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ZIRCONIUM ALLOY FOR ADVANCED NUCLEAR
APPLICATIONS

BACKGROUND OF THE INVENTION

Field of the Invention

This invention relates to a new Zr-Sn-—-Fe-0O
alloy which is essentially free of Cr, Nb and Ni for use
as a component in a fuel assembly, for example, as a low
cold worked grid spring associated with a nuclear fuel
rod assembly.

Background Information

In pressurized water reactor (PWR) nuclear fuel
assemblies, zirconium alloy grids are used as a
structural support for the nuclear fuel rods. The
zirconium alloy commonly used usually contains, in wt.%:
about 98.3 Zr; 1.3 Sn; 0.2 Fe; 0.1 Cr; and 0.1 O
(Zircaloy~4 material). The grids are made of grid cells
formed by welding zirconium alloy strips. Each grid cell
has springs that contact the fuel rod and provide rod
constraint. As the fuel assembly 1s irradiated,
conventional grid springs relax due to thermal and
irradiation stress relaxation and the fuel cladding moves
initially away from the spring due to cladding creepdown.
This can lead to the development of gaps between the
spring and cladding tube. Under high coolant flow
velocity conditions, such gaps can lead to vibratory
sliding contact between the grid spring and the fuel
cladding. This vibratory sliding contact can lead to
wear of the fuel cladding, sometimes progressing to
penetration of the cladding tube wall. It is thus highly

desirable to avoid development of gaps between the grid
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spring and cladding to decrease the probability of fuel
failure.

With the objective of avoiding development of
gaps between the fuel cladding and grid strip springs, it
is desirable to promote the inward movement of the grid
spring towards the fuel cladding as irradiation proceeds,
to maintain a hard contact between the grid spring and
the cladding. Since cold working of zirconium alloy
microstructure promotes irradiation growth, a cold worked
I-spring was patented for grid applications in U.S.
Patent Specification No.5,331,678 (Hatfield, et al.),
where from about 1% to 7% cold working was used.
Hatfield, et al., did not recognize that with only this
minimum cold working, the usual Zircaloy spring material
would still be subject to a negative irradiation growth,
that 1is, contraction, rather than a positive irradiation
growth, that is, elongation.

It 1is known that the irradiation growth
behavior of annealed Zircaloy-2 with small amounts of
cold work introduced prior to irradiation, exhibits
growth strain transients, and such transients may produce
growth strains in opposite direction compared to the
expected growth strain based on the texture
considerations alone as taught by R. A. Holt, J. Nucl.
Materials 159, 1988, p. 310-338. Therefore, an I-spring
made of Zircaloy with a small amount of cold work would
not exhibit positive irradiation growth strain necessary
for the permanent inward movement of a spring in the grid
cell at low burnups.

An advanced zirconium alloy more suitable for
this application (grid spring application) is badly

needed. While other compositions of zirconium are known
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to provide corrosion resistance at over 350°C in lithiated
water, such as those taught in U.S. Patent Specification
No. 09/506913, filed on February 18, 2000 (Comstock, et
al., Docket No. ARF 99-001C), which utilized from 0.6 to
2.0 wt.% Nb. Another advanced =zirconium alloy having
excellent corrosion resistance is taught in U.S. Patent
Specification 5,278,882 (Garde, et al.), which utilized
up to 0.4 wt.% Cr and up to 0.06 wt.% Ni. This material
would have stable second phase particles and not
significant irradiation growth. Neither of these
inventions provide the requirements mentioned above as
needed.

SUMMARY OF THE INVENTION

Therefore, it dis a main object of this
invention to provide an advanced zirconium alloy that
exhibits permanent inward movement even 1f cold worked
only from about 1% to 7%, thus eliminating expensive
additional cold working steps and/or critical control of
the degree of small cold work introduced in the I-spring.

These and other needs are met by providing a
zirconium alloy useful as a component in a nuclear fuel
assembly, said component having been cold worked and
having a composition consisting essentially of, in weight

0.5 to 1.5 Sn; 0.2 to 0.8 Fe; 0.1 to 0.3 0; with the

oe

balance Zr, and no more than 0.02 Cr; 0.01 Nb and 0.007
Ni are present in the composition.

The invention also resides in a nuclear fuel
assembly grid cell comprising a plurality of grid strips
surrounding a fuel rod where at least one grid strip has
an attached, associated spring strip contacting the fuel
rod and helping to hold it in place, said spring strip

being cold worked and having a composition consisting
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essentially of, in weight %: 0.5 to 1.5 Sn; 0.2 to 0.8
Fe; 0.1 to 0.3 0O; with the balance Zr, and no more than
0.02 Cr; 0.0l Nb and 0.007 Ni are present in the
composition. This composition will initially contain
coarse second phase particles of Zr-Fe having sizes up to
3.5 micrometers, preferably from 0.2-3.5 micrometers,

rough diameter which are not stabilized by Cr, Nb or Ni

. and which will dissolve substantially but not completely

after irradiation. The component or spring strip need
not be cold worked more than 10% to be effective. The

preferred range of cold working is from about 5% to 10%,
although a very useful range is from 3% to 10%.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the invention,
reference may be made to the exemplary embodiments shown
in the accompanying drawings, in which:

Fig. 1 is a sectional view of a grid strip
containing the associated spring strip of this invention;

Fig. 2 is a plan view of a portion of a nuclear
fuel assembly grid cell, here containing a plurality of
grid strips surrounding a fuel rod where several grip
strips have an associated spring strip;

Fig. 3 1is a section view taken along line 3-3
of Fig. 2;

Fig. 4 1is an idealized magnified view of the
microstructure of the spring strip prior to irradiation
growth, showing coarse second phase Zr-Fe particles in
the matrix;

Fig. 5 shows the expanded microstructure of
idealized Fig. 4 after positive irradiation growth where
the Zr-Fe particles, though smaller, still remains in the

matrix.
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Fig. 6 shows comparative graphs of Zr alloy
cell dimensions as a function of neutron fluence;

Fig. 7 shows comparative graphs of PWR
corrosion resistance of non-heat flux strip material as
measured by oxide thickness on different Zr alloy samples
where a best estimate of a Zirc 4 strip (isothermal
model) is shown as the line 200;

Fig. 8 shows comparative graphs of PWR hydrogen
uptake as a function of the oxide thickness plotted in
Fig. 7;

Fig. 9 shows comparative graphs of irradiation
growth strain average, after one-cycle irradiation, of I-
spring sample alloys, as a function of I-spring cold
working prior to irradiation; and

Fig. 10 shows comparative graphs of I-spring
growth strain average, after two-cycle irradiation, for
various Zr alloy samples.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

Figs. 1-3 show a portion of a nuclear fuel
assembly 100 having a variety of metal components,
including grid strips 10, which represents one of a
plurality of inter-engaged strips that would make up an
egg-crate type fuel assembly grid with cells as shown
most clearly in Fig. 2 for supporting a plurality of
nuclear fuel rods 12. EBach strip 10 is initially sized
and annealed as a substantially rectangular flat plate
having length, height, and width dimensions. The plate
is then stamped to form a plurality of cut outs, slots,
and projections. The present invention is preferably
implemented with components, such as strips 10 and spring

16, that are made from a special zirconium alloy.
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A plurality of strips 10 can be interengaged to
form well-known egg-crate configurations. FRach strip
which forms a cell wall has fuel rod support features or
structure. In a preferred embodiment there are three
cold formed fuel rod supports, upper and lower members
14, and spring 16 per cell wall, located respectively in
upper, central, and lower regions of the cell wall. The
support structure in each of the upper and lower regions
includes a relatively stiff, arched stop members 14 which
project in a first direction and a support structure 16,
which acts as a spring, in the central region. The
spring is a relatively soft, arched spring, which
projects in a second direction opposite the first
direction of stops 14.

In accordance with the invention, the spring 16
is meant to include spaced apart pedestals 20, 22 or
similar projections, as taught in U.S. Patent
Specification No. 5,331,678. The spring 16 is resilient
and extends between and 1is rigidly supported by the
pedestals 20 and 22 so as to project in the second
direction beyond the projection of the pedestals. The
pedestals 20 and 22 project from the central region base
area a first distance 40, and the spring 16 has a crown
18 which projects from the central region base area a
second distance 50 which is less than twice the first
distance.

All the fuel rod components including the
support features as described in connection with Figs. 1-
3 can be formed during a single stamping operation, which
cold-works the material. The projecting stop structures
14 and 22 necessarily experience a certain amount of

straining (cold working) during formation. The more
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highly strained portions of the spring 16 undergo greater
elongation and relaxation during exposure to radiation in
the reactor core.

The strips of the type shown in Figs. 1-3 are
assembled into an egg-crate structure that results in the
creation of grid cells with the geometry shown best in
Fig. 2. Insertion of the fuel rod 12 into a grid cell is
shown in Fig. 2 and partially in Fig 3. Insertion of the
fuel rod 12 into the cell, as shown in Figs. 2 and 3,
deflects spring 16 and thus preloads the rod against the
stops 14. The preload prevents relative motion between
the rod and grid during handling and shipment.

Very importantly, the alloy of this invention,
which can be the composition of any of the components
shown in Figs. 1-3, but is particularly useful as the
spring 16, has unstable, coarse-sized second phase
particles (SPPs) that tend to dissolve with irradiation
damage resulting in a high positive irradiation growth
strain in the strip longitudinal direction. The growth
strain is positive right from the start of irradiation
without any growth strain transient in the opposite
direction. At the same time the alloy has excellent in-
reactor corrosion resistance and low hydrogen uptake,
consistent with the other grid material requirements for
desirable in-PWR fuel perfbrmance.

Fig. 4 illustrates in an idealized way, a high-
powered magnified view of the second phase particles 30
in a Zr-Sn-Fe-0 matrix 32 after minor cold working and
before irradiation. A large amount of very small
particles (unnumbered) are shown within matrix 32. Fig.
5 dllustrates in an idealized way another high-powered

magnified view of the growth of the matrix 32 and loss of
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size of second phase particles 32, which, however, still
remain to a certain extent and are not completely
dissolved by the irradiation experienced during operation
in a nuclear environment. The particles 30 are not
stable as 1s seen by comparison of Figs. 4 (larger
particles) and 5 (smaller particles).

The zirconium alloy of this invention has high
irradiation growth in cold worked state, excellent in-
reactor corrosion resistance, low hydrogen uptake and
good creep resistance and 1is designed for nuclear fuel
assembly components, especially the grid strip spring
material. Without cold work, the irradiation growth is
low. Thus, it 1s possible to control the extent of
irradiation growth of this alloy by controlling the cold
work in the alloy. It can be used for single material
transverse stamped grids where the I-spring length 1is
oriented in the strip rolling (longitudinal) direction.
Such grids will have lateral grid dimensional stability
due to low irradiation growth in the strip transverse
direction. The alloy can also be used for longitudinal
stamped grids with two different alloys used for the grid
cell walls and the springs. In such “bimetallic” grids,
the proposed high growth alloy can be used for the cold
worked springs stamped with strip rolling direction along
the spring length. A different low growth alloy (with
lower Fe content and with additions of Nb, Cr or Ni) can
be used for the grid walls.

Coarse second phase particles (“SPP”), shown as
30 in Fig. 4, are preferred in the zirconium alloy of
this invention so that dissolution of the SPP occurs over
a wide neutron fluence range. To achieve high

irradiation growth strain, the iron dissolution needs to



WO 02/072902 PCT/US02/06158

10

15

20

25

30

continue as more point defects are generated due to
irradiation damage. Coarse SPP containing iron are
desirable for this purpose. The alloy impurity levels of
Nb, Cr and Ni are to be kept as low as possible since
incorporation of these elements in the SPP increase the
irradiation stability of SPP and thereby decrease the
irradiation growth strain of the alloy. It is critical
that no more than 0.02 wt.% Cr; 0.01 wt.% Nb; or 0.007
wt.% Ni are present in the composition. Table 1 below

describes the alloy composition of this invention:

TABLE T
Alloying Element Range by wt.% Preferred Aim Point
(Tin) Sn 0.5-1.5% 0.3% to 0.6%
(Iron) Fe 0.2-0.8% 0.3% to 0.5%
(Oxygen) O 0.1-0.3% 0.20% to 0.25%
(Zirconium) Zr balance balance
SPP Size, micrometers 0.2-3.5 0.3-2.0

Important features of the Zr alloy of this invention
include:

(1) Growth strain transients at the start of irradiation
that could decrease the irradiation growth stain are
avoided by adjusting the alloy composition and processing
to produce coarse iron bearing second phase particles
(SPP) in the as-fabricated strip microstructure.

(2) The iron bearing SPP without the stabilizing
elements such as Nb, Cr and Ni are unstable under neutron
irradiation. The 4iron dissolution from such coarse
particles occurs over a wide fluence range. The rate of
iron dissolution keeps up with the rate of point defect
generation due to neutron bombardment thereby enhancing

irradiation growth strain of the alloy, probably by
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promoting formation of c-dislocation vacancy loops
starting at low fluences.
(3) Irradiation growth is enhanced by controlling
composition and processing of the alloy without
degradation of corrosion resistance and hydrogen uptake.
(4) Intrinsic irradiation growth of this alloy is low.
It is possible to increase the growth by introducing
small cold work in the alloy.

EXAMPLE

Experimental capsules containing strings of

single grid cells of three zirconium alloys were
irradiated in a PWR for two 2-year duration cycles. The
chemical composition of the strip alloys investigated are
listed in Table 2 below:

TABLE 2
Alloy Alloying Element, wt.%

Sn Fe Cr Nb Ni Oxygen

Zr-Sn—-Fe-0 0.50 0.40 -- -= -—-  0.22
*Zircaloy-4 1.31 0.22 0.12 -- -- 0.11
*Zr-Sn-Nb-Fe-Ni 0.90 0.50 -- 1.05 0.1 0.10

SPP Size, micrometers

Average Maximum Minimum

7r-Sn-Fe—-0 0.42 3.40 0.2
*Zircaloy-4 0.17 .81
*7r-Sn-Nb-Fe-Ni  0.62 2.90

* = Comparative Examples
Each cell had four I-springs on the four walls
of each grid cell. The clearance dimension between the

springs (cell size) was measured using a rod gauge prior
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to irradiation and after irradiation in a hot cell. The
change in cell dimensions as a function of neutron fluence
is presented in Fig. 6. Grid cells with I-springs made of
zZircaloy-4 (the triangle points) show either no change in
the grid cell size or a moderate decrease in the grid cell
size with increasing neutron fluence. The largest
decrease in the grid cell size was observed in cells with
Zr-Sn-Fe-0 alloy (the round 400 points) I-springs with
higher cold work. The low cold work (about 1% cold work)
data points for Sn-Fe-Zr-O0 alloy in Figure 6 (points
designated as 300) show low growth, confirming the low
growth of this alloy intrinsically without cold work. The
data in Fig. 6 show that Zr-Sn-Fe-O alloy (the round 400
points with high cold work (about 7% cold work)) I-spring
would provide the best constraint to the fuel rod during
irradiation.

The in~-PWR  corrosion resistance of the
different grid strip alloys, as measured by the oxide
thickness on different alloy strips, is shown in Figure 7.
The corrosion resistance of Zr-Sn-Fe-0 alloy is similar to
that of Zircaloy-4. The best estimate of the Zircaloy-4
setup (isothermal model) is shown as line 200. The in-PWR
hydrogen uptake of different strip alloys as a function of
the oxide thickness is plotted in Figure 8. The hydrogen
uptake of Zr-Sn-Fe-0O alloy is similar to all the Zr alloys
investigated and is expected to be less than 10% at high
oxide thicknesses.

The irradiation growth strain of the I-spring
after one 2-year irradiation cycle exposure is plotted as
a function of I-spring cold work (introduced by
deformation twinning prior to irradiation) in Figure 9.

Cold work can be introduced by different techniques such



WO 02/072902 PCT/US02/06158

10

15

20

25

30

12

as tensile deformation, punching, pressing or rolling.
The deformation can occur by either dislocation motion or
deformation twinning depending on the strain rate and
temperature of deformation. The preferred means of
introducing the «cold work is the room temperature
deformation at a strain rate such that deformation twins
are introduced by the cold work. Presence of deformation
twins in the cold worked spring is desirable to achieve
positive irradiation growth. While the Zr-Sn-Fe-0 alloy
shows an increase of growth strain with increasing cold
work for cold work levels below 7%, for the other two
comparative alloys the growth strain at these low levels
of cold work, decreases with increasing cold work. The
growth strain for the cell wall region can be estimated
from the intercept of the curve extension for an alloy to
the zero cold work vertical axis in Figure 9. Difference
between the growth strain of the spring (with a designed
cold work level) and the cell wall (estimated by the
intercept on the vertical axis) giyes a measure of inward
motion of the spring within the cell. The data in Figure
9 shows that for the one-cycle exposure, Zr-Sn-Fe-0
material provides maximum inward movement of the I-spring.
The other two materials do not show inward motion of I-
spring for cold work levels of 1 and 7% (actually they
show an outward motion). Zircaloy-4 shows a smaller
inward motion of spring when the degree of cold work is
increased to 10%. Thus only Zr-Sn-Fe-O material show
positive growth at wvery small cold work levels less than
7%. The other two materials show a reversal of growth at
very small cold work levels (<7%).

The I-spring growth strain after two 2-year

irradiation cycles is plotted as a function of cold work
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in Figure 10. In Figure 10, the Zr-Sn-Fe-O alloy shows
the strongest dependence of growth strain on the degree of
cold work among the three alloys investigated. In other
words, the ©benefit of cold work in increasing the
irradiation growth strain of the I-spring is maximum for
the Zr-Sn-Fe-0 alloy of this invention.

The microstructures of the three zirconium
alloys were characterized before and after irradiation
regarding the size and composition of the second phase
particles (SPP) . The Zircaloy-4 as-fabricated
microstructure contained fine (SPP size wup to 0.81
micrometers) particles of composition Zr (Fe-Cr);. These
SPP did not dissolve easily after irradiation. After two
irradiation cycles, some of these SPP were present in the
irradiated microstructure. The as—-fabricated
microstructure of Zr-Sn-Nb-Fe-Ni alloy contained particles
up to 2.9 micrometers in size and the SPP contained Zr-Nb-
Fe-Ni. Moreover, these SPP were also very stable with
respect to the irradiation damage. Most of these
particles were present in this alloy microstructure after
two irradiation cycle exposure.

The as-fabricated microstructure of the Zr-Sn-
Fe-0 alloy of this invention contained coarse (size up to
3.4 micrometers) SPP containing Zr-Fe. Moreover, these
particles easily dissolved, although not completely, in
the matrix due to irradiation damage. In a metallograph
at 500x magnification, only very few SPP were still
present in the alloy microstructure after one irradiation
cycle exposure. The number of SPP present in the two-
cycle exposure microstructure were even fewer.
Metallographic examination results showed that the second

phase particles dissolve with irradiation damage
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significantly (although they do not disappear entirely)
only in Zr-Sn-Fe-0 alloy and not significantly in the
microstructure of the othér two alloys.

Important conclusions derived from the above
experiment are: (1) Zr-Sn-Fe-0 alloy I-springs will
provide the best support to fuel cladding by movement of
the I-spring towards the fuel cladding due to positive
irradiation growth strain in the cold-worked I-spring.
(2) Small amounts of cold work can most efficiently iﬁduce
positive irradiation growth strains in the I-spring of Zi—
Sn-Fe-0 alloy. (3) A positive irradiation growth strain
at all fluence levels 1s obtained by the controlled
dissolution of SPP with increasing fluence. Coarse Zr-Fe
SPP in the as-fabricated microstructure are most suitable
for this purpose. (4) Additions of Nb, Cr or Ni to the
Zr-Sn alloy increase the stability of SPP with respect to
the neutron irradiation damage and thereby decrease the
irradiation growth of the alloy. (5) The Zr-Sn-Fe-O0 alloy
has excellent 1in-PWR corrosion resistance, low hydrogen
uptake and low intrinsic irradiation growth in the
recrystallized structure without cold work.

It should be understood that the present
invention may be embodied in other forms without departing
from the spirit or essential attributes thereof, and
accordingly, reference should be made to both the appended
claims and to the foregoing specification as indicating

the scope of the invention.
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What is Claimed is:

1. A zirconium alloy useful as a component in
a nuclear fuel assembly, said component having been cold
worked and having a composition consisting essentially of,
in weight %: 0.5 to 1.5 Sn; 0.2 to 0.8 Fe; 0.1 to 0.3 O;
with the balance Zr, and where no more than 0.02 Cr; 0.01
Nb and 0.007 Ni are present in the composition.

2. The zirconium alloy component of Claim 1,
wherein the composition will initially contain coarse
second phase particles of Zr-Fe having sizes up to 3.5
micrometers rough diameter which are not stabilized by Cr,
Nb or Ni and which will dissolve easily after irradiation.

3. The zirconium alloy component of Claim 1,
wherein the component is not cold worked more than 10%.

4. The zirconium alloy component of Claim 1
wherein the cold working is by deformation twinning.

5. The zirconium alloy of Claim 1 having a
composition consisting of in weight %: 0.5 to 1.5 Sn; 0.2
to 0.8 Fe; 0.1 to 0.3 O; with the balance Zr, and where no
more than 0.02 Cr; 0.01 Nb and 0.007 Ni are present in the

composition.
6. The zirconium ailoy of Claim 1 having a
composition consisting essentially of in weight %: 0.3 to

0.6 Sn; 0.3 to 0.5 Fe; 0.2 to 0.25 O with the balance Zr.
7. The zirconium alloy of Claim 2 wherein the
second phase particles have a size between 0.2 and 3.5
micrometers.
8. The zirconium alloy of Claim 2 wherein the
second phase particles have a size between 0.3 and 2.0
micrometers.
9. A nuclear fuel assembly grid cell

comprising a plurality of grid strips surrounding a fuel
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rod where at least one grid strip has an attached,
associated spring strip contacting the fuel rod and
helping to hold it in place, said spring strip being cold
worked and having a composition consisting essentially of,
in weight %: 0.5 to 1.5 Sn; 0.2 to 0.8 Fe; 0.1 to 0.3 O;
with the balance Zr, and where no more than 0.02 Cr; 0.01
Nb and 0.007 Ni are present in the composition.

10. The nuclear fuel assembly of Claim 9,
wherein the spring strip composition will initially
contain coarse second phase particles of Zr-Fe having
sizes up to 3.5 micrometers rough diameter which are not
stabilized by Cr, Nb or Ni and which will dissolve easily
after irradiation.

11. The nuclear fuel assembly of Claim 9,
wherein the spring strip is not cold worked more than 10%.

12. The nuclear fuel assembly of Claim 9,
wherein the spring strip is cold worked by deformation
twinning.

13. The nuclear fuel assembly of Claim 9,
wherein the spring strip alloy has a composition
consisting of in weight %: 0.5 to 1.5 Sn; 0.2 to 0.8 Fe;
O.i to 0.3 O; with the balance Zr, and where no more than
0.02 Cr; 0.01 Nb and 0.007 Ni are present in the
composition.

14. The nuclear fuel assembly of Claim 9 where
the spring strip alloy has a composition consisting
essentially of in weight %: 0.3 to 0.6 Sn; 0.3 to 0.5 Fe;
0.2 to 0.25 O with the balance Zr.

15. The nuclear fuel assembly of Claim 10
where the spring strip composition will have second phase

particles having a size between 0.2 and 3.5 micrometers.
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16. The nuclear fuel assembly of Claim 10
where the spring strip composition will have second phase

particles having a size between 0.3 and 2.0 micrometers.
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