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par

M. Griffiths*, R.C. Styles**, C.H. Woo**, P. Phillip* et V. Frank*

RÉSUMÉ

On a utilisé un microscope électronique à haute tension (HVEM) pour étudier
la nature des défauts ponctuels intrinsèques du o-Zr en observant directe-
ment la montée des dislocations et la croissance ou la décroissance des
lacunes. On a utilisé comme matière le Zr de nuance Harz qu'on a irradié
préalablement aux neutrons à environ 740 K dans le réacteur surgénérateur
de Dounreay (DFR). On a étudié les boucles de dislocation de caractère
lacunaire produites pendant l'irradiation aux neutrons en les irradiant
davantage aux électrons dans le HVEM. On a observé la croissance des
boucles à des températures aussi faibles que 230 K, ce qui indique que,
dans les conditions de l'essai, certains défauts de caractère lacunaire
étaient mobiles au régime de température 230 K - 300 K. La nature de ces
défauts est inconnue. Il se peut que ces défauts ne soient pas de nature
intrinsèque mais plutôt des complexes de lacunes-Fe.

En plus de la montée des boucles de dislocation, on a étudié les disloca-
tions et les lacunes des réseaux à élément ç_. On a observé une montée du
plan basai des dislocations des réseaux à 573 K, mais celle-ci n'était pas
facilement évidente à 320 K. Cela laisse supposer que les plans de montée
préférentiels (et éventuellement les plans d'accolement [faciès cristallin]
des boucles) sont sensibles à la température. Les lacunes qui se trou-
vaient déjà dans la feuille après l'irradiation aux électrons ou qui
avaient été produites par l'irradiation aux électrons se sont accrues
suivant l'axe ç_ et ont décru dans la direction a pendant l'irradiation aux
électrons. Ce changement de forme de lacunes produit par l'irradiation
laisse supposer fortement l'existence d'une différence d'anisotropie de la
diffusion (DAD) entre les interstitiels et les lacunes du a-Zr.
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ABSTRACT

A High Voltage Electron Microscope (HVEM) was used to investigate the nature
of intrinsic point defects in a-Zr by direct observation of dislocation climb
and cavity growth or shrinkage. The material used was Marz-grade Zr that had
been pre-irradiated with neutrons at about 740 K in the Dounreay Fast Reactor
(DFR). Dislocation loops of vacancy character that had been produced during
the neutron irradiation were studied by further irradiation with electrons in
the HVEM. Growth of the loops was observed at temperatures as low as 230 K,
indicating that, under the conditions of the experiment, some vacancy-type
defects were mobile in the temperature regime 230 K-300 K. The nature of
these defects is unknown. One possibility is that these defects are not
intrinsic in nature, but may be vacancy-Fe complexes.

In addition to the climb of dislocation loops, c-component network
dislocations and cavities were also studied. Basal plane climb of the
network dislocations was observed at 573 K, but was not readily apparent at
320 K. This suggests that preferred climb planes (and possibly loop habit
planes) are sensitive to temperature. Cavities that were already in the foil
after neutron Irradiation, or were induced by electron irradiation, grew
along the c-axis and shrank along a-directions during electron irradiation.
This radiation-induced shape change of the cavities strongly suggests the
existence of a Diffusional Anisotropy Difference (DAD) between interstitials
and vacancies in or-Zr.
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VALUE AND IMPLICATIONS

Results are reported of experiments using a high voltage electron microscope
to study the evolution of irradiation damage in Zr alloys. The results
provide a basis for the choice cf appropriate parameters for modelling
radiation damage and deformation in fuel channels.
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1. INTRODUCTION

In the present paper, the High Voltage Electron Microscope (HVEM) has been
used to investigate the nature of intrinsic point defects generated by
irradiation damage in a-Zr. This was achieved by direct in-situ measurement
of dislocation climb and cavity growth or shrinkage under electron
irradiation of pre-neutron-irradiated material containing dislocation loops
of known character and cavities. In addition to the direct study of the
climb of loops, network dislocations and cavities were also studied to obtain
information about dislocation bias and anisotropic diffusion.

2. EXPERIMENTAL

Marz-grade Zr was irradiated in the Dounreay Fast Reactor (DPR) at 725 K and
740 K to fluences of, respectively, T.7 and 0.2 x 1025 n.nr2 (E > 1 MeV).
Transmission Electron Microscope (TEM) specimens were prepared by
electropolishing in a solution of 10? perchloric acid in methanol at about
230 K with a Metalthin twin-jet apparatus. The specimens were examined with
a JEOL 200B and Phillips CM30 electron microscope.

TEM analysis showed that the neutron-irradiated specimens contained an
inhoftogeneous distribution of c-component dislocation loops with basal habit
planes (Burgers vector = l/6<2023>), cavities, a-type dislocations and
dislocation loops. Analysis of the c-component loops showed that they were
invariably of vacancy nature (Figure 1). In many cases, the vacancy defects
(i.e., c-component loops and cavities) were concentrated near grain
boundaries or in small grains (Figure 2). Because the c-component loops were
faulted and vacancy in nature, they were ideal for the observation of
dislocation climb, especially at low temperatures, since the fault contrast
could be easily distinguished from the contrast due to a-type dislocation
loops.

Thin foils were irradiated with 1 MeV electrons in an AEI EM7 HVEM using
double tilt heating or cooling stages for a range of temperatures between
150 K-673 K and damage rates between 10" * and 10-2 dpa/s.

3. RESULTS

3.1 Low-Temperature Vacancy Mobility

Basal plane c-component loops that had been analysed as vacancy in character
were irradiated at various low temperatures (nominally 130 K, 210 K and
300 K) in the HVEM. Allowing for a maximum beam heating of about 20 K for
displacement rates of about 10"3 dpa/s [1], these temperatures would be
increased to about 150 K, 230 K and 320 K in the irradiated area. Loop
growth was apparent at 230 K (Figure 3) and 320 K (Figure 4) for doses
between about 0.1 and 1 dpa. There was no clear evidence for loop growth or
shrinkage at 150 K (Figure 5). In contrast to this, loop growth at 573 K and
higher temperatures is extremely rapid (Figure 6).

Apart from a small amount of erosion, there were no significant changes in
the shape of the cavities during irradiation at 230 K for doses up to about
5 dpa.



3.2 Climb of c-component Network Dislocations

The climb of the c-component network dislocations behaved very differently at
low (320 K) and high (573 K-673 K) temperatures. At room temperature the
principal climb plane for the c~component dislocations (c or c-t-a Burgers'
vectors) was non-basal (Figure 7). Tbe dislocations climb and split into
partials on non-basal (possibly pyramidal) planes (note that deformation-
induced c-component dislocations have a double half plane). The possible
dislocation reactions are as follows:

[0001J > l/6[202"3] + l/6[202"3),

1/3[112"3] > l/6[202"3] + l/6[022"3]

At higher temperatures (573 K-673 K) the principal climb plane was basal; in
this case the mechanism is one of helical climb (Figure 8). Dislocation
loops with c-component Burgers' vectors were observed to form during
irradiation, and had the same principal habit planes (non-basal and basal) as
the climb planes for network dislocations irradiated at the same temperature.

3.3 Void Nucleation and Growth

The cavities formed in Marz-grade Zr during neutron irradiation in DFR at
temperatures between 725 K-740 K were faceted by basal, prism and pyramidal
planes (Figure 9). Re-irradiation with electrons at about 573 K resulted in
a change in cavity morphology,—specifically, growth along c-dlrections and
shrinkage along a-directions (Figure 10). Other cavities outside of the
electron irradiated area did not exhibit any significant morphological
changes. New cavities also formed, nucleating as thin platelets parallel
with the basal plane, growing in the c-direction, and shrinking along the in-
directions with increasing dose (Figure 11). These new cavities were mostly
located adjacent to basal-plane c-component loops that also formed during the
irradiation.

4. DISCUSSION

4.1 Low-Temperature Vacancy Mobility

The observation of vacancy-loop growth at room temperature in electron-
irradiated a-Zr shows that mobile vacancy-type defects must exist in the
Stage-Ill temperature regime. However, because vacancy loop growth is also
observed at about 230 K, one must consider the possibility that these defects
may not be monovacancies, migrating by thermal activation. Two phenomena may
account for this enhanced vacancy mobility: radiation-induced diffusion [2],
and the interaction of Fe impurities with vacancies [3, 4, 5].

Fe has a significant effect on radiation drainage in Ti (an hep metal similar
to Zr) and is detected at vacancy type loops [6J. One of the effects of
irradiation on Zr is to disperse impurities such as Fe [7], and there are



indications that some of the dispersed Pe may accumulate at vacancy sinks [8]
(Figure 9). There are also data indicating that Hf diffusion and self-
diffusion in ultra-pure Zr (nominally, 1 ppm impurities) is about 2 to 3
orders of magnitude slower than for Zr containing about 50 to 150 ppm Fe [9].
In addition, Fe interactions with vacancies have been cited as the cause of
significant changes in the positron lifetime spectra at temperatures > 230 K
[10]. Thus, circumstantial evidence suggests the Fe impurity is responsible
for the low-temperature vacancy mobility. Further experimental
investigations are necessary to clarify the mechanism involved.

4.2 Climb of c-component Network Dislocations

The climb behaviour of c-component dislocations in Zr is technologically
important, because of the link between the stability of these defects and
accelerated irradiation growth [11, 12]. The present results indicate a
transition in climb behaviour between 300 K and 573 K, non-basal-plane climb
dominating at the lower temperature and basal-plane climb dominating at the
higher temperature (Figure 12). There is also a transition in behaviour for
dislocation loop formation, non-basal-plane dislocation loops dominating at
lower temperatures (Figure 13) and basal-plane dislocation loops dominating
at higher temperatures (Figure 14). Previous work has shown that the c-
component loops formed during high-temperature neutron irradiation of Zr
primarily have basal habit planes and are invariably vacancy in nature [13].
Electron irradiation studies have also shown that c-component loops on basal
planes tend to be vacancy in nature, but that those on non-basal (pyramidal)
planes tend to be interstitial in nature [14]. It is therefore likely that
the helical basal-plane climb reported in the current work occurs by vacancy
absorption. The predominance or high rate of basal plane climb at high
temperatures may be explained in one of two ways:

(1) There is an increase in the DAD effect [15, 16]. This enhancement can
be explained by a two-interstitial model, with different contributions
of the two interstitial states dominating at low (320 K) and high
(570 K) temperatures—the low-temperature state migrating
preferentially parallel with the c-axis and the high-temperature state
migrating perpendicular to the c-axis [16, 17]. The existence of a low
temperature metastable state, in which migration is faster along the
c-axis, has been suggested from the computer modelling of Bacon [18].

(2) There is a transition in vacancy mobility from low temperatures
(possibly radiation-induced [2]) to high temperatures (thermally
induced).

For Zr-2.5Nb, there was no observable c-component dislocation loop formation
on basal or non-basal-planes for doses up to about 5 dpa at 300 K and 573 K.
In addition, there was no apparent transition in climb behaviour between
300 K and 573 K; only splitting of the c-component network dislocations (non-
basal climb) were observed at each temperature (Figure 12). The reason for
the difference in climb behaviour between Zr and Zr-2.5Nb is not clear. It
may be related to an effect of Nb (an undersized solute in the a-phase in the
Zr-2.5Nb alloy). It has already been established that Nb has a significant
effect on the formation of a-type dislocation loops and the growth kinetics



in electron irradiated Zr-2.5Nb. Buckley and Manthorpe [19] observed that
the densities of a-type dislocation are higher and their growth rates slower
in Zr-2.5Nb than dislocation loops in Zr or Zircaloy-2 irradiated under the
same conditions. This behaviour of the Zr-2.5Nb was explained in terms of a
high binding energy between Nb and Zr self-interstitial atoms.

4.3 Cavity Nucleation and Growth

The change in cavity morphology with electron irradiation indicates that
point-defect diffusion is anlsotropic, with a net flux of interstitials
arriving at the surfaces that are steeply inclined to the basal plane and a
net flux of vacancies arriving at surfaces parallel with the basal plane.
The resultant change in shape can be understood as a direct consequence of
DAD [20].

The formation of cavities appears to be linked with the existence of basal-
plane c-component loops in neutron-irradiated specimens [13] and electron-
irradiated specimens (Figures 12 and 14). In the latter case, cavities
nucleating during electron irradiation are closely associated with c-
component dislocation loops and both tend to be clustered in bands parallel
with the basal plane. Clustering of c-component dislocation loops,
coincidentally with segregated impurities such as Fe, in bands parallel with
the basal plane has been observed previously [13]. One may speculate that
cavity and c-component loop nucleation are controlled by similar effects; for
example, impurity segregation in bands parallel with the basal plane [21] or
anisotropic diffusion [22], or both.

5. SUMMARY AND CONCLUSIONS

(1) In pre-neutron-irradiated a-Zr, vacancy-type defects are found to be
mobile during electron irradiation at surprisingly low temperatures
(230 K-320 K); i.e., in the Stage III temperature regime and below.

(2) The facile motion of these vacancy defects is not well understood. The
results, therefore, cannot be applied to established models of
radiation damage in metals.

(3) The climb planes for c-component network dislocations depend on the
irradiation temperature (non-basal climb dominating at low temperatures
[320 K], basal climb at higher temperatures [573 K-673 K]).

(4) The morphology of cavities generated in pre-neutron-irradiated a-Zr
changes during subsequent electron irradiation at 573 K (growth along
the c-direction, shrinkage along the a-directions).

(5) Observations (3) and (4) may be understood in terms of the Diffusional
Anisotropy Difference (DAD) between vacancies and self-interstitials
[15, 16].
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Figure 1 Analysis of basal plane c-component loops in Zr irradiated in DFR
at 740 K to a fluence of 0.2 x 102 5 n.nr

2 (E > 1 MeV). The loops
exhibit outside contrast with a 1212 diffracting vector and zero
contrast with a 1120 diffracting vector. They have Burgers'
vectors of l/6<2203> and are vacancy in nature.



Figure 2 Analysis of basal plane c-component loops in Zr irradiated in DFR
at 725 K to a fluence of 1.7 x 102J_n.nr2 (E > 1 MeV). The loops
exhibit outside contrast with a 1212 diffracting vector and zero
contra.r: vith a 1120 diffracting vector. They have Burgers'
vectors u£ l/6<2203> and are vacancy in nature. They are mostly
located in small grains or near grain boundaries together with
cavities, as in this example.



Figure 3 Electron irradiation of a basal plane faulted loop In Zr that had
previously been irradiated in DFR at 740 K to a fluence of 0.2 x
1025 n.nr2 (E > 1 MeV). Accelerating voltage = 800 kV, damage
rate about 10'4 dpa.s"1, temperature = 230 K.
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Figure 4 Electron irradiation of a basal plane faulted loop in Zr that had
previously been irradiated in DFR at 740 K to a fluence of 0.2 x
1O25 n.m-2 (E > 1 MeV). Accelerating voltage = 800 kV, damage
rate about 10-i dpa.s'1, temperature = 320 K.
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Figure 5 Electron irradiation of a basal plane faulted loop in Zr that had
previously been irradiated in DFR at 740 K to a fluence of 0.2 x
1025 n.nr2 (E > 1 MeV). Accelerating voltage = 800 kV, damage
rate about 10"4 dpa.s 1, temperature = 150 K.
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Figure 6 Electron irradiation of a basal plane faulted loop in Zr that had
previously been irradiated in DFR at 740 K to a fluence of 0.2 x
1025 n.nr2 (E > 1 MeV). Accelerating voltage = 800 k.V, damage
rate about 10"* dpa.s'1, temperature = 573 K.
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Figure 7 Electron irradiation of c-component network dislocations in Zr that
had been previously irradiated in DFR at 740 K to a fluence of 0.2
x 1025 n.nr2 (E > 1 MeV). Accelerating voltage = 1 MeV, damage
rate about 10'3 dpa.s"1, temperature = 320 K. Splitting of the
dislocations into partials occurs on non-basal planes (arrowed).
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Figure 8 Electron irradiation of of c-component network dislocations in Zr
that fed been previously irradiated in DFR at 740 K to a fluence of
0.2 x 1025 n.nr2 (E > 1 MeV). Accelerating voltage = 1 MeV, damage
rate about 10"3 dpa.s"1, temperature = 573 K. Helical climb onto
basal planes is observed and viewed edge-on (arrowed).
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Figure 9 Faceted cavity In Zr irradiated in DFR at 725 K to a fluence of
1.7 x 1025 n.nr2 (E > 1 MeV). Cavities are typically faceted by
the close-packed planes {1010}, {1011} and (0001). A (Fe,Cr)-rich
precipitate (arrowed) is attached to the cavity.
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Figure 10 Electron irradiation of cavities (arrowed) in Zr that had
previously been irradiated in DFR at 740 K to a fluence of 0.2 x
1025 n.m 2 (E > 1 MeV). Accelerating voltage = 1000 kV, damage
rate about 10-2 dpa.s'1, temperature = 573 K.
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Figure 11 Electron irradiation of Zr that had previously been irradiated in
DFR at 740 K to a fluence of 0.2 x 1025 n.nr2 (E > 1 MeV).
Cavities (arrowed) nucleate adjacent to faulted basal plane
dislocation loops as thin platelets. Subsequent growth occurs by
shortening in dimensions parallel with the basal plane and
lengthening of dimensions perpendicular to the basal plane.
Accelerating voltage = 1000 kV, damage rate about 10*2 dpa.s"1,
temperature = 573 K.
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Figure 12 Effect of temperature and alloying elements on c-component
dislocation climb in electron-irradiated Zr.

Figure 13 Formation of non-basal plane c-component loops (arrowed) during
electron irradiation of Zr that had previously been irradiated in
DFR at 740 K to a fluence of 0.2 x 1025 n.nr2 (E > 1 MeV); damage
rate about 10-3 dpa.s"1, temperature = 320 K.
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Figure 14 Formation of basal plane c-component loops (arroved) during

± C ^ ° 7 A n T f a t l ^ O' Zr that had Prevlo^ly been irradiated in
DFR at 740 K to a fluence of 0.2 x 1 0 " n.a-> (E > 1 MeVV damaire
rate about 10"' dpa.s-i, temperature = 573 K. g
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