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ABSTRACT: We used 10-MeV electrons to rapidly produce radiation damage in zirconium
alloys, investigated whether electrons produced the same microstructural changes as neutrons,
then performed post-irradiation corrosion tests to determine whether electron-irradiated mate-
rials displayed similar corrosion behavior to neutron-irradiated materials.

Two irradiations were completed using 10-MeV electrons with the beam normal to thin disks
of material of a diameter slightly larger than the beam. The beam distribution and disk cooling
were designed to produce radial temperature and dose distributions having maxima at the disk
center. A high-temperature irradiation was performed on annealed Zr-2.5Nb disks, achieving
a central dose of 1.3 dpa and at a central temperature of *>450°C. After irradiation, the samples
contained needle-like (1-Nb precipitates in the ot-Zr matrix similar to those produced by neu-
trons. A low-temperature irradiation was performed on half-moon disks of Zr-2.5Nb and Zir-
caloy-2 pressure tube materials at 310°C central temperature and 1.3-dpa central dose. Dislo-
cation loops were observed, again similar to those produced in neutron-irradiated materials.

Some of the high-temperature electron-irradiated disks were exposed to 300°C moist air
(saturated with D2O), and in separate tests, high- and low-temperature irradiated disks were
corroded in 300°C D2O (11.0 pD at room temperature) in an autoclave. Measurements of oxide
thickness by Fourier Transform Infrared Reflectance (FTIR) spectroscopy showed that electron
irradiation reduced the corrosion rate of Zr-2.5Nb compared with that of unirradiated material,
as observed for neutron irradiation. For exposures to moist air and to D2O, the theoretical
deuterium uptakes for the electron-irradiated materials were, respectively, about 4 times and
1.5 to 2 times those for the unirradiated materials. This is also in good agreement with results
for neutron-irradiated pressure tube materials. Thus, 10-MeV electrons produced the same
corrosion behavior as fast neutrons in post-irradiation corrosion tests of Zr-2.SNb pressure tube
materials. For Zircaloy-2, the corrosion rates were the same for both electron-irradiated and
unirradiated materials, similar to those observed for neutron-irradiated Zircaloy-4.

KEYWORDS: Zr-2.5Nb, Zircaloy-2, electron irradiation, neutron irradiation, microstructures,
corrosion, deuterium uptake, intermetallic particles, dislocation loops

The microstructure of zirconium alloys can affect their corrosion behavior, depending on
the ambient conditions. During service in a nuclear reactor, the microstructure of zirconium
components changes—dislocation loops are formed and phases precipitate or change their
structure; thus, the corrosion behavior of irradiated materials can be different from that of
unirradiated materials. The suppression of corrosion in Zr-2.5 Nb is attributed to the precip-
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itation of |3-Nb from the supersaturated a-phase due to irradiation and subsequent reduction
of Nb concentration in the a-phase [1]. Corrosion of Zircaloy-2 is faster in-reactor than in
the laboratory, and this increase has been attributed to the amorphization of and loss of Fe
from the Zr(Cr,Fe)2 particles [2]. In both materials, vacancy and interstitial loops are formed,
although their role on corrosion is unclear. During post-irradiation corrosion tests carried out
in autoclaves, both materials respond as they do in-reactor, thus emphasizing the dominant
role microstructure plays in controlling corrosion [3,4].

For material development we require a method to rank corrosion resistance before em-
barking on a lengthy and costly neutron irradiation program. We are evaluating the use of
10-MeV electrons as a means of simulating neutron irradiation. Before other particles can
be used as a simulation of neutrons, it must be shown that the microstructure and the post-
irradiation corrosion behavior are similar to those produced by neutron irradiation. Unlike
neutrons, electrons do not produce a large damage cascade, only Frenkel pairs. Compared
with other types of particles with the potential to simulate neutrons, for example protons or
heavy ions, electrons have high penetration, and thus specimen thickness can be large enough
to represent bulk material—up to 8 mm in zirconium. Other practical reasons for using
electrons are that a high flux of electrons can produce the required atomic displacements in
a short time and that the induced radioactivity is lower than with neutron irradiation, thus
minimizing handling problems. One experimental problem that has to be solved is temper-
ature control during the irradiation because much energy is deposited from the electrons into
the target material.

In this paper we describe the techniques used to irradiate, with electrons, thin disks of
annealed Zr-2.5Nb, cold-worked Zr-2.5Nb, and cold-worked Zircaloy-2. The irradiated disks
were then corroded and their microstructures examined. The results for Zr-2.5Nb were shown
to be consistent with those for neutron irradiation; the corrosion results for Zircaloy-2 were
also in agreement with those for Zircaloy-4 pre-irradiated with neutrons and then exposed
to 316°C water.

Experimental Details

Electron Irradiations

The electron irradiations were performed using the pulsed electron linac (PHELA) at CRL:
(11.3 ± 0.3) MeV man output energy, =5.9-|xs pulse length, =230 pulses/second, and
average current 260 pA. The samples were thin disks (or pairs of half-moon disks) mounted
normal to the beam. The high-temperature irradiations [5] used an 8-mm-diameter incident
electron beam penetrating through four 0.5-mm-thick, 8-mm-diameter disk samples in a
target irradiation fixture similar in principle to Fig. 1, but which produced temperatures =
450°C on-axis in the samples. The high-temperature irradiation produced a maximum dis-
placement damage of 1.3 dpa (Table 1) in a period of 370 h. The low-temperature irradiation
used a 10-mm-diameter beam, three pairs of 1-mm-thick, 15-mm-diameter half-moon sam-
ples (each pair held so as to form a full disk), and a target irradiation fixture (Fig. 1) designed
to produce a central, on-axis temperature of about 300°C at the first (highest temperature)
sample position. This temperature was achieved by (1) clamping the sample disks in high-
thermal-conductivity, low-density aluminum, (2) preparing surfaces for good thermal contact,
and (3) infiltrating the whole fixture with a low flow of helium gas. The fixture used Belle-
ville washers to provide a clamping force of > 1300 kg to the stack of aluminum and zir-
conium disks. A high-strength aluminum alloy was used where the beam entered the stack
to reduce deformation due to the clamping force.
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FIG. \a—Schematic cross-section view of the high-energy electron irradiation fixture, showing the
locations of the three 1-mm-thick, 15-mm-diameter disk samples and details of the fixture design. The
samples are numbered from 1 to 3 in the electron beam direction.

The temperature distribution in the sample disks was determined as follows: The radial
and axial beam profiles were measured by dosimetry on calibrated films that were sand-
wiched between the disks in a preliminary experiment. These dose distributions were used
to calculate the radial temperature distribution in each of the aluminum disks, assuming the
heat flows axially out of the thin zirconium disks. The temperature distributions were nor-
malized to the three central axis temperatures, which were measured by 0.5-mm sheathed
type-J thermocouples inserted radially (in tight slots) to the center of the aluminum disks.
Three more thermocouples were inserted to radial positions just at the outer edge of the
disks, and these values agreed with the normalized radial distribution predictions to within
±5°C, indicating that the calculated radial temperature dependence matches the measure-
ments well. The temperature difference between the center and edge of the 8-mm-diameter
sample was =110°C.

The axial temperature distribution in each zirconium sample should be parabolic (uniform
axial heat deposition). Using known beam-energy deposition rates and the thermal conduc-
tivity for zirconium, the on-axis temperature difference between the center and the edge of
the sample (i.e., across 0.5 mm of material) was calculated to be «=25°C. Preliminary test
runs with a sheathed thermocouple inserted radially into a zirconium sample measured a
(46 ± 5)°C difference between the maximum on-axis temperature in the sample compared
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Sample mid-plane

FIG. \b—Schematic diagram defining the radial axis, the electron beam direction (axial), and the
sample mid-plane.

with that on-axis in the aluminum disk. This suggests that a (20 ± 5)°C axial temperature
drop occurred across the zirconium-aluminum interface.

Table 2 gives the temperature and total irradiation damage as a function of axial and radial
positions for the low-temperature irradiation. The temperatures for the sample at axial Po-
sition 3 have a large uncertainty because the temperature downstream of the sample was not
measured, and the sample location is near the end of the electron range.

Using the present radiation fixture, the low-temperature irradiation achieved an on-axis
displacement damage of 1.3 dpa at the first sample position for 5.386 X 108 beam pulses in
676 h. The average damage rate (dpa • s"1)—calculated using the known radial average
electron flux in the zirconium samples, assuming a displacement energy (Ed) of 24 eV and
using the electron energy-dependent cross section for total displacement (croen) from Oen's
Tables [6]—is given by Average Damage Rate (dpa • s~') = cr^,,(barns) x 0.624 X 10*
dllda (mA • cm"2). An Ed of 24 eV is the minimum displacement energy, and as such the
calculated dpa is the maximum achievable by electron irradiation. For dpa calculations for
neutron irradiation, an effective displacement energy of 40 eV was used [7], designed to
take into account some athermal recombinations. Because the damage efficiency for high-
energy electrons is typically greater than 80% and for fast neutrons about 20% [8] or less,
the use of 24 eV for electrons is considered reasonable. Due to the pulsed nature of the
beam (5.9-JJLS pulses), the peak dose rate during a pulse is much higher (=10~3 dpa/s). The
decrease in electron energy with penetration into the fixture was measured and used in
determining the displacement cross section appropriate to each sample position (Fig. 2). At
a typical 10-MeV current density of 0.3 mA • cm"2, 1 dpa would be obtained in =570 h
(an electron fluence of 3.8 x 1021 e • cm"2).

Materials, Post-Irradiation Corrosion Tests, and Microstructure Characterization

The materials used in the experiments were taken from pressure tubes listed in Table 3.
Disk samples were cut from these materials such that the disk normal was oriented in the
radial direction of the pressure tube. Details of the materials and conditions for electron



TABLE 1—High-temperature irradiations (370 h): temperature and total displacement damage at various radial positions on the mid-plane of the samples.

Radial
Position

r = 0 mm
r = 2 mm

Temp,

455 ±
430 ±

Sample

°C

20
20

1

Total
Damage,

dpa

1.3 ± 0.1
1.1 ± 0.1

Temp,

500 ±
465 ±

°C

20
20

Sample 2

Total
Damage,

dpa

0.80 ± 0.05
0.75 ± 0.05

Temp,

475 ±
450 ±

°C

20
20

Sample 3

Total
Damage,

dpa

0.60 ± 0.05
0.56 ± 0.05

Temp,

420 ±
405 ±

°C

15
15

Sample 4

Total
Damage,

dpa

0.49 ± 0.05
0.45 ± 0.05
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TABLE 2—Low-temperature irradiations (676 h): temperature and total displacement damage at
various radial positions on the mid-plane of the samples.

Radial
Position

r = 0 mm
r - 2 mm
r = 7.5 mm

Temp,

310 ±
300 ±
155 ±

Sample

°C

15
15
10

1

Total
Damage,

dpa

1.3 ± 0.10
1.2 ± 0.11
0.1 ± 0.05

Temp,

270 ±
260 ±
155 ±

Sample 2

°C

15
15
10

Total
Damage,

dpa

0.76 ± 0.08
0.70 ± 0.08
0.10 ± 0.05

Temp,

175 ±
170 ±
120 ±

Sample 3

Total
Damage,

°C dpa

25 0.39 + 0.06
25 0.35 ± 0.06
10 0.10 ± 0.05

irradiations and subsequent corrosion tests are given in Table 4. The sample surfaces were
ground and cleaned prior to mounting in the electron irradiation fixture.

After high-temperature electron irradiations, samples from axial Positions 1 and 3 (see
Table 1) were used for TEM examinations, while samples from axial Positions 2 and 4 were
used for corrosion tests and deuterium analyses. The disks were halved along their diameters,
and one half of each sample was exposed to 300°C moist air or 300°C D2O. Unirradiated
controls were included in the corrosion tests (see Table 4). Sample surfaces were prepared
by abrasion to a 600-grit finish followed by chemical polishing with a solution of 10% HF,
30% H2SO4, 15% HNO3, and 45% H2O. Moist air exposures were performed by passing

DPA

1 0 8 6 4 - 2 0 2 4 6 8 1 0

Radial Position (mm)
FIG. 2—Calculated damage profiles (displacements per atom, dpa) for 676-h, 10-MeV electron ir-

radiation for the three sample-disk positions, front (diamond), middle (cross), and back (square), based
on radiation dosimetry profiles.



TABLE 3—Experimental materials and their chemical compositions {in wt% or wt ppm).

Material

Zr-2.5Nb

Zircaloy-2

H686
No. 669
RX094
No. 693

Nb

2.5%
2.5%
2.6%

...

Sn

8
20
9

1.40%

Fe

900
1140
360

0.13%

Ni

13
20
13

0.06%

Cr

43
110
35

0.11%

0

1100
1200
1130
1100

Al

77
85
45
40

C

100
170
90

180

P

6
10
2

...

Cl

3
5
0.2
...

Si

22
44
16
65

Zr

Balance
Balance
Balance
Balance s

N
7
ro
en

3J

g
I
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TABLE 4—Summary of electron irradiations and corrosion experiments.

J3
O
O

c

m
z
o

I
o
CO.

m

II
CO

c

Material Starting Condition

Corrosion Experiments

Electron Irradiation 300°C Moist Air 300°C D20

Zr-2.5Nb°

Zircaloy-
2"

H686: from p-quenched billet Annealed 1 h at 700°C
(used in [9] and [70])

Annealed 1 h at 700°C, then 450°C for 370 h
(same time period as electron irradiation)

No. 669: from non-p-quenched As-received
double-melted billet

As-received
As-receivedRX094: from p-quenched

quadruple-melted billet

No. 693: from p-quenched
billet

As-received

As-received

As-received

Table 1

Unirradiated controls (2)

Table 2

Unirradiated controls (2)

Table 2

Unirradiated controls (2)

Table 2

Unirradiated controls (2)

x

x

X

X

X

X

" All Zr-2.5Nb pressure tubes were extruded from the billet at about 820°C, and cold-worked =28%, followed by autoclaving in steam for 24 h at 400°C.
* The Zircaloy-2 pressure tube was extruded from the billet at about 85O°C and cold-drawn =20%, followed by autoclaving in steam for 72 h at 400°C.
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100 cm3/min of compressed air through a D2O bubbler over samples that were placed inside
a quartz tube in a furnace maintained at 300°C. Exposures to 300°C lithiated heavy water
(4 x 10~4 Li2O) were performed in an autoclave. During the early part of the corrosion test,
the autoclave was operated for ^ O days at a time, with oxidation measurements performed
at the end of each cycle. Fresh solution was used for each autoclave period. After each
exposure, oxide thicknesses were measured by Fourier Transform Infrared Reflectance
(FTIR) spectroscopy [11].

Low-temperature irradiations were carried out on three pairs of half-moon disks, each pair
held so as to form a full disk. The first two pairs were assembled using Zr-2.5Nb (No. 669)
and Zircaloy-2 (No. 693), such that each pair had one half-moon disk of No. 669 and No.
693; these specimens were irradiated at axial Positions 1 and 2 (see Table 2), respectively.
The third full disk was assembled from half-moon disks of No. 669 and RX094 and was
irradiated at Position 3. Following electron irradiations, the samples were prepared together
with two unirradiated controls of each material (see Table 4), exposed to 300°C D2O, and
thicknesses determined by FTIR as described above.

Following all corrosion tests, a 3-mm-disk was cut from each sample and the remainder
submitted for deuterium analyses by hot vacuum extraction mass spectrometry.

To minimize dissolved O2 levels during exposures in 300°C D2O, procedures called for
the autoclave to be purged with Ar for several minutes, then evacuated by a roughing pump.
However, a sudden increase in the corrosion rate of several samples (see Results and Dis-
cussion) was attributed to residual traces of dissolved O2 during a series of autoclave ex-
posures totaling 115 days. Thereafter, careful purging of the autoclave was performed before
each exposure.

TEM microstructure characterization was performed on a Philips 300-keV CM30 Analyt-
ical Electron Microscope (AEM) equipped with an atmospheric thin window Link X-ray
detector. Electron-transparent specimens were prepared from disk using an automatic elec-
tropolishing machine. The temperature and fluence characteristic of each TEM foil were
estimated from the position of the perforated area.

Results and Discussion

Irradiated Microstructures

The microstructural and microchemical observations in this study are summarized in Ta-
bles 5 and 6; details are described as follows.

Zr-2.5Nb, a-phase—The microstructure of Zr-2.5Nb (H686) after irradiation at 440°C to
1.3 dpa consisted of 1 to 3-nm-wide and up to 70-nm-long needle-like precipitates in the
a-Zr grain interior [5], Fig. 3a, similar to those seen in neutron-irradiated Zr-2.5Nb [9].
Energy Dispersive X-ray (EDX) analysis revealed the presence of Zr and Nb in the precip-
itates (Fig. 3b), and analysis of diffraction patterns indicated that they were fi-Nb containing
=90% Nb. The precipitation was the result of electron irradiation [5], as clear a-Zr grains
were seen in a sample annealed at 450°C for 370 h (the same time period as the electron
irradiation), and similar p-Nb particles in a-grains were observed after post-irradiation an-
nealing at 450°C for 500 h. The orientation relationship between the p-Nb precipitate and
thejx-Zr matrix determined from selected-area diffraction patterns was (0001)a//(110)p,
[1120]a//[l 1 l]p , and the rotation angle y between [0110]a and [110]p was =4°, very close
to the Burgers relationship where 7 = 5.26° [12,13]. All six variants were observed. A few
dislocations but no dislocation loops were observed in the sample.
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TABLE 5—Summary of microstructural and microchemical observations on Zr-2.5Nb.

N

s
O
c

Material and Condition (3-Nb ppts in a-Zr Grain Interior Dislocations and Dislocation Loops Fe in |3-phase m

H686 (450°C, 370 h)
control

H686 440°C, 1.3 dpa

H686

H686

H686

No. 669
No. 669
No. 669
No. 669
RX094
RX094

440°C, 1.3 dpa, then
450°C for 500 h

460°C, 0.6 dpa

410°C, 0.6 dpa

As-received
305°C, 1.2 dpa
260°C, 0.7 dpa
170°C, 0.35 dpa
As received
170°C, 0.35 dpa

Clear a-Zr grain interior

EDX, diffraction confirmed, needle-shaped, <3-nm width
and up to 70-nm length

Needle-shaped fJ-Nb ppts in a-Zr grain interior

EDX, diffraction confirmed, needle-shaped, <l-nm width,
and up to 40-nm length.

Appearance of needle-shaped ppts with length up to 10 nm;
evidence of enriched Nb, unable to get diffraction
evidence

Undetected by EDX, diffraction and imaging
Undetected by EDX, diffraction and imaging
Undetected by EDX, diffraction and imaging

Undetected by EDX, diffraction and imaging

Low density of line dislocations yes

Few dislocations, no loops no

Very few dislocations, no loops no

Few dislocations, no loops no

Few dislocations, (a)-loops with diameters 10 to no
20 nm mostly vacancy in character

Cold-worked structure yes
<10-nm-diameter vacancy and interstitial loops no
Cold-worked structure, <10-nm diameter loops yes
Cold-worked structure, <10-nm diameter loops yes
Cold-worked structure yes
Cold-worked structure, <10-nm diameter loops yes

O

o

m

T3
O
CO

c



WOO ET AL. ON Zr-2.5Nb AND ZIRCALOY-2 719

TABLE 6—Summary of microstructural and microchemical observations on Zircaloy-2.

Zircaloy-2 Dislocation Loops ZrNiFe ppts ZrCrFe ppts

No. 693, as-received Cold-worked structure, with crystalline intermetallic ZrNiFe
and ZrCrFe ppts

No. 693, 305°C, 1.2 dpa <20-nm-diameter mostly Crystalline, no Fe dispersal Crystalline, no Fe dispersal
vacancy loops, dislocations into a-Zr matrix into a-Zr matrix

No. 693, 260°C, 0.7 dpa s20-nm-diameter loops, Crystalline, no Fe dispersal Crystalline, no Fe dispersal
dislocations into a-Zr matrix into a-Zr matrix

The sample (H686) irradiated at 460°C to 0.6-dpa had ^450-nm-long needle-like precip-
itates in the a-grain interior (Fig. 4). EDX and diffraction analysis indicated that they were
(3-Nb. No dislocation loops but some dislocations were observed.

H686 irradiated at 410°C to 0.6 dpa contained dislocations and dislocation loops 10 to 20
nm in diameter, Fig. 5a, and small needle-like precipitates with lengths ^10 nm in the
a-Zr grains (Fig. 5b). Attempts to confirm Nb or obtain diffraction spots from these features
were unsuccessful with the Philips CM30. However, an indication of Nb with a concentration
higher than that in the matrix was achieved when EDX analysis was performed on a Philips
200-keV FEG (Field Emission Gun) AEM using an intense 2.5-nm beam. The dislocation
loops analyzed were mostly vacancy in nature.

TEM examinations of the Zr-2.5Nb (No. 669) sample irradiated at 305°C to 1.2-dpa sample
revealed s ] 0 nm-diameter (a)-type dislocation loops, Fig. 6a, but no (3-Nb precipitates were
seen in the a-Zr interior, Fig. 6b. Dislocation loop analyses showed that both vacancy and
interstitial loops were present. The microstructures of Zr-2.5Nb electron irradiated to lower
fluences at lower temperatures, 0.7 dpa at 260°C (No. 669), and 0.35 dpa at 170°C (No. 669
and RX094), had microstructures similar to the 1.2 dpa at the 305°C sample described above.

Zr-2.5Nb, $-phase—The morphologies of the (3-phase particles in the Zr-2.5Nb materials
(H686) irradiated at high temperatures (410 to 460°C) were similar to those in the unirra-
diated control that was heat-treated at 450°C for 370 h, the same time period as the electron

• • f S J

FIG. 3a—The microstructure of the Zr-2.5Nb (H686) material electron-irradiated at 44QPC to 1.3 dpa
showing needle-like precipitates in the u-Zr interior.



720 ZIRCONIUM IN THE NUCLEAR INDUSTRY: TWELFTH SYMPOSIUM

Counts

8000-

6000-

4000-

2000-

14

3b
FIG. 3b—Enlarged segments of energy-dispersive X-ray spectra of needle-like precipitate and the a-

Zr grain interior of the 440°C, 1.3-dpa sample (see Fig. 3a) showing the presence ofZr and Nb in the
precipitate. Spectra were acquired using a fine *=>3.5-nm 300-keV electron beam in the CM30, such that
the ZrKa and ZrK$ lines (at 15.74 and 17.66 keV) in the precipitate and in the matrix had about the
same total number of counts. Because of the small size of the precipitate, the beam encompassed both
precipitate and some a-Zr matrix when the precipitate spectrum was acquired.

FIG. 4—The microstructure of the Zr-2.5Nb (H686) material electron-irradiated at 460°C to 0.6 dpa
showing <40-nm-long needle-like precipitates in the a-Zr grain interior.
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FIG. 5—77ie microstructure of the Zr-2.5Nb (H686) material electron-irradiated at 41(TC to 0.6 dpa
showing 10 to 20-nm-diameter dislocation hops in (a) and <IO-nm-long needle-like features (arrowed)
i/i the a-Zr grain interior in (b).

irradiation. Low concentrations of Fe were observed in the (3-phase particles (in addition to
(Zr,Nb),(Fe,Cr) precipitates) in the heat-treated sample, but were absent after electron irra-
diation. Fe was absent in both fully transformed (as discrete particles) and partially trans-
formed (as grain boundary filaments) (3-phase in the electron-irradiated samples. Although
(3-Nb particles in a fully transformed state do not contain Fe [14], the absence of Fe in the
partially transformed Nb-enriched (3-phase shows that there was dispersal of Fe during elec-
tron irradiation. (Zr.Nb)3(Fe,Cr) particles similar to those seen in Refs 75 and 16 were
observed in both the heat-treated and electron-irradiated samples. Dispersal of Fe from the
(3-phase was observed in the electron-irradiated 3O5CC, 1.2-dpa sample (No. 669). At this
irradiation temperature, no (Zr,Nb)3(Fe,Cr) particles were observed. It was thus clear that Fe
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FIG. 6—77?e microstructure of the Zr-2.5Nb> (No. 669) material eleetron-irradiauJ at 300°C to 1.2
dpa showing <IO-nm-diameter dislocation loops in (a) and no visible precipitates in the a-Zr grain
interior in (b). Because no dislocation loops are visible in (b), which was taken with a (0002) operating
reflection, the loops shown in (a) have (a)-Burgers vectors.

was dispersed into the a-Zr matrix by electron irradiation at this temperature and dose.
However, for the samples electron-irradiated at lower temperatures to lower fluences (260°C
to 0.7 dpa (No. 669), and 170°C to 0.35 dpa (No. 669 and RX094)), Fe was still present in
the (3-phase. The depletion of Fe from the (3-phase during electron irradiation is in general
agreement with that observed after neutron irradiation [17].

Zircaloy-2 (No. 693)—The Zircaloy-2 electron-irradiated at 305°C to 1.2 dpa had dislo-
cation loops with diameters ^20 nm. Contrast experiments using the (0002) reflection
showed that they were (a)-loops, while loop analysis using the method described in Ref 18,
Figs, la and 1b, revealed that they were vacancy in nature. The structure, morphology, and
composition of the intermetallic particles were unaffected by electron irradiations within the
temperature and fluence range studied.
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FIG.J7—Dislocation loops_ in Zircaloy-2 (No. 693) electron-irradiated at 305°C to 1.2 dpa. In (a)
g = 0111, and in (b) g = 0111, the deviation parameter, s, is positive for (a) and (b). Since the loops
exhibit outside contrasts in (a) and inside contrasts in (b), they are vacancy in character. Beam direction
- \12I3].

The present work shows that 10-MeV electrons produce a microstructure of [3-Nb precip-
itates in the a-Zr grain interiors at =450°C, similar to those produced by neutrons [9] and
by protons [10] at similar temperatures. As the fluence and temperature decreases (compare
microstructure of 1.3 dpa at 440°C, Fig. 3a with that of 0.6 dpa at 410°C, Fig. 5), the
precipitates are smaller in size, and dislocation loops are produced in general agreement with
the microstructures produced by neutrons [9]. The average Primary Knock-on Atom (PKA)
energy for a 10-MeV electron collision in Zr is about 110 eV, while the maximum PKA
energy is 2.5 keV. Thus, although a rare 2.5-keV event can produce a cascade displacing 10
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to 20 atoms, the average PKA displacement leaves at most two Frenkel pairs. The similarity
of the microstructure produced by 1-MeV neutrons, for which the average PKA energy is
35 keV and the cascades were large and dense, suggests that the p-Nb precipitation during
electron irradiation results from the generation of freely migrating point defects. Dense cas-
cades are not required. At low temperatures (<300°C), 10-MeV electrons produce dislocation
loops, but (3-Nb precipitates are not observed in the a-Zr grain interior for up to 1.2 dpa.
This may be the result of a flux effect because other work indicates that there is less pre-
cipitation for a given dose when the neutron flux is increased by a factor of 10 at about
250°C [19]. Unlike fast neutrons [20,21], low-temperature electron irradiation does not in-
duce an amorphous transformation or disperse the Fe from the intermetallic particles in
Zircaloy-2. This is in agreement with Ref 22, which shows that the amorphous transformation
requires very high fluence and dose rates and temperatures < 27°C for electron irradiation.

The dislocation loop structure in both the electron-irradiated Zircaloy-2 and Zr-2.5Nb was
similar to that observed in the same materials after neutron irradiation [20] and consisted of
a high density of (a)-type loops. In the 25% cold-worked Zircaloy-2 electron-irradiated at
300°C, the (a)-type loops were 20 to 30 nm in diameter and were mostly vacancy in nature.
In annealed Zr-2.5Nb electron-irradiated at 410°C, the (a)-type loops were 20 to 30 nm in
diameter and were also mostly vacancy in nature. Electron irradiation at 300°C produced
both vacancy and interstitial dislocation loops in cold-worked Zr-2.5Nb.

Although vacancy loops predominate at temperatures >400cC in neutron-irradiated Zr
alloys [20], the predominantly vacancy nature of the (a)-type dislocation loops in the Zir-
caloy-2 electron-irradiated at 305°C is unexpected given that neutron irradiation at 300°C of
annealed Zircaloy-2 produces a mixture of equal numbers of interstitial and vacancy loops
[20]. In this case the discrepancy can be accounted for if one considers that the pre-existing
network dislocations act as net interstitial sinks.

The existence of vacancy loops in electron-irradiated Zr and Zr alloys has been somewhat
controversial [23-25]. While only interstitial loops were observed in some studies [23,24],
both vacancy and interstitial loops were reported in others [25]. While it was possible to
argue that the loop nature was affected by the proximity of the foil surfaces for irradiations
of thin foils in high-voltage electron microscopes [24,25], the bulk nature of the electron
damage seen in the present study precludes any surface effects, and it must be concluded
that vacancy loops are inherently stable during electron irradiation. However, the effect of
network dislocations may still be important, but further work is necessary to determine how
the existence of other sinks affects vacancy (or interstitial) loop stability.

Corrosion and Deuterium Pickup

Figure 8 compares the oxide growth of Zr-2.5Nb (H686) electron-irradiated at =450°C
with unirradiated material during exposures to 300°C moist air. The results indicate that the
corrosion of the electron-irradiated samples is less than that of the unirradiated control sam-
ples. Also included in the figure for comparison are results obtained for other Zr-2.5Nb
pressure tube materials that had been neutron irradiated to =2 dpa prior to testing in moist
air. The reduction in corrosion displayed by the electron-irradiated material is consistent with
that observed for similar material pre-irradiated with neutrons [3].

Figure 9 shows the oxide growth data on Zr-2.5Nb (H686) electron-irradiated at «=450°C
with unirradiated Zr-2.5Nb after repeated autoclave exposures to D2O at 300°C. The corre:

sponding data for Zr-2.5Nb materials No. 669 and RX094 electron-irradiated at «300°C are
shown in Fig. 10, and for Zircaloy-2 (No. 693) in Fig. 11. Data for the controls are the
average of measurements taken on duplicate samples of each material.


