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MICROSCOPIC MECHANISMS CONNECTED
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Groupe d'Etudes de Métallurgie Physique et Physique des
Matériaux, INSA, CNRS-UA 341, 20, Avenue Albert Einstein,
F-69621 vVilleurbanne Cedex, France

ABSTRACT

For several years it has been well established that aluminium alloys with
lithium additioms are very attractive for aerospace applications, since they offer
interesting combinations of high specific strength and high specific modulus /1/,/2/.
Numerous studies were carried out in order to obtain optimum mechanical properties by
modifying suitably’ microstructures /3/,/4/,/5/. Mechanical properties are mainly de-
pendent on interaétions between dlslocatlons and precipitates, especially &' (AlzLi)
precipitates. Fundamental studies were carried out on Al-Li binary alloys exhibiting
only &' precipitates /6/. We have entered upon a study concerning the identification
of microscopic mechanisms which centrol the cyclic deformation of Al-Li binary al-
loys. During fatigue tests, we have discovered an interesting substructure in hyste-
resis loops corresponding to stress instabilities in fatigue behaviour which are. ri-
gorously coupled witkh a strain age hardening phenomenon. The aim of this paper is to
describe this phenomenon which is typical of the fatigue behaviour of Al-Li binary
alloys with small §' precipitates. In the last part of this paper, this unstable be-
haviour is compared to the PORTEVIN-LE CHATELIER (PLC) phenomenon. In addition, mi-
croscopic mechanism that contrel stress instabilities and strain age hardening are
analysed in terms of interactions between dislocations and 6' precipitates.

1. EXPERIMENTAL PROCEDURE

Three polycrystalline Al-Li binary alloys, containing 0.7, 1.7 and 2.5 Wt 7
respectively of lithium were used for the present investigation. The 0.7 Wt % alloy
was heated at 530°C for two hours then ice-water quenched and finally aged at room
temperature for several months. Under these treated conditions, the 0.7 Wt 7Z Li alloy
was kept in a solid solution state as could be inferred by TEM observations and small
angle X ray scattering experiments. In the case of 1.7 and 2.5 Wt 7 Al-Li alloys, the
same solid solution treatment at high temperature, water quenching and ageing for two
months at room temperature lead to an homogeneous distribution of small spherical §'
(Al3Li) precipitates. The average diameter of &' precipitates is approximatively
equal to 1 nm. After quenching and ageing at 150°C for 5 hours, 1.7 and 2.5 Wt 7 Li
alloys presented a coarsened & precipitation with an average diameter ofel5 nm. The
average size of 1.7 WitZprecipitates was a little higher than that of 2.5 Wt % Li. All
these results are in concordance with those reported in /7/.

Fatigue tests have been carried out in a push-pull mode, in a temperature
range between room and liquid nitrogen temperatures. Cylindrical samples of 70 mm
long with a diameter of 9 mm and a useful length of 40 mm were used in this study.
The specimen deformation recorded using a MTS extensometer n° 632-276-23 with a mea-
surement length of 25 mm. The cyclic deformation was controlled under total or plas—
tic strain conditions using a specific fatigue machine having a very high displace=~
ment sensitivity /8/. Recently this testing machine was used to study interactioms
between crystalline defects and dislocations in the case of fatigue of pure aluminium
/9/. Fatigue tests were conducted under control of a PDP 1l Digital computer with a
linear time deformation dependence in the frequency range of 0. 5-10-3 Hz. Most of fa-
tigue tests were carried out at room temperature. However, some tests were performed
at lower temperature in order to study the temperature dependence of the stress ins-
tability phenomenon and of the fatigue strain age hardening. Low temperature tests
were performed by means of a cryogenic apparatus belonging to the fatigue machine and
that was described in reference /8/.
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2. EXPERIMENTAL RESULTS

2.1, The instability phenomenon

At the beginning of the fatigue process, all alloys tested presented a cy~
clic hardening and, after a few hundred cycles, the maximal fatigue stress remained
at a constant value both in tension and compression. In the case of 2.5 Wt 7 alloy
aged at room temperature, figure 1 shows the dependence of the maximal fatigue stress
as a function of the number of cycles.
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The microstructure of the cycled samples in the stabilized stress range is
characterized by small®$ ' precipitates independently of previously ageing conditions.
A5 a matter of fact by small angle X ray scattering experiments, it was observed
a different behaviour of cycled alloys according to the temperature of ageing. For
the 2.5 WtZ alloy aged at room temperature, a cycling up to the stabilized stress
range leads to a slightly coarsening of £ precipitates, their average diameter
being approximatively equal to 1.5 mm. In the case of an ageing at 150°C for
5 hours (with a precipitate diameterofiSnnﬂ and of @ cycling in the stabilized
stress range,a decrease in the average diameter has been observed. It 1s difficult
to determine if the decrement in average diameter is due to the shearing of Jr
precipitates or to a new precipitation from the solid solution which can be
favoured by a high vacancy production during the cyclic deformation. These two me-—
chanisms can be probably involved during the cyclic process.

The unstable phenomenon described here in has been mainly studied in the
stabilized stress range where no evolution of fatigue loops could be detected.

Figures 2 and 3 show the stabilized fatigue loop for 2.5 Wt Z Li and

1.7 Wt % Li alloys respectively. These two dlloys were aged at room temperature and
at 150°C for two hours reSpectively; Theh;1they'werescycled at a plastic strain am-
plitude Aey/2 of 2.10-3. In the plastic range -of the fatigue loop, successive drops
in the fatigue stress could be observed which also seemed to appear periodically. The
amplitude of stress instabilities increased progressively at the beginning of the
plastic range (fig. 2 and 3) up to a maximum value. This maximum value, a, and the
increase of the time between two successive stress instabilities, At, (these two va-
lues are defined on figure 3) depended on the coupling of the fatigue machine with
the physical phenomenon responsible for the unstable behaviour. Therefore, values of
the instability amplitude cannot be 'discussed quantitatively but only in a qualitati-
ve way. fatigue
Stress

(MPa) FIG. 2 - Stress imstabilities in stabilized

150 fatigue loops of the 2.5 Wt 7 Al-Li alloy
aged two months at room temperature. Plas-
tic strain amplitude: /2 = 2.10-3, Test
frequency : 0.01 Hz. Test conducted at room

50 temperature.

Total Strain &
1 2 3«07




C3-731

Fatigue
Stress
(MPa) stxé

A50

a FIG. 3 ~ Stress instabilities in
stabilized fatigue loops of the
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2.2. Conditions for the instability phenomenon

We have noted that stress instabilities could be observed under the follo-
wing experimental conditions :

1. At room temperature, the appearance of instability requires that cumula-
tive plastic strain e be equdl to 0.1 (spc is given byEpC = 4N(Aep/2), where N is

the number of cycles andAep/Z is the plastic strain amplitude) for both the 1.7 Wt %

Li and 2.5 Wt % Li alloys, independenflyof the ageing temperature. During fatigue
tests no propagation of slip bands were visible to the naked eye. On the other hand,
the beginning of stress instabilities corresponds with a very strong localisation of

the deformation on a single slip system in each grain of the polycrystalline speci-
men.

In figure 4 light micrographs show slip lines at the sample surface, ob-
tained after different numbers of fatigue cycles. During the first fourth part of the
first cycle, three different slip systems are activated in all grains. However, only
one single slip line system is generally observe ,frer Several fatigue cycles ;
then, the beginning of the stress instability phenomenon is characterized by the ini-
tiation of very coarse and regularly spaced slip bands. This slip band structure be-
comesg independent of the cycle number as the stabilized stress range is reached.

The investigation of corresponding bulk microstructuresby transmission
electron microscopy (figure 4b) showsthat there are different wholes of very fine
slip lines that are perhaps in the beginning of the coarse slip band. These fine slip
lines appear clearly in figure 4 although they seem to be not so marked as those
described in reference /10/. Moreover, it is noticed that no coarsening effect exists
on the side of the slip line and that no difference can be observed in the &' preci-
pitate distribution as it can be seen on dark field transmission electron micrograph.

eyt
C.1 mm

1/4 cycle 1 eycles
FIG.4@- Light micrographs of the surface sample of the 1.7 Wt 7 alloy aged at room
temperature and cycled at different numbers of cycles with a strain amplitude

Agp/2=2.10_3. Note the evolution of the number of slip systems.
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FIG 4b: T.E.M. micrograph of a
fatigue sample cycled at room
temperature in the stabilized stress
range with a §tress amplitude:
Aep/z = 2x10 .

Sample previously aged at room
temperature.Test frequency:00 1 Hz.

2. The amplitude value, a, of stress instabilities is strongly dependent on
the test frequency (figure 5). Above a test frequency of approximatively 0.2 Hz,
stress instabilities ‘could not be detected. In a qualitative way, it can be observed,
as in figure 5, that the maximum value of the parameter a is reached at a frequency
of about 8.10'é Hz corresponding to a plastic strain rate of 6.66.10~° s~!. Moreover,
very little evolution of instabilities are observed at lower strain rates.

3. It was noticed that the stress instability phenomenon is typical of bi-
nary Al-Li alloys which form §' precipitates. Indeed, in the case of the 0.7 Wt % Al-
Li alloy with lithium atoms in a solid solution, we have never observed stress insta-
bilities in spite of a very large range of variation of fatigue parameters (test fre-
quency and fatigue strain amplitude).

4. On a sample prefatigued at room temperature in the stabilized stress
range a decrease of the fatigue temperature leads to a diminution of the stress ins—
tability amplitude. Moreover, no stress instabilities could be observed on the
2.50 Wt 7 Al-Li alloy aged at room temperature, when the test temperature is lower
than 0°C. In the same way, no stress instabilities could be detected on the 2.5 Wt %
Al-Li alloy aged at 150°C for five hours when the fatigue test temperature is below
-40°C.
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FIG. 5 - Qualitative variation of FIG. 6 - Effect of an ageing time at

stress instability amplitude as a room temperature after stopping in the

function of the test frequency. Case fatigue process. A stress increase Ao is

of 2.5 Wt Z alloy aged two months at observed when the fatigue test is star-

room temperature. Plastic strain am- ted again. Case of 2.5 Wt Z Al-Li alloy

plitude : Aey=2.10-3. Test at room aged at room temperature.

temperature.

5. Finally, at a given test temperature for which stress instabilities
exist, for instance at room. temperature, if the fatifue process is arrested at a gi-
ven point of the fatigue loop and the sample subsequently aged at the same tempera-
ture, an increase in stress, A& (figure 6) could be observed when the fatigue test
is started again. The small stress decrement in figure 4 from A to B, when the total
strain of the sample is kept at a constant value, could be ascribed to a weak rela-
xgtion phenomenon.
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After one or two further fatigue cycles, the fatigue loop becomes identical
to the one obtained before the arrest of the fatigue process. It is noticed that the
strain age hardening is rigorously associated with fatigue stress instabilities : no
stress instabilities were seen to occur if there is no strain age hardening phenome-
non.

2.3. Fatigue strain age hardening

The AQstress increase can be quantitatively studied because the coupling
with the above mentioned fatigue machine is not so important as in the case of fati-
gue stress instabilities.

For the same sample prefatigued in the stabilized stress range, figure 7
shows the dependence of Al the stress increase, as a function of ageing time at room
temperature after arresting the fatigue process (always at the same point of the sta-
bilized fatigue loop). With ageing time, the stress increase, Ac, is rapidly stabili-
zed. At room temperature, Ac stabilized to a constant value after ten minutes.
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FIG. 7 : Effect of the ageing time on the FIG. 8 - Effect of the test frequency
value of the maximum increase stress. Ca- of cycled sample on the maximum increa—
se of 2.5 Wt 7 Al-Li alloy aged at-room se stress obtained by arrest of fatigue
temperature and prealably cycled in sta- and ageing at room temperature for ten
bilized range at a strain amplitude of minutes.
2.10-3,

In figure 8, the variation of the maximum value of the stress increase, Ac,
is shown as a function of the fatigue test frequency. As in the case of fatigue
stress instabilities, the age hardening becomes stabilized at frequency values lower
than 8.1073 Hz.

3. DISCUSSION

When the stress instability phenomenon was observed for the first time, we
naturally suspected it to becaused by some problemsin testing machine. However, re-
peated observations and innumerable fatigue tests showed that it was not only a ma-
chine effect but also true material effect that was associated with the plastic de-
formation of the specimen. Under exactly same conditions of setting of testing machi-
ne, when fatigue tests were performed with = 4 Wt 7 Al-Cu alloy exhibiting shearable
0" precipitates, we never observed stress instabilities or strain age hardening. Ho-
wever, we think that conclusive evidences are given by fatigue tests in the low tem-
perature range for which the amplitude of stress instabilities decreases as the test
temperature is diminished. As a matter of fact, under these conditions, all fatigue
parameters and setting conditions were kept rigorously identical.

The type of instabilities observed seems to resemble the type C of the
PORTEVIN-LE CHATELIER phenomenon described in /11/. Indeed, the rough drop in the fa-
tigue stress seems occur from a stress level that corresponds approximatively to the
fatigue stress level without instabilities. However, PLC phenomenon is generally
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ascribed to a dynamic interaction between dislocations and solute atoms /10/. The
fact that no instabilities are detected in the 0.7 Wt 7 Al-Li alloy suggests that
dislocation-lithium interactions are probably not involved in the observed phenome-
non. Thus the stress instability seems to be associated with the &' precipirates in
the material.

In the discussion, it will be considered that small §' precipitates are ac-—
tually responsible of the stress increase Ac. In order to determine the nature of the
microscopic mechanism that is responsible for the stress instability, the dependence
on strain age hardening {(stress increase As) with temperature and strain rate, has
been investigated in the case of the 2.5 Wt 7 alloy aged at room temperature. The ex-
perimental procedure was the following : after an arrest of the fatigue test at a gi-
ven point of the stabilized fatigue loop, obtained by cyecling at room temperature and
an ageing at the same temperature for ten minutes, the temperature of the sample was
decreased up to a given temperature between room and liquid nitrogen temperatures.
Then, at a given strain rate, the fatigue test was started again in order to determi-
ne the corresponding value of the stress increase Ac. After this fatigue test at low
temperature, the temperature of the sample was increased up to the room temperature
and ten fatigue cycles were performed in order to obtain the previous stabilized
fatigue loop.

In order to determine a new value of the stress increase, A0, corresponding
to different conditions in temperature and in plastic strain rate, a new sequence of
tests was then carried out from one arrest on the fatigue loop, exactly at the same
point that this defined in the previously test. Different values of stress increases
Ao were thus obtained with different conditions in temperature T and in plastic
strain rate, &. According to the theory of the thermally activated deformation, the
three variables &, T and Ao are related by the following expression :

. . AG . . .
& = gy exp - Jai (1), with &4 the pre-exponential factor, k the BOLTZMANN's constant
and AG the activation energy. According to experimental considerations, it is possi-
ble to assume that the stress increase Ao is the effective stress component, the fa-
tigue stress of (see figure 6) being considered as the internal stress. In these con-
ditions, it immediately follows that :
AGy - vs AC

€=¢pexpl—g5 (2)
with AGy the total activation energy, v the activation volume, s the mean SCHMID's
factor and ¢ = o, + Ac. By the analysis method proposed by U.F. KOCKS and al. /12/,

. . Ao :
the profile of the thermal barrier (s~7r = £f(v) with u the shear modulus) has been
determined.
Because the mechanism involves in the stress increase, Ac,is rather insen-

.
2
sitive to the strain rate (m = gzgié = = 20), it has been considered /11/ that the
T
activation volume may be given by v = kT 2%?_5 . Therefore, the barrier profile can

T

be determined. It is reported in figure 9.

In fact, one may generally comnsider /12/ the variation of the activation
energy AG with the applied stress ¢ to be given by &

ple
- s AT ) A
AG = MGl -~ —35—” , where p and q are constant parameters and T is the resolved
shear stress value 2L the top of the barrier corresponding to the value of salat 0°K.
The value of parameters p and ¢ and of the total activation energy AGy can be

identified from the experimental values of the obstagle profile reported in figure 9,
the activation volume being given by v = 3AG/d0. The value of p, q and AG; are equal
to 1/4, 2 and 1 eV respectively. That means /11/ that the barrier profile such as
that in figure 9 seems to correspond to a microscopic mechanism involving the crea-~
tion of an interface step by dislocations, rather than the generation of an antiphase



C3-735

FIG. 9 - The apparent obstacle pro-
file derived from mesuremehts of
sAoc as a function of& and T. Case
of the 2.5 Wt Zalloy aged at room
emperature and cycled at

dep /2 = 2. 10-3 for 500 cycles.
Strain age hardening for 10 mn.
Variation of sAo/u versus the
activation volume in b

(b : the burgers vector of
dislocations )

200 400 600 800
ACTIVATION VOLUME (b 3 }

boundary inside the precipitate. As a matter of fact in the case of very small
precipitates, it is very generally accepted that the shearing of precipitates

can be controlled by the creation of an interface step /13/. For Al,~Li precipitates
this mechanism can be predominant if the average diameter of precipitates becomes
lower than approximately 1.5 nm /6/.

In conclusion of this discussion, it appears that the fatigue strain age
hardening and therefore the stress instability phenomenon seems to be related with
the shearing of small §t precipitates controlled by the creation of an interface
step. Finally, the mechanical instability of the fatigue stress could be due to the
instability of small §' precipitates, as a result of successive reversions and
precipitations offheSbhase in the matrix related with the movement of dislocation
Despite of very strong arguments in favour of the interactions between dislocations
and small§precipitates, the effect of dislocation-lithium atom interactions cannot
be entierly rejected. Therefore conditions under which lithium atoms diffuse into
aluminium ought to be studied in order to determine possible dynamic interactions
between dislocations and lithium atoms at room temperature.
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