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I. Introduction

Compressive strength of single crystals, containing 2-JImass% Li, in underaged
and overaged conditions are measured in the temperature range from 77 to 523K and
deformation-induced dislocation structure is observed by transmission electron
microscopy(TEM). The observation is necessary for the discussion of temperature
dependent deformation mechanisms in terms of dislocation-precipitate "interaction.

. k) :

II. Experimental Procedures -

Single crystals were grown from rectangular ingots(GxGilOOmm3J'of Al-Li
binary alloy by the modified Bridgman method in an argon atmosphere with an
alumina soft mold. The growth rate was 5x10_3mms~1. The-grown single crystal
rods were solution treated at 823K for 1.08x104s in glass capsules filled with
argon, followed by quenching into iced water. Specimens(2.5mmx2.5mmx5.0mm) for
compressive test were cut out of the rods and they were sealed in capsules with
argon and aged at 473K for various periods of time up to 1.2x1063. An Instron-type
machine was utilized for the compressive deformation in the temperature range from
77 to 523K, The initial strain rate was 3.3x10" s-l. An optical interference
microscope was used for slip trace analysis. Most of the TEM observation was made
of the thin foils that were cut parallel to the primary (111) slip plane. The
A13Li precipitates were imaged with a 110 dark field :eflectipn and dislocations
were with a 220 dark field reflection. An electron microscope, JEM-1000 of the
HVEM Laboratory of Kyushu University, was used.’

III, Results

Analysis of slip lines in the underaged specimen revealed exclusive operation
of octahedral slip for the whole temperature range tested. No trace of cubic slip
was detected. Slip lines appeared to be coarser as temperature increased, being
accompanied with occasional {111} cross slips. The TEM micrographs of slip
plane sections of the underaged specimen A are shown in -Photo.l. At lower
temperatures, dislocations are all in pair. They tend to lie along certain
crystallographic orientation., The distance between the dislocations in a pair
becomes slightly larger as temperature increases, and pairs are no longer
observed at temperatures higher than 423K. Dislocation loops as well as unit
dislocations are observed at 423 and 473K. The size of the loops is comparable to
the Al;Li precipitates (“40nm). Above 523K random arrays of unit dislocations are
observed. In the case of the overaged specimen B(Photo.2), dislocation loops and
random unit dislocations are seen in the whole temperature range except at 77K,
where a number of dislocation pairs are observed, indicating that shearing of the
particles occurred. Those loops are approximately of the size of the precipitates
in this aging condition (V150nm), implying that dislocations bypassed the
precipitates by the Orowan mechanism, The densities of. the Orowan loop and
dislocations tend to decrease with increasing temperature., , TEM observation was
also made of the underaged crystals subjected to the strain rate change test,
From these crystals, thin foils were cut perpendicular to the primary octahedral
plane and parallel to the primary Burgers vector. The sheared A13Li precipitates
were observed to be of oval shape. The amount of shear could be simply estimated
by assuming that the A13Li precipitates were uniformly sheared by the primary
dislocations along the (111) slip plane. The average taken with several
precipitates is 0.3, being in good agreement with the given shear strain.

23 -



Photo.l. 220 dark field electron micrographs of (111) slip plane sections,
showing the deformation—-induced dislocations. A 110 dark field
micrograph of 6'—A13Li precipitates is shown in the bottom right
corner. (underaged crystal RA)

: Photo.2. 220 dark field electron micrographs of’ (111) slip plane sections,
showing the deformation-induced dislocations., A 110 dark field
micrograph of 6'—A13Li precipitates is shown in the bottom right
corner. (overaged crystal B)
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ABSTRACT

Compressive yield strength of Al-Li binary solid solution was measured as
a function of temperature , using single crystals and polycrystals. The
temperature range and strain rate employed were 77-823K and 1.4-6.6x10—4s_
respectively. CRSS of the primary octahedral slip system of single
crystals(5.3at%lLi) varied with temperature in three steps: a large increase
in the low temperature range below 200K; a gradual increase to a peak in
the intermediate temperature range; the final drop at high temperatures.
These observations imply a strong dynamic interaction, in the high
temperature range, between dislocations and Li atoms, and are rather
contrary to a prediction that no appreciable increase in strength is
expected from a much smaller atom size effect in this alloy system. Strain
rate change tests on polycrystals gave an apparent activation energy
comparable to the energy of diffusion of Li in Al, and stress component
n=3-3.2, Discussion will be made on the origin of the observed anomalous
temperature dependence of the strength of Al-Li solid solution alloys.

KEYWORDS

Al-Li alloy, high temperature deformation, solution hardening, size effect,
modulus effect, elastic interaction, drag stress.

INTRODUCTION

A world wide attention has been paid to the development of lithium-
containing aluminum alloys as low density and high elastic modulus
materials for aerospace application(for example, Champier and others,
1987). Strengthening mechanisms in these alloys have been discussed in
terms of hardening by the precipitation of Li-containing and/or other
phases, But few works have been reported on the strength of Al-Li solid
solution. Negligible solution hardening may be expected from the small
atom size difference between Al and Li, and a small change in the lattice
parameter of Al by the addition of Li(Pearson, 1958). It has been reported
so far that the addition of Li resulted in high rigidity(Noble, Harris and

995
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Dinsdale, 1982) and Al-Li solid solution showed a serrated flow(Evans,
1987)., These facts suggest rather peculiar nature of Al-Li solid solution,
when compared with such alloy systems as Al-Mg, where high temperature

mechanical properties have been extensively studied(Asada and coworkers,
1967).

In the present investigation, an experimental study has been made of the
strength of Al-Li solid solution alloys, especially at high temperatures.

EXPERIMENTAL PROCEDURE

Both single crystals and polycrystals were used. Ingots of Al-Li binary
alloys with different Li contents were made by induction_melting. Single
crystals were grown from rectangular ingots(5x7x120mm3) by the modified
Bridgman method in an argon atmosphere., The growth rate was 5x 10~ mms 1,
The grown single crystals were annealed at 823K for 1.08x104s in glass
capsuls filled with argon, followed by quenching into iced water.
Specimens for compressive test were cut out. Their dimensions are
3x3x6mm3. Polycrystalline specimens were cut out of the rolled plates and
subjected to annealing with the same condition as for the single crystals.
The Li content of the specimens was determined by atomic absorption
spectrometry. Single crystals with S5.3at%Li and 4.9at%lLi were used. Poly-
crystals with three different Li contents were also used, namely 2.0, 3.7
and 5.6atsLi. An Instoron type machine was used for compressive test. The
test temperature was in the range from 77 to 823K, and the strain rate was
1.4-6,6x10 48-1. Transmission electron microscopy was used to ensure that
the specimens were completely free from precipitates,

- RESULTS

Compressive Behavior of Single Crystals

In Fig. 1 the load-nominal strain curves are shown of the specimens with
5.3at%Li for different test temperatures. At lower temperatures high yield

77K

200K

10MPa

373K 0.1

K
293 423K

473K
523K

573K
623K
673K

Fig. 1. The load-strain curves at different temperatures.
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strength and also high work
hardening rate are observed. A
drastic change occurs between 473K . |

and 523K, where yield stress 0 0.1 0.2
largely increases and work ’ )
hardening rate becomes much
decreased. A close examination of Fig. 4. Strain rate change.
the curve for 523K reveals a stress
drop after yielding. The CRSS in
the primary {111}¢110> system
plotted as a function of
temperature in Fig., 2. The results for the crystals with 4.%ats%Li are
shown together. In the low temperature range, CRSS decreases with
increasing temperature, but it begins to increase in the intermediate
temperature range until it reaches a maximum. Finally CRSS drops in the
high temperature range. The lower Li content gives generally lower values
of CRSS, Strain rate change tests were carried out at 429K ahd 503K(Fiq.
3). At 429K, in the intermediate range, no recognizable change in flow
stress occured by the change between 1.5x10"4 and 6x10 94s” . A serrated or
jerky flow was observed. At 503K, which falls on the temperature slightly
higher than the peak temperature, work hardening rate was negligibly small,
with no serrated flow and sudden increase or decrease of the stress was
observed corresponding to the sudden increase or decrease of strain rate.

Strain

(polycrystal)

Deformation of Polycrystals in the High Temperature Rénqe

Polycrystalline specimens with three different Li contents were utilized
for strain rate change tests at the high temperature range(723-823K), where

K.MA.V2—F
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work hardening is negligible. These experiments were made in an attempt to
estimate the values, n and Q, in the expression: € = AOMexp(-Q/kT), where &
is strain rate, 0 is stress, Q is apparent activation energy, n is stress
exponent, and A is a constant. [Fig.4 shows the true stress-true strain
relations for 3.7aL% alloy. Negligible work hardening is observed at all
Lest temperatures and strain rates employed. Similar resulls were obtained
for the alloys with 2.0at%Li and 5.6at3Li. By the usual analysis of these
data, stress exponent(n) and apparent activation energy(Q) were estimated
to be 3-3.2 and 140-150kJ/mol, respectively. The variation of the values
with Li content was not larger than the accuracy of the estimation,

DISCUSSION

Temperature Dependence of CRSS

The three step behavior of CRSS as a function of temperature can be
interpreted in terms of dislocation-solute interaction. At lower
temperatures, moving dislocations must overcome the obstacles of immobile
solute atoms, which are randomly scattered and act as frictional
resistance, or segregate around dislocations and act as locking obstacles.
There seem to be a controversy over these two mechanisms of solution
hardening(Suzuki, 1985). Stress for a dislocation to overcome these
stationary obstacles is considerably high, but it decreases, as temperature
increases, by the assistance of thermal activation. 1In the intermediate
temperature range, where atomic diffusion beccomes no more negligible,
solute atoms tend to form an atmosphere around moving dislocations, forming
viscous obstacles. This tendency increases with increasing temperature.
Thus, CRSS in this range increases until it reaches a maximum. In the high
temperature range, where diffusion is rapid and velocity of diffusing atoms
becomes equal to that of moving dislocations, the stress to overcome the
obstacles decreases rapidly as the solute atmosphere becomes diluted. The
observed serrated flow in the intermediate range is attributed to the
nonuniform motion of dislocations relative to the diffusing solutes. The
estimated value of n=3-3.2 falls on the range for class I solid solution
according to the classification by the previous workers(Sherby and Burke,
1966). The apparent activation energy Q=140-150kJ/mol well agrees with the
activation energy of self-diffusion of Al(Moreau, 1971) or of diffusion of
Li in Al(costas, 1963). The above experimental results suggest the
existence of a strong interaction between moving dislocations and solute
atoms in Al-Li solid solution.

Solute-Draqging Stress

Solution hardening in substitutional solid solution is generally
interpreted by the elastic interaction due to atom size difference. At
high temperatures, where dislocations drag a solute atmosphere, the drag
stress(T) is expressed by(Cottrell and Jaswon, 1949; Yoshinaga, 1986):

T = (aNa?p2er®b/DKT) v (1)

where D is diffusivity of solute, N is the number of atoms in the unit
cell, c is the average concentration of solute, U is the shear modulus, &
is atom size factor, R is the radius of solvent atom, b is Burgers vector,
A is a constant, and v is the dislocation velocity. Since lithium changes
little the lattice parameter of Al(Pearson, 1958) and the difference in-
atom size between Li and Al is small, a much decreased drag stress is
expected from the above equation when compared with the case of Al-Mg. A
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simple estimation of the drag stress per atomic per cent of Li is made for
Al-Li system(Tl) relative to that for Al-Mg system(Tz). The ratio (Tl/rz)
at a certain temperature can be roughly estimated from the atom size
factor(®), diffusivity(D) and dislocation velocity(v). Using the reported
values for D(Costas, 1963; Moreau, 1971) and the estimated atom size factor
on the basis of the lattice parameter change of Al(Pearson, 1958), one can
obtain (Tl/T2) = 0,05 if the equal dislocation density is assumed at the
point of yield for both Al-Li and Al-Mg systems. This extremely small
value estimated for the Al-Li system is not compatible with the
experimental results, which show a considerable hardening., One possible
reason for the discrepancy will be that dislocation velocity at the point
of yield can be much higher in Al~Li system than in Al-Mg system. It is
also possible that modulus effect, the alternative effect of elastic
interaction, plays an important role. The bondings between Al and Li
atoms are expected to be stronger than that between Li atoms, as one can
imagine from the fact that apparent atom radius of Li is smaller in Al-Li
solid solution than in pure Li. These discussions are consistent with the
experimental fact that elastic modulus of Al becomes larger when Li is
added (Noble, Harris and Dinsdale, 1982)., Further study should be made to
clear the details of the mechanism through which modulus effect leads to
the observed peak of CRSS in the high temperature range.

CONCLUSION

1. Critical resolved shear stress of Al-Li solid solution single crystals
varied with temperature in three steps: a large increase with decresing
temperature in the low temperature range, a gradual increase with
increasing temperature to a peak in the intermediate range, and final drop
in the high temperature range.

2. In the intermediate range, serrated flow was obserxved and the strain
rate dependence of flow stress was negligibly small.

3. Flow stress decreased slightly after yielding at temperatures higher
than the peak temperature.

4, Much larger solution hardening was observed at high temperatures than
simply expected from the consideration of solute-dragging stress due to
atom size effect only.
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FORMATION AND STABILITY OF OROVAN LOOPS IN Al-Li SINGLE CRYSTALS

Y.Miura® , K.Yusu**, S.Aibe**, H.Furukawa*** and M.Ncmoto*

Hodulus compensated yield strength of overaged Al-
Li alloy single crystals, containing & '-precipi-
tates, is independent of temperature up to a
critical temperature, beyond which it drops.
Calculated Orowan stress using experimentally
determined interparticle spacing well agrees with
the measured strength. Softening at elevated
temperatures is understood in terms of the
increase in the effective interparticle spacings
due to dislocation climbing by pipe diffusion.

A high frequency of TEM observation of Qrowan
loops of the size equal to the particle size is
consistent with the calculated longer life time
of those equatorial loops for shrinkage.

INTRODUCTION

Al-Li alloys containing 2-3wt%lLi harden by the precipitation of
coherent ordered Ala Li precipitates. Plastic deformation of
the underaged alloys proceeds by precipitates shearing by super
dislocations and the yield strength shows positive temperature
dependencé which is characteristic of L1 2 structure(l)(2).
On the other hand, little work has been reported of mechanical
behaviour of overaged Al-Li alloys. Orowan loops have been
observed in Al-Li alloys, though experimental observation of
Orowan loops has not been common, seldom in particle-hardened
Al base alloys(3).

In the present investigation, deformation behaviour of
overaged Al-Li binary alloy single crystals is studied, with-
main interest being in the estimation of Orowan stress and in
the mechanism of softening at high temperatures, and also in
thermal stability of Orowan loops. .
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_EXPERIMENTAL,_PROCEDURE

Single crystals of a Al-Li binacy alloy were grown by the
modified Bridgman method, and rectangular crystals (2.5x2.5x5
mn® )were cut out.They were annealed to an overaging condition.
Compressive deformation was made by an Instron type machine

in Lhe temperature range between 293 and 493K, with the initial
normal strain rate L.7x10 "*-1.7x10 "® sec”'. The details of
experimental procedure are referred to the previous papers by
the authors(1)(2). Table 1 summarizes the chemical composition,
aging condition, and geometrical factor of.the crystals.

From the stress strain curves, critical resolved shear stress
(CRSS) was determined: Transmission electron microscopic(TEH)
observation was made of aging microstructure and deformation
induced dislocation structures. Most observation was made on
the thin films prepared parallel to the primary octahedral

slip plane. An electron microscope, JEM-200CX, of the HVEM
Laboratory of Kyushu University was utilized.

TABLE 1. Single crystal of Al-Li binary alloy.

Lithium content™ aging condition schmid factor
(wt%) Si11
1.94 443K 1.2x10° sec 0.45

* determined by atomic absorption analysis.

RESULTS
Temperature dependence of CRSS (z . )

Figure 1 shows the shear modulus compensated CRSS( 7. / u)
as a function of test temperature(T). The values for shear
modulus of Al-Li single crystals reported by Miller et al.(4)
have been utilized. At lower temperatures <t / u does not
vary much with temperature and stays constant untill it starts
to drop at critical temperature(T . ). The critical temperature
increases from 400 to 440K with the increse in shear strain
rate from 3.9x10°% s to 3.9x10 "* s "',

TEM observation of Orowan loops and Alz L.i precipitates

Dark field electron microscopy revealed Orowan loops in
the deformed crystals surrounding coherent Al 3 Li precipitates.
Loops are generally seen to tightly encircle the precipitates.
In Photos | and 2 are shown pairs of 110 and 220 dark field
electron micrographs showing such loops and Al i3 Li particles



in the crystals deformed with a shear strain rate of 3.9x

10 -2 sec "' to around 10% shear strain, at 393 and 493K, re-
spectively. The temperatures correspond to below and above the
critical temperature. The density of the observed loops
decreases with the increase of deformation temperature. The
close examination of a pair of 110 dark field and 220 dark
field electron micrographs of the same area reveals that the
size of each observed loop surrounding the particles is close
to the diameter.of the corresponding particles.

Thickness of an area in a foil was determined by the contamina-
tion spot separation method(8), and a histogram of the Als Li
particle size was made. The volume fraction (f) and mean
square interparticle spacing (1. ) are determined to be 0,107
and 106nm, respectively.

Orowan stress

The present result of compression test in Fig.l shows that
Te / p is independent of T in the low temperature range, and
TEX observation reveals dislocation loops surrounding the pre-
cipitates(Photo.l and 2). Thesc facts confirm that plastic
deformation in the present overaged Al-Li crystal proceeds by
Orowan bypassing. In the following, Orowan stress of the
present crystal is estimated based on the common equation and
comparison is made with the experimentally obtained strength.

The simplest equation for the Orowan stress, T or, iS,

T or = a[l-b/l (1)
vhere « is a constant (<1), u is the shear modulus, b is the
magnitude of Burgers vector and A is the interparticle spacing.

This equation is adequate for an order-of-magnitude esti-
mation of CRSS. More refined versions can be obtained by
considering such parameters as mean planer interparticle
spacings, the dislocation dipole effect and the effect of the
nature of dislocation on line tension(5). One of the most
refined form is by Scattergood and Bacon(8), which appears as,

Tor = (0.84 ub/d =2) [ In(D/r o )+B ) (2)
where A = 1, B=0,7 for edge dislocations and A=1/(1-+), B=0.6
for screw dislocations, » is Poisson’s ratio, D =Ad/( 2 +d):
a harmonic mean of interparticle spacing and diameter of parti-
cles(d). Another factor that possibly has a critical effect is
the distribution of particle size. Yeh et al.(7) made a sta-
tistical analysis of the effect and suggested that the inter-
particle spacing should be corrected, taking into consideration
of the particle size distribution, as follows, _ _ _

21 =1.25 (Q2=/3f)(r¥ /r) ) %2 - (=/2)(r % /r) (3)
vhere f is the volume fraction of the particle, r=d/2 is the
particle radius, r °® , r % ,r is the mean value of r 3 ,r? ,
and r, respectively. From the histogram of the particle size
the above mean values are obtained for the present crystal, and
21 is calculated to be 115nm, that is larger than the mean
square interparticle spacing, 4. = 106 nm, by about 10%.



The result of calculation of Orowan stress using the equation
(2) with the corrected and uncorreccted interparticle spacings
is shown in Table 2. The average value of 74 /20  betwecen
screv and edge dislocations falls in 2.2-2.4x10 -%, being close
to the measured value of 1o / x = 2.5x10 -9 (Fig.l1).

A part of the discrepancy is attribuled to the strength of the
solid solution matrix, whose contribution can be in the order
of 2x10 —4(9).

TABLE 2. Opowan stress calculaled {rom equation(2).

Interparticle Calculated Orowan slress
spacing (nm) (toe/ 1) x 10°
edge screw average
L. = 106 2.82 1.90 2.36
A =115 2.61 1.76 2.19

Softening at high temperatures

The observed drop in ( t. / u) at high temperatures and
the strain rate dependence of critical temeprature shown in
Fig.l indicate that certain thermally activated softening
processes are taking place. At high temperatures, there is the
possibility that dislocations bypass some particles by climbing
over without formimg Orowan loops, giving rise to larger
effective interparticle spacings and thus the lower strength.
The following equation is deduced, assuming that, under the
critical condition, the rate of dislocation climb is equal to
that of dislocation arrival to the particles(11)(12),

v =M/Tc) exp(-Q/k Tc ) (4)
vhere ¥ is a constant including the shear modulus and the
particle size, Q is the apparent activation energy for the
diffusion process, k is the Boltzmann constant. A plot of 1/T.
against In( ¥T . ) for a constant particle size in the present
vork is shown in Fig.2, which indicates a linear relationship.
From the slope of the line, the apparent activation energy is
estimated to be ~0.8eV, reaching about 60% of the activation
energy for self-diffusion or for interdiffusion of Li im A1(10).
These results implies that the softening observed at high
temperatures takes place through dislocation climbing by pipe
diffusion, or certain other low aclivation energy processes.
Further work is neccessary to investigate the details of the
mechanisms, since the critical temperature T. was only crudely
neasured in the present work.



DISCUSSION

. The electron micrographs of deformed crystals in Photos

1 and 2, show that single loops are surrounding the precipi-
tates. These observation leads to an ldea that the rate of
formation, during deformation, of Orowan loops was generally
smaller than the rate of removal by climbing within the present
deformation condition. In the followings, simple estimation
of the rates of formation and removal will be made.

The rate of formation of Orowan loops is simply estimated
by calculating the time interval(ta ) between the arriving
dislocations at particles,

ta= L/iva = ( p¥2b/¥) (5)
vhere L is the average distance between moving dislocations,
being ~10"“cm if the density of the mobile dislocations is
assumed to be ~10% cm 2, ¥ is the applied shear strain rate
equal to~10 “* s “', b is the magnitude of the Burgers vector.
The calculated interval t 4 falls in the order of one second.

1t has been pointed out that Orowan loops around coherent
precipitates such as & ’-Als Li particles can climb out by
pipe diffusion even in low temperature annealing(12)(13). Mori
and Tokushige(13) discussed the climb rate of Orowan loops in
low temperature recovery from a continuum approach. Assuming
that the driving force for climbing comes from the energy
decrease due to the shrinkage of the loop, they proposed an
equation expressing the climb rate of a loop. According to
their analysis, the time to for an Orowan loop, originally
staying at position s = 2/r, to climb out is expressed by,

to=(/auQ82)2KT/ D )r *

x (~In s - (174)(l-s 2 )(3-s 2 )] _ (6)
vhere z is the distance from the center of spherical particle,
e is a constant, Q is the atomic volume, & 2 is the cross
section of dislocation pipe, r is the radius of the loop, D
is the pipe diffusion coefficient, s is a demensionless param-
eter. The equation is applied to estimate the life time of
Orowvan loops around & '—Als Li precipitates. Fig.3 shows the
results of the calculation for a loop originally lying at the
position s of a spherical particle of radius r = 26.7nm ( the
average size of the 8 ’-precipitates in the present crystal).
Here,D , =1.7 exp(-0.74eV/kT) cm® /sec was used. For simplicity,
the activation energy (Q. ) for pipe diffusion is assumed to
be one half of that for volume diffusion in A1(14), that is,
Q.= Q. /2 =0,74e¥. The curves in Fig.3 is only for a short
period of time, but they clearly show much decreased life time
for the incresed temperature and also for the decreased loop
size(corresponding to the increased value of s = z/r).

The calculated life time of a loop originally lying at, for
example, s=0,01 is 1h(293K), 50sec(343K), 2sec(393K) and 0.03
sec(493K). Although the equation (8) implies an infinitive



life time for loops lying Jjust on the equator of the particles
(s = 0), this does not seem to be realistic. Instead, s = 0.0l
will be the reasonable minimum , because it corresponds to the
case where the loops come close to the cquator within the
interplaner distance of the present crystal. The argument
suggests that Orowan loops of any size in the present crystal
will climb out within several tens of seconds at temperatures
above 343K. ' Under the dynamic deformation condition, where
the loops interact with the late-coming dislocations, the life
time will be even shorter.

The TEM observation of fewer loops for higher deformation
temperature and of loops with the size comparable to the parti-
cle size (Photos 1 and 2, and also the Photos in the previous
paper(2)) is qualitatively understood according to the results
of the discussion above. But a question arises as to the
observation of single loops surrounding tightly the particles
even for the high deformation temperatures. At present, no
rational explanation is made. It might be possible that the
first loop formed is Jjust on the equator of the particle, or
that the loop cuts locally in the particle, because & ’-precip-
itate of L1 2z structure is shearable, having high coherency
with the matrix(15) and comparable elastic modulus with the
matrizx(4). Once a segment of a loop cuts in and, if any
climbing takes place, the whole loop will be stabilized,
because diffusion in the ordered phase is expected to be slower.

SUMHARY

The present investigation on the Orowan stress and stability of
Orowan loops in overaged Al-Li alloy single crystals leads to
the following conclusion.

(1) Overaged Al- 1,94uwt%Li alloy single crystals deform by
Orowan looping in the early stage of plastic deformation.

(2) Compressive yield strength of the crystals at lower temper-
atures agrees with the calculated Orowan stress using the
experimentally determined interparticle spacing.

(3) Analysis of observed strain rate dependence of strength
suggests that softening at elevated temperatures occurs due

to dislocation climbing by dislocation pipe diffusion.

(4) Simple estimation shows that, at high temperatures, the
rate of the removal of Orowan loops by pipe diffusion is larger
than that of dislocation arrival at the particles, which
successfully explains the observed fewer loops in the crystals
deformed at higher temperatures.
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Photo. 1. Transmission electron micrographs of primary
(111) slip plane section. {Deformed at 393K)
- (a):110 dark field micrograph of &-particles.

(b):220 dark field micrograph of Orowan loops.
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Photo. 2. Transmission electron micr
(111) slip plane section.
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