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boundaries of the twin. However, there
appeared more new dislocations, stacking
faults and so on, which were not present in
crystal before detwinning. Thus, the crys-
tal that had been subjected to twinning con-
tains n-ruch more defects of crystal lattice
than at the origir-r.

It is not out of place to mention that near
the surface of crystal the nulnber of disloca-
tions, formed by twinning, is essentially
more than in its depth. It may be connected
with lower energy of formation of lattice
defects near the surface of crystal tl.ran in

the depth of it.
The phenomena described in this report

were also observed by us in sodium nitrate
crystals, which is a crystallographical
analogue of calcite, and in metal crystals.
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Point Defect Clustering in Nickel*

I. G. GnpnNFTELD AND H. G. F. WrlsooRr
The Franklin Institute Laboratories, Phi,lad,elphi,a S

PennsElaania, U.S.A.

Point defects were introduced into nickel by neutron bombardment and quenching.
Irradiations of 1xl0tsnvt (totalfastflux) were carried out at 70'C and 200'C, and the
quenching treatments were varied by quenching to temperatures ranging from 10"C
to above the Curie temperature. From the results obtained, it has been concluded
that, because of local regions of damage which act as nucleation sites, prismatic dis-
location loops are more easily formed in irradiated nickel than in quenched nickel.

Two methods of introducing point defects
into a metal crystal are (l) bV radiation
with high energy particles (2) by quenching.
Radiation produces both vacancies and inter-
stitials in local regions of each encounter,
whereas rapid quenching frorn high ter-nper-
atures will result in a supersaturation of
vacancies in a random distribution. Depend-
i.rg upon the ternperature, dispersion of
point defects, and the activation energy to
be surmounted for the formation of various
aggregates of point defects, the point defects
will either remain dispersed, annihilate op-
posites, or form clusters of their own spe-
cies. 'lhis investigation contrasts the point
defect behavior in nickel produced by ir-
radiation with high energy neutrons and by
quenchir.rg. The major experirnental tech-

* This research was supported by the U. S.
Atomic Energy Cornmission.

nique is dependent upon the observations
made with the electron micrriscope. Although
single vacancies or interstitials have not
been identified by electron microscopy, struc-
tures such as prisrnatic dislocation loops which
are directly attributable to a supersaturation
of point defects, have beenobserved inquench-
ed and irradiated metals (see ref s. 1-4).
Since the energy of a small void below a criti-
cal size would be less than that of a prismatic
disl<lcation loopo', it is probable that voids
exist before prisrnatic disktcations are form-
ed. It is estimated that voids could be seen
by electron microscopy because of a mass
thickness contrast mechanism only when the
void is greater than ten percent of the
thickness of the foil. The experiments de-
scribed are designed to atter-r-rpt to make
visible tl.re structures which result from
various neutron irradiation treatments and



various quenching treatments.
Bulk specimens of a high purity nickel

(Johnson and Matthey, 99.998,'4) were sub-
jected to 1 r 10" nvt (total fast flux) in the
Brookhaven reactor, After the exposure,
these specimens were thinned down to elec-

tron transparency and viewed in the electron
microscope. A large number of irradiated
nickel specimens were studied; however, n<l

signs of any visual alterations directly at-
tributable to the neutron bombardment l.rave

been seen althor"rgh the physical and mecha-

nical properties of the nickel are changed
by similar irradiations5'. In contrast tcr

nickel, irradiated copper is found to contain
dark spots which have been identified as

prismatic diskrcation loops. The cascade of
point defects in the vicinity of a primary
knock-on of a given energy will be about
the same in nickel and copper. An estimate
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of the condition of the disturbed region can

be made by considering the mean free path
between the successive encounters''. lf the
Bohr radius is used for the determination
of the screening constant, then the r-nean

free path between displacernents of various
energies is shown in Fig. 1. If larger values
of the Bohr radius are used, then the Li
curve is displaced downward. It is seen

from Fig. 1 that the rnean free paths for
copper ancl nickel are similar. In addition,
calculations of the number of vacancy inter-
stitial pairs using the present theoryo) indi-
cate that the number of defects originating
from the same energy neutrons will be

nearly the same for both metals. Thus, the
initial stages of the knock-on in copper and

nickel should be similar. The disparity in
the observable structures, therefore, must
be due to some other origin' One important
factor that influences the formation of pris-
matic dislocation loops is the rate at which
the point defects can come together and

form a loop. The rate of diffusion of point
defects is considerably different in copper
and in nickel, and, therefore, elevated tem-
perature experiments were carried out with
irradiated nickel.

Since point defects are certain to be pre-
sent in irradiated nickel, further annealing
could produce defect agglomeration which
may result in an observable structure. An-
nealing treatments were carried out on nickel
that was irradiated at pile temperature (less

than 70'C). The temperatures of the anneals

were 148"C, 180"C, 200"C, 250"C, and 400"C.

The results at various times are shown in
Table I.

for The lower temperature annealing treat-
ments did not produce any observable struc-

Table I

Diffusion distance (cm)
LooP

Density (cm a)

2L

Annealing
Temp.'C

748

180

200

254

400

Tin-re
(sec. )

7.2xl0t
6.0 x 105

1.4 x 10a

3.5 x 10s

1.4 x 104

2.3 x 10{

no loops

no loops

no loops

6 x 10ts

1.4 x 1014

4 x 10-to

4x10 e

2 x 10-8

1 x 10-7

1 x 10-7

2 x 10-6

4 x 10-s

4 x 10-a
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2xl0-s
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ture which could be associated with neutron
irradiation. After the annealing treatments
.at 200'C and 400'C, however, some agglo-
meration in the form of prismatic dislocation
loops was apparent in the thinned foils. Fig.
2 is a photomicrograph of the resulting
structure after annealing at 200"C for 3.5x
105 sec. Loops were not discernible in the
250"C anneal; however, surface roughness of
these particular specimens rnay have hidden
.any fine structures.

If the rnobility of the vacancies are con-
sidered at the various annealing tempera-
tures, the diffusion length, Ln, Carr be cal-
culated for the above treatments. The

I. G. GnoeNrrELD AND H. G. F. WTLSDoRF

70'C and an-
Note prismatic

diffusion length') is equal to 2 (Dt)L, where
D:Cur exp (- E*lkT)

and D:diffusion coefficient, /:time of diffu-
sion, C:constant, ?rr: fraction of vacancies,
E*:activation energy for the movement of
vacancies, and I:the absolute temperature.
In Fig. 3, L,,llur)!z is plotted against I 1.

From this graph, the diffusion length for
the various annealing treatments can be ob-
tained if the vacancy concentration is known,
Although the increase in the average vacan-
cy concentration in nickel for a given neutron
exposure can be calculated, it is difficult to
estimate the local concentration of vacan-
cies in the vicinity of the knock-on because
of the unknown shape and size of the cascade
and the uncertainty of the amount of recom-
bination of some of the vacancies and inter-
stitials. However, it is reasonable to assulrre
values for zr, between 10 ' and 10-0. If the
loops could be associated with the coales-
cence of vacancies, then for a concentration
of vacancies of 10-', Lt,:70-u cm for an ob-
servable density of 6x10'3 cm 3 and Lt,:2x
10-tcm for an observable density of 14>t10'3
cm 3. The values <'fi Lt, for u,:10 ' are
listed in Table I. Apparently, the vacancies
did not travel far before agglomeration pro-
ducts were formed. Frorn these experiments
one can conclude that some of the original-
ly-produced clusters of vacancies have re-
mained dispersed throughout the specin-ren
for a long tirne subsequent to the irradiation;
and, after the proper heat treatment, either
the interstitials or the vacancies agglomer-
ated. However, it is significant that for the
greatest L,, the loop density is about 1/10
of that obtained with irradiated copper. Ap-
parently, sorne annihilation of vacancies and
interstitials had taken place between the
time of irradiation and the formation of the
prismatic dislocations.

In a further series of experiments, nickel
was irradiated at an elevated temperature
where the diffusion ler.rgth of the vacancies
is about the same as the diffusion length of
the vacancies in copper at a pile temperature
of 70"C. From Fig. 3 an equivalent diffusion
length is found at approxirnately 200"C. A
high ternperature hole was obtained at the
Brookhaven reactor, and the nickel bulk
specirnens were irradiated at 200"C. Thin
films were made from these bulk specimens,

Fig. 2. Nickel irradiated at about
nealed at 200'C for 3 .5 x 10s sec.
dislocation loops.

Fig. 3.

{ lo-r "xl

Diffusion length
as a function(time x fraction vacancies)I/l

of 1lT.
For copperer D:0.34exp(-2.0lkT); nickele)
D=I .27 exp(-Z.9llcT). E,o is assumed to equal
Et and thus E*:ll2 Eo where Er:activat'on
€nergy of formation ar\d DD:activation energy
for self diffusion.
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Point Defect Clusteri,ng in Nickel ae

I,'ig. 4 Nickel irradizLtecl at 200'C.

Fig. 5. Nickel irradiated at 200'C. Note the
kinked appearance of the glide dislocations.

and a typical structure is shown in Fig. 4.

The many dark spots that have appeared in
this photo-micrograph are definitely a product
of the neutron irradiation. The density of
these spots is of the order of 2.3r 10'5/crn3

and is of the same magnitude as that of the
loop density in the irradiated copper. In
Fig. 5, the interaction of these spots with
dislocations show kinked portions of the
dislocations similar to the configurations seen
in irradiated copper.

For the irradiation treatrnent at 70'C-in
contrast to the irradiation at 200'C- it rnay
be concluded that the lack of observable
structures rnay be a result of a temperature
too low for either (1) sufficient diffusion
of point defects, or (2) overcoming an acti-
vation energy of nucleation. The predicted

configuration of vacancies and interstitials
around a knock-on consists of a region in
which the central portion contains a high
concentration of vacancies surrounded by an
interstitial "shelI." Consequently, it would
be expected that for cases in which the dif-
fusion distances for vacancies, interstitials,
or both are comparable to the size of the
knock-on region, there would be a large can-'
cellation of the vacancies with the intersti-
tials. If however stable aggregates of similar
point defects are nucleated rapidly, there
would be a smaller chance for large amounts.
of recombination. Moreover, when the point-
defect clusters remain in the lattice for a

length of time, a great deal of annihilation
can occur. This may explain why fewer
loops are formed after annealing of irradiat-
ed samples than are formed in samples ir-
radiated at 200'C. Makinto) has proposed
that interstitial loops are formed during
the irradiation of copper; but since inter-
stitials are more mobile than vacancies, the
70'C irradiation of nickel should have pro-
duced some loops. These were not seen, and
it is therefore inferred that interstitial pris-
matic loops do not form during neutron
bombardment of nickel.

The quenching experiments have been con-
ducted in the following manner: Strips of
polycrystalline nickel (Johnson and Matthey
nickel as described above) contained in an
evacuated qrsartz tube were quenched from
1250"C and 1430'C into iced brine. The ex-
amination of the thinned specirtens yielded
negative results; namely, with the exception
of a small number of dislocations and a few
singular large loops, the expected magnitude
of loop density was not found. Since the
quenching in the above experiment is con-
sidered to be slow quench and since loops
were only seen in irradiated nickel when ir-
radiaticln was carried out at 200"C, a ffIore
versatile apparatus was devised for rapid
quenching with various temperature quench-
ing baths. In order to cover a ternperature
range from -10"C to above the Curie tem-
perature of nickel, two separate devices
were constructed and are illustrated in Fig.
6

For this series of experiments zone rnelted
nickel strips 10 r 3 r 0.7 mm were quenched
from about 1225'C to various temperatures

I\;
I
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.-INDUCTION COIL

CONTACT FOR
AUTOMATiC CUTOFF

L rurcxeL specrurl

OUE NCHING
SOLUT LON

(a) lb)

Fig. 6. (a) Quenching from above 1200"C to tem-
peratures from -10"C to 200"C. Iced brine
and LiBr solutions used for quenching bath.
(1) Specimen is heated in argon to about I225"C;
(2) the pressure of the argon is reduced; (3)

valve A is opened and the liquiC is drawn up
to the specimen; (4) just before specimen is
quenched, the induction furnace is automatically
cut off by the liquid.

(b) Quenching from 1225"C to 333'C and 380'C.
(1) High purity argon is bubbled thrc.rugh the
molten tin and purified by heating the zirconium
rod; (2) The specimen is heated and dropped
into the tin by removing magnet a; (3) Magnet
b is used to remove the specimen from the tin.

(-10'C to 380"C). Few prismatic loops were
found in the series of quenches from -10'C
to 200'C. In the high temperature quenches
below and above the Curie point (333'C and
380"C), a large rumber of spherical spots
were seen which are either voids or small
loops of about 100 to 500 A in diameter.
The structures below and above the Curie
point, however, were essentially alike. The
suggestion by Mader, Seeger and Sirnschll)
that prismatic loops are difficult to form
below the Curie temperature because of de-
magnetization effects does not seem to be
relevant. In addition, since the zone-melted
nickel used in these experiments was purer
than the nickel previously used, it appears
that the change in irnpurities did not affect
the results.

If the quenching results are contrasted
with the irradiation and annealing informa-
tion, it is seen that, for comparable anneal-
ing times, loops are formed in the irradiated
nickel and not in the quenched nickel. Thus,
it appears that, in addition to the depend-
ence of the diffusion length, the formation
of loops are dependent upon the local distri-

bution of defects.
The dislocation patterns in neutron ir-

radiated, deformed nickel have been discus-
sed in an earlier papert''. It was found
that the dislocations were extremely ir-
regular and that lrany small dislocation
loops were distributed throughout the volume
through which dislocations had r-noved. In
addition, upon further examination of thin
foils rrade from neutron irradiated and de-
forrned nickel strips (50x 3x 0.5mm), cross-slip
was frequently observed. Cross-slip also oc-
curred in specimens which were taken from
samples after their exposure to a fast flux
of 10'8 nvt and ir-r others which were an-
nealed for t h<tur at 200'C after neutron
bombardrnent. In Irig. 7 it can be seen that

dislocations have moved in the foil during
observation in the electron microscope leav-
ing trails which indicate the path travelled
by thern. Obviously, many dislocations have
cross-slipped repeatedly. This phenomenon
had been predicted to occur in crystals with
excess vacanciest3).

Nickel has a relatively small stacking fault
energy which is given in the literature as
about 90 ergs/cr1z 1a)'ts). An extended dis-
location may possibly cross-slip if it is sub-
jected to rather high stresses as may be
prevalent in Stage III of the stress-strain
curve. This condition is not satisfied when
dislocation motion in thin foils is induced
by a high intensity electron beam. It was
concluded that the phenomenon of cross-slip
in nickel was due to the interaction of va-
cancies with dislocations. If the number of

ZIRCON UM ROD
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vacancies in a crystal exceeds the equili-
brium concentration, an atmosphere of vacan-
cies will be formed around n-roving disloca-
tionstu'. The effect of vacancies on disloca-
tions is to reduce the core energy, and more-
over, on exter.rcled dislocations to cause jogs

for which constrictions are a geometrical
necessity. As had been pointed out earlier'o),
vacancy atmospheres will be formed only
around slow moving dislocations, and this
condition is exactly fulfilled in our experi-
ment. The above result is in accorclance

with observations of cross-slip in foils of
other f .c.c. crystals having a low stacking fault
energy; it was reported in neutron irradiated
foils of stainless steelt') and in foils of
,quenched gold't'.

Summary
"Low temperature" irradiation or various

,quenching treatments from above 7225"C to
temperatures ranging from -10"C to 200"C

did not directly produce any associated
structures. Af ter annealing treatments at
200'C and 400'C, prismatic dislocation loops
were seen in the irradiated nickel; whereas
for annealing treatments up to 300'C, no
loops were noted in the quencht:d nickel. It
has been reported, however, that prismatic
'dislocation loops have been seen after an-
nealing above the Curie temperature"'. Ap-
parently, prisn.ratic dislocation loops are
more readily formed in a material which has
been bombarded with high energy neutrons.
The relative ease of formation can be attri-
buted to regions of high local damage which
.act as nucleation sites for loops. The exact
form and size of the damaged regions can-
not be accurately evaluated because they
;are too small to be observed by the electron
microscope. Large amounts of cross slip due

to the vacancy concentration are seen in dis-
locations moving in f oils of irradiated
nickel.

Dark spots are observed in nickel that was
irradiated at 200'C, a temperature at which
the vacancies in nickel have about the same
mobility as the vacancies in copper that is
irradiated between 30'C and 70"C. The re-
,sultant visible defects are found to be sinri-
lar in the two metals. Quenching to high
temperatures above and below the Curie
temperature resulted in similar structures

refusing the concept that magnetization ef-
fects are of prime importance with regard
to the agglomeration of point defects in
nickel.

Acknowledgements
The authors wish t<l express their appre-

ciation to F. Wilhehn and M. Herman for
their helpful discussions concerning the
quenching apparatus and to Mr. R. Larsen
who has arranged for the irradiations at the
Brookhaven reactor.

References
1 J. Silcox and P. B. Hirsch: Phil. Mag. 4

(1959) 1356.

2 l. G. Greenfield and H. G. F. Wilsdorf:
Naturwissenschaflen 47 (1960) 395.

3 P. B. Hirsch, J. Silcox, R. E. Smallman, and

K. H. Westmacott: Phil. Mag. 3 (1958) 897.

4 D. Kuhlmann-Wilsdorf and H. G. F. Wilsdorf:
J. Appl. Phys. 31 (1960) 516.

5 See D. S. Billington and J. H. Crawford;
Radiation Damage i,n Solid,s, Princeton Uni-
versity Press, Princeton, New Jersey (1961).

6 G. J. Dienes and G. H. Vineyard; Rad,i,ation
Effeats in Solids, Interscience Publishers, Inc.,
New York (1957).

7 W. M. Lomer; Vacancies and, Other Point
Defects in Metals and, Alloas, Inst. Metals
Monograph and Report Series No. 23, The
Institute of Metals, London (1958) p. 79.

8 C. L. Raynor, L. Thomassen and L. J. Rouse:
Trans. ASM 3() (1942) 313.

I R. E. Hoffman, F. W. Pikus, and R. A. Ward:
Trans. AIME 2OG (1956) 483.

11

M. J. Makin, A. D. Whapham, and

F. J. Minter: Phil. Mag. 7 (1962) 285.

S. Mader, A. Seeger, and E. Simsch:
Z. Metallkd. 52 (1961) 785.

H.G.F. Witsdorf : Phys. Rev. Letters 3 (1959) 172.

D. Kuhlmann-Wilsdorf and H. G. F. Wilsdorf:
Proc. 1st Int. Materials Conf., Uniaersity of
California (1961).

P. Haasen: Phil. Mag. 3 (1958) 384.

P. R. 'lhornton and P. B. Hirsch: Phil. Mag.
3 (1958) 738.

1.6 D. Kuhlmann-Wilsdorf , R. Maddin, and
H. G. F. Wilsdorf: Strengthening Mechani,sms
in Solid,s, Philad,elpltia Semi,nar (7960) ASM
(1962) p. 1s7.

17 H. G. F. Wilsdorf and D. Kuhlmann-Wilsdorf:
J. Nuclear Materials 5 (1962) 778.

18 R. Maddin and W. Westdorp: Proc. Int.
Conf. Crss. Latt. Def. (1962): J. Phys. Soc.

Japan 18 Suppl. III (1963) 37; D. Kuhlmann-
Wilsdorf, R. Maddin, and W. Westdorp: J. Appl.
Phys., in press.

10

1.2

IJ

t4
15



26 I. G. GREENFIELD AND H. G. F, WILSD0RF

DISCUSSION

Cahn, R. W'.: At Birmingham recently we have done some tensile experiments
to look for quench-hardening in nickel. After quenching from 800'C, there was no
detectable increase in flow stress of pure (carbonyl) nickel, not even after a short
subsequent anneal at 200"C. Can Dr. Wilsdorf offer any explanation of this negative
result?

Wilsdorf , II. G. F.: On flrst sight there seem to be two reasons why nickel specimens
quenched from 800'C do not show a measurable increase of the flow stress as com-
pared with that obtained from annealed crystals: (i) a temperature of 800'C appears
to be too low for introducing a significant vacancy concentration. (ii) It is known
frorr other metals, for example copper, that heat treatments are necessary to bring
out quench hardening. Presumably, a temperature of 200"C is too low for the de-
velopment of quench hardening.

Brandon, D. G.: I would like to ask two questions on the interpretation of thin
film observations. Firstly, how do you distinguish between surface graininess, which
is very apparent in nickel, and bulk diffraction contrast? Secondly, to what extent
do you think dislocation movement observed in films of 1000 A. thickness or less is
typical of bulk material and what significance do you attach to the observation of
stacking faults in these thin films?

Wilsdorf , H. G. F.: Dr. Brandon's question regarding the influence of surface
"graininess" on the reliability of observations due to diffraction contrast is very ap-
propriate. Thin nickel specimens are indeed difficult to prepare and often show a
surface roughness in the electron microscope. However, this surface structure is the
same for annealed, quenched and neutron irradiated specimens, and, from experiences
over a period of three years, we believe that contrast due to surface roughness as
compared to that caused by lattice strains, l.e. prismatic dislocation loops etc., can
be distinguished unarnbiguously. Moreover, "bulk contrast" is most sensitive to
tilting the specimen while the change of contrast due to the surface structure is
less sensitive and never disappears completely. Answering the second question, I
will restrict myself to discussing the observations of stacking faults and cross-slip
in the context of the paper. The presence of large stacking faults, frequently seen
when glide dislocations rnove through thin foils prepared frorn annealed nickel, was
quoted in order to contrast the occurrence of cross-slip in neutron irradiated material.
While the production of large stacking faults will not occur in bulk specimens, the
contraction of extended dislocations due to the influence of point defects is expected
to take place in thick crystals.




