Note that ASTM E647 is a method for constant

amplitude fatigue crack growth.) However, in calculating crack

growth rates, the 0.25 mm increment requirement was observed. At

the higher crack growth rates, the one per pass crack measurement

resulted in larger crack growth increments than required by

ASTM E647.

5. Graphs were plotted using a Northrop Support Services Laboratory

computer program designated $DDNPT1 from data on files designated

.DDN, created from crack length measurement versus pass raw

data.
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APPENDIX C

SPECTRUM CRACK GROWTH RATE VERSUS MAXIMUM PEAK STRESS
INTENSITY da/dH VERSUS Khmax

1. The scales for both axes are identical on each graph.

2. Crack growth rates are calculated by two-point secant method per

ASTM E647 based on the data in Appendix B, and applying the

ASTM E647 requirement that the minimum crack growth interval, a,

be greater than or equal to 0.25 mm. This is performed using

Northrop Support Services Laboratory computer program designated

$FITPTO from data on files designated .DDN, created from crack

length measurement versus pass raw data. The data are plotted

with a program designated $SPCPT1.

109



H/*U1'HP/eP

co

EE

++ C14.

o c

SD

*u

+ 7E
R.

+N

4 :'O/P3.V HION I-vw wyN3d

110-



H/*UI HP/OP

M ILD

0 2.

I-I

2 LU
o U

NeN

6 6
HA'EU'1V IOD)ovoinIU



H/'U1'HP/RP

1*n

0 u 0 L

+ E

00

I.-x

9*

*

111



H/ U' 'HP/vP

Go

00
>:0

U 6U

o U M

> C.
+ C4

+ w

I ~~ fi l]II

H/W~ ~ ~ ~ ~~NU U.IR'1UHMND)ou ~U0d

113.



H/*U! HP/eP

o 0o

00

0 C

+ En

- LU

E - w

IL

4044 0.

x

VOW

0

H/W 'HO/ep '31Vk HIMOWO nIvkI3 IvflELLD3dS

114



H/'UI 'HP/BP

2C N

E

U

z
UU

Ew
0 Lu

CC

0CL

0 +

* co

H/LU 'Ha/I'31VW H.LMOO nIvwo vyflwi3ds

115



DISTRIBUTION LIST
(One copy only unless otherwise noted)

Commander Air Force Wright Aeronautical
Naval Air Systems Command Laboratory
Attn: Code AIR-5304B6 (2 copies) Attn: Code LLM (1 copy)
Washington, D.C. 20361 LLN (1 copy)

Metals Branch, Mfg.
AIR-7226 (4 copies) Tech Div (1 copy)
AIR-5302 (I copy) Wright-Patterson AFB
AIR-310A (1 copy) Dayton, OH 45433
AIR-310B (I copy)

Army Aviation Systems Command
Commander Naval Air Development P.O. Box 209
Center Attn: Mr. R. Vollmer-AMSAV-FRE
Attn: M. Thomas, Code 6063 St. Louis, MO 63166

(1 copy)
E. Tankins, Code 6063 Army Research & Tech. Lab
(1 copy) Applied Technology Lab
R. Mahorter, Code 6063 DAVDL-ATL-ATS
(1 copy) Attn: T. Mazza

Warminister, PA 18974 Ft. Eustis, VA 232604

Commander Army Research Office
Naval Sea Systems Command Box CM, Duke Station
Code 05R - Attn: Metallurgy & Ceramics Div
Department of the Navy Durham, NC 27706
Washington, D.C. 20361

Army Mat'ls & Mech. Research Ctr
Commander Attn: Dr. George Thomas
Naval Weapons Center Watertown, MA 02171
Code 5516
China Lake, CA 93555 Defense Advanced Research Project

Agency
Commander Attn: Dr. B.A. Wilcox Code 641
Naval Surface Weapons Center 1400 Wilson Boulevard
Metallurgy Div. -R32-D. Divecha Arlington, VA 22209
White Oak,
Silver Spring, MD 20910 NASA

Ames Research Center
Chief of Naval Research Code 240-10
Code ONR 423 Moffett Field, CA 94035

ONR 431
800 N. Quincy Street NASA Jet Propulsion Laboratory
Arlington, VA 22217 4800 Oak Grove Drive

Pasadena, CA 91103
Director
Naval Research Laboratory NASA
Attn: Codes 6300 (1 copy) Langley Research Ctr

6370 (1 copy) Attn: R.A. Pride
6390 (1 copy) Langley Station, MS 15d

Washington, D.C. 20375 Hampton, VA 23365

117



Air Force Office of NASA
Scientific Research Marshall Space Flight Ctr
Dept. of the Air Force Attn: R. Schwinghamer
Bolling Air Force Base Huntsville, AL 35812
Washington, D.C. 20322

General Dynamics
U.S. Department of Energy Attn: C.F. Herndon
Division of Reactor Research P.O. Box 748, MS 2830
& Technology Ft. Worth, TX 76101
Attn: A. Van Echo
Mail Station B-107 General Dynamics Materials
Washington, D.C. 20545 Research

Attn: W.G. Scheck
National Academy of Sciences P.O. Box 80847, MZ 640-00
National Materials Advisory Board San Diego, CA 92138
2101 Constitution Ave.
Attn: Dr. J.C. Lane Grumman Aerospace Corp.
Washington, D.C. 20418 MS AD-12, Materials & Proc. Dept.

Attn: R.J. Herizman
National Science Foundation South Oyster Bay Road
1800 G St., N.W. Bethpage, NY 11714
Washington, D.C. 20550

Grumman Aerospace Corp.
Battelle Memorial Institute Ad. Mtls & Process Div.
Mfg. & Design Interaction Attn: Carl Micillo
Attn: Dr. Bryan R. Noton Dept. 447, Plan 12
505 King Ave. Bethpage, NY 11714
Columbus, OH 43201

Hughes Aircraft Co.
Bell Helicopter Co. Components & Materials Lab
Adv. Sys. Programs Attn: L.B. Keller
Attn: James Kenna Bldg. 6, Main Station, D-134
P.O. Box 482 Culver City, CA 90230
Ft. Worth, TX 76101

Kaman Aerospace Corp.
The Boeing Company Matl's & Process Engineering
Aerospace Division Attn: A.S. Falcone
P.O. Box 3707, M/S 73-43 Old Windsor Road
Attn: Mr. Rod Boyer Bloomfield, CT 06002
Seattle, WA 98124

LTV Aerospace Corp.
Boeing Company Vought Systems Division
Vertol Division/MS P62-06 P.O. Box 5907
Attn: R. Pinckney Attn: Mr. A.E. Hohman, Jr.
P.O. Box 95006 Dallas, TX 75222
Philadelphia, PA 19142

Lockheed California Co.
EXXON Materials Division Department 76-31 Bldg. 63
Attn: Jerry Dixon Attn: R. Kaseko/J. Pengra
P.O. Box 95006 Burbank, CA 91520
Raleigh, NC 27625

118



Lockheed Missile & Space Co., Kaiser Aluminum Chemical
Inc. Corporation
Dept. 86-73 Aluminum Division of Research
Attn. F.B. Yarborough Center for Technology
P.O. Box 504, Bldg. 153 P.O. Box 870
Sunnyvale, CA 94088 Pleasanton, CA 94566

Attn: T.R. Prichett
Martin Marietta Corp.
Denver Division Reynolds Metals Company
Attn: Dr. A. Feldman Metallurgical Research Division
P.O. Box 179, MZ 1630 4th and Canal Streets
Denver, CO 80201 Richmond, CA 23219

Attn: Dr. Grant Spangler
McDonnell Douglas Aircraft Co.
Mrg. R&D Dept (MS1-22) Professor R. Ritchie
Attn: Robert Zwart Department of Materials Science
3855 Lakekwood Blvd. and Mineral Engineering and
Long Beach, CA 90846 Lawrence Berkeley Laboratory

University of California
McDonnell Douglas Corporation Berkeley, CA 94720
Engineering Division
Attn. B.B. Leonard Professor S. Suresh
5301 BOLSA/MS A3-248/13-3 Brown University
Huntington Beach, CA 92847 Division of Engineering

Providence, RI 02912
McDonnell Douglas Research Labs
P.O. Box 516 Dr. E.A. Starke, Jr.
Attn: Dr. D.F. Ames School of Engineering and Applied

Dr. Charles Whitsett Science
St. Louis, MO 63166 University of Virginia

Charlottesville, VA 22903
Northrop Corporation
Attn: E. Jaffe Prof. A.J. McEvily
One Northrop Ave Department of Metallurgy
Hawthorne, CA 90250-3277 U-136

University of Connecticut
Rockwell International Corp. Storrs, CT 06268
Attn. M. Mahoney
Science Center Southwest Research Institute
1049 Camino Dos Rios 8500 Culebra Road
Thousand Oaks, CA 91830 P.O. Box 28510

San Antonio, TX 78284
Sikrosky Aircraft Attn: Mr. J. Fitzgerald
Mfg. Engineering Dept. Dr. D. Davidson
Attn. J.D. Ray
North Main Street Aluminum Company of America
Stratford, CT 06602 1200 Ring Bldg.

Washington, D.C. 20036
United Technologies Company Attn: Mr. G. Barthoiu
Research Center
400 Main Street Aluminum Company of America
East Hartford, CT 06108 Alcoa Center, PA 15069

Attn: Mr. Paul L. Mehr

119



D. Brook
123 Meadow Drive
Patafkala, OH 43062

Roy L. Hewitt, P.Engr., PhD.
Research Officer
Structures and Materials
Laboratory
National Aeronautical
Establishyment
Montreal Road
Ottawa, Canada
KIA OR6

Prof. J. Schijve
Delft University of Technology
Dept of Aerospace Engineering
P.O. Box 5058
2600 GD Delft
The Netherlands

Anders F. Blom, PhD.
The Aeronautical Research
Institute of Sweden
P.O. Box 11021
S-161 11 Bromma, Sweden

Douglas Aircraft Company
3855 Lakewood Blvd.
Long Beach, CA 90808
Attn: P.R. Abelkis

Mail Code 36-90
Dept. CI-E84

Douglas Aircraft Company
3855 Lakewood Blvd.
Long Beach, CA 90846
Attn: Dr. David Cho

Mail Code W5-20

Dr. Richard Hertzberg
Lehigh University
Bethlehem, PA 18015

Metals & Ceramics Info. Center
Battelle, Columbus Laboratories
505 King Avenue
Columbus, OH 43201

120



WAR


