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EXAMINATTION OF TRRADIATED URANIUM NITRIDE FUEL
CIAD WITH TUNGSTEN-RHENIUM OR T-111 ALLOY

D. R. Cuneo, E. L. ILong, Jr., A. Jostsons,! and T. N. Washburn

ABSTRACT

Three fuel pins contailning UN pellets were irradiated
in the thermal neutron flux of the ORR for 2800 hr to a peak
burnup of 1.75 at. 4. The pin with W-25% Re cladding performed
satisfactorily with the cladding outer surface at 1300°C. The
two pins with T-111 (Te~8% W—2% Hf) cladding, which had an
inner liner of chemically wapor deposited tungsten, operated
with the cladding outer surface at 1400°C. The T-111 on one
of the pins failed during the test by intergranular fracture.
The grain size in the failed region was 6 times that in the
gas plenum region, indicating that failure was caused by a
localized hot spot. However, numerous cracks and cavities were
found in other regions of the T-111 cladding of both the failed
and unfailed pins, and we conclude that the cladding on both of
these pins would have ultimately failed without the hot spot.
Hafnium-rich areas, with concentrations 30 to 40 times that in
the homogeneous alloy, were detected by electron microprobe
examination at the cracks and cavities in both the T-111 and
the tungsten liner. We were not able to determine the mechanism
of the test~-induced concentration of hafnium.

The UN fuel performed satisfactorily in all three pins.
The fission-gas release was only 0.1% at 1330°C (top pin) and
7.1% at 1500°C (bottom pin). Swelling of the fuel was adequately
restrained by the cladding and was limited to closing of the as-
fabricated 0.005-in. gap between fuel and cladding. No gross
chemical reaction occurred between the fuel and cladding.
Although they interacted to a depth of about 20 um, electron
microprobe analysis of the cladding revealed no uranium pene-
tration beyond that depth. Nitrogen released from the UN may
have interacted with the T-111 and led to the degradation of
its mechanical properties.

10on attachment from Australian Atomic Energy Commission Regearch
Establishment, Iucas Heights, N.S.W.



INTRODUCTION

Uranium mononitride is attractive as a fuel for nuclear reactors in
space applications because of its high fissile density, high melting
point, good thermal conductivity, and apparent irradiation stability.

2 is to investigate the perform-

The basic objective of the ORNL Program
ance capabllity of UN fuel operating at linear heat ratings of 5 to

10 KW /ft and fuel center-line temperatures in the range 1000 to 1500°C.
These lrradiation parameters require the use of refractory metal clad-
ding operating at outside surface temperatures in the range 900 to 1400°C.
The main emphasis of these tests is to determine fuel swelling, fission
gas release, and compatibility of the fuel with cladding materials.

The specific objective of this experiment (Capsule UN-3) was to
evaluate the performance capability of UN fuel pins at the upper limits
of interest in this program; namely, outside cladding surface tempera-
ture of 1400°C, a fuel center-line temperature of 1500°C, and & linear
heat rating of 9 kw/ft. This capsule was irradiated in the poolside
facilities of the Oak Ridge Research Reactor (ORR) for 5800 hr of an
intended 10,000-hr test. The test was terminated when one of the fuel
pins failed, as indicated by radioactlvity in the capsule sweep gas.

Some of the results of postirradiation examinations of this capsule
6 7,8

(UN-3) have been described in progress reports>~® and elsewhere.

°The current program includes work sponsored by the Atomic Energy
Commission (AEC) and work sponsored by the National Aeronauties and
Space Administration (NASA) under Interagency Agreement 40-184-69, NASA
Order C~54536~B., Specifically, capsules UN-1, UN-2, UN-3, and UN-6 are
funded by AEC, and capsules UN-4 and UN-5 are funded by NASA.

3D. R. Cuneo, Fuels and Materials Development Program Quart. Progr.
Rept. Dec. 31, 1969, ORNL-4520, pp. 195-201.

“D. R. Cuneo and E. L. Long, Jr., Fuels and Materials Development
Program Quart. Progr. Rept. March 31, 1970, ORNI~4560, pp. 165-172.

°D. R. Cuneo and E. L. Iong, Jr., Fuels and Materials Development
Program Quart, Progr. Rept, June 30, 1970, ORNI~-4600, pp. 177-—180.

®g., L. Long, Jr., and D. R. Cuneo, Fuels and Materials Development
Program Quart. Progr. Rept. Sept. 30, 1970, ORNL-4630, pp. 180-185,




EXPERIMENT DESCRIPTION

Capsule UN-3 contained three collinear fuel pins as shown in Fig. 1.
Fach pin was 4.5 inf long and contained ten O.3-in.-0D UN pellets. The
fuel column length was 3 in. in the top fuel pin and 2.6 in. in both the
middle and bottom fuel pins. The fuel pellets in the top pin were hollow
(0.105-1in, ~diam hole) to accommodate a thermowell, whereas the pellets
in the lower two pins were solid. The two lower pins had 12.9%enriched
235U, but the fuel in the top pin had 20%-enriched °2°U, to partially
compensate for the lower neutron flux at the top pin position. A 0.005-in.
helium-filled diametral gap existed between the fuel pellets and the clad-
ding when fabricated. A 0,003-in.~thick layer of tungsten was vapor-
deposited on the inner surface of the T-111 cladding to separate the UN
fuel from the T-111, since these materials are considered not to be com-

patible at the test conditions.

ORNL-DWG 70-TM6R

TOP PIN MIDDLE PIN BOTTOM PIN
ENEER R
© ®
CLADDING
Material W-25-Re T-144 T-114
oD (in) Q365 0.365 0365
Wall Thickness (in.) Q030 0027 007
Liner Material none CVD Tungsten CVD Tungsten
UN_FUEL ,
Type Peliets Annular Solid Salid
Density (% of theoretical) 95 a5 95
233y Enrichment (%) 20 129 129
OPERATION
Clodding Temperature (°C) 1300 1400 1400
Fuel ¢ Temperature (°C) 1380 1500 1500
Linear Heat Rate (kW/ft) 6~-8 88 88
Fuel Burnup {at. %) §.45 1.75 1.75

Fig. 1. Design of Fuel Pins of Capsule UN-3.

“T. N. Washburn, D. R. Cuneo, and E. L. long, Jr., "Irradiation
Performance of Uranium Nitride at 1500°C," Amer. Ceram. Soc. Bull. 50,
427 (1971). -

8, w. Washburn, K. R. Thoms, 5. C. Weaver, D. R. Cuneo, and
. L. Long, Jr., "Examination of UN-Fueled Pins Irradiated at 1400°C
Cladding Temperature,” Trans. Amer. Nuel, Soc. 13(1), 102 (1970).




The fuel pins were surrounded by static NaK coolant within an Nb—-1% Zr
sleeve. Type 304 stainless steel was used for the primary containment
vessel of the capsule. Each of the fuel pins had two tantalum-sheathed
thermocouples strapped to the outer surface of the cladding, and the top
pin had a thermocouple for measuring fuel center-line temperature; rela-~
tive locations of these thermocouples are shown in Fig. 1. A more com-
plete description of the irradiation capsule used in the ORNL program on

irradiation testing of UN has been reported previously.9
IRRADTATION HISTORY

Capsule UN-3 was irradiated in the ORR poolside position 5 at an
estimated time-averaged thermal flux in the middle and bottom fuel pins

2

of 1.4 x 103 neutrons cm™® sec”l, while that in the top pin was

8.7 x 10%? neutrons em™” sec”, The fast flux (> 1 MeV) was about

5 x 10'? neutrons em™“ sec”™!. At the termination of the test the fast flu-
ernice of the bottom and middle pins was about 1 X 1020 neutrons/cmz, and
that of the top pin was 0.6 x 1020 neutrons/cmz. The experiment was
designed for a temperature of 1400°C on the cladding outside surface.
Because of the flux distribution in the reactor test position, the clad-
ding of the top fuel pin operated at a lower temperature of 1300°C, even
though the 235y enrichment in this pin was higher to minimize the differ~
ence in operating temperature. With a temperature of 1300°C at the out-
side surface of the cladding, the fuel center-line temperature of the top
pin was 1380°C at the beginning of the test and 1330°C at the end of the
test.

CAPSULE DISASSEMBLY

Two significant observations were made during disassembly of the

capsule. The tantalum thermocouple strap had self-welded to the cladding

Y. A. DeCarlo, F. R. McQuilkin, R. L. Senn, K. R. Thoms, and
S. C. Weaver, Design of a Capsule for Irradiation Testing of Uranium
Nitride Fuel, ORNL-TM-2363 (February 1969).




of the bottom fuel pin, and one thermocouple sheath, which terminated at
midlength of the top fuel pin, had self-welded to the fuel pin for a dis-
tance of about 1.5 in., as shown in Fig. 2. This couple had been pulled
loose before removal of the fuel pins from the niobium-zirconium sleeve.
When removed from the capsule 30 days after irradiation, the NaK coolant
gave a reading of about 10 R/hr, thus confirming earlier indications of

a failed fuel pin within the capsule.

R-50497

Fig. 2. Location of Self-Welding of Thermocouple to Top Fuel Pin
Cladding, Capsule UN-3. 5, 5x.

NONDESTRUCTIVE EXAMINATION OF FUEL PINS
Visual Examination

Visual examination of the fuel pins revealed several short cracks
in the cladding of the middle pin. Generally, these cracks were parallel
to the long axis of the pin. Figure 3 shows the three fuel pins with an
enlarged view of the middle pin. Figure 4 gives dimensional details

regarding crack locations. Locations of the cracks are related to the

thermocouple straps in Fig. 5.
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Fig. 3. Overall View of the Three Fuel Pins in Capsule UN-3, with an Enlarged View of the
Middle Pin and its Major Crack.
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BOTTOM END PLUG

R-50196

Fig. 4. Location of Cracks in Cladding of Middle Fuel Pin of
Capsule UN-3.
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-FUEL COLUMN LOCATION —

-THERMOCOUPLE
RADIAL STRAPS 80TTOM END PLUG)

TOP END PLUG
(Tantalum)
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s
]

CLADDING CRACKS/_

THERMOCOUPLE
LONGITUDINAL STRAPS
(Tantalum)

Fig. 5. Location of Cladding Cracks Relative to Thermocouple Straps
on Middle Fuel Pin of Capsule UN-3,

Both pins with T-111 cladding (middle and bottom) were shiny over
the fueled regions. In this region of the middle pin, grains in the
cladding were distinctly outlined; this indicates thermal etching by the
NaK. The W—25% Re cladding on the top pin did not show this effect.

Dye-Penetrant Inspection

Dye-penetrant inspections determined that the cladding of the top
and bottom fuel pins had remained sound during the irradiation test.
Results of the dye-penetrant tests for the middie fuel pin are seen in
Fig. 6., The white areas on the pin are due to dye penetrant in cracks

and were photographed by a 20-min exposure to ultraviolet light.

R-50646

=

Fig. 6. Cracks in Cladding of Middle Fuel Pin, Capsule UN-3, As
Shown by Dye Penetrant. 2.1x.



Gamma Scanning

Typical gamma scans along the fuel pins, Fig. 7, showed no unusual
characteristics. The top fuel pin scan showed no activity other than
from the fueled portion because the tungsten-rhenium cladding and end
plugs do not have activation products with sufficient half-lives to be
found beyond a short time after removal from the reactor. Activated
components of the T-111 cladding and end plugs were clearly defined for
the middle and bottom pins. These scans were taken in the energy range
0.75 to 0.85 MeV, which is sensitive particularly to °°Zr-No. Multi-
energy scans were taken in both fueled and unfueled regions of the fuel

pins and yilelded normal findings.

ORNL-DWG 70-522

70 - 40
60 -180
50# so
40 |~ — 40
30 . —30
o o
10 Jm
)

UN PELLETS TUNGSTEN SPAGERS
{Typical) (Typical)

MBI EESENER

TOP_PIN MIDDLE PIN BOTTOM_PIN

T-441 CLADDING

Fig. 7. Gamma Scan Activity of Fuel Pins in Capsule UN-3 (0.75 to
0.85 MeV).

Dimensional Inspection

Measurements of the pin diameters with an opposed-dial-gage profil-

ometer are shown in Figs. 8 and 9 and in Table 1. The agreement between
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post~- and preirradiation measurements in the regions of the end plugs

indicates the absence of significant discrepancies between pre- and post-
test measurement techniques. Each of the fuel pins had some reduction
in diameter during irradiation. This was most pronounced in the top fuel

pin, which had a maximum decrease in diameter of 0.003 in. just below

ORNL-DWG 70-258

I
0.3670 - —
0.3660 — —
03650 — —
03640 r —
<
o
'L‘_J S INAY
w TUNGSTEN UN FUEL TUNGSTEN
2 SPACER PELLETS  SPACER
a TOP END PLUG BOTTOM END PLUG
p=4
a TOP FUEL PIN x - Preirradiation
— (W-25Re CLADDING) °
Wl 0-0 . L
a A- 90°} Postirradiation
03640 — —
03630 (— T
0.3620 |— —
0.3610 — —
TUNGSTEN UN FUEL TUNGSTEN
k SPACER PELLETS SPACER
TOP END PLUG BOTTOM END PLUG
BOTTOM FUEL PIN
(T-111 CLADDING)
| L 1L L | |
0 1 2 3 4 a5
DISTANCE FROM TOP OF FUEL PIN (in)
Fig. 8. Comparison of Diameters of Top and Bottom Fuel Pins of

Capsule UN-3 Before and After Irradiation.
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ORNL-DWG 70-259

I l | T

0.3750 |- MAJOR CRACK ON -]
0° ORIENTATION
0.3740 — —
03730 [— ]
— X — Preirradiation
o
= 03720 e —
5 Z —80°} Postirradiation
— 03710 — —
W
=
< 0.3700 — —
&
< 0.3690 (— f\ 1\ —
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. s ‘ ]
ol 03680 (— I N Y,
]
L

0.3670 — X‘%——-k-m‘x
0.3660 — t O
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XZLX"—X--X"“X‘X-—X*X Koo Hommees XommmeX,
h

03650 — -

Y

—T-144 CLADDING

N
=\

TUNGSTEN UN FUEL TUNGSTEN
SPACER PELLETS SPACER -

TOP END PLUG BOTTOM END PLUG-

MIDDLE FUEL PIN
(T-141 CLADDING)

l I l I L1 ]
0 1 2 3 4 45
DISTANCE FROM TOP OF FUEL PIN (in.)

Fig. 9. Comparison of Diameters of Middle Fuel Pin of Capsule UN-3
Before and After Irradiation.
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Table 1. Diameter Measurements Taken from the
Three Fuel Pins in Capsule UN=-3

Fuel Pin ‘Location Measureg Diameter, in.
(in. from top of pin) 0° 20°
Top 0.25 0. 3670 0. 3669
0.75 0.3665 0. 3667
1.25 0. 3656 0. 3660
1.75 0.3651 0. 3650
2.25 0. 3646 0. 3648
2.75 0.3647 0.3641
3.25 0. 3653 0. 3650
3.75 0. 3663 0. 3664
4.25 0. 3668 0. 3661
Middle 0,25 0. 3667 0. 3666
0. 50 0. 3667 0. 3666
0.75 0. 3666 0. 3666
1.00 0. 3663 0. 3662
1.25 0. 3661 0.3655
1.50 0. 3667 0. 3656
1.75 0.3670 0. 3661
2.00 0, 3749% 0. 3690
2.25 0. 3702 0.3680
2.50 0.3683 0.3678
2.75 0. 3694 0. 3689
3.00 0. 3680 0. 3694
3.25 0.3683 0.3681
3.50 0, 3673 0.3673
3.75 0, 3659 0.3662
4,00 0. 3660 0. 3661
4,25 0. 3662 0. 3661
Bottom 0.25 0.3632 0. 3629
0.75 0. 3628 0. 3627
1.25 0. 3614 0. 3616
1.75 0. 3617 0, 3614
2.25 0.3615 0.3618
2.75 0. 3637 0.3636
3,25 0.3638 0. 3629
3,75 0. 3625 0.3626
4,25 0.3626 0. 3626

a . .
Iocation of major crack.
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the end of the central thermocouple well. The bottom fuel pin had a
diameter decrease of about 0.001 in. near the top of the fuel column but
an increase of about 0,0015 in. near the bottom of the fuel column.
Diameter measurements at O and 90° orientabtions indicated an ovality of
less than 0,001 in., in the irradiated pins. In measuring the diameters
on the middle (failed) pin, a 0° orientation was selected to obtain the
maximum diameter at the largest crack. Therefore, the differences
between readings at O and 90° orientations do not necessarily indicste
ovality, but more likely indicate protrusion of the cladding in the failed
region.

The opposed-diasl-gage readings for diameters of the pins were con-
firmed by use of a continuous readout profilometer. These measurements

of ovality and bowing are contained in Table 2,

Table 2. Bowing and Ovality Measurements
by Tontinuous Readout Profilometer

Fuel Pin Bowing, in. Ovality, in.

Top 0. 003~0, 004 0.0005 over fueled region

Middle 0. 003-0. CO4 0.0005 over fueled region

Bottom Q. 0000, 001 0.0008 near bottom of fueled region

Neutron Radiography

Neutron radiographs of the top and bottom fuel pins obtained
from exposures in the ORR facility are shown in Fig. 10. Details of the
fuel pin components are evident to various degrees. The thermowell (top
pin) and tungsten spacers at each end of the fuel columns are delineated,
and pellet interfaces are discernible in the fueled region of the top pin

btut not in the bottom pin.
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R-59515

TOP END PLUG:

TUBULAR SPACER
(Tungsten)

CENTRAL. FUEL THERMOCOQUPLE

" GAS PLENUM

- UN FUEL ==

SOLID PELLEYS-

ANNULAR PELLETS

BOTTOM TUBULAR SPACER

BOTTOM END PLUG

{

[¢] :
TOP PIN Lo t - BOTTOM PIN
IN.

Fig. 10, Neutron Radiograph of Two Fuel Pins of Capsule UN-23.
FISSION GAS ANALYSIS

The two unfailed fuel pins (top and bottom) were punctured in the
gas plenum regions and the collected gases analyzed. Low oxygen and
nitrogen contents showed that the gas samples were not contaminated by

air. Results were as follows:
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Top Pin Bottom Pin
Gas recovered, cm®, STP 1.3 3.9
85Ky activity, dis min~' cm™? 4. 84 % 10° 2.31 x 1019

Adjusting the volume of gas recovered and 85y activity for burnup
differences (reported under "Fuel Burnup") between the two pins, the
85Ky activity per cubic centimeter for the bottom pin is 4 times that
for the top pin, but the volume ratio between the gas recovered from the
two pins is only 2.5 to 1. Therefore, we conclude that the bottom pin
ran hotter than the top pin, causing greater gas release. Detailed

analyses of the gases are reported in Table 3.

Table 3. Analyses of Gas Recovered from Top and
Bottom Fuel Pins of Capsule UN-3

Total Recovered Gas, vol % Abundance, vol %

Fission Cas

Gas

Top Pin  Bottom Pin Isotope Top Pin  Bottom Pin
Ho 1.9 0.3 130%e 0.02
He 75.9 12.0 131%e 11.3 11.1
CH, 0.6 0.02 132%e 17.5 18.9
H,0 2.4 0.3 133y, 1.3 < 0.1
He™ 0.8 134%e 31.6 30. 4
N, + CO 1.9 0.3 136%e 38.7 39.6
0, 0.3 < 0.01
Ar (0.02) 2.4 82Ky 4.8
o> C. 3 C. 04 &3y 20.6 13.9
e 13.9 74.8 84y 38.8 27.3
Kr 1.4 9,9 5Ky 10.0 7.2
Unidentified 0.6 oKy 25.8 51.6

aHydrocarbons other than methane.
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SECTIONING AND METALLOGRAPHY
Top Fuel Pin

This pin was sectioned as shown in Fig. 11. A longitudinal metal-
lographic specimen was prepared from section A which ineluded parts of
pellets 6 and 7 as well as the end of the central thermocouple. Metal-
lographic examination disclosed no deleterious effects from the presence
of the central thermowell; an occasional globule of metal about 10 um in

diameter was noted along the inner surface of the annular pellet that

ORNL~DWG 71-5839

PLENUM e TUNGSTEN SPACER TUBE —--rooroenimooonee —_

Rl /‘fj’v e —-— 30-in. FUEL COLUMN

4
qu;. S eem A - - - R | ;

/
/
\TO“ END PLUG BOTTOM END PLUG -

Fig. 11. Sectioning Diagram of Top Fuel Pin from Capsule UN-3,

contained the the thermowell. The microstructures of the W—25% Re clad-
ding on opposite sides of the pin are compared in Fig. 12. Apparently,
one side of the pin operated at a higher temperature than the other, as
evidenced by the comparative degree of recrystallization.

The cladding on the other sections was slit longitudinally to allow
recovery of the fuel pellets for various tests. Some of the pellets
broke longitudinally during sectloning of the cladding. Figure 13 shows
section C after slitting with the central thermowell in place in the pel-
lets. Metallographlic examination of the fuel pellets revealed no change
in grain size, and the pellets had not sintered together, The microstruc-
ture of the fuel at the outside, midradius, and inside regions of the pel-
lets, Tig. 14, shows that the grain size was uniform across the wall
of the fuel pellets, and the grain boundaries were decorated with fission

gas bubbles. The larger cavities within the grains represent fabrication
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R-52428

Fig. 12. Appearance of Cladding from Opposite Sides of Top Fuel
Pin, Capsule UN-3., Etched. 100x.



Fig. 13.
Capsule UN-3.

Portions of Pellets 1 and
e

R-59718

2 and Intact Pellet 3 with Thermowell in Place, Top Fuel Pin,

8T



.
’ e

ol

Fig. 14. Appearance of UN Annular Pellets from Top Fuel Pin, Capsule UN-3. Near (a) peripheral
region, (b) midradius, and (c¢) inner surface of fuel pellets. Etched. 500x.
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porosity. Although some grain boundary separation was apparent in the
outer surface region of the fuel pellet, a rather severe degree of grain
boundary separation was noted in the inner surface region. Examination
of an unirradiated archive pellet showed that the fuel had a tendency for

grain boundary separation, as shown in Fig. 15.

7 Y-103479
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Fig. 15. Appearance of Unirradiated Archive UN Pellet for Top Fuel
Pin, Capsule UN-3. This area is at the outer surface of the pellet; note
grain boundary separation and occasional missing grain corner (arrows).
As polished, 500x. Reduced 12%.

The general metallographic appearance of this fuel pin is summarized
in Fig. 16. There was no evidence of any gross chemical incompatibility
between the UN fuel and the W—25% Re cladding, although & general inter-
granular penetration of the cladding occurred to a maximum depth of 20 um.
(See upper left detail of Fig. 16). Examination of the fuel-cladding
interface also showed that the fuel was in intimate contact with the clad-
ding during irradiation; several regions were noted where grains of fuel
had separated from the periphery of the pellet during cooldown and remained

attached to the cladding.
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R-52724

4 ol
ETCHED

Fig. 16. Typical Microstructural Details from a Longitudinal Section
Through the Top Fuel Pin of Capsule UN-3.

Middle Fuel Pin

The cladding on this pin was slit twice longitudinally, about 180°
between the slits. The UN fuel pellets were intact and in intimate con-
tact with the tungsten-lined T-111 cladding. Unreacted NaK was found in
the plenum space above the fuel column, and white oxide was evident

throughout the interior of the pin. The conditions in this pin are
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shown in Fig. 17. The lower view shows the interior of the cladding with
its tungsten liner. In addition to the major crack that admitted NaK

into the pin, a number of circumferential and longitudinal cracks were
observed in the tungsten liner. Also, the fuel was bonded to the tungsten
liner in the lower half of the fuel column. The upper view shows the ten
fuel (UN) pellets still in place in the other half of the cladding. At the
location of the major crack in the cladding, the fuel appeared to have
been eroded away. The UN expanded to fill available space and replicated
honing scratches that were on the tungsten liner of the cladding. Fuel

pellet interfaces were easily visible in the top portion of the fuel col-

umn but virtually undetectable in the lower portion.

R-52886
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Fig. 17. Middle Fuel Pin of Capsule UN-3 after Longitudinal Slitting
of the Cladding and Separation of the Cladding Halves. Top of fuel pin
is on left side.
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When the UN pellets were removed from the cladding, a shoulder was
visible on the bottom pellet as shown in Fig. 18. The thickness of the
shoulder is 9 mils, and the diameter is about 240 mils, showing that the
UN extruded into the bottom tungsten spacer. Since the tungsten spacer
at the top end of the fuel column moved freely when the pin was slit open,
we conclude that the UN initially expanded to fit tightly in the cladding
in the central region, and subsequent swelling of the UN in the lower por-
tion of the column was accommodated by axial expansion into the bottom

tungsten spacer.

R-51232

R-51233

(b))

Fig. 18. Shoulder on Bottom UN Pellet, Middle Fuel Pin, Capsule UN-3,
(a) Side view, (b) end view. 7x. Reduced 10.5%.

The middle pin cladding was sectioned as shown in Fig. 19. Sections
A, C, E, G, and I were used as metallographic specimens. Examination of
section A, taken through the gas plenum region, showed no evidence of grain
growth nor any significant changes in the microstructure of either the
T-111 or tungsten relative to the unirradiated archives. However, a fine
intermittent precipitate on grain boundaries and grain corners, revealed
only after etching, was noted in the cladding but not in the archives.

The results of the examination of sections through two failed regions
(sections C and E) are shown in Figs. 20 and 21. Fractures in the T-111
cladding were primarily intergranular, but a few short transgranular frac-
tures were noted in a shallow inner surface region of the T-111. The
intergranular fractures in both the tungsten and T-111 appear to be pre-
ceded by spherical cavities. Cavities were found also at the interface

between tungsten and T-111.
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Fig. 19.

Sectioning Diagram for Cladding of Middle Fuel Pin of
Capsule UN-3,

R-59719

Fig. 20.

Appearance of an Area from Section C. Note the series
of voids that precedes the intergranular separation of the T-111 cladding.
As polished. 500x. Reduced 29.5%.
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R-50986

Fig. 21. Appearance of a Failed Region in the T-111 Cladding and
Tungsten Liner from Section E of the Middle Pin. (a) Low, 100x, and
(b) high, 500x, magnification. As polished. Reduced 37.
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Metallographic examination of a section from an unfailed region
(section G) revealed intergranular separations in the T-111 that origin-
ated at the inner surface and extended through half the wall thickness,

as shown in Fig. 22. Numerous cavities were observed at the interface

between tungsten and T-111 and as intergranular cavities in the T-111.

R-51003
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Fig. 22. Appearance of T-111 Cladding and Tungsten Liner from
Section G of the Middle Fuel Pin. (a) Low, 100x, and (b) high, 500x,
magnifications. As polished. Reduced 26.5%.
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Intergranular separations occurred also in the tungsten liner. A region
where the fuel had adhered to the tungsten liner is shown in Fig. 22(b).
We noted that not only had the UN bonded with the tungsten, but in some
regions the UN had penetrated the tungsten to a depth of about 15 um.

We also noted the occasicnal presence of a gray phase in some of the
grain-boundary separations in the T-111 and in some of the cavities at
the interface between tungsten and T-111. This gray phase can be seen
also in Fig. 22(b).

Bottom Fuel Pin
The bottom fuel pin in this experiment was essentially a duplicate

of the middle (failed) pin, both in design and operation. The pin was

sectioned as shown in Fig. 23. All fuel pellets were intact, and

ORNL-DWG 7{-5838
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Fig. 23. Sectioning Diagram for Cladding of Bottom Fuel Pin of
Capsule UN-3.

matching discolorations were seen on the fuel and the inside surface
of the cladding, indicating intimate contact between fuel and cladding
during irradiation. No evidence was found to show extrusion of pellets
into the tungsten spacers as occurred in the middle pin.

A transverse section is shown in Fig. 24. Cracks and cavities
observed in both the tungsten liner and the T-111 cladding were similar

to those that led to failure of the middle fuel pin.
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Fig. 24. Typical Vicrostructural Details from a Transverse Section
Through the Bottom Fuel Pin of Capsule UN-3.

FUEL BURNUP

Design burnup was 1.45 at. % for the top fuel pin, and 1.75 at. % for
the middle and bottom pins. Radiochemical analyses (for '“Zr, '37Cs,
and '““Ce) were performed on fuel samples from positions of interest in
the three fuel pins. Also, uranium isotopic abundances were determined
by mass spectrometry for fuel from the top pin. Burnup values calculated
from these analyses are reported in Table 4. Since the burnups calculated

from the Zr, Ce, and Cs analyses are not well representative of design
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Table 4. Burnup Values for Capsule UN-3

Fissions per Initial Heavy Metal Atom, %

Fuel Pin Calculated from Design
and Pellet Uranium 137 144 955
Isotopic Cs Ce zZr

Top 2 1.34 1.34 1.11 0.88 1.45
5 1.48 1.44 1.25 0.98

Middle 2 1.37 1.22 0. 89 1.75
5 1.00 1.20 0. 88

Bottom 4 1,09 1.25 0.88 1.75

conditions in the relationships between the three pins nor with tempera-
tures determined during irradiation, we suggest that the generally more
reliable uranium isotopic analysis be accepted. This strongly suggests
that design burnups (adjusted for shortened irradiation time) were very

nearly achieved.
FUEL SWELLING

Changes in fuel pellet densities, as determined by immersion tech-
niques, are tabulated in Table 5. The fuel pellets of the middle pin
generally decreased more in density than those of the other two pins.
Substantial variation in pellet densities (e.g., pellet 4 vs pellets
3 and 5) is unexplained for the middle fuel pin. The average value for
density decrease for the pellets in the top pin is not comparable to
that for the lower pins, since the pellets in the top pin were fabricated
with a central hole for the thermowell. Correlation cocefficients for
the pellet density changes versus the initial pellet density are 0.43,
0.69, and O, respectively, for the top, middle, and bottom pins. This
indicates less than 50% chance of correlation of the data for the top
pin, fair correlation for the middle pin and none for the bottom pin.
Since the middle pin cladding failed and admitted NaK to the pellets,

it is unlikely that the correlation coefficient of 0.69 is meaningful.
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Table 5. Density Changes for UN Pellets Irradiated in Capsule UN-3

Density % of Theoretical

Pin and Jate} % 100
Pellet Preirradiation, Postirradiation, Decrease, s
po pi 2p
Top 1 95,4 91. 80 3.6 3.8
' 2 95.5 92. 50 3.0 3.1
3 95.0 91. 74 3.3 3.5
4 95.3 91.14 4.2 bob
5 96. 2 92.38 3.8 4.0
6 95.8
7 96.1
8 95.3 91. 47 3.8 4.0
9 95.1 91. 36 3.7 3.9
10 95.0 90.75 4.2 bib
Average 3,7 3.9
Middle 1 93.4 89. 54 3.9 4.2
2 94.0 89.86 4.1 b4
3 93.4 90. 40 3.0 3.2
4 95.5 89.55 6.0 6.3
5 92.9 89. 66 3.2 3.4
6 95.8 89. 90 5.9 6.2
7 93.3 90.14 3.2 3.4
8 95.4 88.88 6.5 6.8
9 92.5 90. 06 2.4 2.6
10 95.5 87.51 8.0 8.4
Average 4.6 4.9
Bottom 1 92.7 88.75 3.9 4.2
2 93.4 90. 42 3.0 3.2
3 95.5
4 94.1 93.18 0.9 1.0
5 93.2 91.78 1.4 1.5
6 94.3 91.01 3.3 3.5
7 93.2 89.02 4.3 4.6
8 95. 4
9 95.1
10 92.5 92.00 0.5

Average 2.5 2.6
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The release of fission gases from the fuel bodies was low (0.1%
for the top pin and 7.1% for the bottom pin). Fission gas retention led
to swelling by accumulation of fission gas bubbles at the grain bound-
aries, as seen in Fig. 25. The large cavities within the grains were

fabrication porosity. The porosity at the grain boundaries is shown

Fig. 25. Metallographic Appearance of Irradiated UN Fuel from the
Bottom Pin of Capsule UN-3. 500x,

more clearly in Fig. 206 by transmission electron microscopy of replicas
of fractured UN surfaces. The intergranular fracture shows coalescence
of bubbles of fission gas at grain boundaries. The transgranular frac-
ture shows small bubbles of fission gas in the grain as well as larger
cavities that we believe to be fabrication porosity. The coalescence

of the fission gases at the grain boundaries forces the grains apart and
produces substantial swelling of the fuel, although the fission gases are

not released in large quantity from the fuel body. It has been established



R-53512

Fig. 26. Fractographic Surfaces from the Central Region of a UN
Fuel Pellet from Bottom Fuel Pin, Capsule UN-3. (a) Intergranular and
(b) transgranular. Carbon replica shadowed with chromium.

that elimination of grain boundaries by use of single-crystal UN effect-
ively reduces volume increases during irradiation.1® Other investigators

showed similar results by use of large-grained or porous UN fuel. 't
EXAMINATION OF T-111 CLADDING
Nitrogen in Cladding

Two sections of cladding were chosen from the middle fuel pin for
Kjeldahl nitrogen determinations. One section included about a r7/16-in.
length of the unfailed half of the cladding, from 1 1/8 to 1 9/16 in.
from the top of the pin, and the other section was the next 7/16 in,

down from the first section. Both sections were in the fueled region of

105, ¢. Weaver, K. R. Thoms, and V. A. DeCarlo, Trans. Amer. Nucl.
Soc. 12(2), 547 (1969).

1lg, F. Hilbert et al., Trans. Amer. Nucl. Soc. 13, 102 (1970).
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the cladding; however, the first section described was coincident with

the extreme upper end of the fuel column. The net nitrogen contents were

34 and 70 ppm, respectively, for the upper and lower sections as described

above.

These values indicate an increase in average nitrogen content over

that of the unirradisted T-111, which contained from 11 to 56 ppm N.

Microhardness

We measured the microhardness across the wall of the T-111 cladding

on three sections from the middle (failed) pin and compared these values

with an archive sample.

The cladding sections came from the gas plenum

region, the failed region, and near the bottom of the fuel column; the

results are shown in Fig. 27.

The sections from both the gas plenum and

from near the bottom of the fuel column were harder than the archive and

showed an increase in hardness across the wall of the cladding as the

DIAMOND PYRAMID HARDNESS (1 kg load)
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outer surface was approached. A marked increase in hardness was measured
in the section from the failed region, but in contrast to the other two

sections the maximum hardness occurred at the inner surface region.
Grain Size

The grain size was 6 times larger in the failed region of the middle
fuel pin than in the gas plenum region., There was an average of only
seven grains across the cladding in the failed region. The grain diam-
eters were as follows: unirradiated material, 0.022 mm; section A,

0.017 mm; section C, 0.102 mm; section I, 0.022 mm. (See Fig. 19 for

location of sections. )

Electron Microprobe

Some of the cracks in the T-111 near the tungsten liner and cavities
at the cladding-liner interface contained a material of low optical
reflectivity, as shown in Fig. 22. Microprobe analysis showed this
material to be rich in hafnium., On areas slightly smaller than the
electron beam diameter, the hafnium content was 65%; therefore, this fig-
ure is to be taken as a lower limit of hafnium concentration. Similar
hafnium concentrations were found alongside all cracks in the tungsten
liner. Spectral analyses of the hafnium-rich areas failed to detect any
additional elements. However, our present detector system does not
enable us to analyze for nitrogen. Except where the UN fuel had been
extruded into cracks in the tungsten liner, there was no evidence of
uranium in the cracks or grain boundaries of the tungsten or T-111. No
movement of the tungsten—T-111 interface, as a result of high temperature
operation, was detected. Analysis of the interface regions failed to
detect the existence of diffusion gradients. Consequently, it is highly
unlikely that the cavities in the vicinity of the cladding-liner inter-

face are the result of the Kirkendall effect.



Scanning Electron Microscopy

Since the irradiated T-111 cladding from both middle and bottom pins
was brittle at room temperature, replicas were readily obtained from
fresh fractures. Scanning electron micrographs of a replica taken from
cladding fractured longitudinally near the failed region of the middle

pin are shown in Fig. 28. The large variation in grain size between

Fig. 28. Scanning Electron Micrographs of Two Fracture Surfaces
about 1 cm Apart. The larger grained region (a) was near the failed
region of the cladding. Plastic replica, gold shadowed. About 200x.
Reduced 16%.

regions about 1 cm apart, shown in Fig. 28, indicates that localized hot
spots developed in the cladding during irradiation. ILarge grain boundary
cavities in the T-111 near the cladding-liner interface are apparent in
Fig. 28(a). Higher magnification micrographs of the finer grained region
in Fig. 28(b) also revealed grain boundary cavities. Grain boundary
cavities were observed throughout the cladding thickness; the radius of
the cavities, in the range of 1077 to 10-4 cm, decreased from the inner
to outer surface of the cladding. The density of grain boundary cavities
was estimated to be about 5 x 10(’/0m2 of grain boundary area. Numerous
grain boundary cavities were present in the tungsten liner, which also

fractured intergranularly as shown in Fig. 29,
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R-53110

Fig. 29. Grain Boundary Cavities in CVD Tungsten Liner as Revealed
by Scanning Electron Microscopy Image of a Plastic Replica of a Fracture
Surface. Gold shadowed.

Discussion of Cavity Formation and Intergranular Fracture

The mechanical properties of T-111 under conditions of neutron irra-
diation at elevated temperatures have not been reported. Stephenson and
Nchoy12 have shown in out-of-reactor testing that T-111 at temperatures in
the range 1200 to 1650°C exhibits good ductility under creep conditions,
with fracture strains in excess of 20%. The fractures were generally trans-
granular, and grain boundary cracks or cavities were not observed. Con-
sequently, we propose a mechanism whereby the radiation environment pro-
motes the formation of grain boundary cavities in T-111.

An obvious mechanism is the embrittlement of T-111 by formation of

grain boundary gas bubbles. Hyam and Sumner!? have demonstrated that

12R. L. Stephenson and H. E. McCoy, Jr., "The Creep-Rupture Proper-
ties of Some Refractory Metal Alloys, III. Comparative Mechanical Behav-
ior of Some Tantalum-Base Alloys," J. Less-Common Metals 15(4), 415424
(August 1968). —

135, D, Hyam and G. Sumner, p. 323 in Radiation Damage in Solids,
Vol. 1, International Atomic Energy Agency, Vienna, 1962.




37

gas bubbles under an imposed tensile stress expand so that the sum of
the normal stress and the pressure inside the bubble is balanced by
the surface tension restraint. However, above a critical stress given

by

o, = 0.77 y/re (1)
where
7y = the specific surface energy,

r, = the equilibrium radius of a bubble in the absence of an
internal stress,

the bubble will grow indefinitely. Thus, above a critical stress, bubbles
will experience runaway growth leading to crack formation.

If this mechanism is to be acceptable to explain T-111 cladding fail-
ure, it is necessary to demonstrate that sufficient inert gas bubbles can
be nucleated and that the magnitude of the tensile stress necessary to
cause runaway growth of these bubbles is reasonable. The usual gaseous
impurities, oxygen, nitrogen, and hydrogen, are relatively soluble in
T-111 and form compounds after exceeding the solubility limits. The most
likely source of insoluble gas is nitrogen, which has a high (n,x) cross

section with fast neutrons, 14

Although nitrogen concentrations in T-111
cladding are not known with great certainty, initial values range from
11 to 56 ppm. Chemical analyses from the unfailed region of cladding
near the top of the middle pin show nitrogen contents in the range 34
to 70 ppm, with the higher nitrogen content in the specimen closer to
the cladding failure region. This trend in nitrogen pickup by the T-111
is consistent with the microhardness measurements, which suggest that
considerably higher nitrogen contents may exist in regions of the clad-
ding near the failure. Inouye and leitnaker'’ have shown that the

equilibrium nitrogen pressure over UN at 1500°C is about 5 x 107° torr.

14I. R. Birss, J. Nucl. Mater. 34, 241 (1970).

1°H, Inouye and J. M. Leitnaker, "Equilibrium Nitrogen Pressures
and Thermodynamic Properties of UN," J. Amer. Ceram. Soc. 51(1), 6-9
(January 1968). -
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Moreover, Inouye'® reports that the nitrogen solubility in T-111 at
1400°C in an atmosphere of 4.7 x 107® torr N, is about 300 ppm. Conse-
quently, nitrogen pickup by the T-111 cladding under the operating con-
ditions in this experiment is highly likely if the tungsten liner is not
an effective protective barrier. Many cracks in the tungsten liner con-
tained UN fuel extrusions. This is evidence that the cracks existed at
temperature during irradiation. Moreover, the fuel extrusions show that
the fuel exerted considerable stress on the cladding. The intergranular
failure of the CVD tungsten liner under the operating conditions of the
middle pin is not unexpected. Stiegler, Farrell, and co-workersl7,18
have clearly established that grain boundary gas bubbles form in CVD
tungsten on annealing at temperatures above 1400°C, The mechanism

of failure — that is, the linking up of grain boundary bubbles under
tensile stress — is the same as we are proposing to have taken place in
the T-111 cladding.

Thus, although the final nitrogen contents in the T-111 near the
failure region are unknown, it is assumed that a time-average nitrogen
content of 100 ppm was present. This nitrogen content is sufficient to
lead to 10'° atoms of helium per cubic centimeter. The calculations are
shown in the Appendix.

It is now necessary to show that a helium content of 10'° atoms/cm?
is sufficient to give a reasonable density of critical bubbles. Substi-
tution of 2000 psi for Gé, which is considerably lower than the 5000 psi
necessary to cause failure in 6000 hr in T-111 out-of-reactor, and

y = 1000 ergs/cm® in Eq. (1) gives 5 x 10° cm for r,. The number of

16H, Tnouye, Metals and Ceramics Div. Ann. Progr. Rept. June 30, 1971,
ORNL-4770, p. 109.

17K, Farrell, J. T. Houston, and A. C. Schaffhauser, "The Growth of
Grain Boundary Cas Bubbles in Chemically Vapor Deposited Tungsten,"
pp. 363—390 in Proceedings of the Conference on Chemical Vapor Deposition
of Refractory Metals, Alloys, and Compounds, Gatlinburg, Tennessee,
Septenber 12-14, 1967, ed. by A. C. Schaffhauser, American Nuclear
Society, Hinsdale, Illinois.

187, 0. Stiegler, K. Farrell, B.T.M. Loh, and H. E. McCoy, "Nature
of Creep Cavities in Tungsten," ASM (Am. Soc. Metals) Trans. Quart.
éQ(B), 494—503 (September 1967).
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nhelium atoms in an eqguilibrium bubble can be calculated from the rela-

tionship

Po = 27/1‘0 J (2)

where P,, the equilibrium pressure in the bubble, assuming the perfect

gas law can be written as

P, = 3nkT/4rr.? , (3)

11

with n = number of atoms,
k = Boltzmann constant,
T = temperature in °K.

Thus,

n = 8ir,?y/3kT . (4)

For r. = 5 x 107% em, v = 1000 ergs/em?, and T = 1673°K, n = & x 10°.
Consequently, the number of equilibrium bubbles of v, = 5 x 107% cm that
can be supported by 10'° helium atoms/em® is about 10° bubbles/cm>.
Experimentally, we observe about 5 x 10° bubbles /ecm” of grain bound-
ary area. If bubbles form exclusively at grain boundaries in the T-111,
this corresponds to about 107 bubbles/cm3 since the grain boundary area per
cubic centimeter'® = 2Ny = 200 em?/em®.  The number of grain boundary

intersections per unit length of test line, N_, in material with grain

size of 0.1 mm is 100/cm. v
Thus, assuming that all of the helium is segregated near grain
boundaries, we have shown that the observed number of cavities could
have existed as equilibrium bubbles of the critical size (500 A) for
breakaway growth under a tensile stress of 2000 psi. For catastrophic
failure by growth of grain boundary cavities it is not necessary, how-
ever, that all bubbles exceed the critical radius. Helium could have

segregated at the grain boundaries as a result of prior segregation of

19¢. 8. Smith and L. Guttman, Trans. AIME 221, 344 (1961).




40

nitrogen. Nitrogen segregation is likely since microprobe analyses
have shown high hafnium contents at grain boundaries, and HfN is one of
the most stable nitrides known.

So far, we have shown, using equilibrium considerations, that suf-
ficient helium bubbles can be formed in T-111 under the conditions of
this experiment. The cladding temperature of about 1400°C corresponds
to O.SBTm,'where Tm} the melting temperature, is about 3250°K. Counse-
quently, sufficient mobility, particularly in the presence of irradiation-
induced point defects, is expected to permit the aggregation of gas atoms
into bubbles. The operating temperature may have been higher than O.53Tm,
since cladding hot spots were indicated by metallography.

Further observations, particularly using transmission electron
microscopy and specimens from regions of lower operating temperature, are
necessary before this mechanism of helium embrittlement, demonstrated to
be possible, can be established as the main cause of the intergranular

failure of T-111 fuel cladding.
CONCLUSIONS
Performance of UN Fuel

The UN fuel performed satisfactorily in all three pins. The fis-
sion gas release was only 0.1% at 1380°C (top pin) and 7.1% at 1500°C
(bottom pin). Swelling of the fuel was adequately restrained by the
cladding and was limited to closing of the as-fabricated 0.005-in. gap
between fuel and cladding., There was no gross chemical reaction between
the fuel and cladding, Although the fuel and cladding interacted to a
depth of about 20 um, electron microprobe analysis of the cladding
revealed no indications of uranium penetration beyond that depth. Nitro-
gen released from the UN may have interacted with the T-111 cladding and

led to the degradation of the mechanical properties.
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Top Fuel Pin

The performance of this fuel pin was completely satisfactory, with
the W-25% Re cladding at a temperature of 1300°C on the outer surface
and the central fuel temperature decreasing from 1380°C at the beginning
of the test to 1330°C at the end of the test. This decrease in temper-
ature difference between the fuel center line and cladding indicates an
improved thermal conductance of the fuel pin during operation. This
improvement was due to swelling of fuel until it came into intimate
contact with the cladding. The fuel pin diameter did not increase during
testing, and no significant chemical reaction occurred between the fuel

and cladding.

Middle Fuel Pin

The T-111 cladding, separated from the UN fuel by vapor-deposited
tungsten, failed after 5800 hr with a cladding-outer-surface temperature
of 1400°C and a fuel center-line temperature of 1500°C. Fractures in the
cladding were primarily intergranular, with a string of cavities formed
at the leading end of the cracks. Electron microprobe examination showed
hafnium concentrations at both the cracks and cavities to be as much as
65wt % (vs 2 wt % in base metal). We suspect that nitrogen from the UN
fuel may have been associated with the hafnium. A marked increase in the
microhardness near the inner surface of the T-111 in the failed region
is also indicative of nitrogen pickup from the fuel. Nitrogen content
of the irradiated cladding was greater than that of the archive samples.
We propose that nitrogen in the cladding during irradiation leads to
formation of sufficient helium to cause embrittlement, formation of cav-
ities, and nltimate failure of the T-111 cladding.

large variations in grain size of the cladding indicate that local-
ized hot spots developed during irradiation. Grain size in the failed
region was 6 times that in the gas plenum region, and the failure was
located under a thermocouple strap where a gas bubble could form and

cause a localized hot spot. We believe this condition determined the
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specific location and time of failure, but the existence of cavities
and cracks in other regions of the cladding indicates that failure would

have ultimately occurred without the hot spot condition.

Bottom Fuel Pin

This pin was virtually identical to the middle pin both in design and
operating conditions. The cavities and cracks in the cladding indicate
that additional time or localized temperature excursions would have led

to its fallure in the same mode as the middle fuel pin.
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APPENDIX
Calculation of Helium Production from 100 ppm N in T-111

Our method of estimating the helium contents produced from nitrogen
impurity in T-111 is similar to that used by Birss®® in a general review
of helium production in reactor materials.

The estimated ORR flux is 5 x 102 neutrons em~? see™! (> 1 MeV).
To a first approximation, we assume that the neutron spectrum for ener-
gies in excess of 1 MeV is represented by the fission spectrum. Then,
the spectrum can be divided into three groups, and, using the effective

(n,x) cross sections we can calculate a reaction rate, as shown in
Table 6.

Table 6. Rates of 1“N(n,x) Reaction

Minimum Neu- Average Cross Flux, ¢ Reaction

Group tron Energy Section, @ (neutrons Rate, ©9¢

(MeV) (em?) cm™? sec” 1) (sec™1)

x 10724 x 10712 x 10712

1 3.668 0.27 0.98 0.27
2.23 0.21 1.%55 0.33
3 1.35 0.05 1.63 0.08
Total 0.68

For an irradiation time of 5800 hr, that is 2 x 107 sec, 1.4 x 1077
helium atoms are formed per nitrogen atom. Since 100 ppm N corresponds
to 1.3 x 1072 atom fraction and 1 cm® of T-111 contains about 5.5 x 1027
atoms, the number of nitrogen atoms per cubic centimeter in T-111 is
7.2 x 10Y°, Consequently, about 10'° helium atoms /em? exist in T-111

at the end of the experiment.

20T, R. Birss, J. Nucl. Mater. 34, 241 (1970).
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