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‘Effect of Electron Irradiation on Mechanical Properties

. of Aluminum Single Crystals at 80°K"
K. Ono, M. Meshii and J. W. Kauffman
Materials Research Center and Department of Materials Science

Northwestern University, Evanston, Illinois

Aluminum single crystals of 99.999% initial purity were irradiated at
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80°K with 1 MeV electrons to total dose of 1.2 ~ 8 x 10 el/cmz. The flow

stress was measured at 77°K over the strain rate range 5 x 10 4 to 4 x 10 -3

and increased with irradiation. A larger increase for the higher strain
rate was observed. The increase is interpreted to be due to interstitials
which have migrated to dislocations and have been absorbed heterogeneously

by making superjogs or kinks, which produce resistance to motion of the

dislocations. An interruption of tensile test for a short time resulted

in a yield drop which was found only in the irradiated crystals. This
yield drop may be due to the Cottrell locking of the interstitials which

vere freed from impurity trapping sites by glide dislocations. Annealing

"at room tehperature resulted in recovery of the hardening caused by the

’

.irradiation. - Migration of vacancies or divacancies to the dislocation

. having interstitial jogs may produce the recovery.




INTRODUCTION

The effect of particle irradiation on various physical
properties of metals has been investigated from many aspects. The

basic process involved is, at least in part, due to the creation of

 vacancies and interstitials.

Effects of neutron irradiation on the mecﬁanical properties
of metals have been studied quite extensively and have been estab-
lished as resultihg from the presence of defect aggregatesgl)
However, 1ittle.attention has been paid,‘thus far, to.the hardening
effect of‘electron<irradiation, which can produce the simplest types
of defeqt,xig., single.vacancies and intefstitials.

. Earlier stﬁdiegz’a)were By no means complete, although a
suitable energy of electrons was employed to obtain simple types of
defect.

i

The most extensive wo to date was performed on copper.

- single crystals with 4 MeV electrons at irradiation temperatures

between 77°K and'293°K. The critical shear stiress was increased by
the irradiation,ibut no change in rate of work-hardening was observed.
It has been suggested from the dependence of the hardening on the
irradiation temperature that homogeneously nucleated clustersof
randomly migrating point defects were responsible for the process.

It can be shown, however, by ﬁéing the theory of electron-nucleus

¢

lifcplliSion and the experimenfally determined value of the threshold
energy-for displacement@gthat almost half of the collisions due to

" 4 MeV felectrons( have enough .energy to create miltiple defects.
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Thus it may be necessary to modify the donclusion(A)
that the hardening produced by the electron irradiation is due to
the introduction of isolated interstitial vacancy pairs.

The present investigation was aimed at the hardening effect

of the simpler defect structure produced by a lower energy of
. incident electrons. Because of the difficulty in handling the very

" ‘thin crystals required for electron penetration, aluminum was selected

due to its relatively large penetration distance.

Recovery of electron induced reéistivity of aluminum after
a low temperature irradiation'is known to occur in three major sﬁages,
as in copper. Stage I recovery includes recovery substages below 55°K,
Stage II is between 559K and 175°K and Stage III is between 175K and

270°K. These are responsible for resistivity changes of 84%, 6% and

- 10%, respectively, of the total change due to irradiation near 4.2°K§7)

As in copper, Stage I recovery is due to fecombination of close-pairs
and interstitial migration and Stage II is attributed to release of
impgrity trapped interstitials. Although the nature of Stage III
recovery is yet to be esfablished, we favor §acancy migration of Some
type, as Qill be discuésed later. |

Close pairs of vacancies and interstitigls are by no means

stable at the irradiation temperature of 80°K; interstitials move

 freely and recombine with vaéancies or migrate to traps or sinks,

- namely impurity atoms and dislocations.. The remaining immobile

vacancies, whose pairing interstitials have migrated to the traps or

' sinks, stay dispérsed in the matrix. By subsequent tensile testing,

one can distinguiﬁlthé responsible hardeningAmechanisms with the above-

" mentioned defect configuration in mind.
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'EXPERIMENTAL PROCEDURE

Aluminum singlé crystals of 99.999% initial purity, 30 cm

long, were grown by the strain-anneal method. Sheet specimens of

0.8 x 6 x 38 mm were cut from as-grown crystals and annealed at

400°C for twenty-four hours. The orientations of the crystals were
determined by the back reflection Laue method and are shown in Fig. 1l.#

"The specimens were then electropolished in an ethyl-alcohol-

peidhloric acid (4:1) solution.to a final thickness of ~ 0.75 mm.

Irradiations were performed in the Nérthwestern University Van de
Graaff with an electron energy of.(l.O + 0.1) MeV. A schematic
drawing of the cryostat used is shown in Fig. 2. The electron beam
was about 3 em in diameter and eellimated by a thiek aluminum window
to irradiate a specimen area of 15 x 6 mm. A beam current of

~ 10 pa and not more than 25 pa was maintained. A current integrator
was used to measure the total dosage. Thus the irradiation time to

attain a dose of 1017

el/cm2 was about an hour.
Temperature of the specimen during irradiation was measured
by a calibrated copper-constantan thermocouple, and the specimen was

kept below 80°K. The specimen was set in the specimen chamber of the

. cryostat which was f£illed with helium gas and then immersed in liquid

: nitrogen. The electroﬁ beam was introduced into'the.chamber through
. two iron foils (ﬁotal thickness of 0.076 mm) and a liquid nitrogen

x}laygr of 1 mm:tﬂickness. The cryostat was designed to allow tensile

tests at 779K after the irradiation without moving or heating the

#The crystals of the orientation A were used for the earlier

- experiments with a faster strain rate and those of orientation B

for the later experiments with a slower strain rate.
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specimen. Stress was measured by an electrical strain gauge load cell
and the relative displacement of specimen grips was measuréd by a
differential transformer transduéer; The outputs were led to carrier
amplifiers and -subsequently to an X-Y recorder. The stress and strain -
sensitivities were * 2g/mm2 and + 5 x lO~5, repectively. The rates of
strain eméloyed were 2 ~ 4 x 1072 sec™ and 5 x 16_4 sec” .
In practice, a seriés°of irradiation experiments was carried
out on specimens of the same orientation. Irradiation was done on a
specimen which had been strained to 0.3 ~ 1.5% of glide strain at 77°K
before the irradiation. After the irradiation the tensile test was
continued, thus enabling us to examine the effect of irradiation on
hardening with the same dislocation configuration. In some instances,
second and third irradiations vere carried out after a small strain
which followed the previous irradiation. The effecfs of interrupting
the test and unloading were ex%mined in bofh irradiated and unirra-
diated specimens. VWhen the test was interrupted, the load was main-
tained to about 90% of the flow stress which is known to be enough to |

Y
(8 To study the effect of

diffgrentiate the unloading effect.
annealing,“the liquid nitrogen bath was emptied'and the specimen was
allowed to warm up. Ai;lter recoolihg, the subsequent tensile test

was performed at 77°K. During the irradiations as.well as the anneal-~
ing treatment, specimens were in the unloaded cogdition. Resolved

' shear stress-shear strain curves were calculated by the standard

method.




For example, with a strain rate of 5 x 10~

EXPERIMENTAL RESULTS

Typical stress-strain curves of irradiated and unirradiated

crjstals tested at 77°K aré shown in Fig. 3.

| The 'shear stress and strain, at whicg;the irradiation was

carried out ranged from 140 g/mm2 to 210 g/mm2~énd from 0.3% to 1.5%,

respectively. . | : )
An increase in flow stress was always found after irradi-

ation, and the amount of the increase was dependent on total electron

dose and the rate of strain. The fracitional increase in resolved

" shear stress with respect to the electron dose is plotted in Fig. 4.

A larger increase vas observed for the higher strain rate.
4 sec-l; the fractional
incréase in the shear stress was about 6%, but it was about 20% for
2 ~ 4 %1072 sect at the same dose of 1.2 x 1017 el/cn?.

Althoﬁgh the effect of irradiation on the rate of work-
hardening was not very apparent, a slight increase in the rate of

work-hardening was observed in the early stage of deformation. As

the deformation proceeded to the stage of more rapid work-hardening,

however, the difference between stress-strain curves of irradiated

and unirradiated crystals became smeller. Table I shows the rate of
work-hardening befére and after the irradiation togetheér with electron
AOse and fhe strain at which the specimen was irradiated. |

A sharp yield point or yield drop was not found at the
beginniné of plaétic deformation after irradiation.

After a small strain of 0.2 ~ 0.7% following the irradia-

tiqn, however, an interruption of the tensile test without unloading




resulted in an unexpectedly large yield drop of about 2 ~ 10 g/mmz
or of a féw percent of the.flowAst;ess for the interruption peri&d
of 5 sec - 5 min at 77°K, ag shown in Fig. 5. The corresponding-
experiment was carried out.in unirradiated crystalg,'but the yield
.drop failed to appear for the same condition. The interruption
yield drop after the irradiation was larger for the higher strain
rate; After continuing the test, another interruption was examined
at the interval of 0.3 ~ 2.5% shear strain. The yield drop was again
found. Since the experiments on the effect of interruption time on -
the yleld drop were carried out with varying parameters, direct |
comparison could not be made. However, experimental results under
51milar conditions indicate that an interruption period longer than
" ten seconds results.in little increase in the magnituae of the effect.
Thé yield drop due to the unloading was found to bé similar
for both-irradiéted and unirradiated crystals. This yield drop was
observed wiﬁh'the unloading above a shear stress of 300 g/mmz, which
is smaller than that reported by earlier investigators.(g) |
The hardening effect of multiple irradiations on a crystal
”"is shown by broken curves in Fig. 3. The fractional total increase
._in shear étress was notably larger at the same integral dose than
that which is expected from a single irradiation, at least in the
" case of the faster strain rate.
Annealing of A'specimen to room temperature was carried
out after the effect of the fourth irradiation wésAmeasured. Thé

result is shown in Fig. 6. The annealing time was about twelve

Aﬂhours. -The floy'stress decreased 15% which is about half of the

A




total increase due to the previous irradiations. Further annealing
at room temperature after 4% strain did not lead to an additional

decrease in flow stress except the -recovery which is normally observed.




-~
A ]

Change in Rate of VWork-Hardening
due to Electron Irradiation

TABLE 1

Electron Dose [ Rate of Work Hardening (kg/hmz) Strain at the Strain)rate
(el/cmz) ' “peTore aFior irradiation (o/o) sec
1.2 x 10%7 1.4 1.5 1,46 2~ 4 x 107>
1.2 1.5 2.5 1.43 "
8.0 1.1 2.0 0.81 o
1.2 1.5 2.4 0.75 5 x 1074
1.2 1.2 2.5 0.31 "




DISCUSSION

A. Distribution of Defects after Irradiation.

The average energy of electrons at the middle of the .
specimen was calpulated to be 0.8 MoV from the standard formula(IO).
The displacement cross section, P of a primary recoil atom: is
obtained by integrating the McKinley-Feshbach_approximation(ll) for
the differential cross section between the displacement threshold
energy, Td; and the maximum energy, T , which can be transmitted to

an atom by an incoming electron, giving

od,(iﬁ cm2) = 2.5 x

o T, 3 T
+ map { 2 [(-T:—-) - 11 - 1n(ﬁ-) } (1)

electron to that of light, and a = 2/137.

Hith the energy of electrons, used in this study, Tm is 117 eV.

'The value of T, was experimentally determined by Lucasson and Whlker(6)

d
to be 32 eV. A calculation with these values gives Y
Lucasson and thkér(6) have concluded that the Seitz-Koehlef

model for multiple defgct production(S) is most suitable for the
case of aluminum. With this model, the displacement créss section

_ 1is calculated to be 15.9 x'10-24cm2, at an electron energy of
0.8 MeV. . R | |

= 15.4 x 10~%cn?.



The difference‘between the two cross sections is due to

. secondary recoil atoms which would result in the formation of two

vacancies, some of which may form divacancies. In the present case,-
the difference is only a few percent of the tégalzcross section and
thus the divacancies must be less than a few percent of the total
defects. The concentratign of trivacancies must be negligibly small, «
but, since Tm/Td is about 3.7, few of them should be formed.

The concentration of the defects"produced can be calculated

by C = ngy e : (2)

where n is the total number of electrons per unit area. Because of

" the finite thickness of the specimens, it was necessary to integrate

Eq. (2) along the specimen thickness. At the front and the back
surfaces of the specimen, the energy of electrons differed by about
0.1 MeV from that in the middle of the specimen. This value corres-

ponds to a change in the displacement cross section of * 2.5 x 10-24 cm?

"In this energy range, the change in 83 is fairly close to linear with

respect to the electron energy. The intensity of the electron beam

elso decreases as ﬁhe beam passes through the specimen. From the data

" given by Marshall and Ward,(lz) changes of the beam intensity in -

aluminﬁm with an incident beam eﬁergy of 0.9 MeV can be approximated as
5 =n, (1-0.575 ¥°2) (3)

. where n, and.n are the total number of electrons per.unit.area at the

thickness of‘zeroAand X mm, respectively. The intensity of electroné,

:Ithus; decreased to ':i, 72% of the original value af the back surface

of the specimer. ,Thereforé, it is assumed that the distribution of

) "
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~ defects is homogeneous throughout the specimen.

The average concentration of the defects produced is

obtained by integrating Eq. (2) over the specimen thickness, giving

_ -24
Cope = (13.2 x 207°%) n, | (4)

 In our present investigation Cave is not the concentration of the

~ defects present as most of recovery of the radiation-induced

'resistivity is already completed at the irradiation temperature of

'80°K, as mentioned above. The concentration of di-interstitials and

other interstitial clusters which would be formed at the‘impurity

- trapping sites is negligibly small, since the instantaneoﬁs concen~

tration of free interstitials is very small and the number of traps

"is greater than the interstitials which have been trapped at impurity

atoms(IB). | |
By assuning that a vacancj and an interstitial contribute

to the resistivity change by a comparable amount and that interstitials

which have migr#téd to dislocations contribute to the resistivity by

a negligible amount,'the'numbers of the interstitials which havé~

migfated to the dislocations, the impurity trapped interstitials, and

the vacancies dispersed in the matrix can be estimated to be 10%, 6%

and 16% of Coye? ToSPectively.

In the present expefiment, the specimens were deformed

before the irradiations by a small amount. Therefore, the density of

.4 dislocations is about'108/cm2 (14). Although the density of dislo-

" cations in the prgvious resistivity expgrimenfs was ndt reported, it
;'would have been comparable to or even larger. than one in the annealed
pol&cfysta;line aluminum wire. Thus, it may be possible that the
11




" number of interstitials which have migrated to the dislocations is

lafger in the present experiment than the above estimate. The
increase, however, would not be larger than a factor of two, consid-
ering the data on irradiated cold-worked and annealed copper(ls).—
B. Interpretation of the Observed Hardening

| Dispersed vacancies can contribute to hardening through

their dilatational field and modulus change, as discussed by Mott(lé?,

Nabarro(l7), and Fleiséher(ls). The concentration of the vacancies,

’ however, is on the order of 10-7 for the present case and a reasonable
choice of constants shows that the effect is really negligible. Another
-possible source of hardening, viz., dislocation tangling due to the

* interaction of gliding dislocation and vacancies(lg), is also excluded

since the reaction is very unlikely under the existing conditions. As
vacancies are immobile at the testing temperature, coagulation of
vacanbies at the glide dislocations will not take place.

Solid solution hardening due to impurity trapped intersti-

" tials cannot explain the observed effect. Since the volume change of -

a Frenkel pair is estimated to be 1.25 atomic volume from the data of

(20)

Blewitt, Coltman'and Klabunde with a Frenkel pair resistivity of

3+4 pQ-cm per atomic percent(é); volume change of an interstitial

would be 1.75 atomic vo}ume when we agsume.felaxation around a vacancy
to be 0.5 atomic volume. The estimated concentration of the inter-
stitials is on the.order of 10—8, so the hardening effect is negligible

if the volume change is spherical(lé). If a fetragonal distortion of

.-an interstitial is present as assumed by Fleischer(z;), the magnitude

~ of hardening by the tetragonal distortion is about the same as the

12




present result. His calculation, however, did not include thermal

vibrations which are very important for such a short range effect as
thé dislocation-interstitial inpergction. Therefore, the calculation
overestimates the hardening effect when it is applied to our case,
" that is, 809K as the test temperaturé. Mpredver, the impurity
trapped interstitials will be freed from the trapping sites and
migrate to a dislocation, when they-experience large enough interaction
with the dislocation. Aésuming the binding energy, B, to be roughly
0.1 ev'7), it 1s shown in the Appendix that the impurity trapped
interstitials within about 50 4 of a slip plane will be released from
the sites by a moving dislocation. Consequently, strong solid
.lsolution hafdening cannot be expected in terms of the impurity
trapped interstitials.

' The only remaining source of the hardening is the inter-
stitials.which haveAmigrated to dislocations during the irradiation.
The number of interstitials at the dislocations is about 9.5 x 1015/cm;'

with the electron dose of 1.2 x 1017

el/cmz, and is the same order of
magnitude as the number of atomic sités along the dislocations.

It has not béén clear how interstitials behave at disloca-
tions.. If they can be absorbed easily at dislocations of an edge
orientation, the dislocations will c¢limb up uniformly by a few atomic
distances'®®). There will be little change in the nature of the— - -
" . dislocations. Thereforq, little or no hardening can be expected.

| An interpretation of the interruption yield drép, as will
be discussed ;ater; seems to sugéest that interstitials cannot be .

'absorped immediately at the dislocations; instead,'théy form an

A3




atmosphere at the dislocations. If this is the cése, the interstitials

may precipitate by forming superjogs on the dislocations when a

critical supersaturation is reached¥*. The resulting dislocation is

less mobile than a straight dislocation and a hardening effect is

expected. The heterogeneous climb of the dislocation may be enhanced

: here, since the specimens are. strained by a small amount prior to

1rrad1at10n( 4) . Weértman has shown that helical dislocations are

the equlllbrium form regardless of the initial orientation of dislo-

. cations after a deformation( 3) Some of the superjogs are efficient

anchoring points which contribute to formation of tangled dislocations.

Others will be dragged along with the dislocations(lg).

As long as
the size of the superjogs is of the order of only several atomic
distances, thermal activation may assist the superjogs in jumping from
(24)

one p031tion to the next by an atomic distance

Although an estimate of hardening effect due to the formatlon

A~of~tangled dislocation cannot be made, the effect due to the dragging

of a superjog may be estimated by assuming that the thermally activated
motion of the superjogs is responsible for the observed hardening.

If we set the activation energy for the process to be U, a

. rate of shear strain } can be glven by(zs)

" ¢ = NAbv, exp(-U/4T)

. where N is the number of dislocation segments bounded by superjogs in

. a unit volume, 4 is the area swept out by a dislocation in one jump,

) ' #The situation is similar to that discussed in reference 19. It should

be noted, however, that interstitials and stationary dislocations are
invo}ved here, whereas vacancles and gliding dislocations were treated.

A
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b is the Burgers vector, v, is the frequency factor (10l3 ec ),
k; the Boltzmann's constant erd T, the temperature. When we take
the average distance betweénlthe superjogs to be £ and the dislo-
'cation density p, N is 2p{_l. This is taken since the total length
of ihe dislocation in unit volume is given by 2p(26), and 4 = {b.
The ‘activation energy U can then be written as

U=U, - vitx' - ) | (6)
whe;e Uo-is the aétivation energy for a jump without the external
stress, and © and </ are the shear stfesses before and after the
‘ ifradiation, fespectively. v is an activation volume which is given
by v = b\ where \ is a jumping distance.- Since A = b and v = bzx,
Eq. (6) may be rewritten as:

v = 2pb?vo explv(t! - %) - U ]/XT (7)

Assuming v, and U, to be independent of ;, we obtain the

activation volume as a function of strain rate, {, and the shear

stresses 1/ and =:

.

- kT Y1
VT e, 8 T - (&)
1 2 )

where At = «’ - ¢, which is the change due to irradiation.

From the experiments, we have oty = 36 g/mm2 and'A':2 =10 g/mm2

for the electron dose of 1.2 x lO17

_ obtain v =1 x 10~ cm3 or £ = 2.9 x‘loéb. If we substitute these

13

2 o . s s .
el/cm - Since Yl/Y2 = 81/52, we
. values together with.p = 108 and v, = 1077 into Eq. . (6) we obtain
.0.15 eV for the value of U, For the present case, the number of the
' interstitials which have arrived at the edge dislocation of length {

is about 6.6 X'lOZ. If we assume about 10% of them form a superjog,




-.its size is about 8b in both neight and width. The size of the
superjog may be larger or smaller than this, but there is no possible
way to determine it éceurateiy. 4s to the activefion energy for
motlon of the superjog, it can be estlmated at least to some extent,
1f we have data on the stress necessary to move a dislocation on other
ihan close-packed planes; The theory of the Peierls suress( 7) is too
incomplete to predict this, however. On the basis of‘experiments we
have an indication that the stress is higher on non-close-packed planes.
Thus, we must be con?ent with the fact that the above value of U, is
not unreasonable when compariﬁg it to an activation energy for migration
of an interstitial. |

As pointed out earlier, the natﬁre of Stage III has not been
understood clearly. Various models have been proposed for Stage IIf
reco;ery, as recentl& discussed by Sosin and Rachal(7). None of them,
however, can explain all of the ooserved features of Stage III. Ail
of the interstitigl models are in conflict with the present observation
~ for thevfollowing reasons: 1) The obeerved nardening can only be
explained by assuming that a part of their vacancy counterparts are
left in the matrix, which would contribute to the resiaual resistivity
after Stage III. No such residual resistivity is actually observed(6’7).
2) Furthermore,'theoretical calculations predict that a body centered
" interstitial or a crowdion is not a stable configuration(za’Zg). Thus,
“the two-;nterstitial model(7’15>, which appears to explain the kinetics
ef resisiivity recovery after irradiation, is not justified, and further‘
‘studies'ere necessary to understand the nature of Stage III fully.

However, the decrease in flow stress observed after the room temperature

16




annealing in the present experiments can be best explained by migration
~ of vacancies or divacancies which result in destruction of the inter-
stitial jogs.
C. Interruption Yielding

We will now discuss the yield drop resulting from an inter-
ruption of the tensile test. The pheﬁomenon has beén reported on
polycrystalline aluminum and also othe; f.c.c. metals after straining
to certain amounts (5% or more) at low temperatures(g’Bo’Bl). It
has been interpreted to be due to the Cottrell locking of disloca-
tions by the interstitials thch are formed during the straining, by
the following reasons: 1) the magnitude of the yield drop was larger
for a larger amount of prestrain, 2) only the defect mobile at the
testing temperature was an interstitial, and 3) stress-strain curves
- after the yield point were identical to that obtained in the absence
~of aging. In the present experiment, the interruption yield drop
vhich is observed éﬁ the early stdge.of deformation in only the
irradiated crystals, has very similar characteristics, namely, the
short aging time and the shape of.the’yielding phenomenon(S). Since
the strain rate dependence of the yield drop is also observed, it
appears that the Cﬁttrell effect of point defects is responsible for
the observed yield drop, although the aging kinetics has not been

-studied enough to give a definite time law. Since unirradiated ~

". . ‘crystals have not shown a yield drop At the early stage of deformation

v'with comparable interruption time and the vacancies are immobile at
the temperature of testing, the defects responsible must be the
L:interstitials formed by the irradiation. Therefore, the interstitials

»_which.are released from the trapping sites at impurity atoms by the

- 17




glidé dislocations are suggested to be responsible for the yield drop.

If 211 the impuriiy trapped interstitizls have been releasa?

from the sites and attracted to the dislocatiosns, the number of the

interstitials for an electron dose of 1.2 x 1017el/cm

15

2 is about

\
cm‘s, which compared to the number of sites along edge dis-

15

6 x;lO
locations of 3.4 x 10 cm_3. This number of interstitials strong}y
1depends, of course, on the interaction and theléistributioﬁ of the
traﬁped intérstitiais and dislocations and not all of them will be
attracted to the dislocations. Assuming the volume change of an
interstitial, Av, is spherical, the energy of the elastic inter-
action-UI, between thg interstitial and an edge dislocation is
given by(32):

- GbAy , sin g
UI - m R (9)

[ 4

where R and q are the polar coordinates about the dislocation.
Umax is about 1.2 ev when R=beand sin ¢ = 1. With this inter-
actiop energy and the estimate.cf the binding energy between an
interstitial and an impurit&.atom, it is shown in the Appendix that
about 20% of ﬁhe impurity trapped interstitials are released from
the sites when an irradiated c;ystal is strained‘in shear by 0.5%.
Oncé they are released;'théy are expected to migrate to dislocations.
Thus,lphe yield drop of ‘the obgerved magnitude can be caused due to
‘the Cottrell locking by the interstitials.

In the above discussion, we have assumed that interstitials
.are not aSsorbea immediétely at superjogé on disl&cations{ ~This

seems valid, at least fof'thq,time interval of the test inﬁerruption.

s




If our assumption is correct; a yield drop would not be observed
. after a prolonged test interrupiion, but an increase in the flow
stress should be expected. Experiments on this point will be

carried out in the near future.
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FIGURE CAPTIONS

Fig.
Fig.

Fig.

Fig.

- Fig.

Fig.

1.
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3.

Axial orientations of crystals tested.

Schematic drawing of the cryostat.

Typical stress-strain curves of irradiated and unirradiated
crystals._

Fractional increase in shear stress against electron dose.
Effect of test interruptions in an irradiated crystal.

Effect of annealings at room temperature.
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APPENDIX
Suppose an impurity trapped interstitial is at the
origin and an edge dislocation whic¢h lies on a slip plane y = y,

runs'pafallel to thé z-axis. When the dislocation is at Xos the

interaction energy of Eq. (9) gives

Uy = Asin a/R = 4 yo/(xo2 + y°2) (4.1)

wheré. A = GbAv/m.
The probability of release of the interstitial with the above
interaction can be written as “
P = vexp(-E -B+U,)/kr. . ' (A.2)

7)

Taking y = 1013/360, Em = 0.12 ev and B = 0.1 ev,( the probability

is unity f'or'Ui

sin ¢ = 1. This implies that impurity trapped interstitials are.

= 0,02 ev at 77°K, which corresponds to R = 60b for

freed only from sites near dislocations.

.During a small strain interval before test interruption,
however, éislocations move,r;ther extensively. The sjrain ra£e }
is equal to v,pb where v, is an average velocity of the dislocations
which isvabout 3.5 x 10—4cm/éec in our case.

Suppose a dislocation moves on y =y, from x = = ® {0 + -,
~Then the tota; probéb;l;ty.of release, Pt;‘can be given by an

integral: |

L . . w. . . : ‘ o - . o '
L Byo= [ oPas S - (a3)

Noting ' v, ‘= dx/dt, -
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[}
P,' = ¥ exp(- B, - B)/kI j exp U, /kT ax *
. - w0
and substituting (4.1)
. . . - ,
P, = Yexp(-E - B [ exp Ay, /i (x* +¥,°) ax
' = (4.4)

The function in the integral falls off rapidly and a graphical

- integration giveé Pt = 1 for y, = 48 A. Therefore, the interstitials
are released from the trapping sites when they are within about 50 A
above and below the slip plane.

When we have a strain inierval of 0.5%, total area swept
by dislocations can be given by ay/b = 1/570 AL, Thus, about 20% of
all the ipterstitials cﬁn be expeéted to contribute to the inter-
rupfion yield drop phenomena.,

In this calculation, rardom motion of dislocations is
assumed, which tends to:overestimate the total area swept. This
assumption, however,:is feasonable since dislocations leave their

“initial slip planes rather'fandomly in aluminum as observed by

transmission electron microscopy.
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