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Abstract

The onset of the deformation produced by neutron irradiation on a Zr-1.5 at.% Al alloy doped with 0.12 at.% 233U is
reported. The alloy was subjected to two different thermomechanical treatments: recrystallization (RX) and cold work
and stress-relief (CWSR). The measurements were performed in situ in the research reactor RA1 at temperatures close
to 350 and at 77 K. Fissioning of the uranium isotope was used as a way of increasing the neutron damage. The growth
curves at 350 K show complete coincidence for both thermal treatments up to an equivalent dose of 1-2 x 102 n m~2,
where they begin to diverge. This result and the behaviour of CWSR at 77 K indicates that the clusters of defects,
originated in the displacements cascades, are the main items responsible for the initial growth transient, irrespective of
the previous thermal treatment. The equivalent dose at which the long range linear behavior of the CWSR zirconium

alloy begins is estimated. © 2000 Elsevier Science B.V. All rights reserved.

PACS: 61.82.Bg; -61.80.Hg

Irradiation growth is a very well-known phenomenon
in the field of materials technology for nuclear reactors
[1]. Certain anisotropic materials suffer deformations
without or with little volume change when subjected to a
neutron flux (especially to fast neutrons), even without
external stresses applied on them. Growth has been
observed in several hcp materials, particularly in metals
like zirconium and its alloys (Zircaloy and Zr-Nb) [2].
Phenomenological studies reveal that irradiation growth
depends on temperature, percentage of cold work,
crystallographic structure developed, grain size, dislo-
cation density, and obviously, on the irradiation type,
intensity and energy [3].

Growth is generally attributed to segregation of va-
cancies and interstitials to different sinks, particularly to
those created by irradiation, which are anisotropically
distributed. Collapse of interstitials onto certain crys-
talline planes produces lattice expansion. As for vacan-
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cies, it is generally accepted that they migrate towards
sinks in a complex manner. Their evolution with irra-
diation and their general influence on deformation are
not fully understood yet.

In single phase polycrystalline Zr and Zr alloys,
growth takes place in the rolling direction, where the
highest concentration of (1120) poles appears. An op-
posite behaviour, i.e., shortening in this direction, has
been reported in the case of alloys with more than one
phase [4]. The existence of prismatic dislocation loops,
with Burgers vector (1120) has been demonstrated [5].
When temperature is increased, they increase in size,
decrease in number and appear as a mixture of inter-
stitial loops and vacancy loops, with predominance of
the later [6]. Their characterization is difficult at tem-
peratures below 570 K.

A large number of papers have been devoted to the
study of materials behaviour in different metallurgical
states. The influence of the percentage of cold work,
recrystallization texture, grain size, dislocation density,
etc. has been analysed [7-9]. Polycrystalline zirconium
alloys, either recrystallized (RX) or cold worked and
stress-relieved (CWSR), constitute several structural

0022-3115/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.

PII: S0022-3115(99)00291-3



302 A.M. Fortis, H.C. Gonzalez | Journal of Nuclear Materials 279 (2000) 301-307

components of reactors. Generally speaking, growth
occurs in the longitudinal direction in both types of al-
loys. The main difference between CWSR and RX alloys
is the growth rate, which is much higher in the former
and increases with cold working, without any apparent
tendency to saturation at high doses. A linear behavior
has been observed for neutron doses higher than
2x 10* nm™2, with E>1 MeV [10]. Recrystallized
alloys, on the contrary, reach a certain degree of satu-
ration at intermediate doses or show a decrease of
growth rate; at high doses sudden increases of growth
rate can also occur [11,12].

In order to correlate a given characteristic behaviour
of zirconium and its alloys with the thermal treatment,
models have been formulated where the defects, either
previously existent or created by irradiation, have a
decisive influence. Fitting of these models requires
careful experiments, especially with regard to the sam-
ples composition and to the neutron flux and spectrum
at which they are tested, which must have similar char-
acteristics [13-16].

In a previous work [17] it was shown that the growth
kinetics can be measured during irradiation, by means of
indirect determinations. Doping with a fissionable ma-
terial was employed to simulate a high neutron dose and
bimetal pairs were used to amplify the measured mag-
nitude and decrease the error. In this work, two speci-
mens with identical composition and different
thermomechanical treatment were used to study the
initiation of growth deformation and the point where
their behaviour begins to be different. One of the sam-
ples was tested using the bimetal pair technique; for the
second one, growth was measured directly, taking ad-
vantage of the sensitivity achieved with the measurement
equipment. Both specimens were irradiated in the re-
search reactor RA1, under the same neutron spectrum.

2. Experimental method

Postirradiation experiments are reported in the lit-
erature where a large difference in growth during the first
stages of irradiation was observed in specimens with
equal characteristics. Defects reordering due to thermal
vibration, occurring during the time elapsed between the
irradiation experiment and the deformation measure-
ment is apparently responsible for the randomness of the
results, which depends on that time and on the sample
temperature. To avoid this problem and with the pur-
pose of obtaining the ‘true’ growth, measurements in
situ, that is, simultaneous with the irradiation, were
performed.

The method previously developed consists in the
production of damage by means of fission fragments
generated within the material. To this purpose, zirconi-
um is doped with a fissionable isotope, in this case *°U,

and irradiated in the core of a research reactor with the
standard spectrum of a light water reactor, where the
ratio of fast to thermal flux is exactly known. Thermal
neutrons produce fissioning of the fissile isotope with a
cross-section of hundreds of barns. Each fission frag-
ment, after losing most of its energy through coulomb
interactions, has enough energy (about 10% of the initial
energy ~ 7 MeV on the average) to produce a large
number of displacements. This process magnifies the
damage provoked by the fast neutrons, i.e., increases the
number of produced defects to a level equivalent to a
much larger neutron dose. The amplification calculated
in the present work is of 20 times (see Section 2.1).

The zirconium alloys were fabricated by electron
beam melting in high vacuum. The starting material was
high purity Zr and two Al-U alloys: Al -?**U and
Al =2 U, both with uranium contents close to 90 w%.
The alloys were subjected to successive fusion steps until
most of the aluminum was eliminated; their final com-
positions are given in Table 1. Gas concentrations were
similar to those found in commercial nuclear grade al-
loys. Strips of 120 x 3 x 1 and 110 x 3 x 1 mm® were
fabricated by rolling and intermediate thermal treat-
ments. The final cold work was 50%.

The longitudinal deformation during irradiation was
directly measured in a group of U doped samples
stress relieved for 2 h at 670 K in an Ar atmosphere. The
texture factor in the rolling direction was f ~ 0.1.

On the other hand, bimetal pairs were fabricated by
welding at both ends strips of each type of alloy. The
pair bends because the strip doped with the fissionable
isotope 2*U lengthens due to the action of the thermal
neutrons significantly more than the one doped with
81, leading to an amplification of the deformation.
The amount of bending deformation can be simply re-
lated to the differential longitudinal growth of the
specimen [17-19]. Moreover, all the effects of length
change due to thermal expansion compensate since both
components of the pair have received the same ther-
momechanical treatment and contain the same level of
impurities. For this group of samples complete recrys-
tallization was attained by annealing for 2 h at 983 K.
Consequently, the resulting texture was more intense
than in the former group.

Table 1

Composition of alloys (at.%)
ZrAl->»¥U ZrAl-2¥U
Umtal: 07 13 Utnta]: 0, 11
U0, 12 28U: 0, 11
Al 1,5 Al 1,5
Zr: 98, 25 Zr: 98, 28
Fe: <300 ppm Fe: <300 ppm
0: <700 ppm 0: <700 ppm
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Two devices, one for each type of specimen, were
designed to measure the deformation during irradiation.
They were placed in an irradiation loop specially built to
reach the core of the experimental reactor RA1, to re-
ceive a neutron flux as high as possible and to maintain
the samples at a constant temperature during the ex-
periments. Temperatures up to about 750 K can be
reached [20] using a low inertia furnace installed within
the irradiation loop. Measurements at liquid nitrogen
temperature were also performed in a cryostat subjected
to the same neutron spectrum [21].

Each sample is supported by a device that leaves the
upper end of the sample free to move. The nucleus of a
radiation resistant, linear variable displacement trans-
ducer (LVDT) is fixed at that end. The holders for both
types of samples are made of Zircaloy with the same
thermal treatment as the corresponding sample so that
the signal variations due to differences in the expansion
coefficients are minimized, compensating the dimen-
sional variations provoked by the fast neutrons. In the
case of the bimetal pairs, the main restriction is the small
room available to place the deformation detector within
the facility (Fig. 1(a)). In the case of the direct deter-
minations, a greater versatility exists but a higher pre-
cision is required in the measurements (Fig. 1(b)).

The temperature variations obtained during the ex-
periments were in no case superior to 1 K and the
thermal gradients were minimized.

2.1. Calculation of damage acceleration

The first attempts to measure the number of atomic
displacements occurring during irradiation have been

BIMETALLIC
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Fig. 1. Devices to measure deformation. (a) Indirect measure-
ment by means of the curvature of a bimetal pair. (b) Direct
measurement of the strip elongation.

made by Kinchin and Pease [22], and Snyder and Neu-
feld [23]. The modified version of the model of Kinchin—
Pease, known as NRT model [24] is generally accepted
to give the number of atomic displacements in irradiated
materials as a function of the primary knock-on atom
(PKA) energy. In this manner, experiments performed
with different irradiation sources can be compared.
According to the NRT model, the number of dis-
placed atoms, v(7), generated by a PKA of energy T is

2F4

T-T, Ti
R b s 2 (1

T b
v(7) 2E, 2By’

where « is the displacement efficiency, 7. the energy lost
in electronic excitations, 7Tp the damage energy and Ey is
the displacement energy. Calculations of binary colli-
sions indicate that the displacement efficiency is ap-
proximately constant (x = 0.8) for primary energies
higher than 2E, and lower than 100 KeV. Integration of
the function v(7), over the whole displacement energy
spectrum and time, yields the atomic concentration of
displacements (dpa, displacements per atom).

The damage energy Tp obtained from the theory of
atomic collisions, known as LSS theory [25], can be
expressed as

E

Tp—— " 5
DT kL g(e) (2)
g(g) can be approximated by [26]
g(g) = &+ 0.40244¢%* 4+ 3.4008¢'/°, 3)
where
0.0368ME

&= 2/3 2/311/2 4)

2\ L0277 + 27 (MY + M)
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2/3 2/313/4 73 73/22 41/2
[Zl/ +ZZ/]/M1/M2/

In these expressions M, and M, are the atomic masses of
the projectile and the target, Z, and Z, are the respective
atomic numbers and E is the energy of the projectile.
Calculations derived from these expressions, based
on the energy involved in atomic displacements, do not
really permit to establish the number of displacements
surviving the annihilation processes (neighbouring in-
terstitial-vacancy pairs, crowdions, superposition of
cascades, etc. i.e., all the phenomena subsequent to the
collisional phase). Simulation studies and also experi-
mental data obtained at 4 K show that only a minor
fraction of the defects predicted by the NRT method
survive [27]. All the thermally activated processes, not
considered here, must be included to obtain a better
description. They considerably reduce the damage,
leading to a quantity and distribution of defects quite
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different to that obtained with the approximation given
above. However, as regards the correlation of the radi-
ation effects in two similar spectra of primary atoms, the
number calculated with the NRT method constitutes an
adequate parameter for comparative studies.

2.2. Amplification of the damage produced by the fission
fragments

In order to determine the damage amplification ob-
tained when the material is doped with a fissionable
isotope, *¥U, the ratio between the total number of
atomic displacements produced by fission fragments and
by fast neutrons (£ > 1 MeV) can be estimated.

2.2.1. Number of atomic displacements produced by fast
neutrons

The maximum energy that a fast neutron of energy
E, =1 MeV can transfer to a zirconium atom in an
elastic collision is

mM

Tmax(Eu) =4 MEn ~ 43 kCV, (6)

m+

where m is the neutron mass and M is that of a Zr atom.
The numerical approximation of the universal func-
tion g(¢) [26,28,29] given by Eq. (3) yields

gle) =24 (7)

and the damage energy, i.e., the effective energy capable
of producing displacements, given by Egs. (2) and (5),
becomes

E

Ip=+——"—
P T T S kgle)

~ 31 keV, (8)

where it was assumed E = Ty (Ey)-

Finally, from the NRT expression (Eq. (1)) the
number of displacements, v, produced by a zirconium
atom that has acquired the maximum possible energy of
~ 43 keV from a neutron of 1 MeV, is obtained.

v=gp = 500, )

In this expression the value 25 eV was used for the
threshold displacement energy, E£4. The value assigned to
E4 is not relevant unless displacements in different ele-
ments are compared or an absolute theoretical rela-
tionship between displacements and a macroscopic
property of the material is to be established.

2.2.2. Number of displaced atoms produced by the fission
fragments

To calculate the number of displacements in zirco-
nium produced in situ by the fission fragments, the
generalized expressions of ¢ (Eq. (4)) and k. (Eq. (5)) are
used. The subscripts 1 and 2 indicate in this case the

fission fragment and the atoms in the zirconium lattice,
respectively.

During U fission more than 200 different isotopes
are produced. If the more abundant isotopes produced
by fission of 2*U are considered, the relations given in
Egs. (2)—(5) give the damage energy, Tp, and the number
of displacements, v, produced by each fission fragment.
An average value of 10° displacements per fission event
is obtained for zirconium.

2.2.3. Calculation of the production rate of displaced
atoms

The total number of displaced atoms per unit time
and unit volume can be approximated by

dng

?: ¢N06v7 (10)

where ¢ is the flux of incident radiation particles, N, the
atomic density of the target material, o the cross-section
for the interaction event and v is the number of dis-
placements per event.

The flux of thermal neutrons in the reactor RA1 is
5x 10 n m~2 s7!, measured using the of ¥Co activa-
tion technique; a value of 1.3 is estimated for the fast to
thermal flux ratio, with an error of 10%. In these con-
ditions, taking Ny = 4.29 x 10?® at m™3 for zirconium,
v = 500 according to Eq. (9) and finally, considering o
equal, on average, to the elastic effective cross section for
neutrons of 1 MeV in zirconium, . = 4.5 barns [30], the
production rate of atomic displacements due to fast
neutrons per unit volume (Eq. (10)), is
dN,/dt = 6.3 x 10Y m~* s71. If the full neutron spec-
trum were taken into account and if the average instead
of the maximum transferred energy were considered, the
number of displaced atoms per primary atom would
become lower than 500. A value close to 350 is usually
assigned for light water reactors. With these consider-
ations the above expression would result in a lower
value.

Finally, considering the thermal flux in the irradia-
tion site, the atomic concentration of U, ¢ = ¢; = 583
barns and 10° displacements per event, the production
rate of displaced atoms due to the fission fragments
generated in the doped branch is, by Eq. (10),
dNg/dt =12 x 102! m3? 71,

In these conditions, the ratio between the damage
production rate due to fission fragments and that due to
fast neutrons in the irradiated samples, that is, the am-
plification achieved with a dopant concentration of 0.12
at.% U, is ~ 20.

3. Results and discussion

An RX bimetal pair was irradiated during 800 h at
365 K. Two CWSR strips were irradiated at 340 and 77
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Table 2
Characteristics of the specimens and irradiation conditions

Thermal treatment Type of specimen

Irradiation time (h)

Irradiation temperature (K)

RX Bimetallic pair 800
CWSR Strip 2000
CWSR Strip 600

365
340
77

K during 2000 and 600 h, respectively, Table 2. All the
components doped with 23U belong to the same batch,
that is, have the same composition. The temperatures
reached result from the contributions of the furnace and
of y-heating and vary from one case to another due to
the different masses of the samples and devices.

The doses reported in the present work were calcu-
lated by the method described in Section 2.2; they were
simply obtained by multiplying the fast neutron dose in
the specimen’s location by a factor of 20.

The results corresponding to 365 K (RX bimetallic
pair) and 340 (cold-worked strip), are shown in Fig. 2. A
complete coincidence in deformation is observed at the
beginning of the irradiation. Then, both curves depart;
one of them grows linearly, as is expected for the cold
worked and stress-relieved material; the other one, cor-
responding to the recrystallized material, saturates or
grows at very low rate. Deformation of the bimetal pair
might be spected to produce stresses which eventually
could arrest the growth by irradiation creep. However
the measured bending produces a maximum stress of
~ or/30, being oy the yield stress for Zr under similar
conditions of texture and temperature. Thus, the con-
tribution of irradiation creep is considered negligible in
the present case.

T T T T T

20} i
p=3x1022m2n ! - :

GROWTH STRAIN (10 -4)
B
T

05 B
—— 340 K, CWSR
— 365K, RX
0'0 1 1 1 1
0 2 4 6 8 10

EQUIVALENT FAST NEUTRON DOSE (1023 n m-2), E> 1 MeV

Fig. 2. Irradiation growth of specimens irradiated at CNEA-
RALl. In the abscissa, the equivalent dose calculated with the
method described in the text. The asymptotic behaviour shows
the initiation of the constant deformation stage. p represents the
slope of the limiting straight line.

The deformation kinetics of a CWSR material of the
same composition irradiated during 300 h at liquid ni-
trogen temperature is shown in Fig. 3. After a short
initial transient, growth saturation is reached at a value
of 3.7 x 107*. Once the irradiation was over, the sample
was annealed at room temperature during several days
and then again measured at 77 K. The deformation re-
covery was of 85%. Another similar irradiation period
showed similar behaviour.

The linearly increasing dependence of growth with
dose, characteristic of cold worked and stress-relieved
materials, is not observed in the later case. However the
saturation dose gave values coincident with those ob-
tained at the other temperatures.

This shows that the initial growth transient is due to
the establishment of a distribution of free point defects
and clusters of defects that reaches a stationary value in
size and distribution after receiving a dose of
1 —2x10% n m2. These clusters are preferred sinks
for point defects [31]; then, the growth during this first
stage at temperatures close to 350 K is the product of
some inferred change in volume, and fundamentally, the
preferred collapse of clusters in crystalline plains as
dislocations loops with size growing with the dose. After
that, the point defects (especially interstitials, which are
mobile at the irradiation temperature), continue mi-
grating to the other sinks contributing to the deforma-
tion. In the case of the CWSR material, the absorption
of defects by loops competes with the previously existent
dislocations since they reach a size such that their bias to

T T

4] ]
T
2 34 .
z
5 24 .
:
2 4 RECOVERY AT ROOM
o TEMPERATURE

0 . . r .

0 2 4 6

EQUIVALENT FAST NEUTRON DOSE (1023 n m2), E > 1 MeV

Fig. 3. Measurement of the longitudinal deformation at 77 K.
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point defects is similar. Conversely, in RX materials the
contribution of dislocations is not significant and con-
sequently the growth saturates or continues at lower
rate. For these reasons, the processes in this zirconium
alloy with different thermal treatments begin to diverge
at doses higher than 1-2 x 102 n m™2. This demon-
strates that the dislocation loops, which grow by ab-
sorption of point defects, constitute the principal
contribution to deformation during the initial transient
at temperatures around 350 K.

At 77 K the mechanisms are obviously different to
those responsible for the dimensional variation at 340
and 365 K. The recovery at room temperature of most
of the deformation in a CWSR material is significant.
Harbottle [18] also obtained a partial recovery at room
temperature. The results of the measured kinetics sug-
gest that a volume change takes place producing most of
the deformation, the balance corresponding to the dis-
tribution of agglomerates produced in the collision
cascade; their size, character and number is different to
that obtained at 350 K.

At low temperatures (77 K), many of the point de-
fects contribute to changes of volume; at higher tem-
peratures (Stage III of recovery with mobility of
interstitials) the point defects contribute to the growth of
dislocation loops, that is, to the irradiation growth.
Then, at 1-2x10% n m~2 the defects reach a dinamical
equilibrium, but with different distribution at each
temperature, and independent of the metallurgical con-
dition of the alloy.

At temperatures >400 K (Stage IV), the mobility of
the vacancies increases the i—v recombination. They also
flow to others sinks, such as interstitial loops, whose size
grow, then, more slowly. For this reason the first stage
of the deformation ends at a higher doses [17].

A linear dependence of growth in CWSR zirconium
alloys is reported in the literature [32], starting from a
dose close to 1-2 x 10** n m~2 (E > 1 MeV), and also,
with a rate (&,) increasing with the amount of cold work.
Fig. 2 shows a slope of 3 x 107® m? n™! in the growth
curve obtained at 340 K; this is coincident with the
growth rate obtained by Murgatroyd and Rogerson [33]
at 353 K for Zr alloys at high doses and with 25% of
cold work. This indicates that, at equivalent doses
<0.7 x 10** n m~2, the CWSR material has already
initiated the linear growth regime.

4. Conclusions

The initial irradiation growth transient was measured
at temperatures close to 350 K in two specimens of the
same composition, one with recrystallization treatment
and the other with 50% cold work and stress-relief.
Deformation behavior coincides exactly in both samples
up to an equivalent dose of 1 —2 x 10 n m2. The

saturation value of deformation also coincides with that
of another specimen irradiated at 77 K. This fact shows
the influence of the defects created by irradiation, par-
ticularly the loops originated in the displacement cas-
cades.

A dose of 1 —2 x 10”®* n m~2 is the starting point of
the second stage of deformation, where the growth rate
depends on the thermal treatment of the material.

It was possible to estimate that at doses as low as
7 x 102 n m~? the long-term linear growth regime is
already established in this zirconium alloy.

The coincidence of the slope measured in a CWSR
Zr-1.5 at.% Al alloy doped with 0.12 at U with data
reported in the literature for other zirconium alloys in
similar conditions reveal that the calculation method
used to evaluate the equivalent neutron dose is correct
within the experimental error of the local neutron flux.
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