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Abstract

Dislocation arrangements in deformed and neutron irradiated 

Zr and Zircaloy-2 have been studied by thin film transmission electron 

microscopy. Results indicate that the prominent slip system, in both 
Zr and Zir caloy-2, is the {l OloJ 1 /3 < 12l0> type; no evidence for 

basal slip was observed. Attractive and repulsive dislocation inter

actions seem to be more important than the intersection jog reactions. 

Elongated loops and dipoles were seen at higher deformations and it 

is suspected that such loops or dipoles are formed due to interactions 

between dislocations lying in parallel planes.

Stacking fault ribbons lying in {lOlo} .plane have been found in 

]5.% cold rolled Zircaloy-2: a rough estimate of stacking fault energy 
indicates that it is ~ 65 ergs/cm^. Calculations show that the equilibrium 

separation of partials is ~ 60 A ahd a stress as high as 19xl0~ p acting 
along (pOOlJ direction is needed to separate them. It has been suggested 

that C>2 and N^ in addition to their solid solution hardening effect may 

also cause a lowering of the stacking fault energy and Suzuki hardening.

Printed and distributed in December 1963.
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1. 1 The dislocation arrangement in Zr has been studied

previously both in unirradiated and irradiated conditions.

Bailey (I) has found that the dislocation arrangement in deformed 

1 % in tension) Zr depends upon the purity of the material. In 

commercial Zr the dislocations are untangled and tenj to remain 
confined to 010J < 1210 > slip systems, whereas dislocations

in crystal bar Zr show tangling tendencies. Bailey assumed the 

possibility of some basal slip to account for tangling. From his 

„ results he concludes that the efficiency of O^, C, and in

increasing the har den ability of Zr lies in the fact that the above 

impurities not only raise the stress for continued slip on the 

prismatic planes but also increase the stress for basal slip to 

prohibitively high values.

Rapporport (2) and Rapporport & Hartley (3) have 

determined the slip system in commercial Zr and found no 
evidence of slip other than 01 dj" < 1210 > at temperatures 

up to 1073°K. Williams et al. (4) , however, have postulated 

that some basal slip is necessary to account for the observed 

texture in cold rolled Zr. Howe (5) has studied the effect of 

irradiation on the dislocation arrangement in annealed and cold 

worked Zr foils. His investigations included irradiation with 

neutrons, a particles and deutrons at various temperatures.

In no case was any effect of irradiation on the dislocation 

arrangement detected.

With the above in mind it was decided to examine the mode 

of deformation and dislocation arrangements in deformed and irradia

ted Zr in more detail. To this end Zr foils were deformed by cold 

rolling to 5 to 15 % reduction in thicknesses and the change in dislo

cation arrangement and slip systems, dislocation reactions, produc

tion of faults etc as a function of deformation were systematically 

followed. The results presented here are incomplete but interesting 

enough to be reported. More detailed results are at present being 

obtained. In addition to working with commercially pure zirconium 

a parallel experiment with Zircaloy-2 was also made. As yet



results are not available for crystal bar zirconium but these will be 

forthcoming shortly.

Experimental techniques were the same as used in a 

previous study and are described in an earlier report (6). It is 

convenient to report the present work in two parts, namely

i) Dislocation arrangement in cold rolled zirconium 

and Zircaloy-2

ii) Dislocation arrangement in neutron irradiated 

zirconium foils.

Dislocation arrangement in cold rolled zirconium and Zir caloy-2

A. qualitative comparison of dislocations in zirconium 

and Zircaloy-2 may be made with the help of figs, la to 4b. It 

is seen that they fall into four distinct classes and each class in 

Zr has its counterpart in Zircaloy-2. It is not fully clear how 

these distributions are formed but it is suspected that several 

mechanisms are involved as described in the following sections.

The types of dislocation shown in figs. la to 2b are 

typical of both small and large deformations except in that at 

large deformations short dislocations (figs. 2a, 2b) are over

whelmingly predominant. A. preponderance of short dislocations 

over long ones may arise in various ways e.g.

a) Pronounced texture in the foil

• b) Expanding loops with their ends anchored at a 

surface

and c) With an increasing density of dislocations in the

glide plane, the screw component of the dislocation 

ring can climb, leaving the predominantly edge - 

section in the original plane. '

All of the above three mechanisms may operate 

simultaneously but with increasing deformation, mechanism c) 

will perhaps become increasingly important„
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For all the orientations analysed these dislocations lie
in {lOlo} plane, the short dislocations being predominantly edge

in character (see fig. 11). This supports the view that mechanism

c) is responsible for the large population of predominantly edge

dislocation segments at higher deformations„ The Burgers vectors
, - -

b of these dislocations were assumed to be of the 1/3 ' 1210 >
type. However, in a more detailed experiment ^ will be established 

by tilting and heating foils in the micros cope. Pile -- ups (6, 1) so 

frequently seen both in Zr and Zircaloy are perhaps due to these 

short segments of edge dislocations. Fig. 6 shows some complex 

reactions of short dislocations with a long dislocation and also 

among themselves.

Another feature of dislocation arrangement which was 

characteristic of heavily worked material (i.e. 10 % or more) is 

shown in figs. 4a-b. These dislocation segments are in general 

paired and sometimes, especially in Zr, appear as bands of 
elongated loops. For the orientations analysed, they lie in {l 01 oj 

*•' 1210 > system, figs. 7 & 8. Fig. 4a shows the band at higher 

magnifications. These elongated loops may be edge dipoles. The 

mechanism of dipole formation has been treated by Gillman (7), 

Tetclman (8) and Washburn (9). Elongated loops (or dipoles) 

provide extra barriers to dislocation movement and cause work 

hardening (note the jogged nature of B family of dislocations in 

fig. 4a, see fig. 9 for dipoles.

The dislocation arrangements illustrated by figs. 3a & 3b 

were quite often seen in heavily cold worked Zr and Zircaloy foils.

A diffraction pattern for Zr is not available but in the case of 

Zircaloy, fig. 10, the intersecting pairs of dislocations seem 
to lie in {l010^ and £o 112} planes; {blTzjis not an observed slip 

plane but it is conceivable that under the conditions of rolling some 
slip may occur on £o 112^ planes „ This, however, has to be checked 

by more careful experiments.

2.3 In all the foils containing 5 to 10 % cold work, stacking
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faults were never observed (though they might have remained 

undetected). However, 15 % cold worked Zircaloy readily showed 

areas containing stacking faults if the specimen was thin enough, 

fig. 13. A. selected area diffraction pattern showed that the faults lie in 
the £lOloJ- plane. If this analysis is correct then the fault can 

arise only through the following type of dissociation:

1/3 [l210] = 1/6 [1211*] + 1/6 [I2llj

The stacking fault ribbons were quite long and were

observed only in very thin areas. One cannot estimate accurately

the stacking fault energy from widely separated partials because

of their metastable nature; however, a rough calculation shows
2 *that the fault energy in Zircaloy-2 is of the order 65 ergs /cm 

but this estimate may well be in error by a factor of 2. Assuming 

that y = 65 ergs /cm in Zircaloy, the equilibrium separation of 

partials in prismatic planes is about 60 A, which at 20.000 

magnification will be barely discernable (0. 12 mm or less 

depending upon the orientation). The force needed to separate 

these partials is estimated to be ^19x10 p ( u = shear modulus) 

which is quite high. This perhaps explains why stacking faults 

were not observed at lower degrees of cold work.

It is reasonable to assume that the stacking fault energy 

in Zr will be somewhat higher and hence separation of partials 

will need even higher stresses and hence higher degree of cold 

work before they are formed.

2.4 The main characteristics of dislocation arrangement in

5-15 % cold worked Zr and Zircaloy-2 can be said to be

a) Absence of tangling up to 15 % cold work

b) Absence of cross slipping under ordinary beam

heating .

c) Abundance of pile-ups

* See appendix for detail.
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d) Appearan-ce of cusps, sec fig. 12

e) Dislocation reactions producing paired dislocations 

(or elongated loops) etc.

We shall discuss each of them briefly.

The observations a), b) and c) are connected in as much 

as what is responsible for pile-ups is also responsible for the 

absence of tangling. The basic mechanisms for tangling have been 

proposed to be:

a) dislocation intersection jogs

b) cross slip

and c) interaction between point defects and dislocations (10).

Intersection jogs are not important in case of Zr because 

of the kind of dislocation interactions in Zr (this, however, will 

be considered in more detail in the next section). Cross slip is 

a thermally activated process and the experimental results indicate 

that cross slip in Zr is rather difficult under ordinary conditions.

This could perhaps be due to the dissociation of full dislocations 

into partials. The view that interactions between dislocations and 

point defects (10) are the real cause of tangling has been criticised. 

However, Mader (11) has shown that this mechanism could be 

responsible for tangling in metals of high stacking fault energy such 

as Al, but not in cases where the stacking fault energy is relatively 

low. In the latter class of material the level of stacking fault energy 

controls the dislocation arrangement. In view of the above facts, it 

is believed that the absence of tangling in Zr and Zircaloy-2 is due 

to the paucity of intersection jog reactions and the relatively low 

stacking fault energy. Wilsdorf & Wilsdorf (10) have examined the 

effect of dislocation arrangement during specimen preparation and came 

to the conclusion that tangling is not caused by such arrangement.

The only way intersection jog interaction may occur in 

Zr is by the dislocations threading the prismatic planes at right 
angles. These dislocations will lie in basal planes and will have 

to be predominantly edge in character. Statistically such dislocations
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will be only half of the total dislocation population in basal planes 

and the density of dislocation in basal planes will not increase with 

the progress of deformation; thus it seems clear that jog formation 

will occur only to a very limited extent. However, these jogs can give 

rise to cusps on a screw dislocation, fig. 9, and formation of dipoles 

fig. 12, to a certain extent. In view of the fact that paired dislocations 

or dipoles are seen quite frequently, it appears reasonable to assume 

that Tetelman's (8) mechanism of dipole formation may be more 

important in Zr. In this mechanism dipoles are formed due to 

interaction of dislocations in parallel slip planes.

Saada (12) has considered the dislocation interactions 

in detail and Friedel (13) and Seeger et al. (14) have incorporated 

his results in their model of work hardening in metals. In Saadas 

treatment a dislocation tree (immobile dislocation) can repel or 

attract the moving dislocation depending on their mutual orientation 

and their Burgers vectors; thus when two dislocations come into 

contact, they interact with one another. The kind of interaction 

depends upon the following considerations, namely;

.1) If the scalar product of the Burgers vectors of the 

meeting dislocations is negative, the interaction is 

attractive and junction reaction will be favored. The 

stress required to push the mobile dislocations 

through such forests is independent of temperature.

2) If the scalar product of the Burgers vectors of 

meeting dislocations are positive, the repulsive 

reaction is more favorable. The stress necessary 

to free the moving dislocation is smaller relative 

to the attractive case and is temperature dependent.

When the Burgers vectors of the moving dislocations 
are parallel and they meet at 90°, jog formation is 

the favored interaction and the stress necessary to

3)



- 9 -

push the mobile dislocation past such obstacles is 

weak and temperature dependent.

The flow stress of a metal in general has two components

a) temperature independent component

i) the stress, in addition to other sources of lattice 

friction, to move a dislocation due to long range 

stresses caused by pile-ups and dislocation lying 

in parallel planes - cr ^

ii) the stress necessary to move a dislocation through 

obstacles due to junction reaction - cr ^

b) temperature dependent component

i) the stress necessary to form and move jogs - cm

ii) the stress necessary to move dislocations through 

obstacles due to repulsive interactions - cr ^.

In general cr ^ is quite large compared with cr ^ and cm.

The observed slip system in Zr is the ^ 1 Oio} 1/3 < 1210 > 

type. Then, on the basis of arguments 1, 2 and 3 above, it seems 

that intersection interactions of dislocations in Zr will be mostly 

of the attractive and repulsive types. If this is the case, the flow 

stress in pure Zr should be less temperature dependent than in Mg 

and Zn, where jog formations is also important due to the occurrence 

of basal glide. Reliable data on the flow stress is not available but 

experiments to determine this are planned.

2.5 Churchman (15) has stipulated that the hardness value of

Zr is so sensitive to its Cb, and content that it can be taken as 

a measure of its O-, and content. Bailey (1), on the basis of his 

electron microscope studies of the dislocation arrangement in 

commercial and crystal bar Zr, has come to the conclusion that 

C>2 and somehow or other restrict cross slip and keep the 

dislocations confined to their glide planes (i.e. prismatic plane).

This is rather surprising because CC and should make the basal
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slip more favorable (and hence even cross slip) by increasing the 

c/a ratio.

However, if one assumes that apart from their solid solution 

hardening effect, Cb, and can also lower the stacking fault energy 

in Zr, then one can visualise an extra hardening effect just due to 

this cause. This might happen in two ways, namely

i) lowering of stacking fault energy will cause partials 

to be widely separated both in prismatic and basal 

planes and hence prevent the dislocations from cross 

slipping,

ii) migration of impurities to the faulted area may cause 

Suzuki hardening.

This kind of hardening, however, will be temperature 

dependent and add to the temperature dependent component of the 

flow stress.

That oxygen is capable of decreasing the stacking fault 

energy is supported by the fact that widely extended stacking fault 

ribbons have been observed in heavily oxidised Zr foils (16).

3. Dislocation arrangements in neutron irradiated zirconium foils

3.1 The mechanical properties of Zr are significantly changed

by irradiation and one expects that the dislocation arrangement 

should be accordingly altered to account for the observed changes 

in yield and tensile strengths. Reported work (2) on electron 

microscope studies of dislocation arrangement in irradiated Zr, 

however, has given negative results, which is surprising; it was 

therefore considered worth-while to make an independent experiment 

in this connexion.

Vacuum annealed (735°C, 12 hrs) foils of Zr (0.05 mm thick) 

were sealed into Al cans and irradiated in the R2 reactor. The cans 

were in direct contact with the primary cooling water which has .

3.2
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temperature ~ 40°C. The neutron flux during irradiation was
13 2 182x10 n/cm /sec. and the total dose received 3x1 0" nvt

1 8corresponding to ~ 2.7x10 nvt > 1 MeV. The appearance of the 

foils gave no visible sign of oxidation or mechanical damage. 

Microscope specimens were prepared in the usual way (6).

3.3 Results are presented in figs. 15 to 22. In nearly all 

specimens small black dots were seen. These dots were fairly 

evenly distributed and varied in size from ~ 65 to 4000 A or more. 

When the specimen was tilted, they gave contrast effects similar 

to dislocation loops, figs. 18 & 20. Furthermore, the size and 

shape of the dots varied during tilting, figs. 18 & 19. From what 

is known at the moment, these defects behave like precipitates. 

Hydride or oxides are the most probable possibilities but further 

experiments are needed to clarify the issue,

3.4 Compared to the dislocation population in an annealed 

unirradiated specimen, irradiated foils were fairly well populated 

with dislocations; these dislocations might, however, have been 

introduced during handling. Dislocations were seen to be invariably 

pinned by the dots described above, figs. 15 & 16. For the 
orientations analysed they lay in £l 01 g} plane, fig» 15, Many 

dislocations were bowed out between the pinned points. Diffraction

pattern analysis is not available at the moment but a rough estimate
. -4

shows that a stress as high as 7x10 p 3 where p is the shear

modulus, is acting on some of the bowed dislocations. Interesting

dislocation reactions and pile-ups were observed, figs. 17 & 22.

3.5 The black dots behave like precipitates on tilting, part 

of the evidence for this lies in the fact that the line of no contrast 

in the loop is perpendicular to g, the latter being the reciprocal 

lattice vector. Unfortunately more than one strong reflection was 

operating and hence it is not certain which reflection was responsible 

for the contrast. However, it has been assumed that g perpendicular 

to the line of no contrast is the operating one. The dark side of the 

images lies on the side of positive g and the light side on the side

of negative g. Thus, these precipitates cause an expansion of the
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lattice (17). Both hydrides and oxides of Zr have larger lattice 

parameters than Zr.

3.6 The general appearance of the dislocations is appreciably

different from what is seen in unirradiated specimens. They are 

no longer straight and form complex shapes e.g. as at A, B and 

C in fig. 17. At A. both attractive and repulsive types of reaction 

can be seen. Bowing out of dislocations and the presence of 

pile-ups show that dislocation movement has occurred. The tail 

end of pile-ups at "C ^ in fig. 22 seem to have cross slipped under 

stress. Pinning of the dislocations indicates that neutron irradiated 

Zr should show "yield drop" on tensile testing and this has in fact 

been observed in irradiated hydrogen loaded Zircaloy. Howe (2) 

has also reported a yield point for Zr specimens which were 
irradiated in pressurised water at 270°C.
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APPENDIX

Calculation of stacking fault energy

We will consider the dissociation of a pure edge in the (llOO) 

plane. It is expected that the method of calculation described here will 

also be valid for a pure screw. The partials arise from the following 

dissociation, viz;

1/3 [1120] = 1/6 [ll2l] + 1/6 [l 12l] (1)

*
Writing in the notation of 3 indices , equation (1) becomes

[lOl] = 1/6 [412] + 1/6 [2ii] (2)

Then, following the notations of fig. 1, a stress t acting 
along the [ill] direction in the £l2lj plane will have zero component 

along a ^ and a but will exert an equal and opposite force on p ^ and 

P 2 and hence forcing them to separate

Fig. 1 P^ and P^ are the partials, which have components 

a 1 and a ^ in edge orientation and p ^ and p ^ in 

screw orientation, r is the equilibrium separation 

of the partials, which will further separate under a 

stress t . Dashed lines indicate the new position 

of the partials „

3 indices notation will be used throughout hereafter.
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Strength of p^ and p along £l 1 lj is given by,

a
Z

[m] [412]

ft fs (3)

and that of a , and a _ along the [1 OlJ direction is given by

a [214] [iOl]
7 ' ft (4)

P j and j3 ^ attract each other and a ^ and a ^ repel each other which 

is obvious from the sense of their Burgers vectors.

Force of repulsion between the edge components a ^ and u ^ 

is given by,

R1 =
p a 3 pa

2ir (1 - v )r 8-n-r
(5)

p = shear modulus 

v = Poissons ratio = 1 /3

and a = a ^ = a ^

similarly, force of attraction between the screw components p ^ 

and p ^ is given by,

R- F P
2 ir r

p a
24tc r

(6)

Therefore, the net repulsive force

2
R1 - R2 =

p a
3 w r

(7)

Equation (7) can be written in terms of the Burgers vector of the 

complete dislocation, giving

R1 -R2
F b

6 ir r
(8)
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In equilibrium, the repulsive force of the partials is balanced by the 

attractive force of the stacking fault, hence

V 6 tr r
(9)

where

y =; stacking fault energy in ergs/cm 

r = separation of partials in cm.

In the presence of an internal stress t, equation (9) will be replaced by

V
6 n r

+ t(3 (10)

Here, x will be assumed to be the internal stress anchoring 

the partials away from its equilibrium position. Let us assume that 

the anchoring stress is due to an identical dislocation lying in a 

parallel plane. If the dislocation density at 15 % cold work be assumed
1 z zto be ~ 10 /cm , the average distance between the dislocations will 

— 5
be about 10 cm.

Then

where

and

21? 1

2 fTxlO9 dynes/cm^

p 4x10** dynes/cm^

t p = ^2 x 10 dynes/cm/

(M)

(12)

Substituting (12) and the measured value of r in (10) gives,

y - 65 « 0.2 (13)

or Y » 65 ergs/cm/ (14)

This value, however, can be in error by a factor of 2.



Substituting (14) in (9), the equilibrium separation of partials,

r 62 A (15)

Under a magnification of 20.000, the equilibrium separation will be 

w 0. 12 mm. In most cases the fault plane will be inclined to the plane 

of projection and hence the separation will be even smaller»

b2
Substituting (3) in (10) for p , and using the value -----  3 0.2,

6 * r

V ta
2ff N 0.2

or t 19x10 ^ p (16)

From above it is clear that a normal stress in excess of 
-3 „

19x10 jx acting In the(ilOO) plane is needed to separate the partials 

from their equilibrium position. It is quite a large stress and perhaps 

is the reason why stacking faults appear only at high deformations.



Fig. 1 a Straight dislocations in Zr

40.000 X

Fig. lb Straight dislocations in
Zircaloy-2 40.000 x

Fig. 2 a Short dislocations in Zr

40.000 x

m- a 1 n
"s=i

Fig. 2 b Short dislocations in
Zircaloy-2 40.000x

Fig. 3 a Intersecting pairs of 
dislocations in Zr

40.000 x

Fig. 3b Intersecting pairs of
dislocations in Zircaloy-2

40.000 x



Fig. 4 a Band of paired dislocations 
(or dipoles)

40.000 y

Fig. 4b Band of paired dislocations 
(or elongated loops) in 
Zircaloy-2 30.000 y

Fig. 5 Pairs of long dislocations interacting 
with dislocations in an intersecting 
plane. Wavy nature of the dislocations 
suggest they are screw. Notice 
interactions at A. & B. Zir caloy-2

40.000 y



Fig. 6 Interaction of a long sweeping Fig. 
dislocation with a family of short 
dislocation. Notice reactions at 
C, D, & E. Zircaloy-2 (10% C W)

20.000 x

7 Paired dislocations (or elongated 
loops) lying in f1010J planes,
Zir caloy-2 (10% C W)

30.000 x

Fig. 8 Dislocations lying in (l 01 o) 
plane in 10% C W Zr

20.000 x

Fig. 9 Dipoles and elongated loop in 
10% cold worked Zr

40.000 x



Fig. 10 Paired dislocations lying in 
(1 01 0) and fOl Tz) planes in 

10% cold worked Zir caloy-2

20.000

Fig. 11 Short dislocations lying in 
f 1010) planes in 10% C-W.
Zir caloy-2. These dislocations 
are of mixed type and are 
predominantly edge in character.

20.000 x

Fig. 12 Note dislocation cusp at A.
and junction reactions below 
A. Zir caloy-2 (10% cold work)



Fig. 13 Stacking fault ribbon lying 
in (1010) plane in 15 % 
cold rolled Zircaloy-2

20.000 x

Fig. 14 Selected area diffraction 
pattern from an area near 
the stacking fault.



Fig. 15 Irradiation induced precipita
tion in Zr. Notice the pinned 
dislocations and precipitates 
at point P. These dislocations 
lie in (1010) plane.

20.000 x

Fig. 16 Some more pinned dislocations 
in double contrast. But notice
i) at A., part of dislocation 
shows only single contrast
ii) at B, separation of image 
has narrowed down due to 
pinning
iii) Peculiar contrast at C.

20.000 X

Fig. 17 Pinned dislocations and their 
tendency to form tangles. Note 
dislocation reaction products 
at A., B and C 20.000 y



v

Fig. 18 Notice elongated loop Fig. 19 Same as fig. 18 but the
contrast at A., B and C. specimen was tilted. Notice
(irradiated Zr). that some of the loop contrasts

20.000 x have changed to line contrasts
' e.g. at B and D

20.000 x

Fig. 20 General loop contrasts of 
defects in irradiated Zr

20.000 x



Fig. 21 Strong pinning action in Fig. 22 Note pile-ups at A. and cross-
irradiated Zr. Notice A and B. slip at C and tangling tendency

at B
2O.OOOx 20.000 x
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