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Abstract

To investigate the mechanical response of porous and swelling metallic fuel to cladding restraint, specimens of
U-10 wt% Zr were prepared from UH; + ZrH, and U + Zr powders. Specimens were sintered under argon to
entrap gas and simulate fission gas bubbles and contained different amounts of rigid precipitates resulting from
impurities in the starting powders. Hot-isostatic pressing (HIP) was performed at 600°C (a + 8-phase) and 700°C
(v-phase). The phenomenon of HIP is related to grain boundary diffusion and creep cavitation mechanisms for
cavity growth during creep. Densification was not detected at 600°C, but occurred readily at 700°C. The driving force
dependence at 700°C (n = 3.7 + 0.5) and observed loading/unloading transients are consistent with a creep-con-
trolled HIP mechanism. The activation energy (187 + 10 kJ/mol) agrees with a reported value for grain boundary
diffusion of uranium in v-U, consistent with a grain boundary diffusion-controlled mechanism. The overall
mechanism thus appears to be coupled grain boundary diffusion and creep cavitation. The relevance to in-reactor

densification under external pressure or contact stress is also discussed.

1. Introduction

Uranium with 10 wt% - zirconium (U-10Zr) is a
metallic nuclear fuel that was used in Experimental
Breeder Reactor-II (EBR-ID) and as part of the Inte-
gral Fast Reactor (IFR) program at Argonne National
Laboratory [1]. Metallic nuclear fuels were previously
rejected for high-burnup fast reactors due, in part, to
fission gas-induced swelling and anisotropic irradiation
growth, which caused fuel-cladding mechanical interac-
tion (FCMI) and cladding rupture at low burnup under
normal operating conditions [1]. To accommodate

’ Corresponding author. Present address: Argonne Na-
tional Laboratory. Chemical Technology Division, 9700 South
Cass Avenue, Argonne, IL 60439, USA. Tel: +1-708 252
4308; fax: + 1-708 252 9917; e-mail:
Sea}n _ mcdeavitt@qgmgate.anl.gov.

This work was supported by the Office of Reactor Engi-
neering, US Department of Energy, under Contract No. DE-
FGO2-88ER12814.

swelling and gas release, fuel pins for the IFR were
designed with a large sodium-filled gap between the
fuel and the cladding and an enlarged gas plenum that
allowed fuel swelling and fission gas release before
fuel-cladding contact [1).

After cladding contact, which occurs at 1-2 at.%
burnup [1], the fuel must densify to accommodate
additional fuel swelling from retained fission products.
Therefore, the compressibility of the highly porous fuel
is important because it represents the fuel’s ability to
relax the contact stresses that arise during continued
fuel swelling. Since the target burnup of the IFR was
greater than 20 at.% [1], this situation was significant
over the majority of the fuel’s lifetime. The problem of
FCMI becomes unavoidable when fuel swelling is con-
strained by low-swelling cladding materials, and
FCMI-induced strains were observed at low burnup in
the U-10Zr fuel rods used in EBR-II [2]. Another
complication would occur at high burnup when solid
fission products (primarily lanthanides) precipitate in
available porosity, especially in outer regions of the

0022-3115/96/315.00 © 1996 Elsevier Science B.V. All rights reserved
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fuel cross section [2], impairing the fuel’s compressibil-
ity. In addition, a rapid temperature rise during a
reactor transient may also generate contact stresses
because of different thermal expansion in the fuel and
cladding and increases in fission gas bubble pressure.

To address these issues, hot-isostatic pressing (HIP)
experiments have been carried out on unirradiated,
porous U-10Zr. The technique used [3] has been em-
ployed to study swelling and HIP in UO, [4-6] and in
Ni [7], ZnO [8], and Al,04 [9]. Since no other primary
data are available for U-10Zr, the purpose of the
present experiments was to identify and quantify the
rate-controlling HIP mechanism in pure, unirradiated
U-10Zr in the a + & and vy-phase fields. The a + 8-
phase (a-uranium plus UZr,) is stable below 617°C,
and the v phase (body-centered cubic solid solution) is
stable above 693°C [21.

2. Theoretical background

Hot-isostatic pressing and swelling of porous mate-
rial at elevated temperatures are stress- and tempera-
ture-dependent phenomena. To a first approximation,

185

they are opposing directions of the same process if they
do not involve irreversible fracture. It has been shown
that models developed for diffusional creep cavitation
under uniaxial stress are even more appropriate for
HIP and swelling where the stress is hydrostatic, and
excellent agreement between theory and experiment is
obtained if the internal pore pressure and pore surface
energy are included [10]. Comprehensive reviews of
creep cavitation mechanisms are available (10,111
Creep cavitation mechanisms may be broadly classi-
fied into two categories: (1) grain boundary diffusion
controlled cavitation and (2) creep-controlled cavita-
tion. A model for diffusion-controlled cavitation was
formulated and refined by several authors [12-18); the
rate-controlling mechanism is the stress-directed mo-
tion of vacancies from grain boundaries to cavity sur-
faces via grain boundary diffusion. Creep-controlled
cavitation models have also been developed by severdl
authors [19-21]; the rate-controlling mechanism is the
creep of material surrounding the cavity when diffu-
sional fluxes are assumed unable to relax the applied
tensile stress because either grain boundary diffusion is
limited or cavities are not on the grain boundary. In a
general situation, however, diffusion- and creep-con-
trolled cavitation mechanisms operate simultaneously,

Py

[s3

G.B. Diffusion

Region I

Fig. 1. Geometry of the Beere-Speight model {19] for coupled grain boundary diffusion and creep cavitation.
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and total cavitation may be modeled through coupling
both mechanisms [19,22-26).

The Speight and Beere [15] model, concluded to
best represent diffusion-controlled cavitation [22], is
written as

dv B 272D 8, B +27 .
(Et-)gb__ka(rp/A) 7P ro | )

which is the volume rate of change (dv/dt) for an
individual cavity on a grain boundary normal to an
applied tensile stress, o. The subscript gb denotes the
grain boundary diffusion mechanism. In the first term
on the right-hand side, (2 is the atomic volume, D, is
the grain boundary diffusion coefficient, &, is the
boundary width, k is Boltzmann’s constant, and 7T is
the temperature. Also, the factor f(r,/A) is a complex
geometric structure function related to the pore size-
to-spacing ratio, where A is half the distance between
cavity centers [15]. The bracketed term represents the
diffusional driving force, F; for HIP or swelling, F = P
—p+2vy/r,, where P is the external isostatic pres-
sure, p is the internal cavity or pore pressure, v is the
surface tension, and r,, is the cavity radius of curvature
[10].

Following the development of the diffusion-con-
trolled model, significant progress has been made to-
ward incorporating creep flow into cavitation models.
Needleman and Rice [24] coupled both mechanisms
numerically, and established the use of the characteris-
tic diffusion length, A, as defined by Rice [27]:

D, 5,00, \'">
A=(_u___)

kT, @

The terms o, and £, represent the far-field creep
stress and creep rate, which are related by é, = Bo.",
where B and n are empirical constants.

Beere and Speight [19] presented a cylindrical unit
cell (Fig. 1) that is centered around a single cavity and
divided into two regions. Region I represents that
portion of the grain boundary next to the cavity where
the diffusion-controlled mechanism operates. Region
II represents that portion of the grain boundary be-
tween cavities where grain boundary diffusion is as-
sumed to be negligible. Chen and Argon [22] improved
on this concept by noting that the radial dimension of
Region I should be equivalent to the characteristic
diffusion length, A (Eq. (2)), and they derived a simple
equation for the coupled model based on the displace-
ment induced in Region I by the deposition of atoms.
The calculated results using the Chen-Argon model
matched very well [22] the numerical result of Needle-
man and Rice [24], but this was determined to be
fortuitous since the assumed mechanical equilibrium
conditions were inappropriate [26].

The form of the Chen—~Argon model is identical to

Eq. (1) without the surface tension term except for the
replacement of the cavity half spacing, A, in the struc
ture function by a new parameter, b =r,+ A, whict
represents the radius of Region 1. This difference i
very significant because of the strong stress depen
dence of A (Eq. (2)). The coupled cavitation rate
therefore, has a non-linear dependence on the drivin
force, F, whereas the diffusion-controlied mechanisn
(Eq. (1)) has a linear dependence on F. Martinez anc
Nix [25] extended the Chen-Argon model to include
the effect of the cavity surface tension, or capillarity
Schneibel and Martinez [26] later pointed out prob
lems with the Chen-Argon/Martinez—Nix model
which result in a discontinuity in the grain boundan
stress at the boundary between Regions I and II. The
discontinuity is negligible when A is large, but it be
comes increasingly serious as the diffusion zone shrink:
and plastic hole growth dominates. Schneibel and Mar
tinez [26] derived a cavity growth rate expression whict
is more physically accurate and is also strongly depen-
dent upon A, and thus non-linear with respect to F.

These models require the assumption of uniforn
cavity sizes and spacings so that a single, representative
volume element can be analyzed. While such models
may capture some of the basic physics, important inter-
actions are omitted if pore sizes and spacings can vary
If pore sizes vary, diffusional fluxes from cavity tc
cavity cause coarsening [28], which can greatly increase
the creep rupture time. For non-equilibrium cavities o1
pores (F # 0), elastic interactions can give rise to cavity
repulsion [28], and for variable spacings, plastic defor-
mation may play an increasing role as pore spacing
increases [29].

3. Experimental

Two types of U-10Zr specimens were prepared
from powder mixtures. One type was derived from
uranium hydride (UH ;) and zirconium hydride (ZrH
powders, and the other type was derived from uranium
metal microspheres and zirconium metal powder. The
powders are pyrophoric, requiring an inert atmo-
sphere, so samples were prepared inside a glovebox
under purified argon. The general procedure for all
specimens was to press the powders in a stainless steel
punch and die, sinter the green pellet in the presence
of argon gas in order to entrap gas in grain boundary
pores at high specimen density, and raise the ambient
pressure to induce HIP. The trapped gas is designed to
simulate the presence of fission gas in irradiated fuel.
The processing methods developed are described else-
where [30,31], but a brief summary is presented here.

Green pellets were positioned vertically between
two tungsten slugs and inserted into a tungsten pres-
sure vessel that was sealed inside the glovebox and
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Fig. 2. Scanning electron microscope image of hydride-derived U-10Zr sintered 24 h at 1100°C.

removed to a high-pressure, high-temperature sintering
system [3,30]. A molybdenum rod resting on top of the
upper tungsten slug transmitted changes in specimen
length to a linear variable differential transducer
(LVDT) above the hot zone of the furnace. The vessel
was connected to a high-pressure /vacuum system that
can supply oxygen-gettered argon gas up to 31 MPa
(4500 psi) or, alternatively, can subject the specimens
to ~1 Pa (~107% Torr) vacuum. Specimen dimen-
sions and green density were measured prior to sinter-
ing.

3.1. Hydride-derived specimens

Hydride powders (UH; ? and ZrH, ) were used
because of their fine particle size, compactibility, and
low decomposition temperatures under vacuum. Speci-
mens were generated by mixing the powders with an
alumina mortar and pestle and then compacting the
mixture at 550 MPa to yield a cylindrical pellet (0.7 ¢cm
in diameter and ~0.8 cm long with a density of
~ 60% TD). The pellets were then sintered at 1100°C
for 24 h. After hydride decomposition, the metal den-
sity was only ~ 42% TD. However, even with the low
relative green density, final densities of ~ 93% TD
with complete alloying were achieved, as determined
by energy dispersive X-ray (EDAX) analysis.

Sintering was carried out in a tungsten pressure
vessel [3], and the sample was heated under vacuum to

iCourtesy of B. Lambdin. Oak Ridge National Laboratory.
" A.D. Mackay, Inc.

the sintering temperature of 1100°C in 1 h. On the
basis of observed pressure transients resulting from the
evolution of hydrogen during heating, it was estab-
lished that UH; decomposed between 250 and 450°C,
and ZrH, decomposed between 600 and 900°C [30].
After hydride decomposition at ~ 900°C, purified ar-
gon (< 10 ppm oxygen) was introduced into the system
at 1.7 MPa to provide an ambient pressure. By the
time the specimen temperature reached 1100°C, the
density was typically ~70% TD, and the specimen
porosity was still open, thus enabling gas entrapment.
The microstructure of the sintered hydride-derived
specimens (Fig. 2) shows a globular second phase that
occupies 25 vol.% of the material. The EDAX analysis
indicated only zirconium in these phases, but scanning
auger microscopy revealed the presence of significant
quantities of carbon, nitrogen, and oxygen in the globu-
lar phases. Phases of this type are observed in cast IFR
fuel rods and are reported to be zirconium with the
impurities (C, N, and O) in interstitial solid solution
[2]. In an effort to characterize the source of the
contamination, we tracked the microstructural evolu-
tion of the impurity phase through the sintering pro-
cess [30], and we concluded that the starting UH,
powder was the primary source of contamination.

3.2. Metal-derived specimens

The uranium metal spheres * used were much larger
than the particles of uranium hydride powder {(~ 177

* Nuclear Metals, Inc.
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Fig. 3. Scanning electron microscope image of metal-derived U-10Zr sintered 6 h at 1200°C.

pmversus ~ 1 to 5 pm), so sintering was less efficient,
and a significantly higher green density was required.
The spheres also had a surface oxide layer that would
act as a barrier to interdiffusion during sintering. This
layer was removed, following Lioyd and Williams [32],
by washing with a 20% nitric acid bath until the metal
surface had high reflectivity [30]. The washed powder
was rinsed with water and ethyl alcohol and then dried
in the glovebox by evaporation.

The clean uranium and zirconium 5 metal powders
were mixed in the sample die and compressed at 1100
MPa, forming a pellet of 80% TD. The compaction
pressure was twice that used for the hydride-derived
samples because it was necessary for the pure zirco-
nium to plastically flow around the uranium spheres to
form a strong specimen. After compaction, the speci-
mens were transferred from the glovebox to the tung-
sten pressure vessel, which was evacuated and back-
filled with purified argon several times between 100
and 200°C as the vessel temperature was being raised.
The system was then pressurized with 3.5 MPa of
argon and heated to 1100°C in 1 h.

In contrast to the hydride-derived powders, no ob-
servable shrinkage occurred until the temperature ex-
ceeded ~ 1000°C, when the samples began to shrink
rapidly. Rothman [33] reported that interdiffusion be-
tween uranium and zirconium does not readily occur
until both elements are in their body-centered cubic,
high-temperature phase (7> 863°C). Since the speci-

> Cerac. Inc.

men temperature lagged the furnace temperature by as
much as 150°C during the heating to 1100°C, the pre-
sent observations are consistent with Rothman’s.

After 6 h at 1100°C, sintering stopped and the alloy
was well mixed [30], but the porosity did not fully close.
Because of this, the process was modified so that the
specimens were held at 1100°C for 30 min, and then
the temperature was raised to 1200°C for 6 h. Speci-
mens could not be taken directly to 1200°C because it
is above the melting point of pure uranium (1132°C),
and time must be allowed for diffusional alloying. With
this method, specimens were sintered to ~ 91% TD
with closed, gas-filled porosity. The metal-derived
specimens had fewer zirconium impurity particles (typi-
cally below 5 vol.%) than the hydride-derived speci-
mens (compare Fig. 3 with Fig. 2).

3.3. Hot-isostatic pressing procedure

Following sintering, the temperature was lowered
and held at 700°C (y-phase U-10Zr) or 600°C (o + 5-
phase U-10Zr) for 1 h to thermally stabilize the system
and verify that no further detectable densification oc-
curred. The external pressure was then raised (in less
than 10 s} to initiate HIP. Strain rates were calculated
from data on change in length versus time generated
by the LVDT signal as recorded on a strip chart.
Pressure changes of various magnitudes were used to
investigate the pressure /driving force dependence of
the HIP process, as discussed in the next section.
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4. Results of hot-isostatic pressing experiments

4.1. Hot-isostatic pressing results

Several HIP experiments were performed on the
hydride-derived specimens at 700°C («y-phase) with am-
bient pressure increases (AP) of 3.5, 6.9, 10.5, 13.8,
and 20.7 MPa. The strain rate versus time results are
presented in Fig. 4. Some of the transients in Fig. 4
(6.9 and 10.5 MPa) have been truncated for clarity
because of perturbations made to measure the HIP
activation energy and driving force dependence; the
full perturbed transients are described later (Figs. 9~
11). The specimens densified from 93% TD to 95-97%
TD, depending on the pressure conditions.

For each experiment, Fig. 4 shows an initial linear
portion (log scale) during which most of the HIP strain
occurs, followed by a dramatic drop-off in the HIP
strain rate. Multiple experiments were completed with
AP=6.9,10.5, and 13.8 MPa, and the strain rates were
very reproducible. For tests with AP = 3.5, 6.9, 10.5,
and 13.8 MPa, the initial HIP strain rate decreased
with time as

; 3

where the time exponent, —0.32, is the mean slope of
the linear portion (log-scale) of the HIP strain rate
curves (Fig. 4), excluding the 20.7 MPa transient. This
relationship is similar to the time-dependent behavior

om 032
ey =t

observed in previous swelling experiments on Ni [7]
and ZnO [8], in which a time dependence of t~1/3 was
observed. It is also in fair agreement with the theoreti-
cal time dependence predicted for swelling controlled
by grain boundary diffusion when the internal pore
pressure dominates the driving force (¢~2/5) [10]. In
the experiment with AP =207 MPa, however, the
material behaved differently, with the strain rate ex-
hibiting a time dependence of

&:th-—OJ‘t- v (4)

The results of HIP experiments at 700°C (y-phase)
for metal-derived specimens are presented in Fig. 5,
with some of the transients truncated for clarity, as
before. Two regions of time-dependent behavior are
again evident, but in contrast to the hydride-derived
specimens, the initial HIP rate of the metal-derived
specimens decreased over all driving forces with a time
dependence of

ép =108, , %)

To investigate the behavior of the a + & two-phase
alloy, which corresponds to the phases present near the
IFR fuel surface [1,2], two HIP experiments were at-
tempted with the metal-derived samples at 600°C with
AP =17.3 MPa. No HIP strains were detectable in
either specimen at this temperature. Prior to HIP, one
specimen was annealed at 600°C for 6 h and the other

107 v r

104
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1077
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10°8
10! 10°

10t 10? 10°
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Fig. 4. HIP results at 700°C for hydride-derived U-10Zr specimens. Points on same curve with different symbols represent

Tepetitions of the same experimental conditions.
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Fig. 5. HIP results at 700°C for metal-derived U-10Zr gpecimens. Points on same curve with different symbols represent repetitions

of the same experimental conditions.

for 50 h to generate an equilibrium microstructure. It
is reported that “no more than 48 h” is required to
generate the two-phase structure at this temperature
[34], but the 3-phase was not detected by scanning
electron microscope analysis of either sample. To ver-
ify that the pressure driving forces and closed porosity
were similar to those in the 700°C experiments, the
temperature of the first sample was raised to 700°C
one hour after the initial AP. The sample hot-pressed

very rapidly, indicating that the porosity was closed and
filled with gas.

4.2. Specimen microstructures

For the results of these HIP experiments to be
compared with theoretical models, microstructural in-
formation is required from both types of specimens.
The porosity distribution and the impurity particle size

0.8 T T

S'econé-Phage Disfributién
(upper mode = 4.5 um)

T T

0.7

0.6

0.5

0.4

Normalized Frequency

0.1

Porosity Distribution
(mode = 2.5 um)

Diameter (Lm)

Fig. 6. Normalized porosity and second-phase particle size distributions in hydride-derived U-10Zr.
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distribution were measured by using NIH Image v1.43
to analyze digital images of post-HIP samples captured
from a high-resolution video camera through an optical
microscope. Grain sizes were evaluated by standard
lineal analysis on polished surfaces etched with 49%
nitric acid, 49% lactic acid, and 2% hydrofluoric acid.

For the hydride-derived materials, five areas with
1260 pores and two areas with 660 second-phase parti-
cles were analyzed. For the metal-derived materials,
two areas with 250 pores and four areas with 480
second-phase particles were analyzed. For all cases,
the measured two-dimensional distributions were
translated by standard calculation methods into three-
dimensional distributions {31]. The normalized fre-
quency distributions for the hot-pressed pore size and
the zirconium second-phase particle size in the hy-
dride- and metal-derived materials are shown in Figs. 6
and 7.

The porosity in both types of samples had log-nor-
mal distributions with modal pore diameters of 2.5 + 0.1
and 1.7 + 0.1 um for the hydride- and metal-derived
samples, respectively. The hydride-derived porosity had
a calculated number density of 9.3 x 10" m~3 and a
volume fraction of 6.4%, and the metal-derived poros-
ity had a calculated number density of 5.5 X 10 m~3
and a volume fraction of 4.2%. As noted earlier, the
creep cavitation models assume spherical cavities or
cavities with a circular cross section in the grain bound-
ary. The pores observed in the U-10Zr samples were
generally round and free from sharp, crack-like edges.
Therefore, the assumption of spherical porosity is valid
as a first approximation of the pore shape.

The second-phase particle size distributions for both

0.15 T T

materials are bimodal, with an upper mode of 4.5 pm
for both materials. However, the hydride-derived mate-
rial has a much higher particle density (5.0 X 10¥* m~3
versus 3.9 X 10" m™3) and volume fraction (25% ver-
sus 4.8%). The metal-derived specimens have fewer
impurities, so the zirconium content in solution should
be higher. This expectation was verified by EDAX
analysis, which showed that the matrix composition
averaged over several specimens [31] was only 4.7 wt%
Zr (11.5 at.%) for the hydride-derived samples but 9.4
wt% Zr (21.3 at.%) for the metal-derived samples.

By using lineal analysis to measure the mean inter-
cept length and assuming the grain shape to be a
space-filling tetrakaidecahedron (following Mendelson
[35D), we found the average grain size to be 34 + 5 and
114 + 10 pm for the hydride- and metal-derived speci-
mens, respectively. On the basis of the grain size and
number densities, the pore spacings (2A in Fig. 1) were
calculated to be 10 and 7 um (+ 10%), and the particle
spacings were calculated to be 4 and 8 wm (+ 10%) for
the hydride- and metal-derived specimens. It was as-
sumed that all pores and particles are on grain bound-
aries. This assumption was validated from the etched
microstructures, which had little intragranular porosity.

4.3. Deformation parameters in hot-isostatic pressing

The dependence of the HIP strain rate on the
driving force and the temperature are indicators of the
rate-controlling mechanism. It was reported [10] that
the cavitation mechanisms discussed in Section 2 may
be generally described as the product of three physical
terms, given as

Porosity Distribution

(mode = 1.7 um)
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(upper mode = 4.5 um)
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Fig. 7. Normalized porosity and second-phase particle size distributions in metal-derived U- 10Zr.
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Fig. 8. Extrapolated initial HIP rates (¢ = 1 min) versus the initial driving force, showing a non-linear driving force dependence.

é = SKF", (6)
where § is a temperature-independent structure term;
K is kinetic term that can be represented as K=
K, expl—Q/RT);, F is the driving force, P—p+
2y/ry; n is the driving force dependence of the HIP
strain rate; and Q is the HIP activation energy. The

values of n and Q were measured in the present
experiments. :

To determine n, the measured HIP strain rates
shown in Figs. 4 and 5 were extrapolated in time to 1
min to compare the initial strain rates to the initial
HIP driving forces. This comparison is valid at 1 min
since specimens with the same sintering history would
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have similar initial pore structures. The initial value of
F was calculated by assuming ideal gas behavior and
local equilibrium (F = 0) after sintering. The internal
pore pressure, p, at 700°C was estimated from the gas
content in the pore after sintering. The U-Zr surface
tension, -y, was taken as 1.5 J /mz, given values of 1.55
and 1.40 J/m” at the melting temperature for liquid
uranium and zirconium, respectively [31]. The esti-
mated error in F (+1 MPa) arises primarily from
uncertainty in the surface tension.

The extrapolated strain rates are shown in Fig. 8
versus the calculated initial driving forces, which ranged
between 5 and 20 MPa. The driving force dependence
of the HIP strain rate is non-linear (n# 1) for both
types of U~10Zr samples. Also, this comparison shows
that the metal-derived specimens hot-pressed at a lower
rate than the hydride-derived specimens for similar
driving forces. A power-law curve fit of the data in Fig.
8 yields an n value of 3.7 + 0.5 for both the hydride-
and metal-derived materials.

A second, independent measure of n was generated
directly from perturbations in the strain rate following
small, rapid changes in the external pressure during
HIP transients. Even though the pore structure slowly
changes during HIP, the strain rate after the step
change may be extrapolated back to the same pore
structure (constant § in Eq. (6)), assuming that no
other microstructural features change with stress. If a
constant structure term (S) and kinetic term (K) and a
variable driving force (F) are assumed, the logarithm
of the differential of Eq. (6) yields

_In(€,/¢,)
~Wn(Fy/F,)’ )

where the subscripts 1 and 2 indicate the strain rate
and driving force conditions before and after the pres-
sure perturbations. The driving forces were estimated
in the same manner as the initial driving forces with
corrections for external pressure changes and pore
shrinkage, which affects the internal and surface ten-
sion pressures.

Figs. 9 and 10 show examples of the HIP perturba-
tion experiments that were performed on hydride-de-
rived specimens. The first hydride-derived perturbation
sample (Fig. 9 was hot-pressed with an initial AP of
10.5 MPa followed by four AP perturbations of +2.4
MPa. However, unexpectedly large loading and unload-
ing transients exaggerated the apparent n values up to
6 to 10. Such transients are typical for dislocation-con-
trolled processes in which a stress increase causes
blocked dislocations to break free, while a stress de-
crease causes dislocations to become blocked until
their density can be reduced by recovery [36]. The
second hydride-derived perturbation sample (Fig. 10)
was hot-pressed with an initial AP of 10.5 MPa, as
before, followed by a single perturbation of +1.9 MPa.
The smaller pressure perturbation was intended to
minimize the loading transient, and the single step
allowed the loading transient to dissipate, improving
the accuracy of the strain rate extrapolation. From the
data shown in Fig. 10, the driving force dependence
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Fig. 10. Results of second perturbation experiment with hydride-derived material. A single A P step was used to minimize the effect

of the loading transient.
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was calculated to be in = 3.2 + 0.5, which agrees well
with the curve-fit n value of 3.7 + 0.5 obtained from
Fig. 8.

Similar perturbation experiments were completed
on the metal-derived material. The first metal-derived
perturbation sample was hot-pressed with an initial AP
of 13.8 MPa followed by a single perturbation of +0.7
MPa, and the resulting n value was 3.5+ 0.5. The
loading transient for this experiment was much smaller
in magnitude and duration than the hydride-derived
transients, since the magnitude of the perturbation was
smaller. Because metal-derived HIIP transients, in
general, have lower rates and longer durations than
hydride-derived transients, a perturbation experiment
was done with an initial AP of 10.5 MPa followed by
several increases of +1.7 MPa. However, the loading
transients were unexpectedly smaller in magnitude and
duration than in the hydride-derived transients. These
perturbations yielded values for the driving force de-
pendence of n=38+106, 31+0.5, and 3.2+0.5,
which give a mean value of 3.4 + 0.3 for the metal-de-
rived material. This value is in excellent agreement
with the hydride-derived n value of 3.2 + 0.5 and the
curve-fit n value of 3.7 + 0.5.

In a manner similar to that just described for n, the
activation energy, Q, is calculated from the HIP strain
rate changes resulting from controlled temperature
perturbations. Assuming a constant structure term (S)
and a variable temperature (K and F), the logarithm
of the differential of Eq. (6) yields

T YT, - 1/T,

where the subscripts 1 and 2 indicate the temperature
strain rate, and driving force conditions before anc
after the temperature perturbations. The second tern
within the brackets relates to the change in the drivin;
force that results from the change in the interna
pressure with temperature. The value of F is calcu
lated as before, assuming ideal gas behavior.

A typical temperature perturbation experiment (A’
= +25°C) is shown in Fig. 11 for a hydride-derive«
transient with an initial AP of 6.9 MPa. Similar pertur
bation experiments were completed on another hy
dride-derived sample and a metal-derived sample. Tak
ing n =23 in Eq. (8) in accordance with the curren
results, we calculated activation energies of 200 + 1
181 + 10, and 181 + 10 kJ /mol for the hydride-derive:
samples and 180+ 10 and 182 + 10 kJ/mol for th
metal-derived sample. Taken together, these data yiels
a mean HIP activation energy of 187 1+ 10 kJ/mol fo
U-10Zr.

0 [In(é,/¢,) —n In(F,/F,)] 8

5. Discussion

We had suggested earlier [30,37] that, on the basi
of the models of Ashby [38] and Arzt et al. [39], a
interface-controlled grain boundary diffusion mecha
nism may control the rate of HIP in U-10Zr. Wit
zirconium present both as a solute and as second-phas
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Fig. 11. Temperature perturbation experiment with hydride-derived material; AT steps were +25°C.
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particles, the present conditions are qualitatively con-
sistent with such models. However, the n value pre-
dicted by these models is 2 [30], and a ‘threshold’ stress
of ~5 MPa would be required to shift the present n
values from 3.7 + 0.5 down to 2. From Arzt et al. [39]
and our measured microstructural data, we calculated
that the maximum possible threshold stress is only 0.5
and 0.2 MPa for the hydride- and metal-derived speci-
mens, respectively. Moreover, the activation energy for
this mechanism should vary with the zirconium solute
concentration (5 wt% versus 9 wt%) and the relative
particle density in the boundary (25 vol.% versus 5
vol.%), but the measured activation energy is identical
for both types of samples. Therefore, the interface-con-
trolled grain boundary diffusion mechanism is now
discounted as the rate-controlling HIP mechanism for
the present experiments.

5.1. Diffusion- and creep-controlled mechanisms

There is no apparent difference in the measured
deformation parameters n (3.7 +0.5) and Q (187 + 10
kJ/mol) between the two types of U-10Zr specimens.
Taken together, n and Q indicate that both types
exhibit the same HIP mechanism, even though the
rates are somewhat different in magnitude. For the
discussions that follow, the relevant diffusion data for
uranium and zirconium in uranium and U-Zr alloys
[33,40] are presented in Table 1.

The expectations for # and Q are markedly differ-
ent for diffusion- and creep-controlled cavitation
mechanisms. A diffusion-controlled mechanism (Eq.
(1)) would have n =1 and Q equivalent to the activa-
tion energy for grain boundary diffusion, whereas a
creep-controlled mechanism would exhibit n and Q
values that are related to the creep mechanism. For
dislocation creep, n is typically between 3 and 5, and
the measured activation energy is the same as that for
volume diffusion. The creep-controlled Q value should,
therefore, depend upon the U~10Zr matrix alloy com-
position, as evident by the variation of Q, reported for
Zr in U-5Zr and U-10Zr (Table 1).

The measured HIP activation energy (187 + 10
<J/mol) is significantly higher than the reported value
for volume diffusion in y-phase U-10Zr (112 kJ /mol
33D, but is in agreement with the reported value for

nium (186.6 kJ /mol [40]). Dislocation core diffusion in
a creep-controlled mechanism might be used to explain
an activation energy of this order, but no data are
available. The activation energy for volume diffusion in
a U-Zr alloy containing between 5 and 10 wt% Zr
should be between 134 and 113 kJ/mol [33], but the
measured value is well above that range. Considering
all of this, we concluded that the only thermally acti-
vated mechanism that corresponds well with the mea-
sured HIP activation energy is grain boundary diffu-
sion. (Typically, activation energies for grain boundary
diffusion should be lower than for volume diffusion,
but that is apparently not the case for uranium accord-
ing to the available data [33,40]. This discrepancy was
noted [40] but never explained.)

On the other hand, the measured n value of 3.7 +
0.5 is not consistent with a diffusion-controlled mecha-
nism. Also, the loading and unloading transients ob-
served during pressure perturbation experiments (Figs.
9 and 10) suggest a dislocation-controlled process such
as creep. Such transients were not observed in earlier
HIP and swelling studies on other materials [4-9]; in
those studies, the results were consistent with simple
diffusional cavitation models. Taken alone, the n value
and loading transients could imply a creep-controlled
mechanism. However, if creep were completely con-
trolling the HIP process, we should have observed an
effect from the hard impurity phases in the hydride-de-
rived material, but in fact that material densified faster
than the purer metal-derived material.

The present observations are inconsistent with the
expectations for both the diffusion-controlled and the
creep-controlled processes. These inconsistencies sug-
gest that a coupled mechanism is rate-controlling for
HIP of U-10Zr under the present conditions.

5.2. Coupled mechanism

The viability of the coupled mechanism, was evalu-
ated by estimating the characteristic diffusion length,
A (Eq. (2)). To that end, a constitutive U-10Zr creep
expression must be established. In the absence of pri-
mary creep data for U-10Zr, an approximate uniaxial
creep expression.

. cor . . . -10y,.5 . —1
zrain boundary diffusion of uranium in +y-phase ura- E.=(4X10")o” s, (9
Table 1
Diffusion parameters for uranium and U-Zr alloys
vy-uranium vU-Zr [33]
Grain boundary Volume Volume diffusion Volume diffusion
diffusion [40] diffusion [33] of Zr (5 wt% Zr) of Zr (10 wt% Zr)
Dy8,)g or (D) (at T=0K): 324 x 107" m?/s 1.12% 107" m?/s 107" m?/s 108 m?/s
Activation energy, Q: 186.6 kJ /mol 112 kJ /mol 134 kJ /mol 113 kJ /mol
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was generated [31] using a correlation for creep in
metals developed by Stocker and Ashby {41] and Derby
and Ashby [42] (¢ in MPa). In the absence of primary
data, the uncertainty of this correlation is high, but Eq.
(9) was found to agree with creep data for a similar
uranium alloy within an order of magnitude [31]. A
second parameter that must be established for the
estimation of A is the effective stress acting normal to
the grain boundary. As a first approximation, the aver-
age stress on the grain boundary in the Beere—Speight
unit cell (Fig. 1) was selected. Based on a simple force
balance, the average stress on the grain boundary may
be written as
PN+ (2v/r,—p)r?
o= SR . (10)
(/\ - rp)

The diffusion parameters in Table 1 for U-10Zr
and the constitutive creep rate (Eq. (9)) were substi-
tuted into the expression for the characteristic diffu-
sion length (Eq. (2)). The A estimate is then given by

A=18907%7 pm (§8))

when o, is in units of MPa ({2 was taken to be 10™%
m?® [31]). Using the above correlation and assuming
spherical pores (i.e., r, was taken as the modal pore
radii in Section 4.2), we calculated the variation of the
diffusion zone radius, b, with external HIP pressure for
hydride- and metal-derived U-10Zr at the beginning of
the HIP transient (Fig. 12). The pore radii (r,) and
pore half-spacings (A) are indicated along the vertical
axis for reference. These results show that a coupled
mechanism is viable for both types of U-10Zr speci-

mens between external pressures of approximately !
and 30 MPa. Below 5 MPa, b exceeds the unit cel
radius, A, indicating that the diffusion length is larg
enough for diffusion-controlled cavitation to dominat
at low pressure.

As the external HIP pressure is increased, b de
creases until it approaches r,. This finding indicate
that the diffusion length is small and creep-controlie
cavitation dominates HIP at very high pressure. Whe:
P is greater than ~ 20 MPa, the physical discontinuit
in the Chen—Argon [22] coupled cavitation model be
comes serious [26]. Since this regime is near our maxi
mum experimental external pressure of 20.7 MPa, th
Chen~Argon model, despite its physical problems, ma
be used to satisfactorily approximate the coupled be
havior of our HIP experiments.

The Chen-Argon model [22] was converted to viel
a linear HIP strain rate, given by [31]

(12

o

) 27 NID. 8, 2y
= e~ — P 4
(L) =3 kT (r,/b) |- ¥ ’

where N, is the cavity density. Fig. 13 shows the initi:
HIP rates calculated using the coupled model, as we
as the initial experimental HIP rate data (from Fig. 8
The figure shows a good agreement between mod
predictions and the measured data; the close agre«
ment should be considered fortuitous at best, becaus
of the assumptions made in the estimation of A an
the inherent physical problems in the model. The mo:
significant result is that the predicted stress depet
dence varies from n =1 up to n=>5 as the diffusic
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zone shrinks from b=A down to b= r,. (Note that
Hsu and Solomon [7] reported an apparent transition
from n =1 up to n = 2 during swelling in nickel.) The
HIP results for U~10Zr were all generated between 5
and 20 MPa. If the calculated HIP rates are truncated
and a linear curve fit is applied to the model between 5
and 20 MPa, the predicted n values are n = 3.8 and
n=3.6 for the hydride- and metai-derived materials,
respectively, very close to the measured value of 3.7 +
0.5.

As the transition from diffusion control to creep
control occurs (i.e., boundary diffusion becomes less
important and power-law creep becomes dominant),
the HIP activation energy should show a similar transi-
tion. One of the physical deficiencies of the Chen-
Argon model is that this transition is not evident [26].
However, our experimental measurements for Q were
all made at relatively low driving forces (~ 8 MPa),
where diffusion begins to become dominant (Fig. 12).
This may explain why the measured activation energy
consistently corresponds more closely to grain bound-
ary diffusion. No attempts were made to measure the
activation energy at higher driving forces because the
HIP strain transients were too short in duration for
temperature perturbation experiments.

5.3. Implications of a coupled HIP mechanism
An important implication of the coupled model is

the potential for asymmetry between HIP and swelling
behavior under similar conditions. Previous applica-
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tions of cavitation models to HIP and swelling assumed
the two processes to be reversible [7-10], which is true
if they are controlled by grain boundary diffusion [10].
However, creep deformation over all, or a portion of,
the grain boundary is dependent upon the stress acting
upon the boundary, not upon the. diffusional driving
force, F. We have used the average stress on the grain
boundary (Eq. (10)) to evaluate A, and o,, is dramati-
cally different for HIP and swelling.

Hot-isostatic pressing of the metal-derived U-10Zr
with an external pressure of 20 MPa and an initial
internal pressure of 1 MPa would generate an average
boundary stress of ~ 21 MPa (using values for A and
r, from Section 4.2), whereas swelling of the same
material with an initial internal pressure of 20 MPa
and an external pressure of 1 MPa would generate an
average boundary stress less than 1 MPa. It is, there-
fore, feasible that HIP may be controlled by a coupled
mechanism (b <A) or even be dominated by plastic
deformation because of high boundary stresses, while a
reverse situation for swelling may be controlled by
grain boundary diffusion (b > A) when 0, is small and
A is large. Thus, the ability of a material to plastically
deform may become much more important during HIP.

In addition, this coupled mechanism for HIP (and
possibly swelling) has direct implications for metal fuel
reactors and- fuel performance modeling. Fuel perfor-
mance codes, such as FASTGRASS [43], model the
physical behavior of the fuel in the complex reactor
environment. These computer models use HIP /swell-
ing models based on a simple diffusional cavitation
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mechanism [5] that is inconsistent with the present
results for y-phase U-10Zr of high density.

Finally, the coupled HIP model (Eq. (12)) provides
some insight into possible reasons for the differences
n t.he measured HIP rates for the hydride- and metal-
derived U-10Zr specimens. The initial HIP rates for
the hydride-derived specimens as a function of driving
force are consistently about eight times higher than
HIP rates for the metal-derived specimens (Fig. 13).
’I:he HIP r. at‘e Mmagnitude difference for different mate-
Txa!s may arlse_from variations in pore size, pore spac-
Ing, pore density on the grain boundaries, and /or the
grain size; for our specimens, the only differences
should be the physical differences documented in Sec-
tion 4.2.

Differences in cavity density, N,, can partially ex-
plain the difference in HIP rates, but the value of N,
for the hydride-derived material is only 1.6 times
greater than N, for the metal-derived material. In
contrast, despite a strong dependence on physical pa-
rameters, the hydride- and metal-derived specimens’
structure functions, f(r,/b), are nearly identical over
the range of pressures used in this study (e.g., for
P =20 MPa and p = 1 MPa, f=0.84 and 0.83 initially
for the hydride- and metal-derived materials, respec-
tively). In addition, the grain boundary diffusivity
(8,Dp) may also differ between the two materials
because of matrix composition differences and preva-
lent second-phase boundaries in the hydride-derived

material, but data are not available to verify that
speculation.

5.4. Relevance of ex-reactor models and experiments to
nuclear fuels

~ Despite the general acceptance of ex-reactor densi-
fication models for representing in-reactor hot-pressing
[43], the question arises whether the models should be
modified for in-reactor conditions, or whether unique
pot-press'mg mechanisms exist within the reactor. Dur-
g 1}'radlat10n, 4 supersaturation of vacancies and in-
terstitials exists in the fuel, and this condition enhances
atom mobility. However, if local equilibrium is main-
tained at the pore syrfaces and grain boundary sinks,
tﬁefl, as argued for radiation-induced creep [44] and
fission-induced densification [45], enhanced diffusion
cannot affect the HIP rate since the net flux of vacan-
cies from source to sink is unchanged and the ex-reac-
tor models remain relevant.

_ However, as argued elsewhere [45], if local equilib-
rium at the grain boundaries cannot be maintained
under irradiation as a result of the large point defect
ﬂuxgs, effects of interface control may reduce the
pred‘lc.ted rates. On the other hand, there is also the
possibility that the creep component could be en-
hanced by radiation [44], causing an acceleration at

high stresses and low temperatures, but no data are
available on the magnitude of the radiation-enhanced
creep in U-10Zr. For the outer region of the fuel,
where temperatures are at or below 600°C and ex-reac-
tor HIP was not detected, a radiation-enhanced creep
component could make an important contribution in
reducing fuel /clad mechanical interaction (FCMI), as
it does in oxide nuclear fuels [45].

For the important case of open pores, where a
pressure differential cannot exist to cause HIP, the
plastic deformation of the fuel in response to FCMI
becomes the dominant stress-reducing mechanism, and
radiation-enhanced creep becomes crucial. The creep
can occur by dislocation motion or diffusive transport,
with only the former mechanism possibly enhanced by
radiation.

Another effect that may be important under irradia-
tion is the fission-fragment-induced resolution of espe-
cially small pores that may be trapped within grains.
The vacancies produced by resolution may then prefer-
entially migrate to grain boundaries under compressive
stresses. As argued elsewhere [45], resolution alone is
not sufficient to cause densification; the vacancies must
be absorbed at the grain boundaries. Also, if the nor-
mal vacancy sources at pore surfaces, such as ledges,
are poisoned by fission product ‘impurities,’ the pores
may not be able to emit vacancies thermally, and
fission-fragment-induced emission would become im-
portant,

If pores or tears in the fuel are stabilized by fission
gas, then the fission-fragment-induced resolution -of
the gas and its motion to grain-boundary short-circuit
paths for release will permit the vacancies to continue
to be emitted from the pore and be absorbed at the
grain boundary sinks. Thus, pressure-induced densifi-
cation can continue rather than be arrested by the
buildup of gas pressure within the pores.

A final effect that may be introduced during fission
is enhanced diffusion in the wake of fission fragments
due to intense localized heating (i.e., thermal rod).
This effect was proposed to rationalize in-reactor sin-
tering of unstable oxide fuels, where the heating is
intense and of long duration in such poor conducting
materials [45], but this effect may still play a role in
metallic fuels at low temperatures.

The available data and models are insufficient to
assess these in-reactor contributions to the HIP or
densification rates, but since they generally augment
the ex-reactor mechanism, the ex-reactor calculations
are conservative in modeling these phenomena.

6. Summary and conclusions

For these experiments, U-10Zr specimens with
closed, gas-filled porosity were fabricated from UH; +
ZrH, and U + Zr powders. The hydride- and metal-

-
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derived specimens were sintered under purified argon
to entrap gas and simulate fission gas bubbles on grain
boundaries. Two HIP experiments were performed at
600°C in the « + d-phase field of the U-Zr alloy sys-
tem. These experiments used the metal-derived speci-
mens under HIP driving forces of 17.3 MPa. No densi-
fication was measured during either experiment, al-
though both specimens were found to be in the
metastable o/-U-10Zr phase instead of the o+ 5-
phase. This apparent incompressibility of the «'-phase
at 600°C may inhibit the fuel’s capability to relax
fuel /cladding stresses under some conditions.

In the HIP experiments at 700°C, densification oc-
curred with both hydride- and metal-derived speci-
mens. In these experiments, the measured driving force
dependence was found to be n=237+05, and the
measured activation energy was found to be 187 10
ki/mol for both types of specimens. The observed
loading and unloading transients suggest that HIP is at
least partially controlled by dislocation motion. Taken
together, the measured values and the loading tran-
sients indicate that U-10Zr may undergo HIP by a
coupled mechanism involving grain boundary diffusion
and creep cavitation.

The microstructures of both types of specimens
were analyzed to determine size distributions, volume
fractions, and number densities for the porosity and
second-phase particles. The specimen grain sizes were
also measured. The majority of the pores and second-
phase particles resided on the grain boundaries. These
microstructural measurements are used as input pa-
rameters for the cavitation models, and the results are
used in a quantitative comparison of the experimental
HIP data with the theoretical models. The differences
in HIP behavior between the hydride- and metal-de-
rived samples are explained in part by differences in
the pore number densities, but the magnitude of the
HIP rate differences could not be fully rationalized.

In addition, it was shown that a coupled diffusion-
and creep-controiled mechanism predicts an asymme-
try between HIP and swelling, which has not been
proposed before. Finally, it was found that a number of
in-reactor phenomena could modify the ex-reactor
mechanism or become important under special situa-
tions. These include radiation-enhanced creep, fission-
fragment-induced resolution of small pores and fission
gas atoms, localized heating, and enhanced diffusion in
the wake of fission fragments.
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