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Fatigue of Al-Li alloys: mechanical properties,
microstructure (TEM and SEM) and strain

localization
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The fatigue behaviour of two binary Al-Li alloys (A, solid solution; B, containing ¢’ precipi-
tates) is studied by macroscopic fatigue tests, and microscopic (SEM and STEM) obser-
vations. Two types of strain localization are found, appearing as two types of slip band in
SEM, and as two types of substructure in TEM. These characteristics are ascribed to strain
localization processes governed by strain amplitude for the former and strain rate for the latter.

1. Introduction

Because of their high modulus and low density, Al-Li
alloys are of great interest in the aircraft industry.
However, their low ductility and poor fatigue resis-
tance remains a problem for their future use. In the
case of alloys with a shearable precipitation, this low
ductility has been attributed to planar slip [1, 2] and
strain localization. The purpose of this paper is to
investigate the most simple of the Al-Li alloys, the
binary alloy, either as a solid solution (Al-0.7 wt % Li)
or with shearable precipitates (Al-2.5wt % Li). The
mechanical properties in fatigue are characterized by
stress—cumulative strain curves and cyclic hardening
curves. The macroscopic aspects of strain localization
are shown by scanning electron microscopy (SEM)
observation and the underlying substructures (dis-
locations and precipitates) are investigated by trans-
mission electron microscopy (TEM).

2. Materials and experimental
procedure

Two alloys have been extensively studied: Al-

0.7wt % Li alloy which is a solid solution, and Al-
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Figure 1 Cyclic hardening-softening curves of the Al-0.7% Li alloy
(8p.cumn = 4Ag,[2N, N = number of cycles).
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Figure 2 Cyclic hardening curves of the underaged Al-2.5% Li
alloy.

25wt% Li alloy aged at room temperature -and
presenting a fine homogeneous distribution of &’
phase (average radius of precipitates 1 nm).
Cylindrical fatigue specimens (15 mm gauge length,
6 mm diameter) were machined from bars. Symmetrical
tension compression tests were carried out on the
electropolished specimens (0.5mm grain size) under
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Figure 3 Coffin-Manson curves of the (x) Al-0.7% Li and (@)
underaged Al-2.5% Li alloys.
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Figure 4 Al-0.7% Li alloy (SEM observation): (a) A¢,/2 = 3 x 107%; (b) Ag,/2 = 8 x 107 (c) Ag, /2 = W75 (@) Agyf2 = 1.5 x 1073,

constant plastic strain (Ae,/2) control, using a servo-
hydraulic machine. Axial strain was measured by
LVDT transducers. Fatigue tests were performed in
the plastic strain range 5 x 107° < Ag,/2 < 1072
and a frequency 0.3 < f < 1Hz [3].

Thin foils were cut from each sample with a dia-
mond saw. After reduction by mechanical thinning
down to 0.3 mm, they were electropolished in a bath
1/3 HNO;, 2/3 CH,0H at — 15° C under 15 V. Obser-
vation of microstructures was done in a transmission
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electron microscope Jeol 200 CX. The localization of
plastic deformation was investigated by surface obser-
vations with a JSM 840 scanning electron microscope.

3. Results

3.1. Mechanical testing

Figs 1 and 2 show the typical hardening-softening
curves of the Al~0.7% Li alloy (Fig. 1) and the under-
aged Al-2.5% Li alloy (Fig. 2). The following points
can be noticed.



Figure 5 Al-0.7% Li alloy (SEM observation), As,/2 = 10~3: (a) strain localization; (b) extrusions and intrusions observed at high
magnification; (c) decohesion at triple point; (d) crack initiation at the intersection of a grain boundary and a slip band.

(i) For the Al-0.7% Li alloy, a rapid initial harden-
ing is followed by slight softening and saturation at
Aey /2 < 1073, However, hardening is permanent at
Ae,/2 > 1077 and no saturation occurs before a
decrease of the maximum stress Ag/2 due to crack
nucleation.

(ii) For the underaged Al-2.5% Li alloy, all speci-
mens exhibit rapid initial hardening followed by slow
but persistent hardening up to crack initiation and
failure. The Coffin-Manson curves (Ae,/2 plotted
against the number of cycles to failure, ;) are given
by Fig. 3 for the different alloys.

It can be shown that: (a) the plot of the A1-0.7% Li
alloy is quite parallel and close to that of pure alu-
minium [3]; (b) a change in slope seems to occur for
the underaged Al-2.5% Li at low plastic strain ampli-
tudes (Ag,/2 < 2 x 107*). Moreover, this alloy
exhibits a loss of fatigue resistance compared to the
solid solution, particularly at low plastic strains.

3.2. SEM
SEM observations give evidence of strain localization.
The behaviour is quite different in the solid solution
and in the alloy with precipitates.

(i) For the solid solution, the inhomogeneity of
deformation depends on the plastic amplitude imposed

during fatigue:

for Ag,/2 < 8 x 107*, deformation is almost
homogeneous except in some places near the cracks
(Figs. 4a, b);

for Ag,/2 = 107 deformation is highly con-
centrated in narrow bands (Fig. 4c) the spacing of
which is about 10um. The damaging influence of
strain localization can be seen in this case (Figs 5a to
d): large extrusions of metal can be seen, similar to
those studied in copper [4]. When these slip bands
arrive on a grain boundary (Fig. 5d), they create sites
for cracks which propagate either along the slip band
itself or along the grain boundary:

for Ae,/2 = 7.5 x 107° the deformation bands
are much larger and their spacing is smaller: deforma-
tion again tends to become homogeneous (Fig. 4d).

(ii) For the alloy with shearable precipitates, two

types of localization can be seen:

for Ag,/2 < 3 x 107* the localization of plastic
deformation appears as very narrow and sharp slip
lines but their spacing (about 1 um) does not change
with the applied strain amplitude. The larger the strain
amplitude the coarser are the slip bands, but their
spacing remains almost constant (Fig. 6a, b):

for 8.5 x 107 < Ag,/2 < 2 x 107 a second
type of localization appears (Fig. 6c) the spacing
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between these new bands which show marked extru-
sions, is about 10 um: they seem to be the equivalent,
for the alloy with " precipitates, of the localization
bands observed in the solid solution (Fig. 6c).

for Ag,/2 = 2 x 1077 the localization of the
second type has disappeared and the morphology is
again made of slip lines (Fig. 6d).

3.3. TEM
The strain localization is the macroscopic aspect of
an inhomogeneity of dislocation structures or precipi-
tation inside the material.

For the solid solution, when 1/2Ag, < 3 x 107%,
that is when deformation is homogeneous, the unique
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Figure 6 Al-2.5% Li alloy aged at room temperature (SEM obser-
vation). (a) Ag,/2 = 5.5 x 107°. (b) Ag,/2 = 3 x 107", sharp
lines, initiation of another system at a triple point. (c) Ae,/
2 =85 x 107*.(d) Ag,/2 = 2 x 107; top right, detail of bands
observed in top left; bottom, intergranular decohesion.

"dislocation substructure observed was made of cells

(Figs 7a, b).

(i) When 1/2Ae, = 8 x 107* the dominant struc-
ture is still a cellular one but sometimes a ““channel”
structure appears (Fig. 7c). The average size of cells
(about 1.2 um) does not evolve with Ag, but the walls
are better defined when Ag, is larger.

(i) When 1/2A¢, = 1077, i.e. when deformation is
highly localized, two structures are seen: on one side a
cell structure identical to those we have observed at
lower amplitude but with better defined walls, on the
other side a labyrinth structure similar to that exten-
sively studied in copper (Fig. 7d) [5]. The labyrinth
structure is simply the equivalent with several Burgers
vectors of the PSB structure observed in the case of
single slip. Therefore, when deformation is localized,
there is a highly deformable dislocation structure
(labyrinth) which probably corresponds to the slip
bands, and a less deformable structure (cells) which
correspond to the less deformable parts of the material.

(iii) When 1/2Ae, = 7.5 x 103 the deformation is



Figure 7 Al-0.7% alloy (TEM observation). (a) Ag,/2 = 5 x 107%: loose cell structure (g = <200>). (b) Ae,/2 = 3 x 107*; sharper cell
structure (right cell wall in weak beam condmons (g = <L11)) (¢) Ag /7 =8 x 107%: g = (111> left, equiaxial cells (g = {111));
middle, elongated cells ( g = (1 11)):right. channel structure. (d) Ag, /2 = 1071 g = <700> left, equiaxial cells; right, labyrinth structure.
(e) Ae, /2 = 7.5 x 10 “1g = <200}, cell structure.
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Figure 8 Al-0.7% alloy, Ae[2 = 107*, foil plane {100},
g = <{022). Labyrinth structure, made of dislocation walls roughly
perpendicular to {(001) directions. Long screw dislocations are
observed in the channels.

again almost homogeneous and so is the dislocation
structure. The only structure observed in that case is
the cell structure with well-defined walls, but still the
average cell size is about 1 to 2 um (Fig. 7e).

The two structures found in the Al-0.7% Li alloy
(cell structure and labyrinth structure) have been
studied in their best defined form. The labyrinth
structure (Fig. 7d) has its walls in crystallographic
directions (Fig. 8) just as in polycrystalline copper.
The cell structure, in the case of 1/2Ag, = 7.5 x 107°
in which walls are well defined, has been studied by the
weak beam technique, showing three families of
dislocation arranged in a wall in a sub-boundary
structure (Fig. 9).

For the alloy with small shearable precipitates,
deformation is always localized as shown previously
by SEM but with two types of band. The two types of
band correspond to two substructures.

In these alloys, whatever the amplitude of deforma-
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tion, some bands free of § precipitates are always
observed in the dark-field (Fig. 10). These bands and
the way in which precipitates disappear have been
extensively studied elsewhere [6]: it has been shown
that they were deprived of §’ precipitates and impov-
erished in lithium. They lic parallel to {111} glide
planes and correspond to easy glide for dislocations.
Their width and spacing can be correlated to the width
and spacing of slip lines and seem to be almost
invariant when Ag, changes.

The second type of localization (bands) is also
associated with a typical substructure. Precipitate-free
bands are still present but they are sometimes in
groups (Fig. 11), the width and the spacing of which
is now correlated with the width and the spacing of
deformation bands observed on the surface by SEM.

4. Discussion: strain localization

A systematic study of surface aspect and microstruc-
ture (dislocations and precipitates) allows a corre-
lation between microstructures and localization: when
deformation is inhomogeneous, the microstructure is
itself inhomogeneous at the microscopic scale. In the
particular case of fatigue of Al-Li alloys, two factors
are involved in localization of plastic deformation. On
the one hand, fatigue testing is well known to lead to
strain localization even in homogeneous materials as
copper or aluminium [7], but on the other hand, the
presence of a shearable precipitation, ¢’, also has a
localizing effect even in monotonic straining. This
second effect comes from the fact that when a pre-
cipitate is cut, its average radius in the slip plane is
reduced, and therefore it can easily be cut again. More
precisely, every shearing event of a 8 precipitate either
creates an antiphase boundary (APB), or erases an
APB already lying on the slip plane.

Statistically, an increasing number of APBs are
created as the cumulative strain increases, and so
does the number of steps at the precipitate/matrix
interface. It can be easily understood that the resulting
additional energy can displace the equilibrium radius of
the precipitate, leading to dissolution [5]. This process
is balanced by coarsening, which is itself helped by the
high vacancy concentration resulting from fatigue
straining. On this basis, it can be shown [5] that this
type of strain localization by precipitate shearing is
not governed by the strain amplitude, but by the strain
rate. The related localization (slip lines) is therefore
independent of Ag,. On the contrary, localization by
fatigue is governed (at least in face centred cubic
metals) by the strain amplitude. The strain domain
in which we observe slip bands in Al-2.5% Li alloy
(1/2Ae, ~ 1077) is about the same as the domain in
which we observe strain localization in Al-0.7% Li
alloys (1/2A¢, =~ 1077): “slip bands” are probably an
effect of fatigue straining and slip lines an effect of
strain localization by shearing. The loss of mechanical
resistance observed for the underaged 2.5% Li alloy is
probably due to the sharp strain localization resulting
from precipitate shearing.

5. Conclusion
Two types of slip band, corresponding to two types of
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Figure 9 Al-0.7% alloy. Ae,/2 = 7.5 x 107°. Cell wall observed
perpendicular to the electron beam, using three different (g, 3g)
weak beam conditions, showing three dislocation families.

microstructure, have been shown to result from two
different strain localization processes. One of them,
depending on strain amplitude, is found in both
alloys, and is similar to the classical fatigue localiz-
ation usually observed in pure copper or aluminium.
The second, found in the underaged 2.5% Li alloy, is
responsible for sharp slip lines, related to precipitate-
free bands in TEM observations. It results from pre-
cipitate shearing, and depends on the strain rate, &.
These two processes probably play quite different
roles in fatigue resistance.

Figure 10 Al-2.5% alloy, aged at room temperature.
Ag,/2 = 8 x 107*. (a) Superdislocations, observed in
(g, —g) weak beam conditions. (b) {100} superlattice
dark-field (zone axis <01 1)), showing precipitate-free
bands (black stripes). Superdislocations are seldom
observed when precipitate-free bands are well developed.



Figure 11 Al-2.5% alloy, aged 8h at 100°C, and fatigued in torsion with a total strain amplitude Ag /2 = 3 x 1073 (a) g = (220):
deformation is planar, and slip bands are grouped in bundles. (b) Superlattice dark-field (g = {110)) showing precipitate-free bands.
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