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Arrangement of Deformation Induced Dislocations
in Aged Al-Li Alloys

By Minoru Furukawa®, Yasuhiro Miura** and Minoru Nemoto**

Deformation induced substructures of aged Al-Li alloys containing coherent &' -Ll, ordered par-
ticles have been studied by dark field transmission electron microscopy. Dislocations move in pairs when
a fine scale precipitation of ' occurs. The observed shape of dislccations and the separation distance be-
tween the dislocations in a pair strongly depend on the size and distribution of &' . Particles with diameter
less than 50 nm are sheared by moving dislocation pairs. Dislocations by-pass the larger particles leaving

dislocation loops.

Planar arrangement of deformation induced dislocations, which is generally considered to be
responsible for the poor ductility of the present alloys, has not been observed for any aging stage in-

vestigated in the alloy with a high Li content.

(Received October 11, 1984)
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properties, superlattice dislocations,

mechanism

I. Introduction

Aluminum-lithium alloys are attractive

’ especially for aerospace applications, because

they offer interesting combinations of high
specific strength and high specific modulus.
The addition of lithium, however, generally

: results in decreased ductility. Attempts to im-

prove the ductility of this alloy have been made

. by alloying, processing and thermo-mechan-
" jcal treatments"-®,

The precipitation process in Al-Li binary

. alloys has already been studied by many in-

vestigators®™, Silcock® concluded that the
precipitation in Al-Li alloys was a two stage

" process; solid solution —d' (ALLi)—&(AILj).

The &' phase is a quasi-equilibrium phase
which is of LI, structure and perfectly coherent
with the matrix. The J phase is a coarse
equilibrium phase with a B32-type(NaT]) struc-
ture.

1t is believed that, on plastic deformation,.

coherent &' -particles are sheared by moving
dislocations leading to a planar dislocation
distribution, which may be responsible for low
ductility of this material. Transmission elec-
tron microscopy actually has revealed sheared

* Faculty of Education, Fukuoka University of Educa-
tion, Munakata 811-41, Japan.

Faculty of Engineering, Kyushu University, Fukuoka
812, Japan.
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transmission electron microscopy,

Orowan

&' -particles in the deformed alloy®®, Thus it
appears that the strength and ductility of Al-Li
alloys are closely related to the characteristic
behavior of dislocations. However, only a few
papers have been published that describe
details of the mode of interactions between
dislocations and precipitates. Recently Hosson
et al."® studied the dislocation motion in an
Al-2.2 mass%Li (8.0 mol%Li) alloy for typ-
ical two aging stages using a pulsed nuclear
magnetic resonance technique combined with a
TEM technique and proved that the &’ -par-
ticles were shearable in the alloy aged for
3.6X 10 s at 488 K but unshearable after aging
for 4.14X10°s at 518 K.

The purpose of the present work is to in-
vestigate systematically the behavior of defor-
mation induced dislocations in an aged Al-Li
alloy with a higher Li content by transmission
electron microscopy for the entire stage of ag-
ing.

II. Eperimental Procedure

Aluminum alloys containing 7.2 and 11.1
mol%Li were prepared by melting Al (99.99%)
and Li (99.8%) in an Ar atmosphere. The

Lt

;.chemical analysis indicated that the Al-11.1

mol%Li (3.12 mass%Li) alloy, which was ex-
tensively investigated in the present work, con-
tained 0.0073 mass%Fe, 0.029 mass%Si and
0.0045 mass%Mg. The alloy ingots were hot
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and cold rolled to 3 mm thick strips and cut
into compressive specimens of the size
3X3%X4.7 mm’. The specimens were solution
treated at 823 K for 1.08X10%s in glass cap-
sules filled with Ar, followed by quenching in-
to iced water and aged at 473 K for various
periods. The aged specimens were compression
tested at room temperature with an Instron
type machine at a nominal strain' rate of
3.5X107*s™'. Slices were taken from the
deformed specimens by a rotating wheel fine
cutter, and thin foils for transmission electron
microscopy (TEM) were prepared using a twin-
jet electropolishing apparatus!". The composi-
tion of the electrolyte was 20%HCI1O, and
80%C,HsOH. Microstructures and dislocation
configurations were examined by dark field
TEM using a JEM-1000D high voltage electron
microscope.

III. Experimental Results and Discussion

1. Growth of 6’ and age hardening

The yield stress g2 and the particle size of &'
of the Al-11.1 mol%Li alloy are plotted as a
function of aging time at 473 K in Fig. 1. The
stress ooz varies largely with aging time, in-
dicating a strong dependence of g,z on particle
size. A maximum is reached at 10°s and the
alloy softens by further aging. Observations by
TEM reveal fine ¢'-particles distributed
uniformly in the as-quenched Al-11.1 mol%Li
alloy, in agreement with the previous
results®'?, The ¢’ -precipitates are of irregular
shape in the as-quenched state and also in the
early stage of aging. They tend to spheroidize
as the aging proceeds. Noble et al.® and
Tamura et al."? have reported that the coarsen-
ing of &' obeys the Lifshits-Wagner theory!¥!4,
Equilibrium & was observed in the Al-11.1
mol%Li alloy after aging at 548 K for dura-
tions longer than 6 X 10%s,

2. Dislocations in deformed Al-Li alloy

It is difficult to observe both &’ and deforma-
tion induced dislocations in the same imaging

condition. This is due to the fact that the

difference in electron scattering efficiency bet-
ween &' and the matrix is small and that the
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Fig. 1 0.2% proof stress (a) and &’ -particle size (b) vs ag-
ing time. Specimens (11.1 mol%Li alloys) were solution-
treated at 823 K for 1.08X10%, quenched into iced
water and aged at 473 K.

strain field around J' is extremely small cor-
responding to the small lattice mismatch bet-
ween 6’ and the matrix. Therefore, - d’ -par-
ticles were observed in a strong beam dark field
image using a superlattice reflection, and the
dislocations in the same area were observed in
a weak beam dark field image using a matrix
reflection. Relative positions of dislocation
lines with respect to 6’ were known by superim-
posing the former electron micrograph on the
latter.

Figure 2 represents a selected area diffrac-
tion pattern, (a), and a 200 dark field image,
(b), of a quenched alloy with a lower lithium
content (7.8 mol%). Dislocations were in-
troduced by the deformation of 4% in compres-
sion at room temperature. Precipitation of &'
is confirmed by referring to the selected arca
diffraction pattern (Fig. 2a), although the im-
ages of &' were not observed in the micro-
graph. The 200 weak beam dark field image



Arrangement of Deformation Induced Dislocations in Aged Al-Li Alloys

Fig. 2 100 net pattern (a) and 200 dark field image (b) of
Al-7.2 mol%Li alloy deformed 4% in compression at
room temperature after quenching from 823 K.

(Fig. 2b) shows that the plastic deformation in
this alloy proceeds by the motion of single
dislocations.

For the alloys with higher lithium contents
fine dispersions of &' were observed in the as-
quenched state. Figure 3(a) and (b) show 200
and 100 dark field images taken of the same
area of the foil prepared from the not aged Al-
11.1 mol%Li alloy deformed 4% in compres-
sion. It is clear from the micrographs that the
deformation induced dislocations are in pairs.
They are rather straight and smooth in spite of
‘the fine dispersion of &’. The leading disloca-
tion of a pair, moving through an ordered
particle, destroys the order along the slip plane
and thereby produces an anti-phase boundary
(APB) behind it. The second dislocation

Fig. 3 200 (a) and 100 (b) dark field images of Al-11.1
mol%Li alloy deformed 4% in compression at room
temperature after quenching.

Fig. 4

200 dark field image of Al-11.1 mol%Li alloy ag-
ed at 473 X for 1.8 10’s and deformed 4% in compres-
sion at room temperature.

restores the order eliminating the APB. Paired
dislocations have been already observed in
deformed Ni-base superalloys!*'¥ containing
L], ordered particles.

Figure 4 shows deformation induced disloca-
tions in an under-aged alloy. The dislocations
are distributed uniformly. The following
should be mentioned: Pile-ups of dislocations,
which imply the occurrence of planar slip and
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are considered to be responsible for the low
" ductility of Al-Li alloy, have been observed on-
ly in the as-quenched or under-aged alloys with
a lower lithium content in the present study. In
Fig. 5-a magnified view of the foil shown in
Fig. 4 is represented together with the cor-
responding 100 dark field image of &'. It is
clear that &' -particles grow larger on aging and
dislocations forming pairs become wavy in-
teracting with the particles. However, unit
dislocations forming pairs have different radii
of curvature from one another. The observed
configuration of superlattice dislocations is
strongly dependent on the size and distribution
of §' and analogous to that of dislocations in a
Ni-Cr-Al alloy containing LI, ordered
precipitates observed by Gleiter and Horn-
bogen19,

In the peak-aged alloy, dislocations bow out
more vigorously than those in the under-aged
alloy as shown in Fig. 6. Superposition of the
two dark field images, (a) and (b), shows that
the dislocations lie in the matrix avoiding &' .
The distance between the dislocations in a pair
is one or two times as large as the particle size,
and the distance varies with aging time. In Fig.
7 the distance is plotted against aging time.
With the increase of aging time, D decreases
first, attains a minimum value of 30 nm at
2X10°s and then increases. In the alloy aged
for durations more than 2X10’s, D nearly
equals the size of &’.

Dislocation pairs, however, are no more

Fig. S 200 (a) and 100 (b) dark field images of Al-11.1
mol%Li alloy deformed 4% in compression at room
temperature after aging at 473 K for 1.8X 10%.
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Fig. 6 200 (a) and 100 (b) dark field images of Al-11.1
mol%Li alloy deformed 4% in compression at room
temperature after aging at 473 K for 6 X 10%.
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Fig. 7 Variation of distance between superlattice disloca-
tions with aging time at 473 K in Al-11.1 mol%Li alloy
deformed in compression at room temperature.
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observed in the alloys aged for duration more
than 10°s, as shown below. Figure 8 shows
dark field images of over-aged alloy deformed
4% after aging at 473K for 6 10°s. In Fig.
8(a) single dislocations bow out around
spherical particles. Many dislocation loops are
also observed. A 100 dark field image of the
same area, (b), shows J'-particles, although
their images are not clear enough due to the
overlap of them. A clear image of &' taken of a
thin area of the same foil is shown in (c), from
which it is clear that the particles are spherical
with an average diameter of 80 nm. It is ob-
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Fig. 8 200 (a) and 100 (b, c) dark field images of Al-11.1
mol%Li alloy deformed 4% in compression at room
temperature after aging at 473 K for 6X 10%.

vious that the dislocations in the over-aged
alloy by-pass the &’ -particles leaving disloca-
tion loops by the Orowan mechanism®?. The
average diameter of &' over which dislocations
by-pass the particles is approximately 50 nm.

" From the present observations, it is conclud-
ed that the Al-Li alloys softened not only by
the precipitation of grobular equilibrium J,
but also by the coarsening of metastable J’.

IV. Summary

(I) Room temperature yield stress of the ag-
ed Al-11.1 mol%Li alloy increases with aging
time in the initial stage of aging at 473 K, at-
tains a maximum at 1.8X10°s and decreases
by further aging. The diameter of ' is about
50 nm in the peak-aged alloy which has the
maximum 0.2% proof stress of 290 MPa.

(2) In the under-aged and peak-aged
alloys, deformation induced dislocations move
in pairs. The dislocations are ralther stralght in
lightly ‘aged alloys with very fine &', arid they
increasingly bow out between J'-particles as
the aging proceeds.

(3) In the over-aged alloys, dislocations

229

by-pass &' leaving dislocation loops around
them.

(4) Dislocations are uniformly distributed
in deformed alloys examined except in the
under-aged alloys with low Li contents. No in-
dication- of severely localized slip, such as
dislocation pile-ups or sheared J'-particles,
was observed in the alloys with high Li con-
tents. The formation of planar distribution of
dislocations can not be the only reason for the
low ductility of high Li content alloy.
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- Strengthening Mechanisms in Al-Li Alloys Containing Coherent
Ordered Particles

By Minoru Furukawa®, Yasuhiro Miura** and Minoru Nemoto**

Strength of Al-Li alloys containing Ll, ordered &' -particles have been discussed on the basis of
observed behavior of dislocations, taking into account various resistances to dislocation motion in the
alloys. The measured yield strength and the observed arrangements of deformation induced dislocations
are successfuly explained in terms of the dislocation-particle interaction theories. Main contributions to
the strength of the alloys come from the energy of antiphase boundaries and the friction stresses in the

ordered particles and in the matrix.

{Received October 11, 1984)

Keywords: aluminum-lithium alloys, ordered precipitates, precipitation hardening, strengthen-
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I. Introduction

Strengthening mechanisms of crystals con-
taining ordered particles have been theoretical-
ly studied by Gleiter and Hornbogen™®, and
Brown and Ham®®, As described in a
previous paper’, extensive observations of
deformation induced substructures of Al-Li
alloys containing fine precipitates of coherent,
metastable and Ll, ordered &’-phase have
revealed that some of the dislocation configura-
tions are quite similar to those proposed by the
above mentioned authors. Dislocations move
in pairs when a fine scale precipitation of J’-
particles occurs. They increasingly bow out bet-
ween J' -particles with growth of particles. Par-
ticles having diameters less than.a critical size
can be sheared by dislocation pairs. When the
particles grow larger, dislocations by-pass the
particles and over-age softening occurs.

Recently, Hosson et al.®® analysed the dislo-
cation motion in an Al-8.0 mol%Li alloy and
showed that the ¢’ -particles formed by aging
at 488 K for 3.6 10* s are shearable but those
formed by aging at 518 K for 4.14X 10°s are
unshearable. Their analysis, however, was on-
ly concerned with these two states of aging.
The purpose of the present paper is to- discuss

* Faculty of Education, Fukuoka University of Educa-
tion, Munakata 811-41, Japan.
** Faculty of Engineering, Kyushu University, Fukuoka
812, Japan.

the strengthening mechanisms of Al-Li alloys
containing fine dispersion of coherent ordered
d' -particles more quantitatively over the whole
range of aging on the basis of the observed
behavior of deformation induced dislocations.
II. Modes of Interaction between
Dislocations and 4’

Figure 1 schematically summarizes the ob-
served modes of interaction between deforma-
tion induced dislocations and 4’ in an Al-11.1
mol%Li alloy which has been extensively in-
vestigated in the previous work®. The con-
figuration of dislocations strongly depends on
the volume fraction and the size of &’. In the
alloy under-aged or aged nearly to peak
strength, dislocations move in pairs. The first
dislocation destroys the order and forms an-
tiphase boundaries (APB) in the J’ -particles.
The second dislocation can remove the
disorder created by the first. They are nearly
straight when only very fine dispersion of 8’ ex-
ists as shown in (a). The dislocations become
wavy, as the particles grow as shown in (b) and
(c). The wave length, the curvature of the bow-
ed-out dislocations and the separation of
dislocations in pairs obviously depend on the
distribution of ¢’. In the peak-aged state, the
dislocations lie in the matrix keeping out of &',
and the separation distance of the dislocations
in pairs is one or two times as large as the parti-
cle size, as shown in (c). Particles having
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diameters less than about 50 nm can be sheared
by dislocation pairs. When the.particles grow
~larger, dislocations by-pass the particles leav-
_ing dislocation loops around them, as shown
in (d), and the strength of the alloys starts to
decrease.

On the basis of these observations, detailed
discussion on the strengthening mechanisms in
the Al-Li alloys will be made in the following
sections taking into account various resistances
to the dislocation movements in the alloys.

III. Resistances to the Motion of
Dislocations

Some parts of the observed interactions bet-
-ween dislocations and &’ in the present work,

:for example the mode (c) of Fig. 1, are very:

“similar to those proposed by Gleiter and Horn-
bogen®. However, the mode (c) in Fig. 1 can
‘not be explained by their model, indicating
‘that some factors other than the APB, only
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which Gleiter and Hornbogen*®, and Hosson
et al.® have taken into account, contribute as
resistances against the motion of the disloca-
tions. Therefore, in the following discussion,
various factors will be taken into account.

The nature of a possible resistance to disloca-
tions cutting through coherent ordered &’ -par-
ticles can be summarized as follows: (1) Fric-
tion stress of the matrix solid solution, 7, (2)
resistance due to lattice mismatch between the.
matrix and ¢', 1., (3) resistance due to the
difference in shear modulus between the matrix
and &', 7ac, (4) resistance due to the energy of
APB in d', yo, (5) resistance due to the energy
of the interface created between the cut 4’ and
the matrix, y;, and (6) friction stress in &', 7.

The first three, (1)-(3), are the resistances in
the matrix and the rest, (4)-(6), are those in &' .
Hosson ef al.® took into account only the
energy of APB in their analysis of strength of
the Al-Li alloy. For the quantitative discus-
sion of the strengthening mechanisms of Al-Li
alloys, each resisting force shown above
should be individually evaluated.

1. Friction stress against the dislocation
movement in the matrix, 7,

This stress can be estimated from the
magnitude of solid solution hardening of this
alloy. Specimens containing 1.6, 3.5, 7.2, 11.1,
15.3 and 21.3 mol% of Li were prepared in the
same way as described in the previous paper®.
Figure 2 shows the 0.2% proof stress g, of the
as-quenched alloys as a function of Li content.
The straight line changes its slope at about 9
mol%Li, which indicates that the precipitation
of &' has occurred in the quenched alloys con-
taining more than 9 mol% of Li as described in
the preceeding paper. The smaller slope in the
region of lower Li content is due to solid solu-
tion hardening. Since the Li content of the
matrix of the Al-11.1 mol%Li alloy aged at
473 K is about 6.5 mol%, as is known from the
&' -solvus™, 7, is estimated to be 13 MPa from
this smaller slope using the Taylor factor of
2.5. The contribution from the change in Li
content ‘during aging is negligibly small.

2. Lattice mismatch of &' /matrix, &
Hardening due to misfit strain has been
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Fig. 2 Change in 0.2% proof stress (g,) of as-quenched
alloys with Li content.

discussed in detail by Gerold and
Harberkorn®, To estimate the magnitude of
strengthening, the lattice mismatch ¢ between
¢' and the matrix should be known. Since ¢ of
&' /matrix is small, an accurate measurement is
extremely difficult and, therefore reported
values®"? for ¢ are widely scattered, ranging
from 0.08 to 0.3%. The misfit strengthening
estimated with the model by Gerold and
Harberkorn using the most recently reported
value of ¢=—0.09%"? can explain only 5% of
the strength of the aged Al-Li alloy studied.

3. Difference in shear modulus between &'
and matrix, AG

Since ¢’ is metastable, its shear modulus is
not directly measurable. Noble et al.0?
measured the Young’s moduli of Al-Li solid
solution and of Al-Li alloys containing &',
and they estimated, using the rule of mixtures,
the Young’s modulus of ' to be 96 GPa (cor-
responding shear modulus is 36.9 GPa). The
" shear modulus of the matrix (6.5 mol%Li) of
. the Al-11.1 mol%Li alloy aged at 473K is
estimated to be 30.2 GPa, from the extrapola-
tion of the experimental data of Noble et al.

Brown and Ham”, and Weeks et al.%®
‘ discussed- the strengthening. -due to the
.. "difference in shear . modulus ‘between the
' precipitate and the matrix. The value of 7, 0b-
‘tained by applying their model to the Al-Li
alloy can explain only about 5% of the total
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strengthening, which is comparable with 7, due
to lattice mismatch as discussed in the
preceeding section.

4. APB energy.of &',

The energy of APB, created by the slip of
a/2-(110) dislocation on {#k!} planes of a Ll,-
ordered phase, is given by Flinn!"® as follows;

Yo=20hS*/aN/ B>+ 2+ P, @

where S is the degree of long range order,
v=KkT. (k is Boltzmann’s constant and 7. is
the critical temperature for order-disorder
transformation) and « is the lattice parameter.
Substituting T.=548 K% for eq. (1), y, of 53
mJ/m? is obtained, which is smaller than the
value of 195 mJ/m? reported by Tamura et
al'V The APB energy reported by them,
however, seems to be somewhat overesti-
mated, because it was simply assumed that the
separation of a superlattice dislocation was
governed only by the balance between the APB
energy and the repulsive force of dislocations,
neglecting all other contributions.

5. Energy of interface created between &’
and matrix, y

The interfacial energy d&; is indirectly
estimated from the rate of Ostwald ripening of
¢’ . In the present work, y; is estimated to be

190 mJ/m?, which well agrees with the
reported value of 180%Y, 2409 or 250!'9
mJ/m?,

6. Friction stress to the motion of
dislocations in 4°, 1,

As the &' -phase is metastable and 7, is not
directly measurable of the single phase J’, an
alternative estimation of 1, will be made later
in this paper.

IV. Pair Dislocations Cutting &’ -Particles

For a pair of dislocations travelling under an
applied shear stress 7, the forces must balance
as follows:

(The first dislocation)
th—16b— 10— Tach+ PGrb?/2nl—yo(2r,/L})

—y(2b/L1)—1,b(2r./ L) =0. @
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(The second dislocation)
th—1eb—Teb—Tacb—BGnb?/ 27l yo(2rs/ L)

—yi(2b/ L2)—1,b(2r:/ L) =0. 3)

Here L, and L, are the particle spacings for the
first and the second dislocation, respectively, b
is the Burgers vector of a/2-{110) dislocation,
r, is the average radius of particles intersected
by a slip plane (=V2/3'r0), ro is the average
radius of particles, / is the separation between
the two dislocations, G, is the shear modulus
of matrix, ®Gnb?/2nl is the repulsive force
between the two dislocations, ®=1/2-{1
+(14v)"'} and v is the Poisson’s ratio. From
egs. (2) and (3) we obtain the shear stress nec-
cessary for a superlattice dislocation (a pair of
a/2+{110) dislocations) to cut through the par-
ticles:

=70+ T+ Tac+ Yo/ b)(rs/ Ly —rs/ L2)
+7i(1/Ll + 1/L2)+Tp(rs/Ll +rs/L2)’
4

where, To, 7., Tac and y; are known as so far
discussed. The values of L, L,, I, rs and ro in
the equation can be determined from the
transmission electron micrographs.

When the dispersion of ¢’ is very fine, both
the first and the second dislocation are nearly
straight, as shown in Fig. 1(a). In this case,
2r./Ly=2r,/L,=f, where f is the volume frac-
tion of &' . Equation (4), therefore, reduces to

=1+ 1+ Tact+ 1S/ nt S &)

Substituting the value of gy, of as-quenched
alloy for eq. (5) and the values of ry, and f
measured by TEM, we obtain the value of .
For f=0.03 of the as-quenched alloy, 7, is 130
MPa, which is appreciably higher than 7. or
Tag. Now, L, and L, are left unknown in eq.
(4). The particle spacings L, and L, should de-
pend on the interaction force between disloca-
tions and &', and also on fand ro.

For the pair of dislocations in the under-ag-
ed alloy shown in Fig. 1(b), the effective parti-
cle spacing for. the first dislocation can be ap-
proximated by the Friedel spacing!?
Li=QRTL?/tb)'"?, where L is the linear spacing
‘between the particles and T is the line tension
of dislocation. The fraction of dislocation line
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cutting the particles, A=2r,/L,, is given by""¥
A=2rs/Ll=(4y0frs/nT)l/2- (6)

The second dislocation in Fig. 1(b) is nearly
straight, because the applied stress acts in the
inverse direction to the repulsive force by the
first dislocation. Thus, the stress necessary to
cut through &’ in the under-aged alloy is given
as follows:

=T+ T+ Tac+ yo(A—1)/2b
+rA+1)/ 2r+ T (A+1)/2. ™

In the peak-aged alloy, the dislocation pairs
lie in the matrix almost touching &', as shown
in Fig. 1(c). In this case, the particle spacing
for both the dislocations, L, and L,, can be ap-
proximated by the Friedel spacing. The applied
stress for the dislocation pairs to move cutting
through the particles is

1=10+ T, +Tac+ YA /2b+yA/2r+1,A/2. (8)

If the curvature of the bowed out disloca-
tions is smaller than a critical value, the frac-
tion of the dislocation line cutting the par-
ticles, B=2r,/L,, is given by substituting /7,
for r, in eq. (6) as follows:

B=2r,/Li=(4f/n)'". ®)

Consequently the critical shear stress of the
alloy is given by

=170+ T+ Tag+ Yo B/2b+ B/ 2r+1,B/2. (10)
V. Dislocations By-passing 4’

In the over-aged alloys in which &' -particles
grow over a critical size, approximately 50 nm,
dislocations do not move in pairs anymore,
but they move as single dislocations by-passing
the particles. The particle spacing for the by-
passing dislocations can be taken as equal to
the square lattice spacing Lo. For Lo<2r;, the
following equation for the Orowan stress deriv-
ed by Kelly and Nicholson!'? can be applicable
taking into account Forman-Makin’s
statistical factor®, - '

1=170+0.85(Gnb/27Lo)® In (Lo/ 2.b)._ 1

For Lo>2r;, the following equation presented

by Ashby®" can be used.



234

1=170+0.85(Gnb/27Lo)® In (r./2b). . (12)

Y1. Evaluation of Models

As described in the previous -sections, a*

single model or a single theoretical equation
can not explain the strengthening mechanisms
in the whole range of aging stages of Al-Li
alloy. On the basis of the TEM observations of
the interactions of dislocations and é’, we can
apply eq. (5) to the very early stage of aging
shown in Fig. 1(a), and eq. (7) to the under-ag-
ed state shown in Fig. 1(b). To the peak-aged
state shown in Fig. 1(c), eqs. (8) and (10) can
be applicable, and to the over-aged state eqs.
(11) and (12).

The values of L;, L,, /, rsand rp in these equa-
tions can be easily determined on the basis of
the TEM observations. However, the measure-
ment of f by TEM was difficult especially in the
specimens aged to the intermediate stage
because of the combined effects of the irregular
shape and the overlapping of the images of 4’ .
The value of f was able to be obtained only for
the as-quenched state and for the over-aged
state where the J' particles were observed
separately in the micrographs. The measured
values of f for as-quenched and over-aged
states of Al-11.1 mol%Li alloy are 0.03 and
0.20, respectively. A good agreement is obtain-
ed between the measured value of 0.20 on the
fully aged specimen and the estimated value of
0.22 from the solubility limit in the reported
phase diagram™ of Al-Li alloy.

For the alloys containing precipitates
already in the as-quenched state, the volume
fraction f, being a function of aging time, can
be expressed as®

J=ful1—(14+B(t+1)) 1), (13)

where f..=0.22 is the final volume fraction and
B=2.2X10"*s"! and £,=2.52X 10*s are con-
stants. These constants, B and /, are determin-
ed by solving eq. (13) applying the conditions,
f=0.03 for t=0s and f=0.20 for t=6X10°s.
The solid line'in Fig. 3 indicates the calculated
. values from eq. (13), and the dotted line shows
. the measurements by Tamura et a/."" on an
> Al-9.5 mol%Li alloy with an X-ray method.
+:The value of f,.=0.22 used by Tamura ef a/.

L1
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Fig. 3 Volume fraction vs aging time curve of §'-
precipitate in the Al-11.1 mol%Li alloy aged at 473 K.
The dotted curve shows the experimental result of
Tamura ef al. for Al-9.5 mol%Li alloy.

for their alloy seems to be too large as com-
pared with f.=0.14 which is estimated from
the &’ solvus line of the equilibrium phase
diagram recently reported™. The similarity bet-
ween the two curves, however, suggests the
validity of eq. (13) for describing the kinetics
of precipitation in the Al-Li alloy. Therefore,
the values of f for the intermediate stage of ag-
ing are estimated using eqs. (13).

Comparison between the strength of the Al-
11.1 mol%Li alloy experimentally obtained
(thick solid curve) and that estimated from
eqs. (5), (7), (8), (10), (11) and (12) (thin solid
curves) is shown in Fig. 4. Contributions of gy,
&, AG, 7, Yo and g, are also included in the
figure where the Taylor factor of 2.5 is used. It
will be clear from Fig. 4 that the main contribu-
tions to the strength of the alloy come from the
energy of APB and the friction stresses in the
ordered particles and in the matrix. The con-
tributions from the misfit strain, difference in
the shear modulus and the energy of a new in-
terface created on the surface of &’ are insignifi-
cant. This is consistent with the observed mor-
phology of paired dislocations in the peak-ag-
ed alloy in which the dislocations tend to lie in
the matrix keeping out of J’. If only the APB
energy were predominant, the dislocation pairs
would partially lie in &', as proposed by
Gleiter and Hornbogen®,

For the over-aged state, the strength is well
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- to evaluate the yield stress.

explained by the equations based upon the
" Orowan by-passing model.
VII. Conclusion

Strengthening mechanisms in Al-Li alloys
were discussed on the basis of the direct obser-
vation of dislocations by TEM, and the follow-
ing conclusion was obtained.

The strength of the under-aged or peak-aged
Al-Li alloys can be explained in terms of a
model in which a pair of dislocations cut
through the precipitates. Main contributions
to the resistance to the moving dislocations
come from the APB energy and the friction
stresses of ¢’ -precipitates and of the matrix.
The effects of lattice mismatch and of the
difference in the shear modulus between ' and
the matrix are relatively insignificant.

In the over-aged alloys, dislocations by-pass
the particles leaving Orowan loops. The yield
strength of the over-aged alloys can be

Strengthening Mechanisms in Al-Li Alloys Containing Coherent Ordered Particles
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estimated by the Orowan by-pass model.

Acknowledgments

This work was supported partly by Grant-in
Aid for Scientific Research from. the Ministry
of Education, Science and Culture (58550473)
and Grant-in Aid from the Light Metal Educa-
tional Foundation, Inc.

REFERENCES

(1) H. Gleiter and E. Hornbogen: Phys. Status Solidi, 12
(1965), 235.

(2) H. Gleiter and E. Hornbogen: Phys. Status Solidi, 12
(1965), 251.

(3) R. K. Ham: Ordered Alloys, Structural Applications
and Physical Metallurgy, Claitors, Baton Rouge,
Louisana, (1970), p. 365.

(4) L. M. Brown and R. K. Ham: Strengthening Methods
in Crystals, Elsevier, Amsterdam, (1971), p. 9.

(5) M. Furukawa, Y. Miura and M. Nemoto: Trans.
JIM, 26 (1985), 9.

(6) T. Th M. De Hosson, A. Huis in’t Veld, H. Tamler
and O. Kanert: Acta Met., 32 (1984), 1205.

(7) R. Nozato and G. Nakai: Trans. JIM, 18 (1977), 679.

(8) V. Gerold and H. Harberkorn: Phys. Status Solidi, 16
(1966), 675.

(9) B. Noble and G. E. Thompson: Met. Sci. J., §

(1971), 114,

(10) D, B. Williams and J. W. Edington: Met. Sci. J., 9
(1975), 529.

(11) M. Tamura, T. Mori and T. Nakamura: J. Japan In-
st. Metals, 34 (1970), 919 (in Japanese).

(12) S. F. Baumann and D. B. Williams: Aluminum-
Lithium Alloys II, Ed. by E. A. Starke, Jr. and T. H.
Sanders, Jr., Met. Soc. AIME, (1984), p. 17.

(13) B. Noble, S. J. Harris and K. Dinsdale: J. Mat. Sci.,
17 (1982), 461.

(14) R. W. Weeks, S. R. Pati, M. F. Ashby and P. Bar-
rand: Acta Met., 17 (1969), 1403.

(15) P. A. Flinn: Trans. Met. Soc. AIME, 218 (1960), 145.

(16) L. P. Costas and R. P. Marshall: Trans. Met. Soc.
AIME, 224 (1962), 970.

(17) 1. Friedel: Dislocations, Pergamon Press, Oxford,
(1964), p. 371.

(18) N. S. Stoloff: The Superalloys, Ed. C. T. Sims and
W. C. Hagel, John Wiley and Sons, New York,
(1972), p. 79.

(19) A. Kelly and P. B. Nicholson: Precipitation Harden-
ing, Prog. Mat. Soc. 10, No. 3, (1968), p. 151.

(20) A. ). E. Foreman and M. 1. Makin: Phil. Mag., 14
(1966), 911.

(21) M. F. Ashby: Physics of Strength and Plasticity, Ed.

. -by A. S. Argon, Cambridge Mass., (1966), p. 113.

(22) D. Turnbull: Solid State Physics, 3 (1956), 226.




Transactions of the Japan Institute of Metals, Vol. 26, No. 6 (1985), pp. 414 to 422

The Effect of Temperature on the Yield Stress of Al-Li Alloy*

By Minoru Furukawa**, Yasuhiro Miura*** and:Minoru Nemoto***

Yield stress of aged Al-11.1 mol%Li alloy was measured at temperatures between 77 and 523 K, and
the deformation induced dislocation structure was examined by transmission electron microscopy.
Strength and dislocation arrangements depend largely both on the aging condition and on the testing
temperature. The peak positions in strength vs aging time curves shift to the side of shorter aging time
with increasing testing temperature. The mode of interaction between dislocations and &' -precipitates also
varies with the testing temperature. For the specimens aged nearly to the peak strength, the positive
temperature dependence of yield stress is observed in the temperature range in which dislocations move
in pairs cutting the J' -precipitates. In the over-aged specimens, dislocations by-pass the precipitates leav-
ing dislocation loops around the precipitates at the beginning of plastic deformation. The shift of peak
positions in the aging curves and the variation of the.interaction modes between dislocations and
precipitates with testing temperature are explained in terms of the positive temperature dependence of
cutting stress and the negative temperature dependence of by-passing stress.

(Received February 9, 1985)

Keywords: aluminum-lithium alloy, ordered precipitates, precipitation hardening, mechanical
properties, temperature dependence, super-dislocations, transmission electron micros-

copy, Orowan mechanism

I. Introduction

Precipitation in Al-Li alloys proceeds in
two-stages; super-saturated solid solution
—¢' (ALLi)—S(AILI)*®, The Al-Li alloys ap-
preciably harden by precipitation of ' -phase
which is a quasi-equilibrium phase of Ll
ordered structure and is perfectly coherent
with the matrix crystal. The d-phase is a coarse
equilibrium phase of B32-type (NaTI) struc-
ture. The alloys containing fine precipitation
of ¢&'-phase are especially attractive for
aerospace applications, because.they offer in-
teresting combination of high specific strength
and high specific modulus®, Therefore, much
work®-1? has been carried out on the room
temperature mechanical properties of the
alloys. The present authors have investigated
the behaviour of deformation induced disloca-
tions at room temperature by transmission elec-
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- Japan Ihst. Metals, 48 (1984), 1068. ’

Faculty of Bducation, Fukuoka Umversnty of Educa-
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tron microscopy and have discussed the
strengthening and deformation mechanisms of
an Al-11.1 mol%Li alloy!®-(?,

Recently attention has been paid to the
elevated temperature deformation behavior of
Al-Li alloys to determine the suitability of the
alloys for intermediate-temperature applica-
tions"¥9_ 1t is well known that the strength of
the LI, ordered phase often increases with in-
creasing temperature to a peak value at an
elevated temperature!™¢7, This behavior is
believed to be the main origin of the superior
high temperature strength of various yp/y’
nickel base superalloys. The §’'-~L); ordered
phase in the Al-Li alloys is expected to show
similar contribution at elevated temperatures.

Although exceptional high temperature
strength or apparent positive temperature
dependence of the yield strength of binary Al-
Li*» and ternary Al-Li-Mg®"?, Al-Li-Co"¥
and Al-Li-Zr" alloys have not been found
over the temperature range 293-573 K, it has
been reported that the modulus normalized
yield stresses of Al-Li and Al-Li-Co alloys in-
crease with increasing temperature up to 423 K
and then decrease. Tamura ef al."® have found
that the yield strength of Al-9.5 mol%Li



.v,‘phenomenon taking account of the positive
ff.,_l temperature dependence of the strength of LI,
il ordered phase.

- The purpose of the present work is to in-
I~ vestigate the temperature dependence of the
i strength of binary Al-Li alloy having various
4 microstructures more systematically over a
. wider temperature range and to correlate these
|’ mechanical properties with the behavior of
- deformatlon induced dislocations.

II. Experimental Procedure

g~ )

An Al-11.1 mol%Li alloy was prepared by

% melting 99.99% Al and 99.8% Li in an Ar at-
mosphere The alloy contained 0.0032 mol%
¥ Fe, 0.026 mol% Si and 0.0046 mol% Mg. The
-~ as-cast ingot was hot and cold rolled to a 3mm

" thick strip and cut to 3X3X4.7mm’. The
 specimens were solution treated at 823 K for
#1.08X 10*s in glass capsules filled with Ar and

i “'then quenched into iced water. The average
. ‘grain size of the solution treated specimens was

¢ approxlmately 180 um. The specimens aged at
"423 K-523 K were compresswely tested at
temperatures between 77 K and 523 K with an
Instron-type machine. A compressive strain of

" 4% was given to the specimens at a normal
strain rate of 3.5X107*s™!. The compressive
tests at 77 K and 213 K were performed in lig-
uid nitrogen and in methyl alcohol containing
dry ice, respectively. The compressive tests at
temperatures above room temperature were
performed in a silicon oil bath and the tested
specimens were immediately cooled into water.
The necessary time for testing was about 400 s.
“Slices 0.3 mm thick were taken from the
deformed specimens by using a fine cutting
machine, and thin foils for transmission elec-
tron microscopy were prepared using a simple
‘twin-jet electropolishing apparatus"®. The
-composition of the electrolyte was 20% HCIO,
and 80% C,H;OH. Microstructures and
dislocation configurations were investigated by
dark field transmission microscopy using a
JEM-1000 high voltage electron microscope.
Young’s moduli of the alloy at various aging
states were measured at temperatures from
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290K to 443K by the resonant frequency
method using plate specimens (2 mmX10
mm X 80 mm).

. Expeﬁmental Results and Discussion

1. Temperature dependence of yield stress

Figure 1(a) to (c) show the variation of 0.2%
proof stress (go.) of the Al-11.1 mol%Li alloy
aged at 423 K, 473 X and 523 K, respectively,
as a function of aging time and testing
temperature. It should be noted that the values
of yield stress of specimens unaged or aged for
short periods and tested at high temperatures
are strongly affected by aging during testing. A
remarkable increase of strength of the alloy ag-
ed at 423 K for short periods shown in Fig. 1(a)
is due apparently to the age hardening during
testing. In the following discusion we will main-
ly deal with the behavior of the alloy at testing
temperatures below the aging temperature and
at aging times longer than 400 s within which
aging during testing is negligibly small.

From Fig. 1, it is clear that the configura-
tions of the age hardening curves, cross sec-
tions cut by planes parallel to the time axis and
parpendicular to the temperature axis, are
strongly dependent on the testing temperature.
The aging time necessary to attain the max-
imum strength is shortened with increasing
testing temperature. For example, the strength -
of the alloy aged at 473 K attains its maximum
value by aging for about 6X 10° s when tested
at 77K, as shown in Fig. 1(b). On the other
hand, the alloy attains a maximum strength by
aging for about 6 X 10* s when tested at 473 K.
Cross sections cut by planes perpendicular to
the time axis and paralle] to the temperature
axis of Fig. 1 clearly show that the alloy aged
nearly to the peak strength have a positive
temperature dependence of strength up to
about 450 K. The yield stress of the alloy aged
at 473 K for 1.8 X 10° s increases from 260 MPa
at 77K to 290 MPa at 423 K with increasing
testing temperature. On the other hand, the
yield stress of the over-aged alloy decreases
monotonically with increasing testing tem-
perature, as $hown in Fig. 1(c).

Figure 2 shows the temperature dependence
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temperature diagram of Al-11.1 moi%Li alloy aged at
(a) 423 K, (b) 473 K and (c) 523 K, respectively.
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Fig. 2 Temperature dependence of modulus normalized
0.2% proof stress (solid lines) of Al-11.1 mol%Li alloy
aged at 473 K for 1.8 10° s (peak-aged) and 1.2X10°s
(over-aged). Dotted lines indicate unnormalized 0.2%
proof stress.

of the modulus-normalized yield stress of the
alloy aged at 473 K for 1.8 X 10° s (peak-aged)
and at 473 K for 1.2 10°s (over-aged) in con-
junction with the unnormalized yield stress. It
is quite clear that the temperature dependence
of the yield stress strongly depends on the
microstructure, then-the mode of the interac-
tion between dislocations and precipitates. In
the peak-aged condition, in which the disloca-
tions cut through the ¢'-particles during
plastic deformation®(?, the modulus-nor-
malized yield stress significantly increases with
increasing temperature from 77 K up to 423 K
and then decreases. In the over-aged state, in
which the dislocations by-pass the &’ -particles
at the beginning of plastic deformation!'®-(?,
the modulus-normalized yield stress decreases
monotonically with increasing testing temper-
ature. At testing temperatures above 473 K,
the yield stress decreases abruptly with in-
creasing testing temperature. Figure 3(a), (b)
and (c) show stress-strain curves obtained by
temperature change tests for the alloy as
quenched, peak-aged or over-aged, respective-
ly. The specimens were first deformed to a
strain of about 0.3% in compression at 423 K,
then rapidly cooled to room temperature and
again compressively tested at room temper-
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ature. It is clear that the flow stress decreases
with decreasing testing temperature in the
peak-aged state but the situation is opposite in
the over-aged state.

2. Configurations of deformation induced
dislocations '

It is difficult to observe both §' and deforma-
tion induced dislocations in the same imaging
¢ condition. This is due to the fact that the
- difference in electron scattering efficiency be-
. tween the matrix and &' is small and the strain
' field around &' is extremely small correspond-

ing to the small lattice mismatch between the

matrix and ¢’ . Therefore, 6’ was observedina
strong beam dark field image using a superlat-
tice reflection, and the dislocations were observ-

ed in a weak beam dark field image using a

matrix reflection. Figure 4(a), (b) and (c) show
- the ¢'-particles observed using a 100 Ll
- ordered spot in the as quenched state, after ag-

ing at 473 K for 1.8X 10°s (peak strength at
- room temperature) and at 473 K for 1.2X 10%s
. (over-aged), respectively. Figure 4(a) shows

that the quenched alloy contains a uniform
_ dispersion of fine (~4 nm dia.) J'-particles.
+ The &' -particles are of irregular shape in the as
“.quenched state and tend to spheroidize as the
-, aging proceeds.
v Figure 5(a), (b), (c) and (d) show 200 weak
j-beam dark field images of as quenched alloy
--deformed 4% in compression at 77 K (a), 290

The Effect of Temperature‘on the Yield Stress of Al-Li Alloy

Fig. 4
(a) As quenched, (b) aged at 473 K for 1.8 X 10° 5 (peak-
aged) and (c) aged at 473 K for 1.2X 10° s (over-aged).

100 dark field images of Al-11.1 mol%Li alloy.

K (b), 443 K (c) and 473 K (d), respectively. It
is clear from the micrograph that the deforma-
tion induced dislocations move in pairs (as
superdislocations) when the alloy is deformed
at temperatures below 443 K. They are rather
straight and smooth at deformation tem-
peratures below 290 K but become wavy, and
the separation between two dislocations con-
stituting the superdislocation increases with in-
creasing testing temperature. When the alloy is
deformed at 473 K, dislocations move as wavy
single dislocations. Since the time necessary
for the compression test is not longer than
400s and the dislocations observed in the
alloy deformed at 290 K after aging at 473K
for 600s are always superdislocations, these
morphology changes are not considered to be
caused only by the aging during the compres-
sion test. This means that the behavior of
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f b

Fig. 5 200 dark field images of Al-11.1 mol%Li alloy
quenched from 823 K and deformed 4% in compression
at 77K (a), 290K (b), 443 K (c) and 473 X (d).

dislocations changes with increasing temper-
ature. _

Figulre 6(a), (b), (c) and (d) show dark field
images of dislocations in the alloy aged at 473
K for 1.8X10°s (aged to peak strength
measured at room temperature) and then
deformed 4% in compression at 77 K (a), 290
K (b), 423K (c) and 523 K (d), respectively.
Dislocations move in pairs, when the alloy is
deformed at temperatures below 290 K. They

N,
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Fig. 6 200 dark field images of Al-11.1 mol%Li alloy ag-
ed at 473 K for 1.8 X 10’ s and deformed 4% in compres-
sion at 77K (a), 290K (b), 423 K (c) and 523 K (d).

are wavier than those shown in Fig. 5. The
wave length of the bowed-out dislocations is
nearly equal to the §' -particle spacing. Almost
all dislocations move as single dislocations at
temperatures above 423 K..Furthermore, many
dislocation loops are observed in Fig. 6(c) and
(d). By the comparison between the 200 dark
field image and 100 dark field image of the
same area,'" these dislocation loops were
known to lie surrounding the &' -particles. This
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Fig. 7 200 dark field images of Al-11.1 mol%Li alloy ag-
ed at 473 K for 1.2X 10® s and deformed 4% in compres-
sion at 77K (a), 290 K (b), 423 K (c) and 523 K (d).

means that dislocations by-pass the particles

. leaving the Orowan dislocation loops around
them.

Figure 7(a), (b), (c) and (d) show 200 dark

",jj'f field images of the over-aged alloy (aged at 473

;. Kfor1.2X 10% s) deformed 4% in compression

at 77K (a), 290 K (b), 423 K (c) and 523 K (d),

respectively. The deformation induced disloca-

.- tions in the over-aged alloy are single over the

" temperature range from 77 K to 523 K. They
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bow out between the spherical J'-particles.

Many dislocation loops are also observed. This
result indicates that dislocations by-pass the
particles by the Orowan mechanism at all
temperatures investigated. Figure 7 shows also
that the density of the dislocation loops:
decreases and the average diameter of them
increases with increasing deformation tem-
perature. This suggests that the dislocations
by-pass the spherical particles by local
climb®-® when the dislocations come into con-
tact with the particles near the edge of them,
or that small dislocation loops disappear as
a result of shrinkage at elevated tem-
peratures. In the . alloy deformed at 77K,
stacking fault contrasts are observed in some
of the J'-precipitates (Fig. 7a). Detailed ex-
amination of the mechanism of the formation
of stacking fault contrasts will be published
elsewhere. Reference should be made to the
previous papers®-92 for the detailed behavior
of dislocations in the Al-Li alloys at room
temperature.

Figure 8 shows 200 dark field images of the
alloy aged at 473 K for 6 X 10° s and deformed

Fig. 8 200 dark field images of Al-11.1 mol%Li alloy ag-
ed at 473K for 6 10° s and deformed 4% in compres-
sion at 77K (a) and 290 X (b).
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" 4% in compression at 77 K (a) and 290 K (b).
.- Paired dislocations are observed in (a) but
i single dislocations and dislocation loops in (b).
i This result indicates that the mode of interac-
. tion between dislocations and &’ -precipitates
* * ‘varies from cutting to by-passing with increas-
" ing testing temperature. As known from Fig.
£ 1(b), the alloy shows almost peak strength by
" . aging at 473 K for 6 X 10° s when deformed at
77K, but attains some over-aged strength
when tested at 290 K.

It has been said that the source of
characteristic poor ductility of Al-Li alloys is
attributted to strain localization when J'-
precipitates are sheared by superlattice disloca-
tions®®, In the full-aged Al-Li single crystal,
sheared J'-precipitates have actually been
observed after deformation®, However, in
the present experiment, dislocations were
almost always distributed uniformly in the
alloy at any aging condition, and pile ups of
dislocations or sheared &' -particles have not
been observed at any temperature ranging
from 77K to 523 K.
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3. Temperature variation of deformation
mechanisms

From the preceding sections, it has been
known that the peak positions in strength vs ag-
ing time curves shift to the side of shorter ag-
ing time with increasing testing temperature. It
follows that an alloy having the peak strength
at a lower testing temperature is in an over-ag-
ed state at a higher testing temperature. The
configurations of dislocations observed by
TEM have shown that the dislocations move in
pairs cutting the &' -precipitates in the alloy ag-
ed before the peak position of the aging curves
at any testing temperature. On the other hand,
after the peak positions of the curves, disloca-
tions by-pass the precipitates by the Orowan
by-passing mechanism at any testing tem-
perature.

Figure 9 represents the projection of the
peak points of the aging curves shown in Fig.
1(b) and the regions indicating the morphology
of deformation induced dislocations. As seen
in Fig. 9, the boundary between the region
governed by the cutting mechanism and that
by the Orowan.by-passing mechanism coin-
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Fig. 9 Projection of the points of peak strength of the ag-

ing curves shown in Fig. 1(b) and the regions indicating
the morphology of deformation induced dislocations.

10°

cides well with the curve of the projected peak
positions. The variation of deformation mech-
anism with the testing temperature is con-
sidered to be closely related to the temperature
dependence of cutting stress and of by-passing
stress. Figure 10 schematically represents the
dependence of the by-passing stress and of the
cutting stress on the aging time and testing
temperature, Each stress is represented by a
curved surface in Fig. 10. The by-passing stress
decreases with increasing aging time, since it is

Yield Stress

dislocation

?ig. 10 Schematic representation of the variation of in-
teraction mechanisms between &' -precipitates and
dislocations with aging and testing temperature.



“itemperature. On the other hand, the cutting
ress increases with increasing aging time,
ince it increases with increasing volume frac-
ion and size of &'-particles’®(?, and in-
reases with increasing testing temperature up
o some critical temperature as suggested by
ig. 2. The positive temperature dependence of
_ ‘the cutting stress is possibly explained by the in-
i “.crease of the resistance to the motion of super-
h dislocations in the Ll, ordered &'-particles.
# For the L1, ordered phase, the resistance to the
Hf motion of dislocations has been successfully ex-
i-plained by the model based on the Kear-
- Wilsdorf locking®”.
... Two surfaces showing the by-passing stress
. and the cutting stress intersect, as shown in
. 'Fig. 10. The deformation mechanism of the
. alloy must be determined by the surfaces lying
" below. It is evident that the intersection line
" shifts to the side of shorter aging time with in-
' creasing testing temperature, as shown by the
projection onto the bottom of the diagram.
The experimental results ‘shown in Fig. 9 agree
. qualitatively well with the behavior shown in
- Fig. 10 except the high temperature region in
which dislocations tend to move as single
dislocations at any aging stage. When a leading
" dislocation of pair cuts through a J' -particle,
“disorder is created along the slip plane in the
particle. The movement of second dislocation
is facilitated because it restores the order. The
energy of the antiphase boundary and the
repulsive force between two dislocations are
‘main causes which determine the separation
distance of the pair.
~ There are several possibilities to suppress the
" movement of superdislocations and to increase
'the separation distance of the paired disloca-
- tions at high temperatures. These are (a)
' decrease of anti-phase boundary energy with in-
"creasing temperature, (b) restoration of order
“after the movement of the first dislocation by
diffusion, and (c) climbing of dislocdtions out
- of their slip plane by diffusion. Although it
is difficult to determine the controlling
;mechanism to enhance the movement of single
dislocations in the Al-Li alloy from the present
‘experimental only, the observations suggest
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that the climbing and cross slip of dislocations
out of their slip planes must play important
roles during plastic deformation at elevated
temperatures.

IV. Conclusion

(1) The temperature dependence of yield
stress and of dislocation morphology of Al-
11.1 mol%Li alloy largely depends on the ag-
ing condition. For the alloy aged nearly to
its peak strength, the positive temperature
dependence of yield stress is observed in the
temperature range in which dislocations move
in pairs cutting &' -precipitates.

(2) In the over-aged alloy, dislocations by-
pass the precipitates leaving dislocation loops
around them by the Orowan by-passing
mechanism. The yield stress decreases
monotonically with increasing deformation
temperature.

(3) The separation distance between two
dislocations constituting a superdislocation
increases with increasing deformation tem-
perature, and finally dislocations move as
single ones.

(4) The peak positions in strength vs aging
time curves shift to the side of shorter aging
time with increasing testing temperature.
These peak positions correspond to the critical
points at which the operating mechanism
changes from cutting to by-passing.

(5) The shift of peak positions in the aging
curves can be explained in terms of the positive
temperature dependence of cutting stress and
the negative temperature dependence of by-
passing stress.
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THE TEMPERATURE AND ORIENTATION DEPENDENCE OF THE YIELD STRESS
OF AL-LI SINGLE CRYSTALS
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* Graduate School, Kyushu University. .
** Dept.s of Tech., Faculty of Education, Fukuoka University of Education.
*** Dept, of Metallurgy, Paculty of Engineering, Kyushu University. '

I.Introduction. _ . .
Much attention has been paid on the development and application of aluminum
alloys containing 2-3mass3Li(l). Mass savings in aircraft frames by the use of

_ the alloys make them attractive to the aluminum and aerospace industries. So

far, many basic researches have been made to understand the anomalous mechanical
behavior of single crystals with L1, structure, such as Ni_Al(2), Ni_Ga(3),

Pt_Al(4), etc. Our principal interest is to relate those previous resiults to
the case of an age-hardenable Al-Li single crystals which contain Ll1_-Al_Li
precipitates. In this paper, experimental results are reported on the depén-

dence of the yield stress of the Al-Li single crystals upon test temperature and
crystallographic orientation. :

II. Experimental procedures.
Aluminum-lithium alloys with 3-3.5mass$Li were prepared by induction

melting 99.99mass%Al and 99.Bmass%Li under an argon atmosphere, The as-cast
ingots wgre rolled to_sheets, from which rods of rechtangular cross section
(3x3x80mm™~ or 5x5x100mm~) were cut out. Single crystals were grown by the

modified Bridgman method in an argon atmosphere with an alumina powder mold.

The single crystal rods thus grown were ssaled in glass capsules filled with
argon and homogenized at 823K for 1.08x10 s, followed by quenching into iced
water. The crystals were.again sealed in glass capsules with arggn and aged gt
473K to the different aging stages, ,Compressive specimems(2x2x3mm~ or 3x3x5mm~)
of different orientation were cut out and they were deformed to 3 per cent
strain in compression at 293-473K. The lithium content of the specimens was
around 2mass%. Analysis of slip traces was made on the basis of the observation
by an optical microscope, and microstructures(dislocations and precipitates)
were examined with a JEM~1000D and/or a JEM-200CXS electron microscopes.

III. Results, )

Marked serrations appeared in the load-elongation curves for the underaged
crystals. This is consistent with the observed coarse slip caused by the
particle-shearing of super-dislocations (Photo.l).

Figure 1 shows temperature dependense of CRSS on the primary octahedral
slip of an underaged crystal(aged for 6x10 s). The orientation of the compres-
gion axis is shown in the standard stereographic triangle. The CRSS does not
change largely up to 423K, but increased by some 20% at 473K, showing a strong
positive temperature dependence. In the case of Al-Li alloys, the increase in
strength with increasing temperature has been reported for polycrystals(5) and
also for single crystals(6), although comprehensive study has not been made.

Orientation dependence of the yield stress is shown in Fig 2, where CRSS of
the octahedral slip is plotted as a function of the Schmid factor ratio, N, for
cube cross slip. The underaged crystal(aged for 6x107s) ghows a higher positive
dependence on N than the overaged crystal{aged for 6x107s), in which moving
dislocations bypass the L1l_ precipitates.

These results are Treasonably understood in terms of Kear-Wilsdorf's
mechanism(7), where CRSS of octahedral slip on Ll1_ structure is largely depen-
dent on the tendency for cube cross slip to minimiZe APB energy. This tendency
is determined by the factors, N and Q(the Schmid factor ratio for constriction
of Shockley partials). As N increases, in going from <001> to <011>, the Schmid



factor for the cube slip increases and, in compression, constriction of Shockley
partials is more favored on £011) than on <001). Thus CRSS of octahedral slip
for the {Oll>orientation is expected to be larger than that for the <001
orientation., The present experimental results are consistent with the argument
ahove. ’
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Fig.l. Temperature dependence of
CRSS on the primary octahegral
slip plane, (aged for 6x10 's) Fig.2. CRSS on the octahedral
' slip plane as a function of
Schmid factor ratio, N.

Photo.l. (110) dark field image
showing Al_Li particles sheared
by super-dislocgations.

(aged for 6x10 s and deformed
3% in compression at rcom tem-
perature)
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f The Strain Rate Dependence of Yield Stress of an ‘Al-Li Alloy Containing
8'-L1, Ordered Particles

Minoru Furukawa*, Yasuhiro Miura** and Minoru Nemoto**

The effect of strain rate on the yield stress of an Al-11.1 mol%Li alloy containing 3’-precipitates
has been investigated at temperatures between 77 and 523K and over the strain rate range from
1.77x10°4s-1 to 1.77x10"2s-1, At testing temperatures below 373 K, the yield stress is almost
independent of strain rate at any aging stage. At testing temperatures above 373 K, the yield stress
increases linearly with the logarithm of strain rate, and the strain rate dependence increases with
increasing testing temperature. The yield stresses of under-aged alloy at temperatures between
373 and 473 K at high strain rates are greater than the yield stress at 77 K. For the alloy under-
aged or aged nearly to its peak strength, the temperature range within which the positive tempera-
ture dependence of yield stress appears expands to the higher temperature side with increasing strain
rate. The strain rate dependence of the yield stress is slightly negative at this aging stage. Within
this temperature range, dislocations move in pairs cutting the §'-L1, ordered particles. The yield
stress of the over-aged alloy decreases monotonically with decreasing strain rate and with increas-
ing testing temperature above 373 K. The modulus normalized yield stress is nearly constant at
testing temperatures below 373 K at any strain rate investigated. In the over-aged alloy, disloca-
tions by-pass the precipitates at any temperature and strain rate.

(Received March 16, 1985) -

Keywords : aluminum-lithium alloy, ordered precipitate, precipitation hardening, mechanical
property, temperature dependence, strain-rate dependence, super-disiocation, transmission

electron microscopy
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Fig.6 (200) dark field
alloy aged at 473 K for 6 x10°s and deformed 4%
in compression at 77 K (a) at a normal strain rate

of 1.77x10"¢s™! and (b) at a normal strain rate of
1.77x10"2s"1,

Fig.5 (200) dark field images of Al-11.1 mol%Li
alloy aged at 473K for 6x10*s and deformed 4%
in compression at 423 K (a)at a normal strain rate
of 1.77x10-4s~1 and (b) at a normal strain rate of
1.77x 1072871,
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Lithium Loss during Heat Treatment of an Al-Li Alloy

Hiroshi Ueda*, Akihiko Matsui*, Minoru Furukawa**,
Yasuhiro Miura*** and Minoru Nemoto***

Measurements were made of lithium loss in an Al-3.12 mass%Li alloy during the solution
treatment at high temperatures under varied atmospheres. The microstructure and the hardness
distribution in the surface layer of the alloy were highly sensitive to the temperature, the period
and the atmosphere of solution treatment. A considerable amount of lithium was lost in the layer
within 0.3 mm from the surface during the solution treatment in this study. Lithium loss during
the solution treatment at 823 K for 3.6-36 ks was minimized by Ar gas sealing. The activation
energy of diffusion of lithium in aluminum was estimated at 130 kJ/mol from the analysis of the
hardness distribution curves. The process of lithium loss during the solution treatment in dynamic
vacuum is considered to be controlled by the diffusion of lithium atoms toward the surface from
the inside of the crystal.

(Received October 17, 1984)

Keywords : aluminum-lithium alloy, lithium loss, heal lreatment, diffusion of lithium,

brecipitation hardening, ordered precipitates
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Table 2 Lithium contents of specimens solution
treated in different atmospheres. (mass%)

. Li content
Atmosphere S;;c;,::;gxeen
' : 1=10.8ks t=36 ks
Vacuum block 2.66 2.46
sealed plate 1.84 0.10
Ar gas block 3.13 3.07
sealed plate 3.03 2.73
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Fig.2 Vickers hardness as a function of solution treatment time. (a) block and (b) plate.
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(100) dark field images showing &'-precipi
tates. Specimens were vacuum sealed, solution
treated at 823 K for 10.8ks and aged at 473K for
60ks. (a) block and (b) plate.
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Fig:4 (100) dark field images showing &'-precipi-
tates. Specimens were Ar gas sealed, solution
treated at 823 K for 10.8ks and aged at 473K for
60ks. (a) block and (b} plate.
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Fig.5 Variation of Vickers hardness with the distance from the surface.
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Specimens were

solution treated at 823 K for 10.8 ks, iced water quenched and aged at 473 K for 60 ks.
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field images showing &'-precipi-
tates. Specimens were solution treated in dynamic
vacuum at 823 K for 10.8 ks and aged at 473K for
(a) surface layer and (b) internal area.

60 ks.

e IO TR T PN -,
Fig.7 (100) dark field images showing &'-precipi-
tates. Specimens were Ar gas sealed, solution
treated at 823 K for 10.8ks and aged at 473K for
60 ks. (a) surface layer and (b) internal area.

Li concentration, ci/ce
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Fig.8 Calculated lithium concentration as a func-
tion of the distance (z/h) from the surface.

(a) plate and (b) block.
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Fig.9 Variation of Vickers hardness with the distance from the surface.
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Specimens were solution

treated in dynamic vacuum at 823 K (a) ,853 K(b) or 883 K(c) for 3.6ks, 10.8ks or 36 ks and aged

at 473 K for 60 ks.
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Temperature Dependence of Young’s Modulus of Al-Li Alloy

Minoru FURUKAWA, Makoto NAKAMURA, Yasuhiro
MIURA and Minoru NEMOTO

(Technology Reports of the Kyushu University Vol. 58, No. 5, October 1985)

Young’s modulus of aged Al-11.1 mol%; Li alloy was measured at temperatures between 290 and
423 K by a resonant frequency method. Addition of 11.1 mol% lithium to pure aluminum increases
the modulus by 179 at room temperature. The modulus of the Al-Li alloy varies with aging time, indi-
cating the dependence on the volume fraction, size and spacing of the 8 -particles, and decreases by 7%,
with increasing temperature from 290 to 423 K. The temperature dependence of the modulus jis nearly

equal to those of pure aluminum and commercial aluminum alloys.
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