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The interrelationships between precipitate characteristics and mechanical properties of an
Al-Li-Cu alloy was quantified. The microstructure, precipitation response, and fatigue crack
growth rates in the Al-Li-Cu alloy AF/C458 were studied following single and duplex aging
treatments for varying aging times on specimens that were given a six percent stretch after
solution heat treatment. Aging response was studied using hardness and compression yield
strength measurements. Quantitative transmission electron microscopy methods were used
to characterize average size, volume fraction, number density, and interparticle spacing of
strengthening precipitates, ' (AlzLi) and T; (Al2CuLi). Strength and fatigue crack growth
rates for select heat treatments were obtained and were related to the precipitate microstructure
and yield strength data.
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1. INTRODUCTION

Aluminum-lithium alloys are being commercially used in military aircraft
and space vehicles in various structural applications including the horizontal
stabilizer, the lower wings, and upper wings. There is still, however, an interest
in developing next generation aluminum-lithium alloys with improved specific
strength and damage tolerance and reduced mechanical property anisotropy.
Recently, the U.S. Air Force and Alcoa developed two aluminum-lithium-copper
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alloys designated AF/C-489 and AF/C-458 [1-5] with 2.1 and 1.8 weight per-
cent lithium, respectively. The AF/C-458 alloy has been shown to possess su-
perior strength, damage tolerance properties [6] and stress corrosion cracking
resistance [7, 8]. Studies by CSONTOS and STARKE recently [4, 5] compared
precipitation and slip behavior between the AF/C-489 and AF/C-458 alloys
by employing single aging and duplex aging. Duplex aging refers to where the
alloy has been aged twice with two consecutive aging treatments and is some-
times referred to as “double aging”. Single aging is where the alloy has been
aged only once at one given aging treatment. CSONTOS and STARKE [4, 5] con-
cluded that the lower ductility in AF/C-489 compared to AF/C-458 is due to
a large grain size, a higher volume fraction of the &/ precipitates and enhanced
planar slip and stress concentration at grain boundaries. Thus, AF/C-458 has
been shown to have improved mechanical property benefits for aerospace struc-
tural applications as compared with other Li-containing aluminum base alloys
[4]. In addition, the lower density of Al-Li-Cu C458 alloy (7.4% lower than 7050)
should result in lower fuel consumption or increased payload in aircraft appli-
cation.

The objective of this work was in part to understand the effect of artificial
aging on the precipitate microstructure in the advanced aerospace Al-1.8wt%Li-
2.7Cu-0.3Mg-0.5Zr-0.3Mn-0.8Zn alloy AF/C-458 and to study the effects of ag-
ing on Fatigue Crack Growth (FCG). The Air Force Research Laboratory and
ALCOA developed the alloy AF/C-458 to achieve an elongation greater than
5% at the peak-strength condition. This alloy was a derivative of the previously
developed Al-Li-Cu alloy AF/C-489 [9].

The precipitate characteristics are known [10-15, 22] to control the mechani-
cal properties of age hardened aluminum alloys. In this research single and duplex
aging studies were performed. In aluminum-lithium alloys, pre-age stretching
prior to a duplex aging schedule has been found to greatly increase the ductil-
ity and fracture toughness [16-19]. Plastic deformation prior to aging has been
found to enhance the precipitation response of Al-Li-Cu-X alloys AF/C 458
[4, 16, 17]. The increase in hardness and strength of the alloy by pre-stretching
can be correlated to the microstructure precipitates [16]. Duplex aging is ex-
pected to enhance the matrix precipitation of the Ty (AlpCuLi) intermetallic
strengthening phase leading to accelerated overaging. The presence of well-
distributed T precipitates was seen throughout the matrix and contributed
to the strength and hardness of the alloy. Transmission electron microscopy
was used to characterize average size, distribution, morphology, volume frac-
tion, number density, and interparticle spacing of various intermetallic precip-
itates. The ¢’ and T intermetallic precipitates were analyzed by quantitative
microscopy methods for samples that had a six-percent deformation stretch and
varying heat treating conditions.
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2. PRECIPITATION RESPONSE

Microstructure of Al-Li alloy AF/C-458 was recently characterized by
CsoNTOs and STARKE [4]. The results of their studies show that precipita-
tion in AF/C-458 is similar to that of other Al-Li-Cu alloys. Various precipitates
encountered in this alloy are briefly described below.

The crystal structure of the 7} (AlyLiCu) phase is known to have an hexag-
onal crystalline structure. The T} phase was initially discovered by HARDY and
SILCOCK [20] who determined its crystal structure as hexagonal with
a = 0.4965 nm and ¢ = 0.9345 nm. NOBLE and THOMPSON [21] observed
the formation of plate-shaped precipitates on {111} planes in ternary Al-Li-Cu
alloys comparable to ALCOA alloy 2090 and C458. NOBLE and THOMPSON [21]
identified these plate shaped precipitates on {111} as the 7} phase and also veri-
fied the orientation relationship originally proposed by HARDY and SILCOCK as
{0001}7y //{111}4;. The thin plates lie on {111} matrix planes, which means
that three matrix slip planes intersect the plate at angles of 70.5° [19]. The T}
particles provide a substantial strengthening [13] contribution to Al-Li-Cu alloys.

The precipitates are ordered, spherical, and coherent with the aluminum
lattice and they also nucleate and coarsen/grow homogeneously in the matrix.
The ¢’ (Al3Li) phase has the ordered face-centered-cubic (fcc) or L1y (CuzAu)
superlattice crystal structure and has a lattice parameter of a = 0.404+—0.003
nm [23, 25]. The cubic lattices of the §' particles and the aluminum matrix are
geometrically similar, having a small misfit strain on the order of —0.084—0.02%
[21, 26, 27]. The ¢' (AlgLi) phase orientation is the same as the fec matrix that
is {100}y // {100} 4;.

Zirconium additions to aluminum-lithium alloys form the dispersoid 8’ (Al3Zr)
which substantially decreases the recrystallization of grains during ingot break-
down and hot rolling. The composite precipitates contain an inner core of Al3Zr
surrounded by an outer shell of the AlsLi phase and resemble a ring-shaped or
doughnut-shaped spherical type particles [28, 29].

The ', (Al;Cu), phase is not reported to be a stable phase in the C458 alloy.
When formed in similar alloys, these precipitates lie on {001} habit planes. Their
shape is that of very thin discs which are coherent with the aluminum matrix.
This produces a strain field that contributes to the effectiveness of this precipitate
as a strengthening dispersion in many Al-Cu base alloys. The coprecipitation of
¢’ with ¢’ has been observed in underaged alloys [28, 29].

3. EXPERIMENTAL METHODS
8.1. Hardness measurements

AF/C-458 plate Al-Li-Cu material was obtained from Alcoa in a T'3 temper.
The Al-Li-Cu alloy AF /458 was rolled at the Alcoa Davenport commercial rolling
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mill. The plate had a six percent stretch after the solution heat treatment but
prior to the aging treatment. Samples were machined directly from the Al-Li-
Cu plate material and later artificially aged for both single and duplex aging
practices. The heat treatments were carried out on one inch square coupons in
ambient atmosphere under static air conditions. These coupons were quenched
directly from the aging furnace into a water bath. A number of test coupons were
aged at 150 C for various times and Rockwell B hardness measurements recorded.
Hardness readings were made along the short transverse direction with parallel
surfaces ground to a 600 grit finish. After determining the peak age condition for
150 C, a number of coupons were given duplex heat treatments consisting of the
shortest time to achieve the peak age hardness at 150 C followed by various aging
times at 190 C. Precipitation hardening due to aging was followed by hardness
and compression yield strength measurements. The artificial aging response was
determined based on hardness measurements. Artificial aging refers to aging done
at some elevated temperature and is often just referred to as simply “aging”.

3.2. TEM measurements

The average precipitate size, size distribution, number density, volume frac-
tion, and interparticle spacing of the intermetallic strengthening precipitates ¢’
(Al3Li) and T; (AlLiCu) were directly measured from TEM micrograph dark
field images. The volume fractions of ¢’ (AlzLi) and T} (Al;LiCu) were also cal-
culated based on the TEM foil thickness and average precipitates size. The TEM
particle size measurements were done for all of the aging times and conditions
for both the single aged conditions and the duplex/double aged conditions.

The TEM analysis was carried out on a Philips CM200 instrument equipped
with a field emission source. Thin foil specimens were prepared by electropol-
ishing 3 millimeter discs in a solution of 5% perchloric acid in methanol at a
temperature of —40 C. Both the bright field and dark field images were recorded
from each sample with the grain of interest oriented near <110> type crys-
tallographic directions. Foil thickness required for the quantification of particle
volume fractions and densities were measured using the fringe image of inclined
T particles belonging to other variants of this precipitate.

3.3. Particle size measurements

Particle size measurements were performed for both T} and AlsLi precipi-
tates directly from TEM images. Projected images of the actual particle sizes
were measured. Based on standard quantitative microscopy theory and methods,
the measurements of the projected images were converted to the actual real par-
ticle sizes. Two projected particle size diameter images were measured directly
from the TEM micrographs for ' h particle. Thus an average size and aspect
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ratio was determined for each individual particle of the entire distribution of par-
ticle sizes. For the nonspherical 7} particles, size distribution histograms were
determined from the size measurements. The average particle size was also de-
termined based on the measurements of the projected particle images. The Al3Li
precipitates had a spherical shape morphology, and the 7 particles had a disk
shape particle morphology. The AlzLi were a result of homogeneous nucleation
within the microstructure, whereas the T3 precipitates nucleated heterogeneously
on dislocations within the microstructure.

4. RESULTS

4.1. Light microscopy, hardness and yield strength

The light microscopy microstructure of the alloy AF/C-458 in rolled plate
form is shown in Fig. 1. This figure illustrates the conventional pancake shaped
grains observed in aluminum-lithium alloy plate products. The aging response of
the AF/C-458 plate, determined from hardness measurements, is given in Fig. 2.
Open squares indicate the Rockwell B hardness of samples isothermally aged at
150 C as a function of time. The closed circles represent samples given an initial
24 hour heat treatment at 150 C followed by aging for additional times at 190 C.
Here, times are given as a total of the 24 hour-150 C plus the time at 190 C. Data
in Fig. 2 shows that even with duplex/double aging, hardness loss in AF/C-458
is minimal. Compressive buckling strengths obtained as a function of aging time
are shown in this figure as well and are indicated by filled triangles.

Long
Transverse

Short
Transverse

Fic. 1. Light microscopy microstructure of 3/4 inch plate of the aluminum-lithium-copper
alloy AF/C-458.
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F1G. 2. Hardness of AF/C-458 as a function of single and duplex aging.

The precipitate phases that were observed included &' (AlzLi), T} (AlzLiCu),
B’ (AlsZr), and @' (AlyCu). For all of the aging times studied here, the composite
Al3Zr/Al3Li particles were found to be much larger in size than the ¢’ but much
fewer in the number density than the ¢’ precipitates. In this paper only observa-
tions on the T} and ¢’ precipitates are quantified and discussed since these were
the predominant precipitates in the microstructure.

4.2. Microstructure of sample aged at 150 C for 8 hours

Figure 3a shows a bright field image of the uniform distribution of disloca-
tions across a 2 micron square area of the microstructure. The SAD (Selected
Area Diffraction) pattern in the insert of Fig. 3b does not contain the streaking
associated with the T; phase. Some degree of diffusivity is present, however, sug-
gesting the existence of very early stage nucleation events of precipitates related
to the line defects as reported in the literature. The &' particles are very fine
in Fig. 3b with a high number density. Strong superlattice intensity consistent
with the L1, ordering of this phase is present in the diffraction pattern. Finally,
under weak beam imaging conditions, not shown, a high density of dislocations
is evident but 73 has not begun to nucleate. Higher magnification imaging would
be required to resolve such events.
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Fic. 3. TEM micrographs of the AF/C-458 sample aged for 3 hours at 150 C showing
a) bright field image of dislocation segments and b) dark field image of §' precipitates. Insert
is a [110] diffraction pattern with {1100} superlattice intensity used to image the ¢’ particle.

4.8. Microstructure of samples aged at 150 C for 24 hours

The microstructure for this aging condition (peak aging) is shown in Fig. 4.
Coarsening of the ¢’ phase, in (a), and nucleation and growth of 7} particles, in
(b), has occurred as seen by comparing the TEM micrographs in Fig. 3 for the
3 hour aged sample. The [110] diffraction pattern now indicates well-developed
streaking along g = 111 vectors related to the thin 77 particles. These were
absent in the pattern from the 3 hour aged sample. It should be noted that
each &' precipitate now coexists with a very thin plate of the § phase within
each particle. Since the habit plane for §' precipitates is {001} and images are
recorded near [110], only one variant of these discs is visible “edge-on”. Close
examination of the & particles in Fig. 4 indicates that about one third of these
precipitates have the characteristic midline feature, oriented nearly along the
vertical direction in the image. The other two thirds of the particles have a
broad dark band oriented perpendicular to the ¢’ discs lying on (001). This
image contrast results from the remaining two orientations of 6’ discs. These lie
on (100) and (010) planes which are inclined at 45° to the [110] electron beam
direction. The thin “rib” of @ within the §’ precipitates does not persist at the
longer aging times discussed below.
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F1G. 4. Dark field TEM micrographs and the associated [110] diffraction pattern for the
Al-Li-Cu AF/C 458 alloy aged at 150 C for 24 hours; a) ¢’ AlsLi precipitates and b) T}
AL LiCi precipitates.

4.4. Microstructure of duplex aged samples

Long aging times at 150 C did not decrease the hardness, as illustrated in
Fig. 2. Hence, a duplex aging treatment was implemented to promote overaging.
This consisted of an initial aging of the samples at 150 C for 24 hours (peak
age condition) followed by an additional treatment for various times at 190 C.
Interestingly, from Fig. 2, these subsequent long aging times at 190 C caused
little change in hardness once the peak age microstructure was established. Direct
aging at 190 C has been reported to achieve significantly reduced strength and
rapid overaging [4, 5]. Hence, the microstructures would be expected to coarsen
and overaging to take place. Figure 5 shows the precipitate structure of the
duplex aged sample given a secondary age for 96 hours at 190 C. Here, the ¢’
particles have coarsened and the 6’ ribs within them have dissolved. For the T}
particles, quantitative changes from the peak age microstructure are not so clear.
Particle separation has also increased noticeably for the ¢’ precipitates and they
are largely found in contact with 7} plates. From Fig. 6, further aging at 190 C
for 316 hours results in a microstructure composed entirely of §' precipitates in
contact with 77 precipitates. While the size of the ¢’ particles is clearly greater
than in the previous aging condition, any change in T} size is not obvious. The
shape of the ¢’ precipitates is no longer spherical since they are growing in contact
with the flat surfaces of the T platelets. The morphologies of the two dispersed
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strengthening phases are no longer simple and can not be considered discretely
dispersed. The degree of the size changes is a key subject of this work where
quantitative measurements of the strengthening particles have been carried out.

Fic. 5. TEM dark field images and the associated diffraction pattern showing coarsening of
the a) & particles and b) T} precipitates after aging at 150 C for 24 hours followed by 190 C
for 96 hours.

Fic. 6. TEM dark field images and the associated diffraction pattern showing coarsening of
the a) 0’ particles and b) T precipitates after aging at 150 C for 24 hours followed by 190 C
; for 316 hours.
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4.5. Precipitates observed from TEM microscopy

The experimentally measured planar particle sizes were converted into true
particles sizes determined using quantitative theory [24, 30, 31, 34-36] based on
the TEM foil thickness and the area and number densities of the precipitates.
The precipitate phases that were observed included &' (Al3Li), T} (AlyLiCu),
B'(Al3Zr), and 6’ (AlyCu). Only & and T; particles have been quantified here
since these are the dominant precipitate phases formed in this alloy.

4.6. Quantitative microscopy measurements and analysis

The harmonic diameters, equivalent diameters determined from both particle
size and particle number density, for each given aging treatment will be tabulated
from the planar particle size measurements of the &' and T} precipitates. The
harmonic diameters are can be correlated directly with average particle size of a
given size distribution. The harmonic diameter is mathematically inversely equal
to the sum of the reciprocals of the measured diameters divided by the total
number of measured diameters. The harmonic diameters were thus calculated
using the expression given by UNDERWOOD [30]

1

(4.1) Dy ={[X /o] [V M)},

where Dy, is the harmonic average particle size diameter, and N; is the number
of particles for a give particle size diameter. The reciprocal relationship can be
seen more readily in the form [30]

l/Dh = (Nl/Dl +N2/D2+....+NN/DN)/(N1+N2+N3+...+NN)

The volume fraction of the precipitates in the microstructure were also calcu-
lated from the experimental data. For the Al3Li precipitates both overlapping
and truncation effects were incorporated into the calculations. However for 71,
Al,LiCu, only the truncation effect was included in the volume fraction determi-
nations since the overlapping was not evident. For spherical particles of diameter
D both overlapping and truncation effects were taken into account using the
equation given by [30]

(4.3) fo = [-2In(1 - A))[D/(D + 3¢t)],

where fg is the volume fraction of ¢’ precipitates, D is the average particle size
diameter, A is the projected area fraction measured from the dark-field TEM
micrographs, and ¢ is the TEM foil thickness. For the situation where there are
very large spherical particles with very overaged alloys, the effect of particle
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overlapping is small, but the effect of truncation at the foil surface needs to be
considered. Thus for foil truncation effect only the above equation becomes [30]

(4.4) fs =2DA/[(2D + 3t)).

For the T precipitates the particle overlapping is very small and subsequently
not important so only the truncation effects need to be considered. The T
Al LiCu intermetallic precipitates are disk shaped (not spherical) so thus con-
sidering the measured planar length of the T precipitates, the expression for the
T volume fraction, fr; , can be written as

(4-5) le = (4Apthotal)[2lpl/(2lpl -k 3t)]/Atota]a

where 1, is the experimentally measured planar length of the 7} precipitates,
Niotal is the total number of precipitates on the measured plane of TEM image
area, t is the TEM foil thickness, and Ay is the total area of the microstruc-
ture field of view from which the particles are being measured, and Ay is the
experimentally measured planar particle area. For the T} Al;LiCu intermetallic
precipitates, Ap) can be expressed as

(4.6) Apl = lpl'wpl,

where wp is the experimentally measured planar particle width of the T} precipi-
tates and ) is the experimentally measured planar length of the T3 precipitates.

The edge effect were also taken into account when doing the particle size
measurements for the planar particle size areas with respect to particles extend-
ing beyond the field of view. The edge effects were incorporated by using the
expression [30]

(4'7) Ntotal = {N” & (N,/z)}/Atotal,

where N’ is the number of particles intersected by the edges of the field of the mi-
crostructure, N” is the number of particles lying in field of view microstructural
area, Aotal is the total area of the microstructure field of view from which the
particles are being measure, and Ny, is the total number of particles corrected
for edge effect within the microstructural area image field of view.

Based on the harmonic diameters and the foil thickness, the number of par-
ticles per unit volume i.e., the volume number density, of the precipitates can
be determined. The volume number density can be determined from the formula
given by [31]

(4.8) Nyolume = Ntotal{t 3 (7rDh/2)}_l’

where Nyolume is the total number of intermetallic precipitate particle per unit
volume, i.e the volume number density, and ¢ is the thin foil thickness. Thus,
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based on the volume number density of precipitates, the true particle size diam-
eter can be predicted from the equation given by [31]

(4-9) Dtrue = {Ntotal/Nvolume} it

Here Dy is the actual true average particle size diameter for the distribution of
intermetallic precipitate particles within the microstructure. For very small thin
foil, the true particle size diameter can be estimated by the equation given by

(4.10) Dirue = {Niotal/Nvolume} = {7/2} D,

where Dy, is the harmonic average particle size diameter.

The harmonic diameter [30], is used to convert the experimentally measured
planar particle sizes to the actual true particle sizes. Thus, the harmonic diameter
is very important for determining the true average particle size of a distribution
of particle sizes.

4.7. Quantitative TEM microscopy

Tables 1-4 summarize the experimental quantitative measurements and the
calculated microstructure parameters for the Al-Li-Cu AF/C458 alloy. Tables 1
and 2 show the data for §’ precipitates and Tables 3 and 4 show the data for 7}.
The general trend given the limited aging data shown in Fig. 7 is for §' volume
fraction to decrease while T; volume fraction increases with aging time. This
is consistent with a depletion of Li from the § phase in order to accommodate
the growth of T}, The extent of this transfer of Li would then be limited by Cu
availability. Only after all excess Cu has been depleted from the non-equilibrium
¢' phase and from the matrix, will the volume fraction of the two phases reach
equilibrium. (This is because at 24 hours, ¢’ is seen as midrib of ¢’ precipitates.)

In Fig. 8, the number density of T} decreases slowly from a peak value near
24 hours aging time. This indicates great thermodynamic stability of the T}
Table 1. Experimentally measured quantitative microstructure particle size data

for §'-Al3Li intermetallic precipitates for both single and duplex aged AF/C-458
Al-Li-Cu alloy samples, prestretch six percent prior to aging.

Aging Aging Pplanar No of |Average | Spherical | TEM foil | Harmonic
temps. times (nm) | particles | aspect |morphology| thickness | diameter
(©) (hrs) measured | ratio (%) (nm) (nm)
150 3 4.05 18 0.7781 45.5 20 4.14
150 24 8.25 34 0.7198 42.94 22 10.2
150 & 190 | 24 & 96 7.81 34 0.7174 42.19 11 15.3
(duplex aged) |(duplex aged)
150 & 190 | 24 & 316 | 12.85 242 - - 25 18.8
(duplex aged) |(duplex aged)
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Table 3. Experimentally measured quantitative microstructure particle size data
for T1-Al;LiCu intermetallic precipitates for both single and duplex aged
AF/C-458 Al-Li-Cu alloy samples, prestretch six percent prior to aging.

Aging Aging Iplanar | Width | - No. of TEM | Harmonic| Standard
temp time (nm) (nm) | particles foil length deviation
(©) (hrs) measured |thickness| (nm) of $itanac
(nm) (nm)
150 24 68.515 4.255 163 22 35.4 33.639135
150 & 190 24 & 96 61.41 4.16 117 4§ 32.8 26.946992
(duplex aged) (duplex aged)
150 & 190 24 & 316 75.4 6.25 294 25 43.5 38.892341
(duplex aged) (duplex aged)
150 & 190 24 & 316 89.418 6.25 310 25 45.2 41.480962
(duplex aged) (duplex aged)
~o— T1 Volume Fraction (%)
— = d' Volume Fraction (%)
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F1G. 7. Volume fraction of the 77 Al;LiCu precipitates and the Al3Li precipitates as
a function of single and duplex aging treatments of the Al-Li-Cu Alloy AF/C458.
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phase once sufficient particle size is achieved. Specifically, this size results in
a continuous skeleton of interconnected 7 platelets. The connectivity of the
Ty particles can be deduced from the observation that the particle size and
center-to-center spacing, shown in Figs. 9 and 10, respectively, are equal (each
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Fic. 8. The volume densities of the Ty Al;LiCu precipitates and the AlzLi precipitates as
a function of single and duplex aging conditions of the Al-Li-Cu Alloy AF/C458.

-~ T1 Particle Length
== T1 Particle Thickness (x5)
—0— §' Particle Diameter

Particle Size (nm)

0 50 100 150 200 250 300 350

Aging time (hours)

Fic. 9. Particle size results for the Ty Al;LiCu precipitates and the AlzLi precipitates as
a function of single and duplex aging conditions of the Al-Li-Cu Alloy AF/C458.
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F1G. 10. Fatigue threshold and precipitate interparticle spacing of Al-Li-Cu AF/C458 as
a function of aging time, (b) fatigue threshold as a function of interparticle spacing and
(c) fatigue threshold as a function of precipitate diameter.

approximately 50 nm). In contrast, the ¢’ size changes rapidly while precipitates
remain relatively discrete (i.e. for aging times less than 96 hours of the duplex
heat treatment). At later times, contact made with T} particles may contribute
to slower rates of charge.

4.8. Fatigue crack growth rates

FCG rates for the single and duplex aging treatments were obtained for
R = 0.1 at 30 Hz in laboratory air. Standard ASTM fatigue crack growth spec-
imens were machined directly from the Al-Li-Cu rolled alloy plate material. As
illustrated by Fig. 10, the FCG results shows that the underaged alloy has the
best FCG resistance and the longest overaged condition shows the least FCG
resistance.
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5. DISCUSSION

Electron microscopy has been used to study the changes in the average
size, distribution, morphology, volume fraction, number density, and interpar-
ticle spacing of various intermetallic precipitates that define the microstructure
and control the properties, and nucleate, grow and coarsen with heat treating
and aging. As reported elsewhere [23, 38-41], an incubation period is required
prior to nucleation and growth of the T precipitates. Hence, the short time aging
response is governed entirely by the precipitation of §’. At some point between
the observation times of 3 and 24 hours at 150 C, the finest distributions of T
precipitates are formed and undergo rapid coarsening. Aging beyond 24 hours
at 190 C has relatively little effort on all the quantified parameters reported in
Figs. 6-10. These results indicate that duplex aging did not adversely affect the
microstructure, hardness, or compression strength of the Al-Li-Cu-Mg-Zr alloy
C458. As seen from Fig. 2, the hardness increased with aging up to 10 hours
and then was relatively constant after 10 hours aging. The compression strength
also increased with aging up to 10 hours, and then remained relatively constant
after 10 hours of aging only slightly decreasing. With the precipitate microstruc-
ture, as compared with single aging, duplex aging resulted in larger particle sizes
and greater interparticle spacing for the intermetallic AlsLi and Al,LiCu precip-
itates. When going from single aged (150C/24 hours) to duplex aged (150C/24
hours and 190C/96 hours) the particle size increased by about 50% and the in-
terparticle spacing was about 2.5 larger for the intermetallic AlsLi precipitates.
Further increasing the duplex aging to (150C/24 hours and 190C/316 hours)
resulted in an greater increase in both size and spacing (see Table 4). However,
with the 77 (Al;LiCu) precipitates, much smaller increases were seen with the
size of Ty as a consequence of the duplex aging (see Table 4 and Fig. 8). For
the AlzLi precipitates, both the particle overlapping and particle truncation ef-
fects were incorporated in the quantitative analysis. However, with the Al,LiCu
precipitates, only truncation effects were included in the analysis since particle
overlapping was not seen with 77. As compared with single aging, the volume
number densities of both the 77 and AlsLi was seen to decrease as a conse-
quence of the duplex aging (see Table 4 and Fig. 8). As seen from Fig. 8, there
was a greater decrease in the volume number densities of Al3Li than with the T}
particles with aging.

Fatigue thresholds observed in this Al-Li alloy system are shown, together
with the interparticle spacing, as a function of aging time in Fig. 10. The de-
pendence of fatigue thresholds for various aging treatments are also shown as
a function of particle size in Fig. 11. These graphs show that most significant
variation in FCG thresholds is observed for ¢’ particle size. Neither the T, par-
ticle size nor the spacing appears to significantly affect the fatigue threshold for
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the aging conditions studied here. However, as ¢’ particle size decreases higher
fatigue threshold is observed. This is consistent with observations on the ef-
fects of particle shearing and bypassing on fatigue thresholds in Al-Li-Cu alloys
[32, 33]. It is shown in the literature that when precipitates are coherent and
precipitate diameter is less than a critical-size precipitates are sheared by dislo-
cations resulting in slip planarity and when the precipitate diameter exceeds the
critical (precipitate) diameter dislocation looping mechanism takes over. Planar
slip has been shown to increase reversible slip at the crack tip and crack de-
flection or crack path is more tortuous [34]. Both these factors contribute to
the slower fatigue crack growth rates in the less aged conditions. On the other
hand, when the deformation mechanism changes to having more homogeneous
slip, irreversible slip (compared to the planar slip condition) is accumulated at
the crack tip resulting in faster crack growth rates. A much flatter fracture path
(or lower crack path deflections) also accompanies this.

—e— ' Particle Diameter
—— T1 Particle Thickness
8. —=— T1 Particle Length

A Kth
W

9 L L h L L L )
0 10 20 30 40 50 60 70
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Fic. 11. The relationship between particle diameter and fatigue crack threshold for the four
aged Al-Li-Cu AF/C458 samples.

6. CONCLUSIONS

The microstructural features of an Al-Li-Cu alloy C458 were characterized
to determine the average size, distribution, number density, spacing, and volume
fraction of the intermetallic strengthening precipitates AlzLi (§') and AlyLiCu
(T1). Four aging treatments were used to quantify microstructure and precipitate
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characteristics to the fatigue crack growth thresholds for the alloy AF/C-458.
As aging progressed interparticle spacing between ¢’ particles and precipitate
diameter increased more strongly than the T;. FCG results on AF/C-458 are
consistent with the observation of the fatigue threshold being higher for con-
ditions of planar slip. The present aging conditions used here suggest that ¢’
particles may have a stronger effect than the 7} precipitates. However, work is
being carried out to validate these results to a much broader aging condition
window.
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