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DISLOCATION DYNAMICS IN Al-Li ALLOYS.
MEAN JUMP DISTANCE AND ACTIVATION LENGTH
OF MOVING DISLOCATIONS

J. Th M. De HOSSON, A. HUIS in't VELD

Department of Applied Physics, Materials Science Centre, University of Groningen, Nijenborgh 18,
9747 AG Groningen, The N tands

and
H TAMLER, 0. KANERT
Institute of Physics, University of Dortmund, 46 Dortmund 50, FR.G.

(Received 19 January 1984)

Abstract—Pulsed nuclear magnetic resonance proved 16 be a complementary new technique for the study
of moving dislocations in Al-Li alloys. The NMR technique. in combination with transmission ¢lectron
microscopy and strain-rate change experiments have beer applied to study dislocation motion in
Al-2.2 wit?, Li alloys, aged at 215°C (1 h) and 245°C (115 h). These heat treatments were chosen in order
1o obtain considerable differences in particle sizes which influence the mechanical properties. From the
motion-induced part of the spin lattice relaxation rate, T5,' of Al the mean jump distance of mobile
dislocations has been measured as a function of strain. Tranimission electron Microscopic observations
of the mean planar dismeter of & precipitates, together with the NMR data, predicted the increase in
yield stress of these alloys compared to ultrapure Al in agreement with experiments. In alloys aged 1 h
at 215°C the precipitates are believeC to be shearable. After aging 115h at 245°C NMR and TEM
observations indicated that the particks were not sheared. It was found that the activation length,
obtained fro_m mednmcal strtin-_rate change experiments have different values compared o the values

in Al-Li containing nonshearable precipitates than in Al-Li containing shearable precipitates.

Résami—La résonance magnétique pmclénire pulste est une nouvelle technique complémentaire pour
I"étude des dislocations en déplacement dans des alliages Al-Li. Nous avons utilisé la RMN, ainsi que
la microscopie électronique en transmission et des expériences de changement de la vitesse de déformation
pour Etudier le déplacement des dislocations dans des allizges Al-2,2; Li {en poids) vicillis 4 215°C (lh)
et & 245°C {115h).~ Nous avons choisi ces traitements thermiques afin d'obtenir des différences
considérables dans les taifles de particules, qui influencent les propriétés mécaniques. Nous avons mesuré
la distance de saut moyenne pour les dislocations mobiles en fonction de la déformation & partir de la
partie de la vitesse de relaxation spin-réseau de DAl induize par ke mouvement T.'. Des observations du
diamétre planaire moyen des précipités §° par microscopie electronique en transmission, associées aux
risultats de la RMN, ont permis de prévoir 'accroissement de I limite tlastique de ces alliages par rapport
d I'aluminium ultrapur, en accord avec les expériemces. Dans les alliages vieillis [ h i 215°C, nous pensons
Que Jes précipités peuvent dtre cisailits. Aprés vieillissement de 115 h & 245°C, In RMN et Ia MET ont
montré que les particules n'étaient pas cisaillées les valeurs de 2 longueur d'activation, obienues & partir
des expériences de changement de la vitesse de déformaticn mecanique, étaient différentes des valeurs de
la distance de saut moyenne déterminées par RMN. Nous proposans des explicstions pour cette différence
entre jes valeurs de la distance de saut moyenne et la longueur d'activation. Néanmoins, il existe une
cohérence interne: la distance de saut moyenne ¢t la longueur d'activation diminuent avec le durcissement
Plus rapidement dans Al-Li contenan: des précipi%s non cisaillables gue dans Al-Li contenant des
précipités cisaillables.

Zusammen ulste Kemnspin-esonanz hat sich als eine neuc erginzende MeBmethode zur
Untersuchung der Versetzungsbewegung in Al-Li erwizsen. Sie wurde zusammen mit des Durch-
strahlungselektronenmikroskopie und mit Geschwindigkeitswechseln auf die Versetzungsbewegung in
Al-2,2 Gew.-%; Li, die bei 215°C fiir 1 h oder bei 245°C fiir 115h ausgelagent worden waren, angewendet.
Mit diesen Wirmebehandiungen wurden betrichtliche Unterschiede in den das mechanische Verhalten
beeinflussende TeilchengrdBen erhalten. Aus dem bewegungsinduzierten Teil der Spingitterrelaxationsrate
T, des VAl wurde die mittlere Sprungweite der beweglichen Versetzungen in Abhiingigkeit von der
Dehnung gemessen. Durchslrahlungse!ekt.ronenmikroskopiscte Beobachtungen der mittleren ebenen
Durchmesser der §-Ausscheidungen ergaben zusammen mit den Kernspinresonanzmessungen eine
erhdhte FlieBspannung dieser Legierungen im Vergleich zu ultrareinem Al, in Gbereinstimmung mit den
Experimenten. In den Legierungen mit einstiindiger Aoslagerung bei 215°C sind die Ausscheidungen wohl
-scherbar. Eiektronenmikroskopie und Kernspinresonanz zeigen. daf sie nach Auslagerung bei 245°C fiir
115 b nicht geschert werden. Dic Aktivierungslingen, die aus der mechanischen Geschwindigkeitswechsel-
versuchen erhalten wurdea, unterscheiden sich von den Spranglingen aus der Kernspinresonanz. Griinde
fiar diesen Unterschied werden angefiihrt, Nichtsdesioweniger gibt es eine innere Vertriglichkeit: sowoh)
mittlere Sprungweite als auch Aktivierungslinge mehmen mwit der Verfestigung rascher in Al-Li-
Legierungen mit nicht-scherbaren Ausscheidungen ab als in Legierungen mit scherbaren Ausscheidungen.
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L INTRODLCTION

Aluminium-tithium based. alloys offer considerable
promise for structural applications, especially in
acrospace industry }1), sinde they possess the poten-
tal for high strengih in combination with a lower
density and a higher madulus of elasticity than
conventional aluminium alloys. The strengthening
mechanism of Al-Li alloys is due to the formation of
coherent & precipitates [2] (ordered L1, phase Al,Li).
To understand the strengthening mechanism we have
investigated the way in which moving dislocations
interact with precipitate particles of the coherent
phase &°. In this paper, a nuclear magnetic resonance
study of the mechanism of dislocation motion in
Al-2.2 wt®, Li is reported. The in xitu nuclear spin
relaxation measurements provide information about
the effective mean jump distance of mobile dis-
locations. In addition, the activation length of mobile
dislocations has been obiained from strain-rate
change experiments on Al-2.2 w17, Li. Both the mean
Jjump distance and the activation length were related
1o the staric transmission electron microscopic obser-
vations of the instantaneous configuration of dis-
locations and the precipitates. The experiments were
carried out on Al-Lj alloys aged a1 two different
temperatures: 215-C (1 h) ard 245 C (115h). These
heat treatments were choscn in order to obtain
considerable differences in. particle sizes which
influence the mechanical praperties and dislocation
dynamics.

2. THEORETICAL EACKGROUND

A few years ago, we showed that pulsed nuclear
magnetic resonance is a useful 100l to study dis-
location motion. It turned out that three sets of
microscopic  information abont the dislocation
motioh can be deduced in- principle from these
experiments:

(i) the mean jump distance of moving dislocations.

(i) the mean time of stay between two consecutive
Jumps of a mobile distocatior: and

{iii} the mobile dislocation density as a fraction of
the to1al dislocation density,

While sraric quadrupolar effects associated with static
lattice defects such as dislocations are analyzed in
terms of width, line shape and.intensity of the NMR
signal, dynamical effects. such as dislocation motion
during plastic deformation. are studied through the
related nuclear spin-lattice relazation process, Never-
theless, both experimental methods £fe essentialiy
based on the interaction between Ruclear electric
quadrupole moments and electric fielc gradients at
the nucleus. Around a dislocation in a cubic crystal
the symmetry is destroyed and: interactions between
nuclear electric quadrupole moments and electriv
field gradients arise. Whenever a dislocation changes
1s position n the crystal, the surrounding atoms have

-3 -

also to move. thus causing time fluctuations both of
the quadrupolar and dipolar spin Hamiltonian for
spins with 7>4. However, dipolar effects on the
nuclear spin relaxation due to dislocation motion are
negligible and quadrupolar interactions dominate the
observed relaxation behaviour, Furthermore, for the
investigation of rather infrequent defect motions as in
the case of moving dislocations. the spin-lattice relax-
ation time in the rotating frame. 7|, has proved to
be the most appropriate NMR parameter affected by
such motions. For detailed information of this tech-
nique reference is made to Previous work [3-6]. Only
a concise review will be given here.

While deforming a sample with a constan! sirzin
rate ¢ the spin-lattice relaxation rate in a {weak
rotating) applied field H,. (1'T\,) of the resonant
nuclei in the sample is enhanced due to the motion of
dislocations. The resulting expression for the relax-
ation rate induced by disiocation motion is given by

(_L) e __pn )
Tw/o Hi+H} 1,

where A, depends on the mean-squared electric field
gradient due to the stress field of a dislocation of unit
length and the quadrupolar coupling constant. H,,is
the mean local field in the rotating frame determined
by the local dipolar field Hp, and the local quadru-
polar field H,,. p_ and 1, represent the mobile
dislocation density and the waiting time of a mobile
dislocation, respectively. The deformation experi-
ments are carried out in a magnetic field of 1.4 T with
4 constant deformation rate ¢. This type of experi-
ment is governed by Orowan's equation [7]. As-
suming a thermally activated Jerky motion of mobile
dislocations. the Macroscopic strain rate is given by
(steady state mobile density) [8]

€=¢hp, L1, 2)

where 1,, is the mean time of stay between successive
Jjumps (waiting time 1, plus actual jump time 1) bis
the magnitude of the Burgers vector, ¢ is a geo-
metrical factor. and L is the mean Jump distance.
Since 1, > 1, (7,1, } follows for the spin lattice relax-
ation rate [equation (1)) using equation (2);

1 A, 1 '
=) ==/ 3
(T.,,),, Hi+H;, ¢b1.( G

Hence. for a given plastic deformation rate ¢ the
nuclear spin relaxation rate is proportional to the
mverse of the mean jump distance £, Ay and Hi,
have been obtained scparately from a line shape
cnalysis of the NMR signal [9] and spin echo NMR
Taeasurements [10). Relationship (3) has been used to
Cetermine L as a function of strain.

On the other hand. the strain rate can be writlen
as 8]

‘ ﬁ"nexp(- f—(;) 4)
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where AG is the activation energy for ip:ersection.
assuming that the only release of a dislocation seg-
ment from an obstacle is due to thermal fluctuations.
The Arrhenius® type of behaviour of ¢ helds for the
asymptotic flow stress [i1). The apparent actvation
volume is defined as

Ve = (P89 Lar(E€Y | ae )
6t T .13 r

where ¢, is taken to be independent of the skea- stress
T -/ represents the average obstacle spacing or the
activated minimum length. Mechanical ests in-
volving a change in strain rate by a factor of ten have
been employed to measure (8 in ¢ /67 ),, equmation (5),
from which the apparent activation volume and
average spacing / have been deduced.

3, EXPERIMENTAL

Polycrystalline samples with a grain s:2¢| of the
order of 100-200 #m were used. To avoid s<in eflect
distortion of the NMR signal the NMR eaperenents
were carried out on rectangular foils of sia'=7 mm
x12mm x 40 um. The starting materia! far the
Al-Li samples was Al-2.5wi®, Li. Afier a homog-
enizing procedure at 580 C for 1 h the materiz] was
rolied out to the aforementioned thickness arxd has
then been cut by spark erosion to the sampls size
given above. Afterwards, the samples were anr ealed

a second time at 580 C for 7 min and quenched in
water. In order to produce 8° precipitates of different
sizes the samples were exposed 10 2 third heat treat-
ment {either | ha1 215 Cor 115 h a1 245 ‘C). After the
heat treatments, the Li content was measured by
means of a Perkin-Elmer spectrophotometer and
appeared to be equal to 2.2 wr®;

In the NMR experiment, the sample under in-
vestigation is plastically deformed by 2 servo-
hydraulic tensile machine (ZONIC Technical Lab.
Inc., Cincinnati) of which the exciter head XCl 1105
moves & driving rod with a constant velocity. While
the specimen was deforming. YAl nuclear spin mea-
Surements were carried out by means of a BRUKER
pulse spectrometer SXP 4-100 operating at 15.7 MHz
corresponding to a magnetic field of 1.4 T controlled
by an NMR stabilizer (BRUKER B-SN 15). The
NMR head of the spectrometer and the frame in
which the rod moves formed a unit which was
inserted between the pole pieces of the electromagnet
of the spectrometer. The set-up of the whole tensile
testing system is described in [5]. A scheme of the
experimental set-up is displayed in Fig. 1. As shown
in this block diagram, the spectrometer was triggered
by the electronic control of the tensile machine. The
trigger starts the nuclear spin relaxation experiment
at a definite time during the deformation determined
by the delay time of the trigger pulse. Immediately
before and after the plastic deformation the mag-

Pump COMORd SIgrais

Servoratoe /‘:m%
— Excier- | Dvsplace. Set point
pump L) Heos Zonic

Hyoroulic
ment controlier
XCITE =2 xci 1€ 105 | irnscucer £5 101
n.-220 > 1
Drving Sighol
rod
Moster
bt controlier
| ¥4 J HOLMOD, [
NMR H : Mognet
speciomesr!  comoie. M conl
P
SXP4-10 ~1 - Digiiol -
7% function %
— generator
S g
Rg frome &
‘ E‘rrqr;et.- NMR putse sequence Lood

I Eoiglob I DVM

Computer

Mogtope - urt

| I

Fig. 1. Block scheme of the experiments! (®1-up. consisling of the deformation eyuipment. NMR
specirometer and magrct. data recording and handling instruments.
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nitude of the background {conduction-electron) re-
laxation time (7,), was measured. From the experi-
mental T, -data, the dislocation induced contribution
of the relaxation time. (7,,),, could be determined.
according to

1 1 |
— = —1. 6
Tlr (T|ﬂ)° * (Th-) ©

To be sure that the increase in the nuclear spin
relaxation rate during plastic deformation with

- € = constant is caused actually by internal atomic

motions and not by any kind of external electro-
dynamic effects, (7)) was measured while moving
the whole sample with a constant velocity but with-
out deformation. No change within experimental
error in the relaxation rate was observed in such an
experiment.

The NMR and mechanical measurements dis-
cussed here were carried out a1 77 K. At such a low
temperature nuclear spin relaxation effects due to
diffusive atomic motions are negligible. Taking the
Einstein-Smoluchowski equation as a starting point
for connecting the diffusion coefficient with the mean
time of stay t, of an atom between two diffusion
jumps (neglecting correlation effects) the correlation
times for atomic jumps of TAl and Li in the alumi-
nium matrix can be calculated a1 77 K. These calcu-
lations indicate that *’Al and Li are actually immo-
bile. The correlation times (> 10™s) are much larger
than typical values of 1, for mobile dislocations
(=10"'s with ¢ = 1s""), Consequently, an observ-
able contribution of diffusive atomic motions to T,
does not occur.

Transmission electron micrographs were taken by
using a JEM 200 CX operating between 120 and
160kV. Disc-type specimens were obtained from the
deformed foils by spark cutting to minimize defor-
mation. The samples were electrochemically thinned
in polishing equipment at room temperature in a
solution of 49°, methanol. 49, nitric acid, 2%, hydro-
chloric acid. Dislocations were imaged in dark-field
using the weak-beam technique [12].

4. RESULTS AND DISCUSSION
4.1. Mean jump disiance

In Fig. 2 the mean jump distance measured by
NMR in Al-Li aged at 215°C (I h) is illustrated as
a function of strain. The spin lattice relaxation rate
was determined at a constant strain rate ¢ = 1.6s- .
The shape of the L vs ¢ curve is quite similar to the
curve obtained for ultrapure Al using NMR tech-
niques [4]. Apparently at the beginning of defor-
mation the storage of dislocations follows strictly
geometrical or statistical rules, Assuming that the
mean jump distance is proportional to the slip line
length A; which-decreases with increasing strain in
pure f.c.c. metals, it means that

H
Ikt. (7)

= -

D25

o020

00s

) [ 10 18 20
« %)
Fig. 2. The mean jump distance measured by NMR as a
function of strain ¢ in (a) Al-2.2 wit, Liaged at 215°C (1 h)
and (b) Al-2.2wi° Li aged a1 245 C (115 h). Each data
point represents the averaged valuc over § measurements.
The error bar indicates the deviation within a set of L-data
at a particular ¢ (= 1.6s7').

An clectron micrograph illustrating the micro-
structure of deformed Al-Li till fracture is shown in
Fig. 3. 6 superlattice reflections have been used for
imaging the ALLi precipitates (dark field/strong
beam, g = [001]). The appearance of superlattice dis-
locations in this alioy shown in Fig. 4 (dark
field, weak beam image) indicates that the precipitates
are shearable. Siereo-electron micrographs revealed
that the volume fraction f is about 3% and the mean
diameter 2 R of the precipitates is about 15 nm lead-
ing to a Friedel spacing of 0.08 um and a mean
square spacing of 0.06 um. The square lattice spacing
of the particles is calculated from

L,=G)”R, ®

and the Friedel spacing is defined as [13]
iz
L= (RTR,) )

4

f

where T sepresents the line tension (= 0.5 ub?,
# =0.3-10' MPa) and R_ is the mean planar radius of
the particles (n/4 R). From the separation between
the two ordinary unit dislocations constituting a
superlattice dislocation (96 nm in Fig. 4) an antiphase
boundary energy y=140m);m® has been found.
Both values £ and L, are close to the mean jump
distance L measured by NMR. However, the mean
Jjump distance is much larger than the average particle
diameter d. Therefore, the 5° ordered precipitates are
considered to be perfectly sheared ofl during defor-
mation. If n distocations of Burgers vector b shear a
particle. then the cross section of the precipitate in the
slip plane will be reduced by an amount nb. Con-
sequently, the effective planar diameter of the particle
can be considered to decrense as the strain increases,
Since the flow stress is proportional to (d)'*[14), the
flow resistance on an identical slip plane decreases as

¢ Il'w.l_l}i’, Pk (aalrie

-qo—-m '
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7_.' Fig. 3. Al-2.2wt, Li aged at 215°C () h) deformed till fracture g = [01T}.

‘.? the strain increases. The slip plane is thus work- the electron microscope when ¢ € 5%) the ordered
T softened so that further slip will tend to concentrate  precipitates are finaliy sheared off completely. Then,
. on that plane. After the passage of some pairs of single dislocations become easily mobile. leading to

B superlattice dislocations (which were only imaged in  the formation of the arrays of pile-up dislocations

Fig. 4. Al-2.2w1°, Li aged a1 215°C () h} deformed 5°, at 77K. Dark teld weak beam image. {011)

orientation. g = [200}. Superlattice dislocation imaged: §101](T1 1)
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Fig. 5. A pile-up of coupled dislocations in Al-2.2 wt®, Li aged a1 215°C {1 h) deformed til} fracture at
77 K. Dark field - weak bezm image, g = [022].

(see Fig. 5) [15]. Near the head of the pile-upy the
dislocations are obviously paired but the pair spacing
increases for dislocations further toward the tail until
after & number of dislocations they become un-
coupled.

Al aging temperatures above 230 C coarsening of
the precipitates occurred. In Fig. 6 2 stereo micro-
graph of an Al-Li sample (undeformed) agad at
230°C for 17h is shown. By using two diffraction
spots, namely a superlzttice reflection and a matrix
reflection, dislocations as well as precipitates are
imaged. A row of §° precipitates are preferen-ially

nucleated on a matrix dislocation. After aging at
230 C collinear rows of extra large precipitates were
observed, sometimes ¢longated along the line direc-
tion. In those cases a dislocation was found to be
associated with the rows, lying on the common line
beiween particles and on the surface of the particles
themselves. This may be explained by pipe diffusion.

The mean jump distance of moving dislocations in
Al-2.2wt%; Li aged at 245°C (115 h) as a function of
strain is displayed in Fig. 2.

Figure 7 shows an electron micrograph (dark
field/weak beam, g=[022]) of the Al-Li alioy de-

Fig. 6. Al-Li (221"} aged at 230 C for 17h. g = [110] + [220]. stereo angle 24°.
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formed till fracture. In this case the microstructure as
well as the NMR results look very different compared
to those of Al-Li aped at 215 C (I h). From stereo
electron micrographs the average gap between the
precipitates, L, is found 10 be 0.3 um (R = 0.14 um,
S=5%). This value is close to the mean jump dis-
tance of 0.25 um determined by NMR at fow ¢,
indicating that in contrast to Al-Lj aged at 215 C
(1h), Orowan hardening might be the predominant
hardening mechanism. Figure 7 clearly shows that
looping occurred during plastic deformation. The
interparticle spacing in the slip direction sets an upper
“mit for the slip distance, i.e. the actual distance
Javersed before a dislocation gets stuck. The hard-
ening is expected to be controlled by the micro-
structure at the beginning of deformation. At higher
strain values the mean jump distance is decreasing

radually from G.2um at ¢ = 5, 10 0.0B um. The

-ason for this decrease is two-fold: first of al

statistically stored™ dislocations. i.e. those thai
would accumutate during simpie tension. will dimin-
ish the mean jump distance substantially. As can be
deduced from Fig. 7 the mean distance between the
statistically stored dislocations is certainly much
smaller than the mean separation of the &° precip-
itates. If moving dislocations are delayed at each
intersection with the statistically stored dislocations
during a period 1,> 10 s, spin lattice relaxation
lakes place. As a result of the spin lattice relaxation
T, is determined by waiting time at each inter-
section. The m2an jump distance is therefore de-
Creasing upon deformation from the mean particle

Fig. 7. Al-Li (2.2 wt®,) aged at 245-C for 115 h. Deformed 1l fracture, 8 = [00T] + [023}.

spacing at the beginning of deformaiion to the spac-
ing between statistically stored dislocations later on.
Secondly, since it is unlikely that each precipitate is
to be intersected by only one slip plane, loops are
expected to form vertical stacks. Any movement of
dislocation debris accumulated round these particles
afiect the spin lattice relaxation rate as well,

The experimental results obtained are in agreement
with the siress strain tquation given by Ashby's
concept of “statistically stored” and “geometrically
necessary™ dislocations, i.e. those generated to ac-
complish the rotation of the non-deforming particles
during deformation {16, 17]. namely

axph(p;+p,)"? (10)

where the density p,. of geometrically necessary dis-
locations is given by

134
p“g(K;)-b-' an

The geometric slip distance A is R, ‘I{R, is the planar
particle radius and f the volume fraction). A, is
considered to be characteristic of the microstructure
and independent of the strain. The upper limit A; in
Al~Li containing nonshearable precipitates is calcu-
lated to be =1 pm. Thompson e al. [18] proposed a
modification 10 equation (10) where Ag sets an upper
limil to A,,. the slip distance for a statistical storage,
and A, = A; at yield. Then at small strain the slip
distance is Ag and at large strain where A, «A, it
reduces 10 1 ~ A, '. This situation has becs found in
OUur experiments.




[T

v et ek ap i i th o an ke o il e e

oy gt bl B dlbn dhim an

B s LT Oy aP e

-

o —

sl o

o o i g s
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Figure 2 indicates that there exists a clear difference
in functional dependence of L tpon ¢ in these two
Al-Li alloys. The meap jump distance is almost
constant for € 2 5% in Al-Lj containing shearable
precipitates whereas L is still 5 decreasing function of
€ in Al-Lj containing nonshezrable precipitates.
These differences in behaviour are in agreement with
the various workhardening rates, According 1o equa-
tion (2) the shear strain can be described by the mean
Jjump distance L of the mobik dislocations according
to a=pHp, L. In general, the flow stress cap be
expected to vary with dislocation density according
10: v =aph, /p. This gives the wo:khardening rate §

as

ot ap b,
= v 1- (12)
da dL dp,,

2‘/;[” 35)”'(.@ )]

If L is assumed to be constant, @ becomes Ppropor-
tional to 1/L and P Must increase with P according
10 p. = /p. This is the situation for Al-1; contain-
ing shearable precipitates when ¢ = 3%,

In contrast, since Z js 00t constan™ up 1o ¢ = 15%
in Al-L; containing nonshearable Drecipitates

=0 a3

IfLisnota oonstam.'equation (12)can be rewritten
in terms of the internal stress tasidisa constant)

§=—2 (14)
dL L
t,a'—r:'i'

neglecting the thermaj component of :he flow stress
which is much smaller than the athsrmral component
in the case of fcc. metals. Since (dL/dp) and
(dL/dv,) are both negative (L =5-'%) the work.
hardening rate of Al-Li containinz nonshearable
Precipitates is expecied to be higher #han 8 of Al-L;
containing shearable Precipitates. Indeed, this js
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Fig. B. Experimental stress—strain corve of some of the foils
measused at TTK. (a} Al-Li (2.2 Wi ) agedt ar 215°C () k),
{b) Al-Li (2.2 w1%;) aged at 245°C t115h).

confirmed by the experimental o ~¢ curves depicted in
Fig. 8.

The values of the mean Jump distance obtained by
NMR can be used for a theoretical evaluation of the
yield stress. The yield stress of ultrapure Al at 77K
appeared to be equal 10 10 MP3. Consequently, the
increase of the yield stress of the samples aged at
215°C and aged at 245°C, compared to ultrapure Al
is 92 and 41 MPa, respectively (see Fig. 8). A calcu-
Iation of the flow stress for a single dislocation, T,
taking into account the effective obstacle spacing as
2 function of applied stress for finite obstacles and
slightly bent dislocations, has been given by Castagné
[19]. The flow stress can be written ‘as [13]

v{2
Tlﬂg(L—F). . (]5)

Dealing with superlattice dislocations, Brown and
Ham [13] have shown that when the first dislocation
of a superlattice dislocation pair meets the Friedel
condition, the second dislocation is pulled forward by
the anti phase boundary remaining in the particles
which it intersects by 7.py described by

Tars -f;’. (16)

The applied flow stress required for cutting the
Precipitates, 1,, follows from

21'.-“:] + pr.'o. (17)

Taking the experimental values mentioned before .
R y) and Lywp = Ly=0.08 um, 1, is found to be
29 MPa. This is in close agreement with the increase
of the applied yicld stress (z, =o,/3) of Al-Lj (aged
at 215°C, | h) compared to ultrapure Al. As a matter
of course, this increase should be compared with the
as-quenched sample value. However, we could not
obtain very reproducible results for those samples as
far as the yicld stress is concerned (12-28 MPa).
Orowan looping will occur when T, =iz, 1, [20, 21]
is calculated 1o be 97 MPa. It means that as jong as
Yars & 180 mJ/m? shearing of the precipitates will
take place.

In calculating the critical stress for looping in
Al~Li aged at 245°C (115 h) the average gap between
the precipitates is assumed 10 be Lyp =0.25 um. T
is calculated to be 3].4 MPa. Since the applied stress
required for cutling lequation (17)] is much larger
than 1,/2 the first dislocation within the superlattice
dislocation pair reaches the looping stage. The con-
nection between Ly and L,, the average gap be-
tween the precipitates, will be discussed in Section
4.3.

4.2. Aciivation length

Mechanical tests involving a change in strain rate
by a factor of ten were employed 10 measure
{6 Iné/bt), fequation (5)), from which the apparent
activatior. volume was deduced. The resulting data,
depicted in Fig. 9, reveal that the apparent activation
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volume and activation length for each alloy system
decreases with increasing strain. This behzviour has
been observed also in fe.c. crystals using the same
techniques. e.g. in Al by Mukherjee ef al.,, f22] and in
Cu by Van Den Beukel and co-workers [23]. How-
ever, there exists a striking difference between the two
Al-Li alloy systems with respect to the rate at which
this decrease happens. This can be understdod by the
following argumenis: the effective activation lengih
represents the mean spacing of the forest dislocations
[24). As mentioned before in 4.1 in the Al-Li alloy
containing shearable precipitates work-softening will
take place (14}, i.e. the slip will tend to be hetero-
geneous in such a material.

The tendency 1o produce heterogencous slip will be
more pronounced the more the flow stress resistance
decrease by the passage of a dislocation. Once the &°
precipitates are sheared their resistance tb further
dislocation motion is reduced and strain localization
will occur. It is obvious that under heterogencous
slip less rapid formation of stable dislocation
configurations can arise as a result of reactions
between the sets of slipping dislocations. The rate of
strain hardening. based on the concept .that the
slipping dislocations interact to produce low energy
configurations which then restrain motion of slipping
dislocations. is expected to be small in the case of
shearable ° precipitates. This is in agreement with
the experimental observations (Fig. 8). These findings
are in contrast to the strain dependence of 2 measured
in Al-Li where Orowan loops are formed. In this
material dislocation bypassing occurs and the work-
hardening of this slip plane leads to slip homoge-
hization. On straining dislocation debris accumulates
round the particles leading to workhardening of the
slip plane upon which the dislocations have moved.
It favours therefore the operation of a different slip
plane, i.e. slip tends to become homogeneous. The
workhardening is due to Orowan loops at low strains
and to an increasing degree, due to prismatic loops a1
high strains {25, 26]. With increasing strain the num-
ber of prismatic loops increases, and therafore the
length of the obstacles in slip plane increase. leading
1o 2 self-hardening of the slip line. At large strains
even Joops can be punched out on secondary systems
{due to the back stress from the prismatic loops} anc
plastic zones of considerable complexity are formed
leading o forest hardening [27). Because these various
hardening mechanisms are operative in Al+Li con-
taining monshearable precipitates, the activation
length is expected to decrease with strainhardening
more rapidly than in Al-Li containing shearable
precipitates. Indeed, this is confirmed by the experi-
mental observations depicted in Fig. 9. It should be
noted that in the derivation of the activation lengih
«it was assumed that the obstacle width was indepen-
dent of the applied stress and has the arbitrarily
chosen value of 4. In the Friedel approximation the
eflective activation length is proportional: 1o the
apphed stress v ' " {28]. This effective spacing is given

spproximately by

. Ty
Apm (TL’) L, (18)

where L, is the mean square spacing [equation (8)].
(For shearable precipitates 7, is actually identical 1o
Ly. Substituting the mean square spacing [equation
(8)) and 1 = 1, [equation (15)] into equation (18) one
arrives at equation (9)). Based on equation (18) the
activation volume will become equal to 2/3 i’
leading to somewhat higher values of i than depicted
in Fig. 9.

4.3. Comparison between mean jump distance and
activation lengrh

In conclusion we may say that there exists mutual
consistency between the main jump distance and the
activation length as far as their effects on the hard-
ening rates are concerned. However. there are consid-
erable differences in magnitude between the activa-
tion kength / and the mean jump distance L in the two
alloy systems. For instance, in the alloy (b) contain-
ing nonshearable precipitates Lon > 4 for ¢ > 5%
whereas in the alloy (a) containing shearable precip-
itates Ly, p < 4 over the whole range of deformation.
In principle there is no physical reason why the mean
activation length / and mean jump distance Ly in
these slloy systems should be identical. Precipitates,
both shearable and nonshearable, cannot be passed
by due to thermal fluctuations as in a strain rate-
change experiment. Therefore. / is determined by the
forest dislocation density and Li impurities in solid
solution. On the other hand. L., depends on both
the average gap between the precipitates and mean
spacing between the forest dislocations. L is obtained
from samples which are deformed with consrant

O4 |-

{al}
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Fig. 9. Activated lenph determined from strain rate change

experiments. The strain rate range is - 1o 10-'s- !, {a)

Al-Li (2.2 w1°,) aged a1 215 ¢ ¢t hL by Al-Li (2.2 w1°,)
aged at 245 C (115h).
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Strain rate ¢ with increasing stress. This means tha: L
s dynamically influenced by dislocation muyyi.
plication. The mean distance covered during 2 dis-
location Jump is controiled merely by relatively hasd
obstacles (precipitates, forest dislocations) since the
effective stress js large enough to make the soft
obstacles (Li in solid solution) contribute to the
lattice friction only. Changes in sirain rate during
deformation, however, can cause similar eflects to the
flow stress ag changes in temperatures. An increase in
slrain rate gives Jess time for thermally activated
events: ie. it is equivaient to a lowering of the
temperature of deformation, As a consequence, hard.
ening occurs because dislocations blocked by forest
dislocations in the Primary slip plane are not able to
avoid them by cross slip. In addition, the cooperative
way of dislocation dynamics wili influence A A
dislocation pinned at different obstacles may “unzip™
along its entire length after thermal activation of only
one segment of the dislocation across one barrier,
since at that very moment the critica] breakaway
angle of ali other scgments is exceeded. Only a smalj
activation volume y per segment would be measured
and consequently a small 2, although L,,,,, in that
case need not be influenced by this Unzipping effect.
A plausible connection between / and Lyun can be
based on the following model: al} moving dis-
locations, deiayed at intersections with either forest
dislocations or precipitates, affect the spin-lattice
relaxation rate. Assuming two different sets of corre-
sponding mobile dislocation densitjes: P and p,,
respectively, the total spin lattice relaxation rate can
be written as

i 1\m 1\
=) =(=}) +{L as)
T'ﬁ) b Tlp) D T'r) o

where [see equation (3)]

1\ I | I.*lqh P

(Tnp)n L, (n,)o ‘L, 0
and p, + Pr=p. L, represents the spacing between
forest dislocations, 4 and L, is the gap between the
precipitates, L,. In equation (19) the contribution to
the spin-lattjce relaxation rate due to any movement
of dislocation debris accumulated round the precip-
itates has been neglected. Al ¢ = 5% alloy (b), i is
found 10 be 0.14 #m and the average pap between the
nonshearabje precipitates L,=03um, Assuming
equal fractions (P = p,). the mean Jump distance
Lyun is calcuiated 1o be 0.19 ym, according to

———— Ay

Lomg —;-P L,p'

This is almost equal to the experimentally determined
e (Fig. 2). From equation {21) follows that.
providing g, # 0, Lown is always smaller than the gap
between the precipitates 1, (a= constant). Assuming
equal fractions (Lr=p,) up 10 ¢ = 10%, Lyye i5
predicted to be 0.07 Hm (7 =0.04 ym, L, =03um:.
Again, this is in agreement with experiments (Fig. 2).

N en

—Ad-

Based on the experimental values of ; and L, L.
should be larger thap 4 in the alloy containing
nonshearabie Precipitates.

Ap Al-Li containing shearabje precipitates (alloy
a) the relationship between Lyua and ; js more
complicated. In this case Lysn and 4 are almost
Constant over the whole range of deformation. On the
contrary, L, depends on ¢ since the cross section of

spin-lattice relaxation rate separately. When a mobile
dislocation crosses over a distance £, and gyp,.
sequently short Jumps occur over a distance d, the
mean diameter of the precipitates, the total spin
lattice refaxation rate measured by NMR s largely
determined by the jump distance inside the precip-
itates: (7 < L«i)
1l .0 p

T 41 (22)

> + =
Lyun 2 Lp dp
apparently leading to Lyup < 4.

5. CONCLUSIONS

It turned out thar pulsed nuciear magnetic reso-
nance is a complementary pew technique for the
study of moving dislocations in Al-Lj alloys. Spin-
Iattice refaxation measurements clearly indicated that
the fluctuations in the quadrupolar field due to
moving dislocations in alloys containing either shear-
able or nonshearabie precipitates are quite different.
The NMR experiments Provided information of the
mean jump distance of dislocations in these alloys,
Transmission eleclronmicroscopic observations of
the mean planar diameter of the precipitates, in
combination with the NMR data. predicted the in-
crease of the yield stress compared to ultrapure
aluminium in reasonable agreement with tXperiment.
It was found thai the activation length, obtained
from mechanical strajn rate change expetiments, have
different values compared 1o the measured values of
the mean Jjump distance determined by NMR., Rea-
sons for the mean Jjump distance being different from
activation length have been given. Nevertheless. both
mean jump distance and activation length have been
found to decrease with strain hardening more rapidly
in Al-Li containing nonshearable precipitates than in
Al-Li containing shearabje precipitates, These
findings are consistent with the experimentally mea-
sured workhardening rates,

Finally. it should be emphasized that Al-L; alloy
is not an alloy System that exhibits only one type of
hardening: ie. order hardening or Orowan hard-
ering. Plastic deformation is a local process and as a

Nonethejess, NMR measurements ciearly showed
different fluctuations in the local magnetic field dye
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to moving dislocations in these two alloys from which
a difference in dislocation dynamics may be con-
cluded.
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Abstract—Puised nuclear magnetic resomance proved 1o be & complementary new technique for the study
of moving dislocations in Al-Zn alioys. The NMR technigue, in combination with strain-rate change

A}-Zn alloys (1-2 21.% Zn). Spin-lattice relaxation measurements clearly indicate that fluctuations in the
quadrupolar field caused by moving dislocations in Al-Zn are different compared 10 those in ultra-pure
Al From the motion induced part of the spin-lattice relaxation rate the mean jump distance of mobile
dislocations has been measured as a function of srain. Based on the NMR data and data obtained from
strain-rate change experiments it could be concluded that moving dislocations advance over & number of
solute atoms (order of 10) as described by Mott-Nabarro's model and interact with forest dislocations
a5 predicted by Friedel's model. The strain rate change experiments confirm the linear additivity of flow
stresses and the additivity of inverse activation kengih.

combinée avec des expériences de sants de la vitesse de déformation ef avec la microscopic électronique
en transmission pour étudier Ia dynamique des dislocations dans des alliages Al-Zn (1-2 21.% Zn),

mesures de relaxation spin-réseau montrent clairement que les fluctuations dans e champ quadrupolaire
provoquées par les dislocations en mouvemnent dans Al-Zn sont différentes de celles que I'on observe dans
Faluminium uitrapur. A partir de la partic de ia vitesse de relaxation spin-réseau induite par le mouvement
des dislocations, nous avons mesureé la distance moyenae de saut des dislocations mobiles en fonction de
Ia déformation. A partir des résultats dc RMN et des expéreiences de changement de la vitesse de
déformation, nous avons pu conclure que Jes dislocations en cours de déplacement avancent d'un certain

zusammer mit Untersuchungen durch Dehngeschwindigkeitswechsel und im Durchstrahlungselektro-
nenmikroskop suf die Untersuchung der Versetzungsdynamik in Al-Zn-Legierungen (1-2 A1-% Zn)
angewendet, Messungen der Spin-Gitter-Relaxation zeigen dewtlich, daB dic von den gleitenden Verset-
Zungen erzeugten Fluktuationen im Quadrupolfeld sich in Al-Zs von denen mm ultrareinen Al un-
terscheiden. Aus dem Bewegungs-induzierten Teil der Spin-Gitter-Relaxationsrate kann die mittlere
Sprungweite einer beweglichen Versetzung in Abhingigkeit von der Dehnung ermitielt werden. Aus den
Kernspinresonanz- und Dehngeschwindigkeinwchsel-Musungen konnte geschiossen werden, daB die

1. INTRODUCTION studied. Because the nuclei of many elements are
Magnetic resonance Spectroscopy ranks among one characterized by intrinsic magnetic moments, the
of the important advances in solid state physics resonance frequency w,, in a magnetic field H,,
during the past three decades. The great strength of equals YH,, where the gyromagnetic ratio yis a
nuclear magnetic resonance is that the resonance constant which is different for different nuclei. As a
signal is characteristic of a pwiicular nucleus being result, nuclear magnetic resonance (NMR) can be

(k1))
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used to measure properties which belong exclusively
to the nuclei whose features are of interest. Secondly,
the surrounding of a nucleus may affect NMR quan-
tities like spin-lattice relaxation time. Accordingly,
NMR can be applied to study the environment of the
nuciei providing microscopic information of atomic
motions. In the following, we report effects of dis-
location motion in Al-Zn alloys on the NMR spin-
lattice relaxation time, from which microscopic
information about the dislacation dynamics can be
obtained. Whenever a dislocation changes its position
in the crystal, the surrounding atoms have also to
move, thus causing time fuctuations of the quadru-
polar field that dominates the observed spin-lattice
relaxation behaviour.

In the following we will focus mainly on plastic
deformation experiments at a constant strain rate ¢.
This type of experiment is governed by Orowan's
equation [1]

¢mobp. M

r-

assuming a jerky motion of: mobile dislocations of
density p,. This motion may be considered to be
jerky, if the actval jump time 7, is small compared
to the mean time of stay 7_ at an obstacle. In
equation (1), ¢ denotes a geometrical factor, b sym-
bolizes the magnitude of the Burgers vector and L is
the mean jump distance between obstacles which are

- considered to be uniform. Clearly, alloying intro-

duces extra barriers 10 the motion of dislocations.
Therefore, during plastic deformation of a binary
solid solution such as Al-(1-2 at.%)Zn, moving dis-
locations are hindered in their glide plane by two
types of obstacles: forest dislocations and solute
atoms. The theory of obstacie strengthening can be
complicated and Nabarro [2,/3] has shown how the
important features can be distinguished. Neverthe-
less, it has been recognized ifrom the time of the
carliest theories that it is difficult to estimate the
segment length of a dislocation line that advances
during plastic low. NMR techniques can provide
experimental information about the fength of a
moving dislocation line segment, The NMR results
obtained are compared with: the average obstacle
spacing determined by mechanical sirain rate change
experiments.

2. THEORETICAL BACKGROUND

The NMR method of obtaining microscopic infor-
mation about moving dislocations is essentially based
on the interaction between nuclear electric quadru-
pole moments and electric fieid gradients at the
nucleus. If the nuclear environment is cubically sym-
metric there does not exist any static electric field
gradient a1 the nucleus and the interaction does not
appear. However, around 2 dislocation that sym-
metry is destroyed and interactions between nuclear
electric quadrupole moments and electric field Eradi-

ents arise. When the condition of non-vanishing
electric field gradients is fulfilled, spin-lattice relax-
ation times are influenced by the quadrupole inter-
action. Whenever a dislocation changes its position
in the crystal, the surrounding atoms have also to
move, causing time fluctuations in this qQuadrupolar
Hamiltonian. Further, for the investigation of rather
infrequent defect motions as in the case of moving
dislocations, the spin-lattice relaxation time in the
rotating frame, 7,,, has proved to be the most
appropriate NMR quantity affected by such motions.
For detailed information of this technique reference
is made to previous work [4-7). Only a concise review
will be presented here.

While deforming a sample at a constant strain rate
¢, the spin-lattice relaxation rate in a weak rotating
field H,, T;.', of the resonant nuclei in the sample is
enhanced due to the motion of dislocations, The
resulting total relaxation rate may be decomposed
into a background relaxation rate (T,')s and the
contribution (T°;,'), which is governed by the mech-
anism of dislocation motion, i.e. by equation (1). in
metals and alloys (T;,'), is due to fuctuations in
the conduction electron-nucleus interaction. In the
range of deformation rates applied here the atomic
movements involved in dislocation motion are in
the so-called ultra-slow motion region, where the
Zeeman spin-lattice relaxation rate T and the
Spin-spin relaxation rate T;' are not markedly
influenced by dislocation motion and where the rotat-
ing frame relaxation rate (7'} is the most appropri-
ate NMR parameter affected by such motion. The
resulting expression for the relaxation rate induced by
dislocation motion is given by [4)

1 AQ i Pm
(Tu)o AT+ aL S0 @

where Ag=3; (V). &, represents a quadrupolar
coupling constant, depending on the nuclear quadru-
pole moment Q, on the nuclear spin I and on the
gyromagnetic ratio y, and {¥?) denotes the second
moment of the electric field gradient due to the stress
field of a dislocation of unit length. The value of 4,
can either be determined theoretically or derived
experimentally [4, 8). K, is the mean local field in the
rotating frame determined by the local quadrupolar
field Hy and the local dipolar field H,. The quadru-
polar geometry factor EofL) in equation (2) which
depends on the mean step width L is displayed in
Fig. 1, where the jump distance L is expressed in units
of b:N=LJb,

Typically, in plastic deformation experiments the
jump distance L is of the order of 0.1-1 pym.ie. Nis
of the order of 10*. For such large jump distances,
&q(L) approaches to unity being not very sensitive to
8 change in [,

It has to be noted that squation {2) is valid only in
the so-called ““strong-collision™ region where the dis-
Jocation motion is slow enough 1o aliow the spins 1o
establish a common spin-lemperature between suc-
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Fig. 1. Quadoupaly, . -
o on s a le factor g, of a mobile dislo-

o ‘normalized jump distance N

ol o & Burgers vecior).

cessive dm Mgy, In practice, the condition

is fulfilicd foy v s up to 105~ depending
slightly on'{q.—;p lrfiﬁ!y a few discrete jumps of
an atom CREE by diger, ion motion are needed to
relax 8 S e “agione™ arc called “strong".
More M"ﬂ part of the corresponding
wmhum%“e jerky atomic motion de-
cays DeloR e gpgal part of the correlation
funcuon wmﬂy Combining equation
(1) with COoa Qhge ctains

@* 2 ElD),
+ Bl 60 L

Hence, ""'ﬁll& strain rate ¢ the dislocation
‘“d“ud e dikation rate is proportional to
the inveT iy gy jump distance L. This re-
lationshi Do g i ments discussed below
to determilige.,

On the Satiager cirain rate can be written

as 9]
‘“ﬂ("ﬁ)

where A . .. .

. _ e activation energy for inter-
section, WESikme only release of a dis-
locatio”, M famey obstacle is due to thermal

fluctuationge a0 . . . .
Bolds fotle, Mmius” type of behaviour of ¢

3

@

ent activgger ¥ flow un;s: [10). The appar-
Vel l.T(P—-h-'—i) =ib (%)

A 61 T
where % i t of the shear stress

T A % obstacle spacing or the
2V Rt In the derivation of
li:‘:lua W Hdllbed tliat the obstacle width is
“T4Ms the chosen value of b.
Funh‘fW'lh activated length with
TeSPENs. Wen taken into account in
equat Piests involving a change in
sm“? “ut My factor of ten have been
emplo i/dt); from which the

avera!%. " hoo ! 1.duced

| ur\57 .
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3. EXPERIMENTAL

In the NMR experiments, the sample under investi-
gation is plastically deformed by a servo-hydraulic
tensile machine (Zonic Technical Lab. Inc., Cincin-
nati) of which the exciter head XCI-TE 1105 moves
& driving rod with a constant velocity. While the
specimen is deforming, Al nuclear spin measure-
ments are carried out by means of a Bruker pulse
spectrometer SXP-4-100 operating at 15.7 MHz cor-
responding 1o a magnetic field of 1.4 T controlled by
an NMR stabilizer (Bruker B-SN 15). The NMR
head of the spectrometer and the frame in which the
rod moves formed a unit which was inserted between
the pole pieces of the electromagnet of the spec-
trometer. A scheme of the experimental set-up is
displayed in Fig. 2. As shown in the biock diagram,
the spectrometer is triggered by the electronic control
of the tensile machine. The trigger starts the nuclear
spin relaxation experiment at a definite time during
the deformation determined by the delay time of
the trigger pulse. Immediately before and after the
plastic deformation the magnitude of the background
relaxation rate (T,,'), is measured.

From the experimental T,,-data, the dislocation
induced contribution of the relaxation time (T,
can be determined according to

- &)~ ()

A typical result of an in sire NMR tensile experi-
ment on Al is depicted in Fig. 3. A =/2 pulse with
an r.f, field large compared to the local fields in the
Al-sample along the x-direction rotates the nuclear
magnetization from the direction of the static mag-
netic field to the y-direction. Immediztely after the
pulse, the r.f. field is phase shifted by /2 and reduced
1o a value of H,. Now H, lies parallel 1o the direction
of the nuclear magnetization; with respect to the
rotating frame. #, plays the role of a time-
independent field. Consequently, the rotating mag-
netization relaxes paralle] to the locking field H, with
& time constant 7,,. i.e. the relaxation time in the
rotating frame. To measure T,,. the nuclear mag-
netization is allowed 10 decrease in the presence of the
locking ficld H, for some time 1,, then H, is turned
off and the initial height of the nuclear frec induction
decay signal F(1,) is measured.

According to Fig. 3

(©)

( 1 ) - 1 nF(TLy=0
TI’ p T F(TI_}( #* 0.
Obviously an applied strain rate ¢ causes a significant
reduction in the relaxation time 7,, due to the motion
of dislocations. An evzluation of the experiment leads
©07,(¢=0=25msand T, ({ = 3.68 ) = 7.2 ms,
respectively. :

To avoid skin effect distortion of the NMR signal,

1he NMR experiments are carried out on reclangular
foils of size 27 mm x 12 mm x 40 j#m. Polycryetzlline

G
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.. Fig. 2. Blockdiagran of the experimentai set-up.
samples with a grair: size in the order of 100-200 ym  to the sample size given above. Then the samples (a)

were used. The starting materials for the samples are

consisting of ultrapure Al are annealed a second time

(a) SN aluminjum and (b) 5N AL, 1.5, 2a1.% Zn. a1 290°C for 1 h. The Al-Zn alloys are annealed at
Alter homogenizing procedures at 350°C for 2.5 550°C for I h and Quenched in ice water,

days, the material

thickness of about 4¢ #m and i cut by spark erosian

F(HT

is rolled to thin foils with a The NMR experiments discussed here are carried

out at T =77 K, At such a low temperature nuclear

-g. -puise
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i d jlfl.l« e T [1p1k-0))
1 "%ﬂ" explT, [tk 40)
b 2l

'.f: | ;’we <D L +5ms time ¢

‘#"u‘: ‘
R W - A O
BLPUALTE B N 5 . M3 1200 8
"‘if;m- ERYr Toats { F2e }5 i m
'ﬂf’ - 2 . =y, Mkt s L]
¥ .,-,,S"-’-sm.;g{;‘f § Ny
v
1 T T L —’
80 531 52 53 54 ms

—— time t

Fig. 3. Result of an i sire NMR lensile experiment showing the A} free induction decays F(1) in Al
after a spin-locking sequence with ¢ = Ound i %0 (T=77 K).
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Fig. 4. Mean jump distance measured by NMR as a function of sirain in: W, AL W, Al a%Zn; @,
AFLSat% Zn: O, Al-2at.% Zn ({ = 1.65"").

spin relaxation effects because of diffusive atomiz
moticns are negligible. The self-diffusion coefficient
2s well as the impurity diffusion of Zn in aluminum
are published in the literature [11, 12]. Use of thess
data in the Einstein-Smoluchowski relation (con-
necting the diffusion coefficient D with the mean tims
of stay of an atom between two diffusion jumps).
proves that Al and Zn atoms are actually itmmobile
at 77 K. The correlation times for diffusive atomic
jumps are much longer than typical values of the
waiting time of mobile dislocations, which are about
10-*s for é =1s". Consequenily, an observable
contribution of diffusive atomic motions to the
measured spin-lattice relaxation rate does not occur.

Transmission electron micrographs are taken by
using 8 JEM 200 CX. Disk-type specimens are ob-
tained from the deformed foils by spark cutling 1o
minimize deformation. The samples are electro-
chemically thinned in a polishing equipment at room
temperature in a solution of 49% methanol, 49%
nitric acid and 2% hydrochloric acid.

4. RESULTS AND DISCUSSION

4.1. Mean jump distance

The strain dependence of L has been obtained from.
measuring (7;.') as a function of the strain ¢. The
results of ultrapure Al 2nd the various Al-Zn alloys
are depicted in Fig. 4, taking into account the geo-
metrical factor g,(L) displayed in Fig. 1. J1 has to be
emphasized that the mean jump distance L measured
by NMR in pure Al has 1o be interpreted with care
in terms of the mean slip distance and the statistical
slip kength (A,). As commonly found in annealed
fc.c. metals, a cell structure is developed in Al after
deformation at 77 K. A stereo TEM-observation is
shown in Fig. 5. As a result, the mean slip distance
of dislocations is mainly determined by the cell size

when the cell structure is well developed. Con-
sequently, the slip length will be much larger than
the mean jump distance measured by NMR
(~0.05 am for ¢ > 10%). To explain this difference,
it has to be realized that alf moving dislocations,
present both in the cell boundary and in the interior
region of the cell, affect the spin-lattice relaxation
rate. Assuming two different sets of corresponding
mobile dislocation densities, P, in the interior of the
cefl and p, inside the cell wall, the 1otal spin-lattice
relaxation rate can be decomposed in

-GG o

[{}] 2
(.‘_) ..1'— and (-I_) -..-p_:
TI; D Llp Tl, D LL'p
and p, + p, = p,,. Since L,% L., the total spin lattice
relaxation rate is largely determined by the jump
distance L, inside the cell wall. The mean jump
distance measured by NMR at large strain values
is therefore related 1o the spacing of the forest
dislocation tangles in the cell boundary.

To investigate whether the observed mean Jjump
distance bas the right order of magnitude, we con-
sider forest dislocations as relatively weak localized
obstacles for dislocation motion, i.e. the dislocation
bends through a large angle ¢, in its vicinity (¢,: the
<usp angle at an obstacie or the so-called critical
breaking angle). Assuming Friedel statistics 9], the
effective obstacle spacing 4, can be related to the
mverage inter-obstacle spacing 4 according to

. i ub\'\3 |

= 71-. = (;':) A 9
where /, is a measure of the obstacle strength
{=cos 1,2 ¢,). Ou the other hand the effective flow

it i
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Fig.:5. Stereeedeatron niicragraph of ulirapure Al deformed 21 77 K until fracture. ; = 200, sieren angle
14.6 ., stereo impression [013).

stress can be wrilten &s

o= apby/ipy (1)
i.c. the applied stress:diminishedi by the athermal
forest resistance mnd the interplane resistance.
Althbugh there exidts some discusiion about equation
{10) whethér the fiow istress is aomerolied by inter-
section between primariés anil for=stdislocation der-
sity pg, experimental wotk: suguests that the flow
stress in pure f.c.c.iin stage 11 is wontrolled by forewt
dislocations or thal forest comribartions are always in
a constant ratio independent of e dislocation distri-
bution [13): The esiimatkd vadlue: 2f i for aluminiur
is about 0.k [14] assumirig that the Blow stress is fully
controlled |by distacation i imtersatson with forest
dislocations. Fromi equations (9 and (10) follows
Ji=2 =021 taking £ = p "% Om uverage the flow
siress was found w: tnorease fron: e flow stress at
e=1% of 4.6 MEa tor 33 ‘MPa m1 ¢ =10%. The
effective obsacle spacigg 4 feqruitions (9). (10)] is
predicied 1o be proporiiondl 1o 1. Hence, 4, is
expected 10 decreas: by a factor el 1. Indeed, this is

in reasonable agreement with the NMR measure-
ments: al the beginning of deformation Lyyg is found
to be 0.25um decreasing to 0.05um at ¢ = 10%.

In Fig. 4 L measured by NMR in the Al-Zn alloys
1s illustrated as a function of strain. The shape of the
L vs ¢ curve is quite similar to the curve obtained for
ultrapure Al The mean jump distance L at the
beginning of deformation is somewhat smaller in the
alloy systems compared to ultrapure Al This can be
expected since there exists an increase of the flow
siress caused by the solute atoms.

Again with Friedel's hardening model as a starting
point, the increase of the flow stress can be written
analogous 1o equation (10)

T:‘fi}:%*'b an

where / is the mean spacing of neighbouring solute
atoms above or below the glide plane: / = 4 /,/Z_r. In
this local-force model, only those solute atoms in the
two planes immediately adjacent to the slip plane
contribute. Substituting the experimentally found
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Tablc 1. Theoretical predictions and experimental obaervations of the eflective solule spacing /, (am)

e TR LUFIRIE T TUET e

e e

Fuoiedel Moti-Nabsrro NMR é-change
Alloy equation (12) equation {19) oquation {13) squation (14)
Al-Zn (1%) 0.04 6.15 o 048
AlZn (1.5%) 0.03 [ R1] 0. 0.3
Al-Zn (2%) 0.02 009 on 07

value of 1; into equation (11) the obstacle strength
be calculated {r,(1%Zn) = 0.5 MPa,
1(1.5%Zn) = 0.TMPa, 1,(2%Zn) =1 MPa]. | The
average value of f; is 0.003, indicating that forest
dislocations are strong obstacles compared 10 sohute
atoms. Analogous to equation (9), the effective
obstacle spacing can be wrilten as

b

B —
Ve
I, is listed in Table 1.

A plausible connection between the effective forest
dislocation spacing 4., the effective solute spacing [,
and the measured jump distance Ly, can be based
on the following model.

All moving dislocations in the alloy, delayed at
intersections with both forest dislocations and solute
atoms, affect the spin-lattice refaxation rate. It has to
be emphasized that all delay times larger than 10-*s
contribute to {T,")y. Consequently, the intersections
between moving dislocations and weak obstaclés like
solute atoms affect the spin-lattice relaxation rate and
the intersections with strong obstacles like forest
dislocations influence (T,")p. Assuming iwo different
sets of corresponding mobile dislocation densities, p,
and p,, respectively, the total spin-lattice relaxation
time can be decomposed into two contributions
analogous to equation (8). One can envision that at
the yield stress fevel in the case of the dilute alloy a
small fraction of the primary dislocations must move
through the weak obstacle field presented by the
soluies before encountering forest dislocations; the
effective solute spacing is much smaller than the
forest dislocation spacing (Table 1). The mean:jump
distance Ly can be written as

! [
- 13
Luun A ‘o Lo )

In order to verify this expression, we bave tolmake
the necessary assumption that the disiocation raicro-
structure is the same in ultrapure Al and in the dilute
Al-Zn alloys at a certain value of ¢. In view bf the
method of analyzing strain-rate change experiments
by Van Den Beukel er al. [15]. this implies that & plot
of Lglhr vs Lijen of ulirapure Al is a straight line. In
Fig. 6 Lyjn vs Ly is depicted for both the: alloy
systems and the pure material. At the beginning of
deformation of the alloys p,/p = | (assuming the two
different fractions of mobile dislocation densities are
proportional to the corresponding ratios of the
effective planar obstacle densities). It means: that,
according 10 equation (13), at the smallest degree of
deformation (¢ = 1%) measured by NMR, /, is found

- {12)

10 be decreasing from 0.19 am in Al-1at.% Zn to
0.13 ym_in Al-2at.% Zn. From a comparison be-
tween this experimental finding and the values pre-
dicted using Friedel statistics (Table 1), it can be
concluded that actuaBly in cach dislocation jump a
number of effective solute stoms (order of 10) is
bypassed. In steady state, Friedel statistics assume
that s dislocation released at one obstacle must, on
sverage pick up exactly one other one. This seems to
be in conflict with these NMR data.

According to our assumption, &, is the effective
scparation of forest dislocations in the solid without
solute atoms and has the same strain dependence in
the afloy as in the ultrapure material, Further, /, is
assumed to be independent of strain. However, when
primaries move through a random field of solute
atoms before encountering forest dislocations, the
dislocation mobility is decreased relative to that
possible at the same stress level compared to ultra-
purc material. In order to keep up with a fixed
applied strain rate ¢ fequation (1)), the dilute alloy
may have p, preater than for the pure crystal.
Consequently a1 2 corresponding strain the alloy has
to have a higher stress level than the ultrapure crystal.
It means that the effective obstacle spacing 4,
{equation (9)] in the atloy will become smaller than 4,
observed in the ultrapure material. As a result the

o

Lom 1B = (g™
Fig. 6. Inverse mean jump distance Lyyy vs the same
quantity of Lyyy in ultrapure Al (symbols see Fig. 4).
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Fig. 7. Stereo-electron micrograph of Al-] at.% Zn deformed at 77 K until fracture. (a) g = 022. stereo
angle 19.2°, stereo impression [311). (b} g = 002, sterco angle 25, stereo impression [100).

slope of Liyg vs L ihg (AD) of the alloys will increase
from one with increasing solute concentrations (sce
Fig. 6). At higher deformation i, in the alloy will
become smaller than 4, observed in the ultrapire
material (see Fig. 4). This discussion ignores the effect
of solutes on the s:acking fault encrgy of aluminiim
(cell structure formation). TEM observations of the
present dilute alloy sysiems show cell structures qu te
similar to the struczure found in ulirapure Al (Fig. 7).

For further discussion on the ¢ dependence of L.,
sce 4.3

4.2. Activation length

Mechanical tests involving a change in simin
rate by a factcr of 1en were employed (o nreasure

{6 In é/81); [equation (5)). from which the apparent
activation volume was deduced. The resulting data,
depicted in Fig. 8, reveal that the apparent activation
volume and activation length of the system decrease
with increasing sirain. This behaviour has been ob-
served also in fc.c. crystals using the same tech-
niques, e.g. in Al by Mukherjee er al. [16] and in Cu
by Van Den Beukel 1 al. [15]). The cffective activation
length represents the mean spacing of the forest
dislocations {17}. The rate at which the decrease of
aclivation iength with increasing strain happens, de-
pends on the number of operative slip systems (strain
hardening). 2 is expecied to decrease more rapidly
with strain hardening the greater the amount of
(poly) homogeneous slip. Since the rate of decrease of
4 with ¢ is the same among the various systems




..
ree e ¥ by .
oW b

oy ;o s o B
il T i U i b T L St ﬂ,};; FE SEF R A ity ittt

DE HOSSON et ! : SOLRITION IHARDENING IN Al-Zn ALLOYS 1519
ozor 0~
[ ]
»-
onlr .
f £
.g 5 -] o
2 ow+ 3
wt -t
Sk
|
v
oos} //,
1 1 1]
° s 0 =
000 ) . | A tpn!) —-

° 5 [ o 148
g (%) —
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(Fig. B), the strain hardening associziterd with these
experiments is expected 10 be the same a5 well,

It should be noted that, in general, the effsrtive
length is proportional to the applied siress e 1 1R),
[equation (9)]. The activation volume: will become
equal to 2/3 4 47 leading to a somewhut larger value
of 4 than depicted in Fig. 8. The actimtion fengith 2
at small ¢ is close to the value of Ly, a1 smll:e.

According to Kocks [19) the resuliing: activtion
length in the case of many weak an¢ w few sirong
obstacles (based on a linear addilvity of Mow
stresses) can be writlen as :

-t T

where 4, and £ represent the activatiori lengths wthen
only forest dislocations and solut ixtoms, | re-
speclively, are present. ‘The A&L, vs il plots are
shown in Fig. 9. It can be concluded that velatior [14)
is valid for the Al-Zn alloys under inwestigation,.

In.contrast 10 Kock's original modeliic! = 1)in the
present system ¢’ = 0.9. The intercept with the ordi-
naic has the magnitude, /;'; I is liste!! i) (Tabhe 1
Again (sec Section 4.1) these| data obitiinved | from
strain-rate change experiments. indicae that in gach
dislocation jump a number of effective soluie aboms
{order of 10) is bypassed.

In order to verify the linear additivity of inwerse
activation lengths and 10 obtain experimental) itiior-
Mation about the obstacl strengths f,, Jywe writeifor
the flow stress

k&
Toney =7+ =

. 15
A, 4 us)

F@D.hmmimbuknmhi.,wlhemqumtity
of 4 in ultrapure Al (symbols see Fig. 4).

| Substitution of equation (14) into equation (15)
1 yields

—— 16
1 (i6)
|at constant [, and
kz k|-¢"k2
-t g2 17

at constant 4,. k; is equal to f; ub [f is obstacle
strength of type i, see equations (9), (10), {n).

T
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i¥ig. 10. Flow stress t (Al-2 a1.% Zn) vs the inverse of the
activation length A, .
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Fig. 11. Flow stress at ¢ = 1% strain is plotted vs lh: inverse
of the activation length Ay, (symbols see Fig. a).

In Fig. 10 1 is plotted vs Agh, (Al 2a1.% Zn).
According to equation (16) £; is found to be © I3 and
Jf; i 0.043 derived from the slope and the imercept
respectively. In this analysis /, was taken from Fig. 9;
027um for Al: 2at.% Zn. Although only three
different alloys were investigated, 7 at € = 1% strain
is plotted vs the inverse of the activation leng t A5h
in Fig. 11. Using equation (17) /; is found to be 0.035
and f, is 0.11 (4, = 0.16 um, Fig. 8). The assumption
that the forest dislocations are strong obstacles com-
pared to the solute atoms seems to be Justifimd The
strain-rate change experiments confirm the iinear
additivity of flow stresses and the additivity of mverse
activation lengths.

4.3. Comparison between mean Jump distzmee and
activation length

In conclusion we may say that there exists
mutual consistency between the mean jump dis-ance
measured by NMR and the activation leng't ob-
tained by strain-rate change experiments. It ixas to be
emphasized that Ly, is obtained from szrples
which are deformed with constant strain rare ¢ with
increasing stress. This means that Lymy is dypemic-
ally influenced dislocation multiplication. Charges in
strain rate during deformation, however, can cause
similar effects to the flow stress as changes ir tem-
perature. An increase in strain rate gives less tims for
thermally activated events: ie. it is equivalemn: to a
lowering of the temprature of deformation. Jn eddi-
tion, the cooperative way of dislocation dvnamé:s will
affect the activation length. A dislocation pioned at
different obstacles may *‘unzip” along its =atire
length after thermal activation of only one ssgment
of the dislocation across the barrier, since at tha: very
moment the critical breakaway angle of ali ather
segments is exceeded, Only a small activation I2ngth
per segment would be measured, although Lm in
that case need not be influenced by this unzipping
effect. The difference between L, and Aunioy 1S 1081
clearly indicated by the different eflects of salute
concentration on the strain dependence tFiz 6,

-a%-
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Fig. 9). Apparently, the rate at which the decrease of
Lyun with increasing strain happens, depends consid-
erably on the concentration ¢ of solute atoms (Fig. 4,
Fig. 6) and is proportional to the strain bardening, ¢
(in stage If 1/L ~ 0% ¢). .

According to equation (10)

P ot - aub &p
& Noe&
The rate of change of dislocation density with strain
is 1/bL. A detailed analysis [20] of the strain hard-
ening behaviour indicates thal the presence of solutes
does not grea:ly affect the dislocation accumulation,
It means that the increase of the slope Ligly vs L}
(Fig. 6) with increasing c is due 10 an increase of the
strength of dislocation/dislocation interaction o; 1e.
surprisingly enough, there exists some arrangement
of solutes corrclated with the position of the dis-
locations which can occur even at this rather low
ternperature that results in an increase in the effective
dislocation/dislocation strength. Recently, this mul-
plicative effiect of solutes on strain hardening has been
found in Ni-Mo alloys as well [21). For an overview
of the effects of solutes on the strain hardening
behaviour of alloys reference is made to [22}.

Both the NMR data and the data obtained from
strain-rate change experiments on the alloy systems
indicate that Friedel’s approximation of solution
hardening is v:olated: i.c. in each dislocation jump a
number of effective solute atoms (order of 10) is
bypassed. Apolying Mott-Nabarro's mode! as a
different approach {2, 3,23), we take the effective
obstacle spacing as

(5

(18)

) a9

where the maximum internal stress averaged over the
space of radius I/2 around each solute is {see aiso
Labusch [24, 25]).

tauldicinife. (20)

6 represents the misfit parameter ( = 0.02) and in the
localized-force model [ is related to the atomic frac-
tion concentration ¢ of solute by / ub{ﬁc. From
equation (19) 4 is cakulated and listed in Table I.
These predicted values are in reasonable agreement
with experiments.

§. CONCLUSION

Pulsed nuclezr magnetic resonance is shown to be
a complementary new technique for the study of
moving dislocations in Al-Zn alloys. Spin-lattice
relaxation measurements clearly indicate that fluctu-
ations in the quadrupolar field caused by moving
dislocations in Al-Zn are different from those in ultra
pure Al. The NMR experiments provided informa-
tion on the mean jump distance of dislocations in
these materials. The mean jump distance found in
ultra pure Al can be explained using Friedel's model
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for describing the interaction between moving dis-
jocations and forest dislocations. Based on the NMIR
data and data obisined from strain-rate change >x-
periments it could be concluded that moving dis-
Jocations interact with solute atoms as described by
Mott-Nabarro's model and with forest dislocations
as predicted by Friedel's model. In fact, only fairly
strong obstacles at very low concentrations
(¢ =107 seem to fall inside the range where
Friedel's model is justified [9). Forest dislocations are
probably a borderline case. In contrast Labusch [24],
presenting & more complete solution of the statistical
problem of hardening, finds that Friedel statistics are
rarely justified. A more complete discussion about
these various models of solution hardening i
presented in 2 recent review by Nabarro {23).
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