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ABSTRACT

The uranium-zirconium-hydride (U-Zrﬂx) fuel is an integral
fuel-moderator system. Development, use, and marketing of the
u-z:ux fuel technology has been underway at General Atomic since
1957. During this period over 6000 fuel elements have been
fabricated for the TRIGA reactcrs. Over 25,000 pulses have been
performed with the TRIGA fuel elements at General Atomic. The TRIGA

fuel was developed around the concept of inherent safety.

The development and the characteristics of the TRIGA fuels are
described in this paper. The fabrication techniques have been
developed to the point where the production of fuel bodies containing
controlled amounts of hydrogen and burnable poison (erbium) has been
carried out in sizes from 0.5 to 1.5 in. in diameter. Instrumented
fuel elements have been designed to determine the temperatures in
the fuels and claddings and to record the gas pressures in the fuel
elements, under both steady-state and pulsed operations. The metal-
lurgical, physical, mechanical, and corrosion properties of the
fuel are presented, along with empirical correlations relating ir-
radiation behavior and fission product retention to temperature,

composition, burnup, and neutron flux and fluence.
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1. INTRODUCTION

The development and use of U—ZrHx fuels for the TRIGA reactor has
been under way at General Atomic since 1957 (Refs. 1 through 10). Over
6000 fuel elements (Fig. 1-1) of 7 distinct types have been fabricated
for the 60 TRIGA research reactors which are under construction or have
been placed in operation. The earliest of these are now passing 20 years
of operation. The first TRIGA reactor to be exported was for the U.S.
exhibit at the Second Geneva Conference on the Peaceful Uses of Atomic

Energy in 1958 (see Appendix).

The standard TRIGA fuel contains 8.5 to 12 wt % uranium (20%
enriched) as a fine metallic dispersion in a zirconium hydride matrix.
The H/Zr ratio is nominally 1.6 (in the face-centered cubic delta phase).
The equilibrium hydrogen dissociation pressure is governed by the compo-
sition and temperature. For ZrH1.6 the equilibrium hydrogen pressure is
one atmosphere at about 760°C. The single-phase, high-hyd~ide composition
eliminates the problems of density changes associated with phase changes
and with thermal diffusion of the hydrogen. Highly enriched versions of
TRIGA fuels (discontinued in 1979) contained up to about 3.0% erbium as
a burnable poison to increase the core lifetime and contribute to the
prompt negative temperature coefficient in the higher power (1 to 14 MW)
TRIGCA reactors (Refs. 8, 9). (Cores with steady-state power levels above
3 MW are not pulsing cores.) The calculated core lifetime with FLIP fuel
in the 2-MW TRIGA is approximately 9 MW-yr. Over 25,000 pulses have been
performed with the TRIGA fuel elements at General Atomic, with fuel tem-

peratures reaching peaks of about 1150°C.
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TRIGA fuel was developed around the concept of inherent safety.
A core composition was sought which had a large prompt negative
temperature coefficient of reactivity such that if all the available
excess reactivity were suddenly inserted into the core, the resulting
fuel temperature would automatically cause the power excursion to
terminate before any core damage resulted. Experiments then in
progress demonstrated that zirconium hydride possesses a basic
mechanism to produce the desired characteristic. Additional advantages
were that ZrH has a good heat capacity, results in relatively small
core sizes and high flux values due to the high hydrogen content, and

could be used effectively in a rugged fuel element size.

In early 1976, General Atomic undertook the development of fuels
containing up to 45 wt % uranium in order to allow the use of low
enriched uranium (LEU) (under 20% enrichment) to replace the highly
enriched fuels while maintaining long core life. These fuels were
fabricated successfully, with the required hydrogen content and erbium
loading. The structural features of the hydrided LEU fuel were similar
to these of the well-proven 8.5 and 12 wt Z fuels, as shown by
metallographic, electron microprobe analysis, and x-ray diffraction
examination., The uniform distribution of the uranium on a macroscale
and the distribution of the various phases were as expected from the
experience with the standard fuel. The high-U LEU fuels were subjected
to thermal cycling, pulsing tests to 725°C, and water quench tests
from 1200°C, which they survived successfully. The physical and
thermal stability properties of the LEU fuels are acceptable. Very
low release fractions of fission products were measured at normal
operating temperatures, with the temperature dependent functions
describing the fission product release rate for standard TRIGA fuel
still remaining applicable to the TRICA-LEU fuel. Previou~ work on
U-Zer fuels during the SNAP reactor program had developed the tech-
nology up to 20 wt Z uranium and found no indication of this being a

limit., Burnup of U-235 reached values of about 80Z in SNAP program
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tests. (Other nuclear applications of metal hydrides are described in
Refs. 11 through 18.) Ongoing in-core tests at General Atomic witl 20
and 45 wt %Z fuel, started in April 1978, These tests have been an
unqualified success during pulsing and steady-state operation in-
cluding over 2000 thermal cycles where the reactor has gone from
shutdown to powers of 1 to 1.5 MW. An irradiation test of a standard
16-rod cluster configuration is being tested in the 30 MW ORR Reactor
at Oak Ridge.

The high-U LEU fuel was also subjected to water-quench safety
tests by quenching from temperatures up to 1200°C. The results
showed that this fuel also survives the quench tests with a benign
response, with only minor cracking, volume shrinkage, loss of

hydrogen, and surface oxidation.



2. PROPERTIES OF HYDRIDE FUELS
2.1. PHYSICAL PROPERTIES

The hydrogen atom density in hydrides is generally expressed in

terms of N the number of hydrogen atoms per cubic centimeter of hy-

HI
dride x 10-22. This is calculated from the hydrogen-to-metal atom

ratio H/M, the density of the hydride p, and the molecular weight W
by the expression N, = [(H/M) (p) (60.23) 1/W.

The plateau pressures of the monohydrides and dihydrides of
various metals are shown in Fig. 2-1, which demonstrates the wide range
in the thermal stabilities of the hydrides. The one-atmosphere isobars
in various relatively stable metal hydrides are shown in Fig. 2-2.

Isobars at higher pressures will be at larger N, and higher temperatures.

The isobars provide a comparative measure of stgbilities of the hydrides
as a function of temperature and is useful for comparing the NH para-
meter before consideration of other important criteria such as neutron
capture cross section, physical and mechanical properties, radiation

stability, cost, and availability.

Zirconium hydride has a very high NH and good thermal stability.
Its range of compositions extends up to Zer. At a composition having
an NB equivalent to that of water (6.7), zirconium hydride can be used
at temperatures as high as 750°C under steady-state and 1200°C under

short transiert pulse operation.

2.2. HYDROGEN DENSITY

The hydrogen density NH versus the H/Zr ratio for zirconium is

given in Fig. 2-3 (Ref. 18).
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2.3. PHASE SYSTEMS

The ZrH system is essentially a simple eutectoid (Refs. 19,
20) containing at least four separate hydride phases in addition to
the zirconium and allotropes (Figs. 2-4 through 2-7). The hydride
phases consist of the following:

1. Alpha phase: a low-temperature terminal solid solution of
hydrogen in the hexagonal, close-packed, alpha zirconium
lattice.

2. Beta phase: a solid solution of hydrogen dissolved in the

high-temperature, body-centered cubic zirconium phase.

3. Delta phase: a face-centered cubic hydride phase. A
delta-prime phase has also been reported, formed below
240°C from the delta phase,

4., Epsilon phase: a face-centered tetragonal hydride phase
with the ratio ¢/z < 1, extending beyond the delta phase
to Zer. The epsilon phase 1s not a true equilibrium phase,

and it appears 18 a banded, twin structure.

The two-phase delta plus epsilon region exists between ZrH1.64
and ZrH1‘76 at room temperature, diminishes in width with increasing
temperature, and closes at 455°C and ZrH1.70. At higher temperatures,
the delta and epsilon single-phase regions are separated by a single
boundary sloping toward higher H/Zr ratios, reaching Zer at about
903°C. The transitions are postulated to be first order at the two-

phase region and second order at the single-phase rcgion.

When uranium is present, it appears to be partially rejecied

from solution during the nydriding process. The uranium which is
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rejected is present as a fine, uniform dispersion. The effect of

the uranium addition on the ZrH system is to shift all the phase
boundaries of the ZrH diagram to slightly lower temperatures. For
example, the eutectoid temperature is lowered from 547° to 541°C.

The presence of erbium also has a more marked lowering of phase
change temperature. No new phases and no uranium hydride have been
detected (Ref. 21). At rather high uranium contents (25 to 50 wt %)
the behavior with hydrogen was found to be a breakdown of the inter-
metallic alloy. The zirconium reacted with the hydrogen giving poly-
phase regions of uranium, zirconium, and zirconium hydride phases,
mainly the cubic delta hydride. The phase boundaries of the ZrH dia-
gram were relatively unaffected in the vegion of high hydrogen content,
but the alpha and beta phases were markedly shifted. The main effect
of the addition of uranium in the low hydrogen content region was to
considerably increase the range of the alpha phase. Uranium hydride

phases were not observed.

There is no generally accepted theoretical description of the
structure of metal hydrides (Ref. 22). At present, two quite
different theories are used to discuss metal hydrides. In one, the
hydrogen is regarded as losing its electron to the conduction band
of the metal structure, and as being present in the lattice as H+.
This theory describes ihe transition metal hydrides as metallic or
as alloys. The alternative theory considers that the hydrogen atom
acquires an electron from the conduction band and is present as H".
The depleted conduction band remains to give residual metallic bonding
in the hydride and to account for the metallic properties. This theory
describes the hydrides as ionic. It is possible that covalent bonding
could be introduced into either theory, although few attempts have been
made to do so. In any case, the small hydrogen atom would be expected
to enter the tetrahedral sites in the usually close-packed metal

structure. Nevertheless, most hydrides do not have their metal atoms



The solubility of

hydrogen in zirconium above the eutectoid temperature was found to

in the same positior as in the parent metal.

be increased by the presence of beta-stabilizing elements and de-

creased by alpha-stabilizers.

Oxygen concentrations of over 3.5 at. % in the hydride shift
the two-phase boundaries (delta plus epsilon) to lower H/Zr ratios,
and the two-phase region becomes wider with increasing oxygen (Ref.
20). Reactor grade zJ conium contains about 800 to 1000 ppm oxygen,

and further oxygen c .ntamination may occur during hydriding.
2.4, DISSOCIATION PRESSURES

' The rates of hydriding and dehydriding of zirconium are markedly
influenced (reduced) by the presence of surface oxide or nitride films.

» The surface films will, therefore, affect the measured hydrogen dis-
sociation pressures unless precautions are taken to eliminate these

films.

The hydrogen dissociation pressures of hydrides have been shown
to be comparable in the alloys containing up to 75 wt % U (Ref. 23).
The concentration of hydrogen is generally reported in terms of either
weight percent or atoms of H/cm3 of fuel (NH)' The equilibrium dis-
sociation pressures in the ZrH system are given in Figs. 2-8 and 2-9.
In the delta region, the dissociation pressure equilibria of the
zirconium-hydrogen binary may be expressed in terms of composition

and temperature by the relation

log P = K, + (K, x 109/1

where K, = -3.8415 + 38.6433 X - 34.2639 xz +9.2821 X°.
Kz = -31,2982 + 23,5741 X - 6.0280 X",
P = pressure, atm,
L T = temperature, K,
X = hydrogen-to-zirconium atom ratio.

2-11
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The heat of solution of hyd:ozen in the delta hydrided phase decreases
with increasing solute concentration, from -46.3 kcal/mole in delta of
composition ZrHI.A to =37.7 kcal/mole in epsilon of composition ZrH1.9 (Ref. 23).
It is significant that no discontinuity in the function is in evidence through-
out the entire delta-to-epsilon composition range, involving an H/Zr com-
position range of about 1.4 through 1.9. This is compatible with the trans-
ition from fce-delta to fct-epsilon, involving a continuous anisotropic
expansion of the cubic phase. The isochores of the delta and epsilon regions
of the ZrH system exhibit a progressively increasing change in spacing with
increasing hydrogen concentration. Any deviation from this type or pro-
gression is attributed to significant contamination of the binary with oxygen,

nitrogen, carbon, etc., to form a ternary or higher-order alloy system.

The higher-hydride compositions (H/Zr > 1.5) are single-phase (delta or
epsilon) and are not subject to thermal phase separation on thermal cycling.
For a composition of about ZrH‘.6, the equilibrium hydrogen dissociation
pressure is 1 atm at about 760°C. The absence of a second phase in the
higher hydrides eliminates the problem of large volume changes associated
with phase transformations at approximately 540°C in the lower hydride
compositions. Similarly, the absence of significant thermal diffusion of
hydrogen in the higher hydrides precludes concomitant volume change and
cracking. The clad material of stainless steel or nickel alloys will pro-
vide a satisfactory diffusion barrier to hydrogen at long-term (several

years) sustained cladding temperatures below about 300°C.

The equilibrium dissociation pressures in the H/Zr composition range
of 1.4 to 1.7 at temperatures up to 1300°C have been measured (Ref. 3).
The results for an H/Zr range of 1.55 to 1.7 agree closely with the values
obtained from extrapolation of the reported data which extend to 950°C.
However, the data for an H/Zr range of 1.4 to 1.5 Indicate that the hydrogen
dissociation pressures for these compositions are considerably lower than
the values extrapolated from the temperatures below 950°C, probably as

a result of phase changes at the elevated temperatures. For example, at



the H/Zr ratio of 1.5, the measured dissociation pressure at 1100°C is

about 9 atm versus the extrapolated value of 25.2 atm and at 1200°C

is about 17 atm measured versus 60 atm extrapolated.

The influence of carbon on the dissociation pressures of hydrogen
in carbon-modified ZrH has been measured (Ref. 24). The dissociation
pressures were found to be predictably higher than the dissociation
pressures of the carbon-free hydrides. The hydrogen dissociation
pressures are expressed as a function of temperature and composition

as follows:
P = K exp (-AHa/RT) "

where the value of K is governed by composition. The carbon is asso-

ciated with zirconium on a 1:1 ratio.

The hydrogen dissociation pressure for fuel with H/Zr ratios of
1.7 to 1.9 is given by

log P = 10.44 (11/2r) - 10.47 - 8538/T ,

where the dissociation pressure P is in atm and the temperature T is

in K.

The association of zirconium with carbon necessitates an increase
in the H/Zr ratio in order to maintain the required N“, resulting in
an increase in the hydrogen dissociation pressure (Refs. 24 through
27). The equilibrium dissociation pressures are then given by

4
In P = A, + A, (10 /TK) ’

0

where




2 3
AO = BO “ B‘ (H/Zr) + 52 (H/2x)" + 83 (H/Zr) .

2 3
A‘ - C0 . 2 C1 (H/Zr) + C2 (H/Zr)" + C3 (H/2r) 5

H/Zr (effective) = 90.496 _ wt Z H .
wt 2 Zr - 7.5947 wt %Z C

wt ZZ2r = 100 - (wt ZH+wt 2C+ wt Z U) >

H/Zr (total) = 90,496 wt 2 H :
100 - (wt ZH+wt ZC+wt 2U)

An equivalent apprecach is to subtract the Zr atoms which form
ZrC and treat the remaining Zr as hydrided with standard characteris-

tics of ZrH for the resulting H/Zr ratio.

A temperature excursion in an accident situation would increase
the hydrogen pressure in the cladding, as indicated by the dissociation
pressure curves. This would govern the design of the cladding (wall
thickness, material, and allowable strain) in terms of the maximum
hydrogen pressure to be accommodated at the maximum temperature during

an excursion.
2.5. HYDROGEN MIGRATION

Under nonisothermal conditions, hyu gen migrates to lower-tem-
perature regions from higher-temperature regions. The equilibrium dis-
sociation pressure obtained when the redistribution is complete is
lower than the dissociation pressure before redistribution. The di-
mensional changes of rods resulting from hydrogen migration are of

minor importance in the delta and epsilon phases.

The results of studies on the thermal migration of hydrogen in
ZrH have been described (Refs. 28, 29). No significant hydrogen redis-
tribution was observed in the delta- or epsilon-phase hydrides. In

the lower hydrides, however, extensive migration of hydrogen took place.
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The kinetics of hydrogen migration in delta zirconium hydride
have been measured in the temperature range of 650° to 800°C (Ref. 29).
The hydrogen absorption follows a parabolic time law, and the rate
constant is proportional to the concentration difference and to the
square root of the diffusion constant. The temperature dependence of

diffusion in the delta phase is given by

D = 0.25 exp(-17800/RT) .

The diffusion of hydrogen in zirconium hydride was found to be inde-

pendent of concentration.

"Thermal migration stresses' arise when hydrogen migrates from
the higher to the lower temperature regions of the fuel, causing the
colder region to expand and the hotter region to contract. The conse-
quences (Ref. 30) of this redistribution of hydrogen are: "This
results in a 'migration stress' which is in the opposite sign (or direc-
tion) of the thermal stress. Since this process is time-dependent, a
temperature gradient in Zirconium hydride will first cause a thermal
stress which is slowly relieved by hydrogen migration. The final stress
on the material will be that due to the superposition of the two pheno-
mena, with the equilibrium migration stress believed to be somewhat
larger in absolute magnitude." The brittle nature of zirconium hydride
at the lower temperatures makes it susceptible to thermal stress

cracking.

I1f the radial temperature gradient on the fuel rod is assymmetric,
bowing of the rod will occur. The SNAP reactor experience (Ref. 30)
indicated that "if during this redistribution (of hydrogen) and bowing
change the thermal gradients are altered, as would be the case in an
operating reactor, the conditions for sustained cycling are obtained ....
Anomalous oscillations were observed in the SNAP-8 reactor power level

and local outlet coolant temperatures. These oscillations continued
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with a decreasing magnitude and frequency for about the first 1500 hr
of operation. The oscillatory behavior was probably due to the
clustering of fuel elements under a thermal gradient, followed by an
abrupt declustering caused by the rehydriding of the fuel rod which
applies a force in the opposite direction. The diffusion of hydrogen
from the hotter to colder regions of the fuel rod make it act as if it

had a delayed, negative coefficient of thermal expansion."

The diffusion coefficient of hydrogen in the delta hydride has
been measured (Ref. 13). The diffusion rate equation (650 to 900°C,
H/Zr = 1.5 to 1.8) is: D= 1.3 x 0~ exp (-12,690/RT). No concentra-
tion dependence was found. Neither carbon nor uranium had any effect
on the hydrogen diffusion. For example, at 650°C, D = 0.7 x 1074 em?/
sec, The hydrogen redistribution will take place fairly rapidly in
the central high temperature regions and much more slowly near the
cooler surface regions. Hence, the volume changes and the concomitant
stresses will be applied relatively slowly in the more brittle cooler

regions and would be accommodated, as indicated by actual experience.

Measurements and calculations have been reported of hydrogen loss
from hydrided 10 wt % U-Zr fuel elements (3.2 cm in diameter by 2.54 cm.
long) which were rapidly heated by induction to temperatures near the
melting point (Refs. 31, 32). Results indicated that within about 75
sec the surface temperature in a nonoxidizing atmosphere reached 930°
to 970°C (1700° to 1780°F) with only minor hydrogen evolution. Abruptly
thereafter, the surface was observed to crack parallel with the cylin-
drical axis, with strong outgassing rates, and the temperature dropped.
After a few seconds, the temperature again began to rise and outgassing
continued, After about 3 min at surface temperatures of 1100° to 1105°C
(2010° to 2020°F), the specimen was cooled. Subsequent analysis showed
large amounts of residual hydrogen. In another series of tests, tem-
peratures up to 1900°C (3400°F) were reached before power was shut off.

In these tests, almost all the hydrogen was driven off. The volume of



the sample was found to have decreased, and the surface cracks visibly

healed as the temperature rose above 1100°C (2000°F).

2.6. HYDROGEN RETENTION

In oxidizing environments, the protective oxide films formed on
the hydride surfaces can lower the rate of hydrogen losses. In the
KNK reactor (West Germany), unclad zirconium hydride was exposed to
flowing sodium at 550°C for several! thousand hours (Ref. 29). The
hydrogen losses were about equivalent to losses from 0.2-mm-thick
stainless-steel-clad hydride, because the oxygen in the sodium oxidized
the zirconium hydride to form a low-permeability oxide film. Hydrogen
loss was estimated to be about 10Z in 20 yr of operation with bare or
clad zirconium hydride into the flowing sodium coolant. This would
result in a loss of reactivity of 1.5%.

The rates of hydrogen loss through 250-um-thick stainless steel
cladding are shown in Fig. 2-10 (Ref. 18). A 1% loss of hydrogen per
year occurs at about 500°C (900°F) clad temperature. The hydrogen
permeabilities for a number of clean metals and alloys are shown in
Fig. 2-11., Glass-enamel-coated metal cladding (about 76-um-thick
glass coating) has very low permeabilities (about 10% of molybdenum)
and has been used successfully in the SNAP reactor fuel elements at

temperatures up tn 700°C,

2.7. DENSITY

The density of ZrH decreases with an increase in the hydrogen
content, as shown in Figs. 2-12 and 2-13. The density change is quite
high up to the deiia phase (H/Zr = 1.5) and then changes little with
further increases in hydrogen (Ref. 33). The bulk density of massively
hydrided zirconium is reported to be about 2% lower than the x-ray

density.
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For hydrogen to zirconium ratios, x, of less than 1.6 the density

of Zer used for TRIGA design calculation is

Pren = 1./7(.1541 + 0145 X )

and for X greater than or equal to 1.6

Poen ™ 1./(.1706 + ,0042 X)

The density of uranium-zirconium hydride is

)

P = 1./(wuloU +

UZrH Yo/ P 2en

where Wy ¥ = weight fraction of uranium and zirconium hydride

ZrH

respectively and p = uranium density (19.07 gn/cm3).

U

2.8, THERMAL CONDUCTIVITY

Thermal conductivity measurements have been made over a range of
temperatures (Refs. 34, 35). A problem in carrying out these measure-
ments by conventional methods is the disturbing effect of hydrogen mi-
gration under the thermal gradients imposed on the specimens during
the experiments. This has been minimized by using a short-pulse heating
technique to determine the thermal diffusivity and hence to permit cal-
culation of the thermal corductivity. A value of 0,042 + 1.79 x 10°5 T

cal/sec-cm-°C is used for the rhermal conductivity for design calculations.

Measurements have been made (Ref. 36) of the thermal diffusivity
of uranium-zirconium hydride in which the uranium content was 8.5, 30
and 45 percent by weight. The data from these measurements, in con-
junction with the best available data for density and specific heat,

was used to determine the thermal conductivity of these materials,
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The thermal conductivity so determined was fcund to be both independent

of temperature and uranium content and is

k = 0,182 0.009 watts/cm °C
= 0,043* 0.00215 cal/sec-cm=°C

The temperature independence does not agree with measurements
made by others (Refs. 34, 35). MNhevertheless, assuming that the infor-
mation contained here is correct, the maximum temperature of a TRIGA
fuel element operating at maximum power density would be only about
50°C higher than that calculated using the older temperature dependent
thermal conductivity relationship.

2.9. HEAT CAPACITY

The heat content of zirconium hydride as a function of temperature
and composition (Zer) is approximated well by the following relation-
ship (Refs. 37 through 39):

2

(H-HZS) = ,03488T° + [34.446 + 14,8071 ( X - 1,65)] T
ZrH
X

- 882,95 - 370,18 (X - 165) joules/mole
where T 1s in °C
The specific heat of ZrH is

1.6

Cp = (.06976 T + 33.706) M joules/gm °C

where M = the molecular weight of ZrH‘ s 92.83 gms/mole

The specific heat of uranium is

4

Cp = (1.305 x 107" T + ,1094) joules/gm °C




The specific heat of uranium-zirconium hydride is taken to be

= W(u)c * Wz Cp ,

C 4
p{UZrH) (ZrH)

P(U)

The volumetric specific heat of 8.5 wt % U-ZrH1 6 is calculated
to be:

3 T H—sec/c-3 °C (from 0°C) "

cp = 2,04 + 4,17 x 107
The specific heat curves for the delta and epsilon phases are
shown in Fig. 2-14. The volumetric heat content of 8.5 wt 2 U-ZrH1 6

alloy is calculated to be:

H - H,, (8.5 U-2rH, 6 " 2.08 x 10312 + 2.041 - 52.2 w-sec/cm3.

2,10, THERMAL EXPANSION

The thermal expansion of zirconium hydride has been measured
using both dilatometric and x-ray diffraction techniques. The expansion
coefficient increases with increasing temperature. The data for the
delta and epsilon phases have been fitted to an equation of the form
(Ref. 17):

AL = <0.288 x 10° + 6,24 T + 7.3 x 107> 12

L
where T is in °C and A%/% is the fractional change in length. The
average expansion coefficient for the delta phase over the range of
200° to 850°C is 14.2 x 10-6/'0. Experimental data over the range of
93° to 650°C are given in Table 2-1,

In the presence of thermal gradients in ZrH rods, hydrogen composi-

tion gradients will be created in accordance with the phase-temperature-
composition equilibria of the ZrH system (Ref. 30) as “:fined in
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TABLE 2-1

THERMAL EXPANSION'®
Total Expansion from Room Temperature, um/cm

Material 93°C 205°C 310°C 540°C 650°C
Crystal bar 1.2 8.5 25.2 34.0 44,5
zirconium

Zirconium 3.3 11.7 35.9 3.1 68.8
hydride,

(a)

Taken from Ref. 18.
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pis. 2"'15.

thermal expansion because

This will result in the unusual phenomenon of a negative

. . the hydrogen will redistribute, enriching the cold
or concave side and depleting the hot or convex side of a rod
[(i.e., the lower temperatures correspond to a greater rela-
tive volume than higher temperatures)]. . « » This will re-
sult (after a period of time depending on the hydrogen diffu-
sion rate) in the cold side having larger dimensions than the
hot side, and, therefore, a reversal of the configuration
with the cold side convex and the hot side concave., Further-
more, if during this redistribution and bowing change the
thermal gradients are altered, as would be the case in an

- operating reactor, the conditions for sustained cycling are

obtained - (from Ref. 30, p. 3).
This phenomenon was verified experimentally, as shown in Fig. 2-16.

The thermal expansion coefficient has been measured (Ref. 36)
for uranium-zirconium hydride containing 45 percent by weight uranium
and compared to the coefficient for 8 to 12 weight percent uranium.
For a maximum power density TRIGA fuel element, the maximum rac‘al
expansion would be about 0.6% for 45 wt % fuel as opposed to 0.5%
for 8 to 12 wt Z fuel.

The coefficient of thermal expansion is strongly dependent upon
temperature. A good fit to the expansion data is obtained by use of
a second degree polynomical in temperature. For the SNAP data (Ref.
40) the expansion coefficient is

6

AR = 4,52 x 107" + 19.25 x 1077 1 °c)”!

L
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Two specimens of 45 wt % uranium-zirconium hydri 2 were thermally
cycled over 100 times from room temperature to 800°C., The linear ex-
pansion as a function of temperature was measured with a dilatometer,
Although a phase transformation takes place at about 650°C which re-
sults in an isothermal density change a least square fit to the data
from the first and last thermal cycle of both specimen showed a maxi-
mum deviation of measured values to the fit of less than 10Z. Frou

these measuremen.s, the expansion coefficient for 45 wt % UZrH1 6 is

6 9 1

AL = 7.38 x 107" 4+ 15.1 x 107" T (°C)” :

2

2.11, MECHANICAL PROPERTIES

The mechanical properties of ZrH are difficult to measure be-
cause of its brittle nature. However, at elevated temperatures ZrH
exhibits significant ductility and creep deformation. The creep
strength is markedly influenced by the structure, as shown in Fig.
2-17 (Refs. 17, 41, 42)., The beta phase has a much lower creep
strength than the delta phase,.

The temperature limit for ZrH in the reactor stems from the out-
gassing of hydrogen from the Zr:lx and the subsequent stress produced
in the cladding material. The strength of the cladding as a function

of temperature can set the upper limit on the ZrH temperature.

The tensile strengths and elongations of zirconium hydride are
shown in Fig. 2-18. The presence of minor constituents such as carbon

and oxygen also has a marked effect on the mechanical properties.

The dynamic elastic modulus of ZrHl ¢ Was measured at room tem-
perature as 63,000 MPa. This value decreases to about 41,000 MPa at

650°C (Ref. 17).
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2.12, CORROSION PROPERTIES

Zirconium hydride has a relatively low reactivity in water,
steam, and air at temperatures up to about 600°C (Ref. 18). Massive
zirconium hydride has been heated in air for extended periods of time
at temperatures up to 600°C with negligible loss of hydrogen. An
oxide film forms which inhibits the loss of hydrogen.

The hydride fuel has excellent corrosion resistance in water,
Bare fuel specimens have been subjected to a pressurized water environ-
ment at 570°F and 1230 psi during a 400 hr period in an autoclave
(Ref. 8)., The average corrosion rate was 350 mg/cmz-month weight gain,
accompanied by a conversion of the surface layer of the hydride to an
adherent oxide film., The maximum extent of corrosion penetration

after 400 hr was less than 2 mils.

In the early phases of development of the TRIGA tuel, water-quench
tests were carried out from elevated temperatures (Ref. 1). Fuel rods
(1-in. diam) were heated to 800°C and end-quenched to test for thermal
shock and corrosion resistance. No deleterious effects were observed.
Also, a 6-mm diam fuel rod was heated electrically to about 800°C and
a rapid stream cf water was sprayed on it; no significant reaction
was observed. Small and large samples were heated to 900°C and quenched
in water; the only effect observed was a slight surface discoloration.
Finely divided U-ZrH powder was heated to 300°C and quenched in 80°
water; no reaction was observed., Later, these tests were extended to
temperatures as high as 1200°C, in which tapered fuel rods were dropped
into tapered aluminum cans in water. Although the samples cracked and
lost hydrogen, no safety problem arose in these tests. Recently, the
low-enriched TRIGA fuels have been subjected to water-quench safety
tests at General Atomic (Ref. 43). The result of these tests have

been described as follows.
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Quench tests were performed on 20%-enriched TRIGA fuel samples

(45 wt % uranium, 53 wt %Z zirconium, 1 wt Z erbium, 1 wt % hydrogen)
to simulate cladding rupture and water ingress into the TRIGA reactor

fuel rods during operation.

The 12.9-mm diam by 12- to 18-mm long TRIGA fuel samples, which
were inductively heated and quenched in water from temperatures ranging
from 800° to « 9°C, showed remarkably satisfactory response to the
test conditions. Minor cracking and small increases in density oc-
curred in some samples, Hydrogen loss was accompanied by surface
oxidation in all samples. Test results on samples quenched from ap-
aproximately 1100°C were variable; these variations were at first be-
lieved to have been caused by differences in homogeneity of the fuel.
Minor cracking, volume shrinkage, loss of hydrogen, and surface oxida-
tion occurred in some samples, while other samples exhibited localized
melting when heated to a measured temperature of 1050°C. The localized
me!ting was caused by eutectics formed from reaction of the Inconel-600
thermocouple sheath with the fuel sample. Samples quenched from 1200°C
showed variable behavior only because one sample contacted and reacted
with the tantalum susceptor originally used for the inductive heating.
The second sample showed very satisfactory behavior. For the tests
where the fuel was heated to 800° and 1000°C, the sheathed thermocouple
was inserted directly in contact with the surfaces of the hole. A
molybdenum cup was inserted in the hole in the fuel specimen to prevent
reaction with the Inconel-600 thermocouple sheath and the fuel at

temperatures abov~ 1100°C.

Quench testing at 800° and 1000°C resulted in no unusual occur-
rences for hold times of up to 3 min at temperature. However, initial
tests at temperatures above 1050°C resulted in some localized melting
of the fuel when the Inconel-sheathed thermocouple was in direct con-
tact with the fuel. These observations indicate that the localized

melting was the result of fuel reactions with the Inconel-600
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thermocouple sheath, rather than with inhomogeneities in the fuel.
Inconel-600 has a composition whose major constituents in wt 7 are

72 nickel, 14=17 chromium, and 6-~10 iron. Low melting eutectics be-
tween uranium and the constituents occur as follows: nickel 740°C,
chromium 859°C, and iron 725°C. The melting points of the eutectics
between zirconium and the constituents are as follows: nickel 961°C,
chromium 1300°C, and iron 934°C.

The test samples were characterized and compared with as-fabricated
control samples by performing visual examination, dimensional and weight
measurements, vacuum fusion analysis for hydrogen content, electron
microprobe analysis for major constituents, and metallographic exami-

nation. The results are shown in Table 2-2 and Fig. 2-19.

The following conclusions can be drawn from quench tests from

temperatures ranging from 800° to 1200°C on TRIGA fuel samples:

1. On samples in which there was no contact with the Inconel-
60C sheath of the thermocouples, all samples survived
the tests in excellent condition. Minor cracking occurred

in all samples quenched from 800° and 1000°C.

2. For those samples in which the fuel was in contact with
the Inconel-600 thermocouple sheath, no obvious reactions
occurred up to 1000°C. Above approximately 1050°C,
eutectics were formed of uranium with nickel, chromium
and iron, and possibly zirconium with nickel and iron,
which resulted in localized melting of the surfaces of

the fuel samples.
These results indicate satisfactory behavior of TRIGA fuel for

temperatures to at least 1200°C. Under conditions where the clad

temperature can approach the fuel temperature for several minutes
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TABLE 2-2
CHARACTERISTICS OF 45U~532Zr-1Er-id SAMPLES BEFORE AND AFTER QUENCH TESTS

Before Prop After Drop Net Change

Drop Temp (°C)/| Weight o.d. Length Weight o.d. Length Weight o.d. Length

et () - (um) (8 (um) (am) (®) (mm) (wm)
800/ 1(@b) 19.9152 12.916 18.240 19.8002 12.883 18.164 | -0.115 | -0.033 | -0.076
1000/2(@+®) 15.9549 | 12.916 | 14.600 | 15.8835 | 12.725 | 14.364 | -0.0714 | -0.191 | -0.236
1200/3®>¢ 16.0684 12.913 | 14.628 | 15.6037 | 12.903 | 14.55¢ | -0.3647 | -0.010 | -0.075
11507645 1ig 7173 | 12,913 | 15.283 (8) 13.081™| 15,265 ® | +0.168™ | _o.018™
1050/5(4+&+8) 149 4724 12.913 | 18.062 19.4988 | 12.883 17.290 | +0.0267 | -0.031 | -0.142
110076451 144 6627 12.916 13.536 14.4414 12.746 | 13.533 | -0.2213 | -0.170 | -0.003
1100/7394:3) 149 4613 12.918 | 17.689 | 18.3849 12.845 17.424 | -0.7764 | -0.074 | -0.264
1100784 5>1)  lyg 2588 12.916 16.855 17.5136 12.715 16.607 | -0.7452 | -0.201 -0.249
1200793923 |13 9545 12.950 12.901 13.895 12.728 12.690 | -0.0600 | -0.208 -0.211

(a)

Refers to samples actually quenched.

Other samples shown were either intentionally, or

because of alloying with the temperature-measuring thermocouple, not quenched but were heated to
the indicated temperature, then cooled in the argon atmosphere of the experiment furnace.

(b)
(c)
(d)
(e)
(f)
(8)
(h)
(1)
(1)

No quench.

Tantalum susceptor.

Molybdenum susceptor.

Localized melting .~ all surfaces.

Dimensions over bumps of once-molten material.

Measured temperature by inserting thermocouple.

Sample reacted with thermocouple and tantalum susceptor.

Not weighed, thermocouple attached to sample by alloying.

Molybdenum cup between thermocouple and fuel sample.



Fig. 2-19. Fuel sample 9 after quench from 1200°(



(which may allow formation of eutectics with the clad), the results
indicate satisfactory behavior to about 1050°C. This is still about
50° to 100°C higher than the temperature at which internal hydrogen
pressure is expected to rupture the clad, should the clad temperature
approach that of the fuel. It should be pointed out that thermocouples
have performed well in instrumented TRIGA fuel elements at temperatures
up to 650°C in long-term steady-state operations, and up to 1150°C in

very short time pulse tests.

2.13. IRRADIATION EFFECTS

Most of the irradiation experience to date is limited to the
uranium-zirconium hydride fuels used in the SNAP and TRIGA reactors
(normally containing about 8 to 10 wt % uranium). The presen