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SUMMARY

1. Controlled Precipitation in Nuclear Materials

Controlled precipitation of 0.1% TiOp in Al,03 is being studied as
a possible technique for improving the work-to-fracture of Al;03. A
superior product would have both nuclear and nonnuclear applications.
In previous work crack-free, titania-doped alumina single crystals were
produced, but they contained undesirable bubbles. By careful control
of flame chemistry, geometry, and temperature we have recently grown
pure Al;0; single crystals without cracks or bubbles: The process is
now being extended to titania doped crystals. An extension of the work
involving doping of polycrystalline Al,03 by heating in contact with
Tio,05 was initiated.

In another phase of the work controlled precipitates of cerium and
yttrium intermetallic compounds are being introduced into aluminum by
the SLIS process in an effort to produce dispersion hardening. Short-
comings of the horizontal-jet SLIS technique were observed and two new
SLIS techniques are being investigated. The SLIS technique was used to
produce precipitates of a beryllium-thorium compound in thorium, A
Th—1.3 wt % Be alloy was successfully prepared by the horizontal-jet
technique and was extruded to wrought rod form. Hot-hardness tests, a
criterion of elevated-temperature strength, gave DPH values over three

times as high as unalloyed thorium at 600 and 750°C.

2. TFuel Element Revelopment

Studies in this period consisted mainly in refining the several
processes being investigated for direct conversion of uranium halides
to high-temperature fuels. Fabrication behavior of UO; powders produced
from UFg appears to be similar to those produced by the ADU process.
Conversion of UCl, to U0, has been carried out at higher feed rates to
obtain sufficient material for further evaluation.

The lithium vapor reduction of UFg to uranium metal has been
successfully demonstrated; however, a better method for control of
lithium vapor flow remains to be developed before the technique can be

applied to fabrication of compounds such as UC or UN.
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Work in the codeposition of tungsten and rhenium from their
respective fluorides indicates that homogeneous alloying can be repro-

duced for lengths of tubing for testing or for further fabrication.

3. Mechanical Properties

We have continued to investigate the elevated-temperature radiation-
induced embrittlement of stainless steels. Our objectives in this part
of the program are to determine the mechanism for the damage and to
attempt to alleviate the problem by metallurgical treatment of the
material prior to irradiation.

Recent results of postirradiation tensile testing of type 304 stain-
less steel, modified by the addition of 0,2% Ti, have shown the alloy to
be much superior to type 304 stainless steel after irradiation at 700°C
to 10?2t neutrons/cm? (thermal). Transmission electron micrography of
irradiated specimens has revealed that no helium bubbles form in the
titanium-bearing steel whereas for the same conditions grain-boundary
bubbles are found in type 304 stainless steel.

Postirradiation creep-rupture tests of type 304 stainless steel at
650°C show that preirradiation heat treatment in the temperature range
from 800 to 900°C produces significantly better properties than the
standard 1036°C anneal., These results are consistent with our observa-
tions from postirradiation tensile tests.

We have recently begun investigations of radiation damage in welds
and brazes of type 304 stainless steel and Inconel 600, Initial results
indicate that the mechanical properties of welds and brazes are signifi-

cantly affected by irradiation.

4. Nondestructive Test Development

We are developing new techniques and equipment for the nondestruc-
tive evaluation of materials and components. The major emphasis has

been on eddy-current, ultrasonic, and penetrating-radiation methods.



ix

The mathematical approach using a computer to analyze variations
in electromagnetic field parameters has been applied to the calculation
of the mechanical force generated by eddy currents. Improvements have
been made to the phase-sensgitive eddy-current instrument to obtain
better stability.

The ultrasonic program has continued to work on techniques for
nonbond evaluation. A remotely controlled method has been successfully
applied to fuel tubes in a hot cell. Our work on reference standards
is being extended to circumferential electrodischarge machined notches.

We have assembled a Schlieren system and are developing techniques to
allow optical vigualization of ultrasonic energy.

Our scintillation gaging work has concentrated on the calibration

variables for fuel rod scanning.

5. Zirconium Metallurgy

Three papers were pregented at a Symposium on Zirconium and its
Alloys at the 1965 Fall Meeting of the Electro chemical Society in
Buffalo, New York, October 10-14, 1965. They are entitled, "Deforma-
tion, Creep, and Fracture in Alpha-Zirconium Alloys," "Research on the
Mechanical Anisotropy of Zircaloy-2," and "Effects of Neutron Irradiation
and Vacuum Annealing on Oxide Films on Zirconium." Abstracts of these
papers are presented.

Four lots of Zircaloy-2 tubing have been received from vendors.

One lot has received preliminary examination. The texture has essentially
a random distribution of basal poles between the radial and tangential
directions.

Attempts to correlate yield strengths in tension and compression
with "k" values of strain anisotropy have been only moderately success-
ful. One function has been found which is useful but not completely
satisfactory.

Flow surfaces on the octahedral plane of stress space have been
developed by the hardness-anisotropy method for several lots of
Zircaloy-2 plate on which there was a large amount of other mechanical
property data. The fit with experimental data is good for some textures

of material but poor for others.
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A variable range electrometer has been used to measure the room-
temperature electrical conductivity of anodized and air-formed oxide
films on zirconium specimens, The conductivity of the air-formed films
was greater, consistent with the previous conclirsion that it contained
a greater concentration of defects as observed by optical absorption,

Anisotropy of oxidation in ailr with crystallographic direction in
the thicker film stage has been examined on a single-crystal sphere of
zirconium. The oxidation rate can vary by a factor as large as 4 in
less than 20° of crystallographic angle. Similar anisotropy of oxide
formation by anodization in 1% KOH has been shown but by at most a
factor of 2 at low voltages and by 1.2 at higher voltages. At anodiza-
tion voltages above 50 the oxidation anisotropy 1s reversed in comparison
to that at voltages less than 50,

Hydrides in slowly cooled high-purity zirconium have been found to
be optically anisotropic, indicating that their crystal structure is
not cubic. Hydrides have been observed to have habit planes differing
from {1010) as well as {1010)}. A chemical polishing and an electro-
polishing solution have been developed that do not preferentially attack
either the matrix or the hydride particle,

6. Tission-Gas Release and Physical Properties
of Fuel Materials During Irradiation

Thin-disk specimens of UOp are being irradiated for the purpose
of developing a model for fission-gas release. In these experiments
the specimen may be irradiated at different flux levels and independ-
ently controlled temperatures. Fission gas is removed by a sweep gas
and the release rate from the UO, specimen is determined by gamma-
spectrometry.

A defect-trap model has been developed and steady-state and oscil-
lating tests are being made to evaluate the model. At this time,
polished single-crystal specimens are compared with unpolished single-
crystal specimens. The gas release from the polished single-crystal
specimens shows results which we believe are caused by fission generated
clusters of point defects. The clusters cause the fission-gas release
rate to be influenced by the temperature history of the specimen, an

effect not observed before.
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The effects of oscillation frequency were studied showing that, at
high temperatures, the magnitude of the fission-gas release was not

influenced by the frequency of temperature or fission-rate oscillation.

The mixing of fission gas in the sweep gas was studied to find how

well the fission-gas release waves could be resolved.
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1. CONTROLLED PRECIPITATION IN NUCLEAR MATERIALS

J. L. Scott J. P. Hammond

The purpose of this program is to investigate means for improving
the performance of both fissionable and nonfissionable materials by
optimizing the microstructure through controlled precipitation of stable,

dispersed phases.

Effect of Dispersed Precipitates on the Properties
of Ceramic Materials

Precipitation Studies in Alumina — D. I. Matkin?t

Studies were continued to evaluate the effect of whisker-~shaped
precipitates on crack propagation in single-crystal and polycrystalline
alumina. The immediate aim is to produce by suitable heat treatment a
homogeneous distribution of precipitates in titanium-doped single crystals
and subsequently polycrystalline Al,03.

Difficulties have been encountered in obtaining titanium-doped

Al1,05 single crystals that are free of both bubbles and cracks.?
Attempts have been made to ameliorate these difficulties by (a) diffus-
ing titanium into defect-free, pure Alp03 single crystals and (b) modi-
fying the growing conditions in an effort to improve the quality of the
crystals.

Thermodynamic calculations indicated that Ti03 should be the stable
oxide of titanium at 1700°C in reasonably dry hydrogen. Since one would
expect Ti3* to be the fastest diffusing ion of titanium in the corundum
(A1503) structure, attempts have been made to increase the diffusion of
titanium into single crystals by annealing the crystals in contact with
Ti,03 in hydrogen at 1700°C. The effectiveness of this treatment 1s

being evaluated by laser microprobe chemical analysis.

1on loan from AFRE, Harwell, England.

°D. I. Matkin, Fuels and Materials Development Program Quart. Progr.
Rept. Sept. 30, 1965, ORNL-TM-1270, pp. 3-5.
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As an extension to the single-crystal program, initial precipitation
studies have been made on pressed>and sintered pellets of Al,03 contain-
ing 1% Ti,03. The pellets were subsequently heat treated at a variety
of temperatures and times in both air and hydrogen atmospheres. Evalua-

tion of these pellets 1s in progress.

Growth of Titanium-Doped Al,03 Single Crystals — D. I. Matkin,
J. Y. Chang,” G. W. Clark

We have continued to study modifications to the growing conditions
in an effort to improve the quality of titanium-doped single crystals of
Al,03 grown by flame fusion.

The necessary flame conditions for crystal growth by the flame-~
fusion technique appear to be correct temperature, correct flame geom-
etry to give uniform growth conditions and to minimize thermal shock,
and correct flame chemistry to maintain chemical stability of the growing
crystal. It is difficult to make independent changes in temperature,
flame geometry, and flame chemistry, because the controlling parameters
are interdependent. However, we have changed the flame geometry by
reducing the internal diameter of the furnace muffle from 1 1/2 to 3/4 in.
(see Fig. 1.1, ref. 2). The flow of oxygen and hydrogen in the flame is
now more streamlined and this has extended the length of the flame thus
reducing thermal gradients and thermal shock.

It has been established by studying changes in the flame chemistry -
that it is possible to grow pure Al,03 single crystals free of bubbles
with a slightly oxygen-rich, oxyhydrogen flame. Under these conditions,
however, Ti,03 present in the doped powder used for growing doped crystals
would have a tendency to oxidize to TiOp, giving rise to bubbles in the
doped crystal. The temperature of the flame is also dependent upon the
oxygen-to~-hydrogen ratio and so it still remains to determine the optimum

ratio to grow bubble-free, titanium-doped Al;03 crystals.

3Consultant, Department of Chemical and Metallurgical Engineering,
University of Tennessee.
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Dispersion Strengthening of Metals by
Controlled Precipitation

J. P. Hammond

Aluminum Alloys

Several aluminum-base alloy powders containing cerium and yttrium
and prepared by the horizontal=-jet SLIS technique,4 described in detail
elsewhere,5’6 have been received from Nuclear Metals, Inc. These early
runs were not entirely successful because not all of the solute was
retained in supersaturated solid solution during quenching. The powders
served a very useful purpose, however, in pointing the way to Improved
SIIS techniques and providing a means for gaining experience in powder
handling and fabricating techniques.

Mloys of Al-3 at. % Ce, Al—2 at. % Ce, and Al-2 at. % Y were
supplied as 3- to 5-1b batches of powder., Some physical characteristics
of the systems involved and pertinent properties of the solutes are pre-
sented in Table 1.1, The values reported indicate that the systems and
alloys selected are attractive for application of the SLIS process.

The microstructure of the Al—2% Ce alloy after cold pressing at
25 tgi is shown in Fig. 1.1 and is representative of those for the other
two cold-pressed alloys. The area shown in Fig. 1.1 was selected to
clearly show the individual powder particles and does not reflect the
density achievable by cold pressing. It is apparent that a large portion
of the material was not effectively quenched; in fact, for all three
alloys, less than 50 vol % of the particles were precipitate-free after
the horizontal-jet SLIS operation. Major problems in this connection
are believed to be the following: (1) The atomized particles were not

sufficiently small to ensure effective quenching on collision with the

4A method of preparing particles of supersaturated solid solutions
by quenching molten particles containing a solute that is soluble in the
liguid state but insoluble in the golid state.

5J. P. Hammond, Fuels and Materials Development Program Quart. Progr.
Rept. Sept. 30, 1965, ORNL-TM-1270, pp. 5—6.

6pA. R, Kaufman and W, C, Muller, Development of Zirconium-Base Alloys
Strengthened by SLIS Technique, NMI-1263 (Jan. 15, 1965).
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Table 1.1, Properties of Aluminum-Cerium and Aluminum-Yttrium
Systems Used in SLIS Studies

Aluminum~Cerium Aluminum-Yttrium
Eutectic Reaction a b
Composition, at. % 2.0 3.3b
Temperature, °C 6388 650
Solubility of Solute o
at 500°C None detected®™® 4
Constitution of Precipitate CeAl4a YAlgb
Goldschmidt Atomic Diameter, A e e
Solute 3.64 o 3.62 o
Aluminum 2.80-2.85 2.80-2.85 .
Thermal Neutron Absorption
Cross Section of Solute, - £
barns 0,73 + 0,08 1.31 + 0,08

oM, Hansen, Constitution of Binary Alloys, McGraw-Hill Book Co., Inc.,
1958.

bJ. A, McGurty, Constitution of Yttrium Alloys, DC 59-5-210,
May 19, 1959.

“Based on lattice-parameter method.

dNot determined but probably very low in view of differences in
atomic diameters, electronegativity, and crystal structure of solute and
solvent,

eL. S. Darken and R. W. Gurry, Physical Chemistry of Metals, McGraw- -
Hill Bock Co., Inc., 1953.

fBrookhaven National Laboratory Report No. 325, 2nd ed. ’

quenching disk and (2) many particles did not hit the disk because of
poor directional control of the fan-shaped spray emanating from the argon
Jet.

Another problem apparently inherent in the horizontal-jet method
stems from difficulties during die loading due to the fluffy and resilient
character of the material; frequent tamping and use of an extension tube

were necessary in order to obtain adequate loading. Operations were
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quenching wheel. In the second method the material is atomized, prior
to quenching on a large rotating wheel, by consumably arc melting the
alloy as a 2~in.-diam anode as it rotates at high velocity. By compari-
son with the horizontal-jet technique, both methods give a finer product
and provide better directional control of the atomized material.
Material prepared by each of the three SLIS methods is shown in
Fig. 1.2 (A, B, and C), along with ball-milled products from the
horizeontal-jet (D) and capillary-blown (E) techniques. The ball-milled
products gave a much higher tapped density and were far easier to lcad
intc dies. The physical appearance of the powder prepared by the spinning-
anode process (C) suggests that this product may give favorable dispens-

ing and pressing characteristics without the milling step.

Thorium Alloys

Dispersion-hardened thorium-base alloys of two principal descriptions
were hot extruded to rod form and evaluated by hot-hardness testing from
room temperature to 800°C. The first of these was a Th—1.3 wt % Be alloy
prepared as a powder by the horizontal~jet SLIS process and subsequently
upset-extruded at 600°C to form a l-in.-diam rod. The second category
of material represents early efforts to dispersion harden thorium-
zirconium scolid-solution alloys by forming a fine precipitate of the
stable ZrB,; compound by internal boronation during fabrication. In this
technique, elemental boron is finely distributed in a compact of the
thorium-zirconium alloy powder and diffusion-reacted during preliminary
consolidation by hot pressing or, alternatively, cold pressing and
sintering. The boronated compacts were hot extruded at 750°C to
3/8-in.-diam rod. The results of hot hardness tests on these materials
are given in Table 1.2 along with data for arc-cast unalloyed thorium
and an arc-cast Th—5 wt % Zr alloy,'7 shown to be the most attractive

arc-cast alloyed material in earlier work, for comparison.

7J. A. Burka and J. P. Hammond, Evaluation of Thorium-Base Alloys
for High-Temperature Strength, ORNL-3777 (April 1965).







Table 1.2.

Hot Hardness of Thorium and Thorium-Base Alloys

Hardness’ (DPHN)

TemiZiZture bArc—Cast SLIS Boronated

(°c) Th Th—5% Zr® Th—1.3% Bed Th.65 % 7re Th—2.25 % Zrf Th—4.59 % Zr& Th-3,15 % zrd
25 85 104 139 126 87 81 97
100 45 93 140 i i i i
200 41 83 105 i i i i
300 35 90 105 i i i i
400 33 77 114 90 69 42 62
500 30 71 86 69 59 39 60
600 22 60 71 49 43 37 42
700 15 42 45 40 27 29 23
750 11 37 37 i i i i
800 i i 28 28 15 20 10

Values reported represent average of two measurements.

Pehemical analysis: Th, 99.8 wt %; C, 340 ppm; O, 2000 ppm; N, 180 ppm.

“Based on arc-cast Th described in footnote (b).

dPrepared by horizontal-jet SLIS method and hot-upset-extruded at 600°C.
ePrepared from —325 mesh powders of dehydrided alloy powder and 1.1 wt % B, hot pressed at 1000°C

and extruded at 750°C,

f
Same as described in footnote (e) except that blend contained 0.54 wt % B.

gSame as described in footnote (e) except that —80 mesh powders of bomb-reduced alloy and
1.1 wt % B were used.

hSame as described in footnote (e) except that —100 mesh powders of bomb-reduced alloy and
0.54 wt % B were used.

lNot determined.

0T
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The hardness of the material dispersion hardened by boronating
dehydrided Th—4.65 wt % Zr powder was comparable at 700 to 800°C to the
Th—1.3 wt % Be SLIS alloy. Improvement in the boronated alloys is being
sought by introducing the boron in a ball-milling operation and conduct-

ing the sintering at a lower temperature.
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2. FUEL ELEMENT DEVELOPMENT

G. M. Adamson, Jr.

We have continued using thermochemical deposition as a means of
fabricating refractory fuels and refractory metal cladding for high-
temperature fuel elements. The fabrication behavior of U0, powders pro-
duced by direct reduction of UFg is being investigated using conventiocnal
cold~pressing and sintering techniques. Experiments in hydroreduction of
uranium chlorides confirm that uranium dioxide may be produced either as
a solid or a powder at high feed rates.

Experiments in reduction of UFg by lithium vapor have yielded uranium
metal; however, engineering difficulties remain in metering lithium wvapor.
Ability to accurately meter the reactants of necessity precedes formation
of refractory fuel compounds.

Experiments utilizing an external coating apparatus have reproduced
homogeneous deposgits of tungsten-rhenium tubing. A study of the deposit

morphology in moving hot-zone internal deposits is continuing.

Deposition of Uranium Dioxide by Hydroreduction
of Uranium Hexafluoride

R. L. Heestand R. A. Potter? C. F. Leitten, Jr.

Studies of the fabrication characteristics of UOp powder produced by
the hydroreduction of UFg were continued. The as-produced powder, which
is high in fluorine (approx 5%) but shows no fluorine compounds on
analysis, is hydrogen reduced at 1000°C to give a low fluorine material.?

Figure 2.1 is representative of the as-produced powder at 165,000X

by electron microscopy. Analysis of particle size indicated 99% of the

lceramics Laboratory, Metals and Ceramics Division.

°R. L, Heestand and C. F. Leitten, Jr., Fuels and Materials Develop-
ment Program Quart. Progr. Rept. Sept. 30, 1965, ORNL-TM-1270, pp. 9-10.
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Additional experiments were run this quarter in an effort to
optimize the deposition parameters. As before, "on stream" UCls and
UClg were obtained by chlorinating uranium sheet at a temperature of 550°C

and a pressure of 2 torr assuming the following sequence of reactions:

3 U(s) +9 Cla(g) — 3 UCLlg(g) (1)
3 UClg(g) +4 02(g) = 3 UOaCla(g) + 2 0Cla(g) + 4 Cla(g) (2)
3 U0xClp(g) +2 OClp(g) + 5 Ha(g) — UsOg(s) + 10 HC1(g) (3)
UsOg(s) +2 Ha(g) = U02(s) + 2 Ha0(g) + XHa(g) (4)

Reaction gas additives were made which more nearly approximated the stoi-
chiometric relationships indicated in Egs. (1), (2), and (3). While hold-
ing the reactor chamber at 850°C and 2 torr, Clp, Op, and Hp additives
of 240, 192, and 720 cm?®/min more than doubled the previous fuel yield.
This material was subsequently reduced according to Eq. (4) to submicron-

size powder having an oxygen-to-uranium ratio of 2.020,
Deposition of Uranium Compounds by Lithium Vapor
Reduction of Uranium Hexafluoride
W. C. Robinson C. F. Leitten, Jr.

In the previous report,5 the feasibility of the reaction
UFe(g) + 6 Li(g) = U(s) + 6 LiF(g) (5)

was established, however, the reduction occurred at the point of UFg
injection ultimately stopping the reaction. Equipment modifications were

made in an attempt to transfer the reaction zone into the center of the

W. C. Robinson, C. F. Leitten, Jr., Fuels and Materials Development
Program Quart. Progr., Rept. Sept. 30, 1965, ORNL~TM-1270, pp. 10-12,
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reaction chamber; Simultaneously, the separate lithium vaporization
chamber was also discarded as being impractical since considerable diffi-
culty had been encountered with condensation between the lithium chamber
and the reaction chamber. The lithium was placed directly into the end
of the reaction chamber in a small open stainless steel crucible, Diffi-
culties were again encountered in attempting to form a flow of lithium
vapor at or below temperatures of 1100°C. Since uranium metal melts at
1132°C, 1t is not desirable to operate above this temperature. Exami-
nation of the lithium metal after an attempted vaporization revealed a
black film covering the entire surface of the metal. X-ray examination
indicated that this film was LipCp; and LisN with some LiF. Since the
lithium is stored in kerosene, it was suspected that the organic had
reacted with the lithium and prevented vaporization. An experiment was
conducted in the absence of UFg which involved a 24~hr vacuum treatment
of the metal at 0.05 torr at room temperature to remove hydrocarbon
films prior to attempted vaporization. Using this technique, a very
rapid flow of lithium vapor was established at temperatures of 750°C

and above. This procedure was utilized in a subsequent UFg reduction
experiment and a powder product was formed in the reaction zone., The
product was identified by x-ray analysis as being a mixture of UOp, LiF,
and very reactive uranium metal powder.

The UO, is believed to be formed when the product was washed with
hot water for the purpose of facilitating removal of the inner liner of
the reaction zone. The LiF remained in the reaction zone because 750°C
is not sufficient to vaporize it.

These experiments establish that the product of the UFg-lithium
reaction is a uranium powder under these conditions. A different pro-
duct morphology may be realized at a lower lithium-to~UF¢ ratio., A
method of controlling the flow of lithium vapor at higher temperatures

rather than using excess lithium vapor is currently being studied.
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Deposition of Tungsten Alloys
J. I. Federer C. F. Leitten, Jr.

Previous codeposition experiments have utilized a moving hot zone
for preparation of tungsten-rhenium allcoys by hydrogen reduction of WFg
and ReFg (ref. 6). Under the conditions of these experiment36 circumfer-
ential ridges form in the deposit on the inlet side of the hot zone
(i.e., the region wherein deposition mainly occurs). The ridges sub-
sequently grow in size upon passing through the hot zone giving an
undesirable deposit. To investigate the cause of this behavior, several
deposits were prepared by moving the deposition mandrel against the gas
flow instead of with the gas flow, assuming that ridge growth would be
minimized., This arrangement, however, caused peeling of the deposit
from the mandrel resulting in a very rough surface. A possible explana-
tion for this result is that successive layers of different composition
formed at the outlet of the hot zone. Upon passing through the hot
zone differences in thermal expansion among the layers caused separation
of the depogit from the substrate. Unalloyed tungsten was deposited
under similar conditions on stainless steel mandrels with no peeling,
ridges, or other surface irregularities.

To investigate whether the ridges are associated with a reaction
between the type 304 stainless steel mandrel and a rhenium halide,
deposits were prepared in which the WFg¢-to-ReFg ratio was increased
from 3:1 to about 17:1, the other conditions being held constant. In
this case the deposit contained only a few shallow ridges with total
recovery of rhenium and approximately 50% recovery of tungsten. Next
an iron mandrel was used instead of stainless steel for a deposition
under conditions that previously resulted in numerous ridges. This
deposit had g smooth surface texture with only a few shallow ridges.
These results indicate that reactions between the fluorides and the

substrate can influence the deposition behavior.

6J. I. Federer, C, F. ILeitten, Jr., Fuels and Materials Development
Program Quart. Progr. Rept. Sept. 30, 1965, ORNL-TM-1270, pp. 12-17.
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Thermodynamic calculations indicate that under equilibrium conditions
the composition of the deposit will correspond to the metal content of
the feed gases when the reduction occurs at about 1000°C. This result
implies that deposits of uniform composition can be prepared in either
a stationary or a moving hot zone. Experiments are now being conducted
to test this hypothesis.

A tungsten-rhenium deposit of uniform composition was prepared in
an external coating apparatus, previously described.® During further

- experimentation the apparatus was modified to change the gas flow pattern
in an effort to improve thickness uniformity of the deposits. The gases
were made to enter the deposition chamber through a narrow annulus around
the mandrel and exited through a similar annulus. The conditions and

results of typical experiments are shown in Table 2.1. All experiments

Table 2.,1. Condition and Results of Tungsten-Rhenium Codeposition
Experiments in the External Coating Apparatus®

Distance Rhenium Thickness
from B b b
Inlet WRe-57 WRe-58 WRe-59 WRe-60
(in.) (%) (mils) (%) (mils) (%) (mils) (%) (mils)
1 0.8 23.7 24,6 11,0 54.5
2 1.4 16.2 13.1 7.5
3 1.9 19.3 1.4 13.0 1.1 14.4 29.4 10.0
. 4 2.4 20.8 12,0 14,4 12.1
5 3.3 20.0 0.2 11.0 0.2 13.5 8.2 13.0
. 6 2.8 17.9 9.8 11.8 12.1
7 4.1 13.4 0.04 8.5 0.4 10,0 1.1 10.0
| 8 2.3 9.6 7.5 8.3 8.6
: 9 1.7 0.03 0.2 6.5 0.1 7.5
| 10 1.1 5.0 6.7
‘ 11 0.02 0.2 0.1

8Test conditions: Temperature, 600°C; pressure, 10 torr; hydrogen,
1000 cm?/min; WFg, 95 em?/min except WRe-60, 90 em?/min; ReFg, 5 em?/min
except WRe-60, 10 cm?/min,

bApparatus modified, see text.
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except WRe-57 were performed in the modified apparatus. The data show
that the modification had no substantial effect on thickness uniformity
but had an adverse effect on composition uniformity resulting in a high
rhenium content near the inlet,

Rhenium-rich deposits also were prepared in the modified apparatus.
These deposits were characterized by a thin, smooth coating near the inlet

and an abrupt change to a thick, nodular deposit at the middle.

Deposition of Molybdenum
J. I. Federer C. F. Leitten, Jr.

Previous attempts to deposit molybdenum by hydrogen reduction of
MoFg have been hampered by an inadeguate metering system for MoFg.
Recent installation of a mass flowmeter’ has allowed deposition experi-~
ments to continue in a systematic manner. The conditions and results
of these experiments are shown in Table 2.2, The recovery data appears
to be anomalous in that recoveries apparently increase with decreasing
temperature. The reduction of MoFg by hydrogen, however, involves a
slow reduction step in which an intermediate halide, MoF3, is formed.
The proportion of MoFj3 deposited along with metal increases with decreas-
ing temperature resulting in misleading recovery values., Presently,
higher temperatures are preferred for molybdenum deposition, and future
experiments will utilize a moving hot zone in an effort to deposit long,

uniform tubes.

7Hastings Raydist, Inc., Hampton, Virginia.




Table 2.2.

Conditions and Results of Molybdenum Deposition Experiments

a b
Temperature Pressure  Hydrogen MoFg Recovery L .

(°c) (torr) (cm3/min) (cm3/min) (%) Description of Deposit

800 10 2000 45 84 Dark rough coating near the inlet
followed by a smooth metallic coat-
ing.

800 10 2000 45 78 Thin dark coating near the inlet
followed by a smooth metallic coating
having a maximum thickness of about
30 mils.

700 10 1000 25 92 Thin dark coating near the inlet, becom-
ing more metallic with increasing dis-
tance. Metallic whiskers 4 in. from the
inlet. Dark coating further downstream.

700 10 1000 45 100 Similar to 700°C deposit above.

600 10 1000 45 95 Dark colored coating with irregular

growths near the inlet. Thin metallic
coating further downstream,

aStationary hot zone:

bMétering pressure: 550 torr.

12 in. long.
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3. MECHANTICAL PROPERTIES

J. R. Weir, Jr.

One objective of this program is to determine the effect of irradi-
ation on the mechanical properties of alloys of interest as fuel cladding
and to find a metallurgical condition for the alloys that produces the
least effect of subsequent irradiation on the mechanical properties. To
accomplish this, our study concerns the interaction of radiation-induced
defects and the substructure of the alloys, the effect of irradiation
temperature, postirradiation test variables, and neutron dosimetry in
the facilities used in the irradiations. The material selected for

initial study is type 304 stainless steel,

Irradiation Embrittlement in Titanium-Bearing
Type 304 Stainless Steel

W. R. Martin E. E. Bloom

Investigation of the resistance of the type 304 stainless steel
plus 0.2 wt % Ti alloy to elevated-temperature irradiation embrittlement
in continuing. The complete results of the low- and high-carbon alloys
are given in Table 3.1. Recent results on the alloy irradiated at 700°C
for 2000 hr are given in Table 3.2, and type 304 stainless steel data
are shown also for comparison. Although the ductility of the titanium-
bearing alloy has been reduced when irradiated to the higher dose, the
ductility of the 0.2 wt % Ti alloy is substantially better than regular
type 304 stainless steel.

We are engaged in both fractographic and transmission micrographic
examination of these alloys in order to better study the irradiation
embrittlement. Our fractographic studies have just begun; therefore
it is too early to ascertain the significant differences in behavior
of irradiated and unirradiated alloys.

020 neutrons/cm2

The specimens irradiated to a dose level of 1 X 2
(thermal) and 1.5 X 10%° neutrons/cm? (E > 1 Mev) have been examined for
helium bubbles., No bubbles are observed in the as-irradiated condition

(50°C) for either the regular type 304 stainless steel or the
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Table 3,1, Influence of Titanium on the Elevated-Temperature Irradi-
ation Embrittlement of 18-8 Stainless Steel®

Total Elongationb (%)C

Titanium 0.02 wt % C Alloy at: 0.06 wt % C Alloy at:
(wt %) 700°C 842°C 700°C 842°C
0.0 21.6 (36.0)  13.1% (45.8)  31.5 (35.4)  20.0 (44.0)
0.2 35.2 (40.9)  60.4% (71.3)  38.0 (32.6)  45.1 (47.2)
0.3 26.0 33.9 (53.3)  28.5 (25.5)  35.2 (43.6)
0.4 25.9 (30.2)  18.9 (40.3)  26.5 (28.3)  25.0 (42.7)
0.5 25,1 (29.8) 1.5 (25.3)  19.0 (35.4)
0.6 23.3 (31.9)  14.8 (35.3)  19.5 (24.0)  17.9 (37.4)
0.8 26.5 (34.8)  13.1 (33.6)  20.5 19.1
1.0 26.1 (52.4)  12.3 (45.9)  23.5 23.5
1.2 (57.1)  11.5 (46.0)  23.0 28.5 (68.0)

aSpecimens irradiated to a dose level of 1 X 1020 neutrons/cm2
(thermel) and 1.5 X 10%° neutrons/cm? (E > 1 Mev),

bMeasured in a l-in. gage length for tests at a strain rate of
2%/min.

®Numbers in parentheses represent ductility values of unirradiated
material,

dSamples teken from these alloys for transmission microscopy studies.

Table 3.2. Ductility of Stainless Steels After Irradiation at 700°c?

Ductility (% Total Elongation)

Deformation Regular Type 304 .
Tenperature Stainless Steel 0.2 wt % Ti Alloy
(°C) Unirradiated Irradiated Unirradiated Irradiated
704 39 11 48 18
842 47 4 74 23

8The 0.02 wt % ¢ alloys were irradiated for 2000 hr to a dose
level of 9 X 1020 peutrons/cm?® (thermal) and 7 X 102° neutrons/cm?
(fast) and tensile tested at a strain rate of 0.2%/min.
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0.2 wt % Ti-bearing type 304 stainless steel alloy. Bubbles can be
found in the grain boundaries of the type 304 stainless steel after a
postirradiation anneal of 1 hr at 1100°C, using the electron microscope
as a detection device. However, no bubbles were found in the titanium-
bearing alloy even after a postirradiation anneal of 1 hr at 1260°C.

A comparison of the transmission micrographs of both alloys reveals
other significant differences. The type 304 stainless steel is mainly
devoid of precipitate while the titanium~bearing alloy contains both
inter~ and intragranular precipitate. Our earlier hypothesis for the
improved ductility observed in the titanium alloy was based on forming
helium from the (n,®) reactions at the precipitate matrix interface
within the grains. Certainly the micrographs confirm that we have
removed the helium from the grain boundaries but convincing evidence
for helium at the precipitates is lacking.

Our examination of helium behavior in the titanium-bearing and
regular type 304 stainless steel will continue and include the steels

containing higher titanium levels.

Mechanical Properties of Titanium-Modified
Type 304 Stainless Steel

E. BE. Bloom

An investigation has been initiated to determine the effects of
heat treatment, aging of elevated temperature, and composition on the
short-time tensile and creep-rupture properties of the titanium-bearing
alloy.

Two commercial heats of the titanium-modified type 304 stainless
steel have been obtained and are being compared to a normal type 304L
stainless steel. The two heats are very similar except for carbon
content. Heat D-6 contains 0.053 wt % C and heat D-9 contains
0.014 wt % C. The chemical analyses of the three steels are given in
Table 3.3.

In the as-received condition the three alloys were in the form of
l/2—in.-diam rod. These were swaged to 3/8-in. diameter, annealed for

1 hr at 1036°C and swaged to 1/4-in.-diam rod. Subsize tensile and creep



Table 3.3. Composition of Experimental Materials
Heat Element, wt %
Number C S Mn Si Cr Mo Ti Cu Ni P

Type 304 stain-  0.057 0.016 0.76 0.48 19.0 8.92 0.02
less steel

heat 33107

D-6 0.053 0.004 1.53 0.7 19.0 <0.05 0,15 0.07 0.34 0.006
D-9 0.014 0.005 1.54 0.72 18.31 <0,03 0,14 <0.03 10.04 0.005
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specimens with l/8-in.-diam and l-in.-long gage dimensions were machined
from this rod.

The effect of solution annealing temperature upon short-time tensile
properties has been determined. Specimens were annealed for 1 hr at
1036, 1177, and 1260°C and cooled in the cold zone of the furnace, which
is slightly faster than air cooling. Tensile tests were run on a
10,000-1b-capacity Instron using a crosshead speed of 0.02 in./min and
five testing temperatures. Results are summarized in Table 3.4,

Yield stress and ultimate tensile strength data indicate that the
effect of increasing the solution annealing temperature is to decrease
the strength. Although metallographic studies have not been completed,
it is reasonable to assume that this is due to the larger grain sizes
resulting from higher solution annealing temperatures. As the testing
temperature is increased to 650°C and above, the effect of solution
annealing temperature upon yield stress and ultimate tensile strength
becomes negligible in short-time tensile tests.

Although strength values are nearly the same in each of the three
alloys the ductility values are not. Regular type 304 stainless steel,
solution annealed at 1036°C, drops from 84% elongation at room tempera-
ture to 36% elongation at 538°C and remains between 30 and 36% up to
870°C. Both heats of titanium-modified type 304 stainless steel, annealed
at 1036°C, exhibit a similar drop in elongation between room temperature
and 538°C; however ductility is regained as the testing temperature is
increased. At 871°C elongation values between 59% (heat D-9) and 77%
(heat D-6) were obtained.

The effect of solution annealing temperature on elevated-temperature
ductility is significant. Heat D-6, which contains 0.053 wt % C, has
slightly better ductility when annealed at 1177°C rather than 1036°C.
However, elevated-temperature ductility decreases when the annealing
temperature is increased to 1260°C., Heat D-9, which contains 0.014 wt % C,
exhibits its best elevated-temperature ductility when annealed at 1036°C,

Tests are being carried out to determine the creep-rupture proper-
ties of both heats of titanium~modified stainless steel and the one heat

of regular type 304L stainless steel at 593, 705, and 815°C.

p—



Table 3.4. Effcect of Solution Anncaling Temperature on the Tensile Properties of Type 304 Stainless Steel
and Type 304 Titanium-Modified Stainless Steel

Solution Annecaled at 1036°C Solution Annealed at 1177°C Solution Annealed at 1260°C
Testing X " .
1
Material Temperature vield Ultimate Total vield Ultimate Total Yield Ultimate Total
. Tensile . Tensile . Tensile .
( C) Stress Elongation Stress Elongation Stress Elongation
(1000 psi) Strength (%) (1000 psi) Strength (%) (1000 psi) Strength (%)
pe (1000 psi) (1000 psi) (1000 psi)
Type 304 stainless Room tempera- 31.98 93.33 84.2
steel, heat 33107  ture
538 14,75 63.77 36.0
649 13.88 43,80 29.1
760 12.40 27.11 36.2
871 10.66 13.52 32.0 N
q
Type 304 stainless Room tempera- 23.14 90.74 83.7 22.08 89.67 94.0 20.07 82.64 86.8
steel, titanium ture
moderated, 538 11.57 59.83 39.7 9.66 56.30 414 5.52 52.85 446
heat D-6
649 11.57 43,77 40.8 8.82 41.18 41,6 7.92 40,00 37.4
760 9.92 22.48 63.1 9.09 21.49 65.5 7.85 21.48 39.8
871 9.09 12.23 77 4 10.67 13.03 80.9 10.41 12.33 55.8
Type 304 stainless Room tempera- 21.42 92.94 78.1 19.83 87.75 83.4 19.66 83.63 75.8
steel, titanium ture
moderated, 538 11.34 54.87 35.9 6.41 49.15 35.2 6.78 51.69 33.3
heat D-9
649 9.24 37.82 47.5 7.56 37.82 41.6 6.78 37,77 30.1
760 8.40 19.38 65.3 6.97 22.26 55.6 8.66 24.12 34.0
871 8.40 13.03 59.2 7.50 11.50 58.9 7.98 10.84 40.2
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At present the results are incomplete and the only comparison that
can be made is between regular type 304 stainless steel and one heat
(heat D-6) of the titanium-modified stainless steel at 815°C. For these
conditions the titanium-modified steel has slightly better creep and
rupture strength at lower stresses as seen in Table 3.5, Also, ductility

values are considerably better in the titanium-modified steel.

Table 3.5. Creep Properties of Type 304L and Titanium-
Modified Type 304 Stainless Steel at 815°C

Initial Rupture Minimum Total

Material Stress Life Creep Rate Elongation

(psi) (hr) (%/hr) (%)

Type 304 stain- 14,000 1.45 20.4 49.0
less steel, 12,000 4.6 4.8 42,7
heat 33107 10,000 16.9 1.2 32.1
8,000 25.9 0.84 28.5
7,500 95.0 0.28 29.7
5,000 735.0 0.0145 18.1
Type 304 stain- 18,000 0.31 138.0 80.3
less steel, 15,000 1.35 36.5 93.7
titanium modi- 12,000 8.9 5.75 72.0
fied, heat D-6 9,000 60.0 0.575 81.3
7,500 248.0 0.072 51.3

Postirradiation Creep and Stress-Rupture of
Type 304 Stainless Steel

W. R. Martin

The postirradiation evaluation of type 304 stainless steel in short-
time tensile tests has revealed many metallurgical treatments that result
in a more ductile irradiated steel. Since the ductility of irradiated
steels is very sensitive to strain rate, we are also evaluating these
heat treatments, using postirradiation stress-rupture tests,

Qur initial tests are at 650°C in air and the second series will be
tested at 815°C, The current information on the 650°C set is given in
Table 3.6. The tests completed to date again show that a fine grain

size is preferred over the ccarse grain material. The ductility and

R
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Table 3.6. Postirradiation Creep of Type 304 Stainless
Steel at 650°C

Time to Rupture, hr® Total Elongation, %
Stress Pretreatment Pretreatment
(1000 psi) A B C A B C
30 11.3 1.5 14.8 44,0 11.4 24,2
25 79.0 5.5 50.8 29.5 9.0 25.0
20 b 109.5 c 4.8
15 c 194.4 b 8.9

87 denotes l-hr anneal at 900°C in argon (ASTM 9).
B denotes l-hr anneal at 1036°C in argon (ASTM 5).
C denotes l-hr anneal at 1036°C + 100 hr at 800°C (ASTM 5).

bScheduled.
c
In progress.

time to rupture is substantially improved. The aging treatment given the
coarse grain size material improved the ductility and rupture life. Tae
improved ductilities by aging and refining the grain size are the same as
noted previously,! using short-time tensile tests.

Several factors which could result in the improved ductility, such as
the influence of reduced grain size and agglomerated grain-boundary carbides,
were discussed earlier. An additional mechanism by which the agglomerated
carbides may influence the stress-rupture test is one noted by Garofalo.?

A short aging treatment of 24 hr at 8L6°C after solution anneal improves
the rupture life and ductility of stainless steel tested at 593°C. The
fracture behavior of the alloy was not changed, but the effect of the aging
treatment was attributed to grain-boundary migration. The migration of
boundaries between the spheroidized precipitate delayed the intergranular
fracture. We have not noted the grain-boundary migration to any larger
degree in our short-time tensile tests. Metallographic examination of the

stress-rupture specimen will be conducted in the next reporting period.

1y, R. Martin and J. R. Weir, "Irradiation Effects in Stainless Steels
at Elevated Temperatures," p. 36 in Proceedings of Sodium Components Devel-
opment Information Meeting, AEC Report CONF 650620 (1965).

°F. Garofalo, Fundamentals of Creep and Creep~Rupture in Metals,

p. 223, The Macmillan Co
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Elevated~Temperature Enbrittlement of Structural
Material Welds and Brazes

W. R. Martin

The effect of irradiation on the elevated temperature ductility and
ultimate strength of welds and brazes are being studied, We have chosen
to study first the properties of type 304 stainless steel and Inconel 600
as they represent materials that have been used extensively in reactor
construction., Tengile specimens have been machined from the bage metal, -
weldment and joint area for both type 304 stainless steel and Inconel 600
welded plate. Both alloys were brazed with the brazing alloy AWS-BNi7 -
and are being evaluated, using a subsize Miller-Peaslee specimen., All
specimens were irradiated in the as-welded or as-brazed condition.

The specimens were irradiated in a poolside position of the Qak
Ridge Research Reactor at approximately 50°C to a neutron dose of
6.7 X 10*° neutrons/cm® (thermal) and 2.3 X 1018 neutrons/cm® (E > 1 Mev).
The type 304 stainless steel specimens have been tested and the results
are given in Tables 3.7 and 3.8.

The data on the type 304 stainless steel welds are consistent with
previous data on type 304 stainless steel materials., The reduction in
ductility observed for deformation temperatures above 500°C is not
accompanied by increases in strength. The base metal, weldments, and
Joint specimens behaved in a similar fashion, These welds were prepared
with a heat of type 308L stainless steel welding rod which contained
approximately 75 ppm B. This 1s unusually high for the 300 series stain-
less steels. The base metal contained 6.8 ppm B, while the actual weld
metal contained approximately 50 ppm B. A greater effect of irradiation
was noted on the welds than for the base metal but was not as large a
difference as was anticipated. Very likely the cast structure of the
weld is influencing the embrittlement. Postirradiation metallography
may reveal some important factors. Finally, in the irradiated condition
all joints failed in the base-metal or heat-affected zone, except for
the joint tested at 600°C which failed in the weld metal. It appears to

be the same for the irradiated materials; however, metallographic samples

to be processed shortly will confirm the location of the fracture.
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Table 3.7. Ductility of Irradiated and Unirradiated Type 304
- Stainless Steel Welds

Location from

Total Elongation at
Which Specimen Was Machined

Fracture, %

Deformation Joint Heat-

Temperature Base Weld Affected Zone Unirradiated Irradiated
(°c) Alloy Metal and Weld Metal Condition Condition
Room X 89.9 7.4

X
X 27.9
100 X 55.3 47.6
X
X 28.1 21.6
200 X 44,6 30.3
X
X 22.2 16.5
300 X 42.3 34.5
X 12.7
X 20.0 12.9
400 X 40.8 36.2
X 20.6 12.9
X 25.1 13.4
500 X 41.1 40.0
X 25.0 21.3
X 25.5 19.2
600 X 39.4 38.0
X 21.1 23.8
X 21.6 23.1
700 X 37.8 23.2
X 27.1 13.4
X 12.1
800 X 21.5 9.5
be 31.4 12.8
X 15.8 5.7
900 X 20.2 4.9
X 30.2 4.1
X 17.3
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Table 3,8. Effect of Irradiation on the Load-Carrying Ability of
Type 304 Stainless Steel — AWS-BNi7 Brazed

Joint Load-Carrying
Capacity in Tensile Shear

Shearing (1b per 1/8 in. Effect of Irradiation
Temperature of linear joint) Increased  Decreased  Change
(°c) Unirradiated  Irradiated Load Load (%)
Room 518 665 be 28
100 430 620 X bs
200 4Q7 540 X 33
300 377 470 X 25
400 358 464, X 26
500 366 387 X 6
600 380 368 X 3
700 357 290 X 19
800 246 228 X 7

900 108

The maximum load supported by the Miller-Peaslee specimen was
influenced by irradiation. For shear tests below 500°C the load was
increased. Above 500°C the maximum load was decreased. The effect of
irradiation above 500°C is greater than that indicated by these maximum
load values, If one compares the load-extension curves of irradiated
and unirradiated specimens, a very large decrease in the ductility of
the specimens is noted, particularly at 800°C. We hesitate however to
quote values for ductility because of the apparent deformation in the
bage alloy.

These type tests on welds and brazes should continue. The effects
of grain refinement on the base metal, welding rod with a lower boron
content, and preirradiation heat treatments of weldments need to be
examined for type 304 stainless steel and type 304 stainless steel con-

taining titanium.
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4. NONDESTRUCTIVE TEST DEVELOPMENT

R. W. McClung

OQur program is intended to develop new and improved methods of
evaluating reactor materials and components. To achieve this we have
studied various physical phenomena, developed instrumentation and other
equipment, devised application techniques, and designed and fabricated
reference standards. Among the methods being actively pursued are electro-
magnetics (with major emphasis on eddy currents), ultrasonics, and pene-
trating radiation. In addition to our programs oriented toward the
development of methods, we are studying these and other methods for
evaluation of problem materials and developing techniques for remote

inspection.

Electromagnetic Test Methods

C. V. Dodd

Analytical Studies

We have continued research and development on electromagnetic
phenomena on both an analytical and empirical basis. As part of our
program we are studying the mathematical determination of electro-
magnetic phenomena of a coil as a function of coill dimensions, fregquency,
specimen conductivity and permeability and coil-to-specimen spacing.

Most recently we have investigated the forces produced by eddy currents.
The eddy-current forces produced on the interior of the conducting
specimen can be resolved into an alternating force and a steady force.

The axial component of this steady force was both measured and calculated
for a coil in a ferrite cup above a conducting ring, as shown in Fig. 4.1.
The calculated and normalized contours of the force density inside the
ring are also shown in the figure. The calculated values of the net
force was 0.5 to 17% greater than those we measured. However, the

value of the permeability used in the calculations was 17% higher than
the permeability of the ferrite cup used, which would give this type of

error.
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Fig. 4.1. Determination of Axial Eddy-Current Forces in a Con-
ducting Ring.

These calculations can be uged to study the noncontact generation
of ultrasonic pulses by eddy currents, as well as being applicable to
many other areas of technology, such as magna-forming, induction pump-

ing, and magnetohydrodynamic generation of electricity.

Phase-Sensitive Eddy-Current Instrument

Improvements have been made recently on the stability of the phase-~
sensitive eddy-current instrument. The instrument now has less than

0.2° phase shift for a 20°C temperature change.

Ultrasonic Test Methods
K. V. Cook

Nonbond Studies

We have continued our studies on the behavior of ultrasound in thin

sections with the principal effort being the detection of nonbonds in
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Tubing Inspection

We are continuing to work on the problems encountered in tubing inspec-
tion. A major problem is the establishment of realistic reference notch
standards for calibration. FElectrical-discharge machining appears to be a
reliable method for making both inner- and outer-surface notches, and we
are continuing to use this technigue for our studies. Previously, all our
work has been on machining of longitudinal notches; however, we are now
studying the problems associated with fabricating circumferential notches
on both the inside and the outside of tubing. Calibration of the equipment
is more complex for the circumferential notches than for the longitudinal.
For instance, we have found that to get an 0.003-in.-deep #10% notch in a
tube that has an outside diameter of 0.420 in., we must preshape the tool
to an outer diameter of approximately 0.339 in. If the tool is originally
shaped to fit the outer diameter of the tube itself (0.420 in.), the center
of the fabricated notch will be considerably deeper than the outer edges.
As 1s evident, each time a notch is fabricated the tool must be reshaped
and thus the process is much more time consuming than for longitudinal

notches.

Schlieren System

We have assembled a Schlieren system for viewing and photographing
ultrasound as it travels in a transparent medium. We can view continuous-
wave beams emerging from the transducer face as is shown in Fig. 4.3 and
can also view pulsed-ultrasonic packets of sound by using a short dura-
tion light flash (0.2 usec).

The system is shown in Fig. 4.4 along with the ultrasonic oscillator
and transducer assembly. The triangular base is an optical bench and is
used to align the required components for the ultrasonic photography
system.,

We plan to use this versatile and sensitive Schlieren system to
study beam shapes coming from different types and frequencies of trans-
ducers as well as to monitor reflections and refractions of these beams

and wave packets from interfaces. We also plan to use the system to

study Lamb wave and other ultrasonic phenomena.
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Penetrating Radiation

X- and Gamma-Ray Attenuation Gaging — B. E, Foster, S, D. Snyder

Fuel Element Homogeneity — We are continuing the study of x- and

gamma-ray attenuation for the evaluation of fuel elements. Variation
in transmitted intensity is monitored readily using a scintillation
detector and is then related through proper calibration to the fuel
loading homogeneity within the area of interest. We have completed the
data analysis on the two vibratorily-compacted, l/2-in.-diam

(Th—3 wt % UOp) fuel rods, six 1/2-in.-diam ThOp pellets, and eight
3/4—in.-diam ThO, pellets. These samples were gcanned at longitudinal
speeds of 2, 4, 8, 12, 16, 20, and 24 in./min using collimation of

1/8 X 1/8 in. and 1/8 X 1/2 in. with 99Co and '37Cs as the radiation
gources. A series of graphs was constructed plotting radiation attenu-
ation (chart reading) vs longitudinal scan speed and specimen thickness-
density product for both types of collimation, both sources and all
speeds. Figure 4.5 shows typical data for the use of 60¢o.

We define the calibration of the system as the average instrumen-
tation response to a given change in fuel concentration. This should
not be confused with resolution that defines the size of the smallest
detectable inhomogeneity. When 600 was used as the radiation source,
the average response remained essentially constant for both size rods
and both collimator sizes at scan speeds of 2 through 24 in./min.

The same parameters were varied using 13705 as the radiation source.
The average response remained constant for the l/2—in.-diam rods, but
there was a shift in calibration on the 3/4—in.—diam rods., This indi-
cates that the radiation energy of 137¢cs is too soft for efficient
homogeneity evaluation on 3/4-in.-diam rods.

In additicn, the scan traces indicate some degree of smoothing of
the small spot inhomogeneities with the use of larger collimation. This
is not an improvement in spot homogeneity, but merely an averaging or
smoothing over a larger area,

We are further evaluating the system for fuel-rod homogeneity

measurements by determining the effect on calibration when there is a

change in the wall thickness of the tube that houses the fuel material.
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Fig. 4.5. Typical Calibration Chart Relating Fuel Content and
Gamma Attenuation.

Stainless steel shims of 0,001 to 0,010-in. thickness are being
placed on the 1/2- and 3/4-in.-diam ThO,; pellets during scanning. The
effect on gamma-ray attenuation by the different shim thicknesses will
provide useful guideline information for specifying wall thickness
tolerances of tubing used to house fuel pellets or vibratorily compacted

fuel powders. The data analysis on this phase is incomplete.
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5. ZIRCONIUM METALILURGY

M, L. Picklesimer

We are conducting research along several lines on zirconium-basge
alloys of potential use as structural materials for water-cooled and/or
-moderated reactor systems. The principal projects are: (1) studies of
the physical metallurgy, including transformation kinetics and morphol=-
ogies, mechanical properties, phase diagrams, and heat-treatment response;
(2) the development, evaluation, and utilization of preferred orientation
and strain anisotropy in @-zirconium alloys during fabrication, and the
utilization of yield stress anisotropy in increasing maximum permissible
design stresses in structures; (3) the determination of the effects of
composition, temperature, and environment on the oxidation-corrosion
rates in the thin-film stages of oxide growth; (4) a study of the effects
of alloy composition and oxidation environment on the structural proper=-
ties of thin oxide films in situ; and (5) investigation of stress orienta-

tion of hydrides in Zircaloy-2.

Deformation, Creep, and Fracture in Alpha-Zirconium Alloys'
M. L. Picklesimer

The anisotropy in mechanical properties observed in g-zirconium
alloys can be related to the preferred orientation of the material. The
anisotropy in yield strengths, plastic flow, creep, fracture, strain-rate
and temperature sensitivities, and the stability of such textures to
further deformation are discussed in terms of the texture and the defor-
mation systems observed in single crystals. It is concluded that other
deformation systems are forced to operate because of the restraint of

neighboring grains in polycrystalline materials.

1 Abstract of paper presented at a Symposium on Zirconium and Its
Alloys, 1965 Fall Meeting of the Electrochemical Society, Buffalo,
New York, October 10-14, 1965.
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Research on the Mechanical Anisotropy of Zircaloy-2 (ref 2)
P. L. Rittenhouse M, L, Picklegimer

The preferred orientation developed in close-packed hexagonal
zirconium alloys during fabrication causes a strong anisotropy of
plastic properties. A relisble system of evaluating and characteriz-
ing this anisotropy is a prerequisite to the use of zirconium alloys
as materials of construction. Studies of the mechanical properties,
strain behavior, and preferred orientation of Zircaloy-2 sheet were
performed. A method was developed to describe the plastic anisotropy
and preferred orientation using only the natural strain data from

orthogonal pairs of tensile and compression specimens.

Effects of Neutron Irradiation and Vacuum Annealing
on Oxide Films on Zirconium?®

J. C. Banter

Reflection and transmission spectra show no detectable effect of
irradiation with a fast-neutron dose of 10%° neutrons/cm2 on either
oxide films on zirconium or on their rate of dissolution during vacuum
annealing. However, the annealed films absorb light strongly through-
out the spectral region from 2000 A to 2.8 W, apparently resulting from
the production of defects by the film dissolution. Vigorous attack of
the zirconium through annealed films by a solution of bromine in ethyl -
acetate supports the presence of defects, since unannealed specimens are
unattacked. Other results indicate that estimates of film thicknesses -
on annealed specimens, based on vigual observation of interference colors,
may be appreciably in error. The importance of both film formation and

oxygen dissolution to the overall oxidation mechanism is discussed.

2Abstract of paper presented at a Symposium on Zirconium and Its
Alloys, 1965 Fall Meeting of the Electrochemical Society, Buffalo,
New York, October 10-14, 1965,

3pbstract of paper presented at a Symposium on Zirconium and Its

Alloys, 1965 Fall Meeting of the Electrochemical Society, Buffalo,
New York, October 10-14, 1965,
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Anisotropy in Zircaloy-2

P. L. Rittenhouse M, L, Picklesimer

Zircaloy=-2 Tubing

Two lots each of 1/2- and 3/4-in,-diam Zircaloy-2 tubing have been
received from commercial vendors. Testing has begun on one lot of
3/4-in.-diam tubing with an 0.036-in. wall. Stress-strain curves for
this tubing in uniaxial tension, uniaxial compression, and torsion are
shown in Fig. 5.1. The mechanical property data are given in Table 5.1.
The yield strengths predicted on the basgis of the distortion energy con-
dition for isotropic materials (using the uniaxial tensile yield strength
as a base) are also given. The experimentally determined yield strengths
in compression and torsion are appreciably higher than that predicted by

the theory of isotropic materials,
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Fig. 5.1. Stress-Strain Curves for One Lot of 3/4-in.-diam
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Table 5.1. Mechanical Properties of Zircaloy-2 Tubing

Yield Strength, psi Ultimate
Test Tensile Elastic
Experimental Predicted SE§§§§th Ma&g%ys
x 103 X 103 X 103 X 1P
Tension 61.0 61.0 85.8 12.6
Compression 71.0 61.0 4.4
Torsion 56.0 49.8 70.0 6.2

The preferred orientation of the tubing was determined by a micro-
hardness technique® yielding the "average' basal pole figure shown in
Fig. 5.2. Looking down the tube axis, as shown in Fig. 5.3, the basal
poles are distributed equally with respect to the angle between the
tengential and radial directions. An examination of the basal plane
traces of many grains by the sensitive tint ftechnique in a polarizing
microscope’® showed texture variation across the wall to be negligible.

There are two distinctly different texture classes normally observed
in Zircaloy-2 tubing., The first has the basal poles of the crystallo-
graphic texture concentrated parallel to the radius of the tube, and the
second has them concentrated parallel to the circumferential direction.
Materials of these textures will have plane stress yleld ellipses of
very different shape (i.e., their properties in biaxial stress will be -

appreciably different).®

Combinations of the two textures are common,

and the yield properties of the material will vary with the relative .
magnitudes of each component. The material now being tested is expected

to be a perfect intermediate in determining the relative contribution of

each component to the overall yield behavior.

4P, L. Rittenhouse and M. L. Picklesimer, "Comparison of Pole Figure
Data Obtained by X-Ray Diffraction and Microhardness Measurements on
Zircaloy-2," accepted for publication in the Transactions of the Metal-
lurgical Society of AIME.

°P. L. Rittenhouse and M, L. Picklesimer, Fuels and Materials
Development Program Quart. Progr. Rept. June 30, 1965, ORNL-TM~1200, p. 35.

5p. L. Rittenhouse and M. L. Picklesimer, Fuels and Materials Develop-
ment Quart. Progr. Rept. Dec, 31, 1964, ORNL-TM-1000, p. 70.
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Correlation of Yield Strengths with the "k" Values and Texture

Compression yield strengths and strain anisotropy in compression
are being determined on the Zircaloy-2 plate and sheet materials
previously studied in tension. The excellent empirical correlation
obtained between "k" values in tension and in compression was described
previously.7 At the present we are attempting to generate a quantita-
tive relationship between the yield strengths of each material, their
corresponding "k'" values, and texture coefficients. It is easier to
work with compression data, for there are three yield strength ratios
available (the yield strengths are known in the rolling, transverse, and
normal directions) as opposed to only one for each material in the case
of tension. Many empirical correlations have been attempted, all show
the same general trend, but none are as yet satisfactory. One such
correlation, a plot of yield strength ratio as a function of a factor

incorporating all six "k" values, is shown in Fig. 5.4.

7P, L. Rittenhouse and M. L. Picklesimer, Fuels and Materials Develop-
ment Program Quart. Progr. Rept. Sept. 30, 1965, ORNL-TM-1270, p. 32.
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The 20 lots of sheet and plate material being tested are from 6
different primary sources. The normal variations in composition which
undoubtedly exist (especially oxygen content) are enough to affect the
yield strengths and, thereby, to complicate any correlations based on
yield strengths. Only a small amount of the compression data is avail=~
able, and it is felt that the chances are much better for obtaining a

more gquantitative correlation after the remainder of the data is obtained.

Determination of Yield Surfaces

A method of obtaining flow surfaces in stress space using the aniso-
tropy of Knoop hardness measurements of zirconium alloys was described
in a recent paper by R. G. Wheeler and D. R. Ireland.® The surface
determined is on the octahedral plane through the yield surface in stress
space. After the yield locus is constructed on the octahedral plane,
the known yield strength in some selected direction is equated with its
corresponding position on the flow surface to calibrate that surface in
terms of stress.

Flow surfaces determined by the hardness method for two of our
Zircaloy-2 materials are shown in Fig. 5.5. The tensile and compressive
yield strengths in the rolling direction were used to calibrate the stress
surface. A comparison of the experimental and predicted yield strengths
is given in Table 5,2, The prediction of yield strengths is guite good
for Schedule 62 Zircaloy-2 but poor for Schedule 9. The compressive
yield strength observed in the normal direction for Schedule 9 material
is higher than predicted. Perhaps the major factor here is that the
deformation may be forced to occur on a system or systems that need not
be operative during deformation by the Knoop indenter. The predicted
tensile yield strength in the normal direction (70,000 psi) is about the
value we would expect from other data. Our next step will be to attempt
to project various parts of these flow surfaces onto planes of biaxial
stress to obtain portions of the plane stress yield ellipse for compari-

son with experiment.

8R, G. Wheeler and D. R. Ireland, "Multiaxial Plastic Flow of
Zircaloy-2 Determined from Hardness Data,' paper presented at a Symposium
on Zirconium and Its Alloys, 1965 Fall Meeting of the Electrochemical
Society, Buffalo, New York, October 10-14, 1965,
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Table 5.2. Experimental and Predicted Yield Strengths

Roling Direction Transverse Direction Normal Direction
Schedule Stress Yield Strength, psi Yield Strength, psi Yield Strength, psi
Experimental Predicted Experimental Predicted Experimental Predicted
X 103 X 103 x 103 X 103 X 103 x 103
62 Tension 56 56 63 66 65
Compression 69 69 79 81 82 80
9 Tension 55 55 58 52 70

Compression 66 66 67 62 118 84

6%
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Oxide Film Studies

J. C. Banter

A compact, semiportable vacuum furnace has been designed to be
coupled to the spectrophotometer and is presently under construction.
This system will allow a study of the oxide films on zirconium by
reflection techniques while they are at temperature during vacuum
annealing for dissolution and during formation in thermal oxidation
experiments. These experiments are expected to yield further informa-
tion concerning the relative contributions of the oxide dissolution and
formation processes to the oxidation behavior of zirconium.

A variable range electrometer has been used to measure the room-
temperature electrical conductivity of anodically and air-formed oxide
filmg on zirconium., This instrument eliminates the electrical break-
down of the films encountered in previous attempts to make such measure-

° Preliminary measurements have shown that the electrical conduc-

ments.
tivity of the air-~formed films is higher than that of the anodic films.
These measurements will be extended to include specimens oxidized and

vacuum annealed, and corroded in water and steam, as well as those of a

wider range of anodizing voltages.

Purification of Zirconium
J. C. Wilson

Zone refining of crystal bar zirconium stock for purification and
growth of single crystals is now routinely performed. Recently, iodide
bars of titanium, hafnium, and vanadium have been zone melted and grown
into single-crystal rods. Because of its high vapor pressure, the

vanadium bar required considerable attention during melting,

°J. C. Banter, Fuels and Materials Development Program Quart. Progr.
Rept. Sept. 30, 1965, ORNL-TM-1270, p. 42.
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Preparation of Single Crystals of Zirconium
and Its Alloys

J. C. Wilson

Most of the grain growth occurring in single crystals of
@-zirconium grown by the @-B-a cycling technique has been found to
‘ occur in the o phase. Zone-refined zirconium does not produce grains
as large as iodide bar stock by the cycling technique, apparently
because polygonization occurs and grain growth stops. A zone-melted
single-crystal bar was produced having a (111) beta direction along the
bar axis. It is being used to study the growth and transformation

characteristics of zirconium crystals.

Properties of High-Purity Zirconium
J. C., Wilson

We are using high-purity single crystals of zirconium to study the
fundamental nature of some of the more important phenomena in zirconium
such as oxidation-corrosion behavior, plastic deformation, deformation
modes, habit planes, morphology, and optical properties of zirconium

hydrides.

Oxidation

We have previously shown the dependence of oxide film thickness™©

. on crystallographic planes in zirconium oxidized in air at 360°C
(maximum film thickness, 600 A). The same general pattern is followed
in thicker films. The region around the basal pole of a zirconium
single-crystal sphere oxidized for 200 hr at 400°C (after some hours at
a lower temperatures)is shown in Fig. 5.6. From color comparisons with

anodized strips, the oxide film thickness was judged to be about 7000 A

107, c. Wilson, Fuels and Materials Development Program Quart, Progr.
Rept. March 31, 1965, ORNL-TM-1100, pp. 38-39,
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If the dissolution of oxide films into zirconium shows the same
4 to 1 variation as does oxidation, as might be expected from the data
of Pemsler,ll the dissolution of anodized films of equal thickness will
lead to wide, grain-to-grain color variations in polycrystalline
materials. These color variations will not be seen in the anodized films
as formed, because most anodizing processes produce little thickness vari-
ation with crystal orientation, As dissolution occurs, the thickness
of the oxide film on each grain will be dependent on the crystallo-
graphic orientation of that grain surface, and the interference maxima
and minima observed in reflection spectrophotometry will be smeared
out, and make it difficult to measure the average film thickness by
optical methods.

The anisotropy of oxidation in zirconium during anodizing in a
1% KOH solution was determined on a single-crystal sphere at potentials
ranging from 5 to 80 v. The films produced have a thickness factor of
about 29 A/v. The pattern of anodic oxidation is, at first, quite
similar to that found for air oxidation,lo but it is more regular in
outline, with some details being distinctly different. Above about
50 v (1500-A-thick film), the pattern tends to reverse itself in color
gradient; the regions having the thinner films at lower voltages have
the thicker films at the higher voltages. In no case was there greater
than a 2 to 1 variation in thickness with orientation and this occurred
only at low voltages. At 80 v (about 2300 A) there was no more than a
20% difference in thickness between the thickest and thinnest section

of the anodic oxide film.

Hydrides in Zirconium

We are studying the habit planes, morphology, optical properties,
and distribution of hydrides in both single- and polycrystalline

zirconium, since the hydrides affect the mechanical properties of

117, P, Pemsler, The Diffusion of Oxygen in Zirconium and Tts
Relation to Oxidation and Corrosion, NMI-1177 (1957).
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zirconium and its alloys. The commonly used chemical and electro-
polishing solutions for zirconium have been found to attack either

the hydrides, the adjacent metal, or both. An electropolishing solution
of 15% by volume of perchloric acid (specific gravity 1.65) in ethanol
produces an excellent electropolish at 25 v at —45 to —55°C for metal-
lography at high magnification. Little preferential attack of the
hydride or matrix occurs, the zirconium-iron intermetallics are pre-
served, and the graln boundaries are only slightly etched. A very rapid
chemical polish that does not selectively remove hydrides, or the metal
adjacent to them, consists of a solution of 10% by volume of concentrated
(48%) HF in water. The reaction is violent and a chemical polishing time
of only a few seconds 1s usually sufficient.

By the use of the above solutions, we have been able to examine the
hydrides in relation to the metal matrix, rather than that of surface
depressions where the hydrides have been. The hydrides have been found
to show optical anisotropy in polarized lights, even in slowly cooled
specimens. The optical anisotropy gives a possible tool for determining
hydride crystal orientation relative to the matrix during microscopic
examination,

A series of crystal-bar and zone-refined zirconium specimens
hydrided to O to 500 ppm Hy have been given various thermal and mechani-
cal treatments. The following tentative observations can be made at
this time: (1) hydrides not on the prism planes are most often observed
near the surface of the metal or they are found to intersect hydrides
that are on the {1010) planes. The intersections seem to occur only at .
the midpoint or at one end of the hydride on the {1010} plane.

(2) Hydride plates viewed on edge are rarely straight, and if platelets
nearly parallel to the plane of observation are carefully polished away,
the metal surface underneath appears to be rumpled. (3) Large hydride
plates are usually thickened where they intersect grain boundaries.

(4) Grain boundary hydrides are rarely observed in zone-refined zircon-
ium. (5) The hydride plates seem to have a fine structure within them,
perhaps from twinning, or deformation. (6) The optical anisotropy of

the hydrides on prism planes is quite small when looking at a basal
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plane in zirconium; this suggests that the optical axis of the hydride
is near that of the zirconium matrix. This seems logical since the "c"
lattice parameters of zirconium and the y' hydride are within a few

percent of each other.
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6. FISSION-GAS RELEASE AND PHYSICAL PROPERTIES OF
FUEL MATERTALS DURING IRRADTATION

R. M. Carroll 0. Sisman

This 1s the third reporting of a program that is newly sponsored
by the Reactor Fuels and Materials Development Branch. The first two

r'epor'tsli2

were used to give the background, experimental methods, and
a summary of our observations and conclusions. In brief, we are study-
ing the release of fission gas from UOp; during irradiation in an effort
to determine the fundamental mechanism by which the gas migrates and
escapes from the fuel. To accomplish this we irradiate carefully-
selected and characterized specimens in an irradiation facility where
the neutron flux and temperature is controlled independently. Fission
gas 1s entrained in a constantly moving stream of sweep gas and carried
outside the reactor where it is analyzed by gamma-ray spectrometry

As a result of these studies, we believe that the fission gas is
released by a combination trapping and diffusion process where the
trapping is the dominant factor determining the time required for the
gas to escape. We have formed a defect-trap theory that postulates
that defects in the UOp crystal structure will trap migrating xenon and

3 Some defects are naturally present in the UOp, and

krypton atoms.
others can be formed by irradiation. The irradiation-formed defects
start as point defects which can vanish by annealing but may cluster
to form larger defects that will require longer times to anneal.

The gas escape from a UO,; specimen thus depends on the initial
condition of the specimen, the temperature, fission rate, and the

previous irradiation conditions of the specimen. We have made a

1R. M. Carroll and O. Sisman, Fuels and Materials Development
Program Quart. Progr. Rept. June 30, 1965, ORNL-TM-1200, pp. 55—64.

?R. M. Carroll and O, Sisman, Fuels and Materials Development
Program Quart. Progr. Rept. Sept. 30, 1965, ORNL-TM-1270, pp. 4959,

’R. M. Carroll and O. Sisman, Nucl. Sci. Eng. 21, 4758 (1965).
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mathematical formulation of this theory.4 To obtain values for the

parameters of the mathematical model, we have included dynamic testing

wherein either fission rate or temperature is cyclically perturbed

while the other is maintained constant. Also, the mass of data result=-

ing from the dynamic program requires computer processing. Thus, the

majority of the data must be taken in a punch tape format. The net

result is that a combination of complex instrumentation must be work-

ing over the period of the test and the misbehavior of one component

will void the test. The testing of the specimen during the time of -
this report was mainly regarded as a period to develop the technique,
instruments, computer program and generally to solve the problems
associated with dynamic testing. These problems have all been resolved
satisfactorily and some useful information has been obtained from the

U0y single crystal now being tested.

Uranium Dioxide Single-Crystal Specimen, C1-18

Two single-crystal disks were sandwiched together in an Al;03
holder with thermocouples between them and pressing against their outer
surfaces (Fig. 6.1). These UO, specimens were polished to a metallo-
graphic finish before irradiation to minimize surface defects. The
physical characteristics are given in Table 6.,1. The crystal orienta-
tion, in relation to the faces of the disk, was determined by x-ray
diffraction and a pair of crystals with the same orientation was
selected. The polished crystal was examined with the optical microscope
for visible defects and none were found. By chemical analysis of disks A -
and B the oxygen-to-uranium ratio was < 2.001, and the major impurity
contents in parts per million were: C, < 20; N, 63; F, 140; Fe, 150;

Ca, 100; Si, 10; and Mg, 20.

*R. M. Carroll, R. B. Perez, and O. Sisman, J. Am. Ceram. Soc. 48(2),
55—-59 (1965). -
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Fig. 6.1. Capsule Arrangement, Polished Single Crystals of UOz.




Table 6.1. Uranium Dioxide Single Crystal C1-18 Characteristics
(Two Single-Crystal Disks in Capsule C1-18, As Polished.)

Crystal Visible
Orienta- Defects

Disk Weight  Thickness  Diameter  Density tion (micro-
(8) (cm) (cm) (g/cm?) scopic)

0.8225 0.0599 1.269 10.86  (110) 1° None

B 0.9763 0.0714 1.266 10,87  (110) 0,95° None

Fission-Gas Release (Steady State)

Previous to the C1-18 polished single crystal, another polished
single crystal (Cl-13) was irradiated. The physical characteristics
of the specimens were nearly identical, but the fission-gas release was
somewhat different between the two specimens (see Fig. 6.2). The low-
temperature release shown in Fig., 6.2 is much higher for the Cl1-18
crystals than for the previous polished crystals. In Fig. 6.2 it appears
that the temperature dependence of the gas release from the (1-18
crystals 1s less than that from the Cl-13 crystals; however this ig
only an illusion caused by the different low-temperature release rates.
If the low-temperature release rates are subtracted, then the tempera-
ture dependence of the gas release is the same (Fig. 6.3), although the
amounts of gas released are different, The different neutron fluxes do
not account for the different rates of gas release from the two speci-
mens (the gas release 1s not responsive to changes of neutron flux).lJ2

The fission-gas release from the two sets of polished single-
crystal specimens is significantly different than the gas release from
other specimens we have tested. Therefore, we will list these differ-

ences below and discuss the possible causes.

Low-Temperature Release

When unpolished single-crystal specimens were irradiated, we
observed that the low-temperature (as well as the high-temperature)
release rate decreased exponentially as burnup progressed.3 We

believe that the low-temperature release is caused by a knockout process
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whereby UO, molecules are ejected from the surface by emerging fission
fragments. Naturally, gas atoms in the vicinity are also ejected. The
amount of knockout depends on the total surface area of the UO; specimen,
and we think that the decrease of the low-temperature release is caused
by irradiation smoothing of the specimen surface. We have found that a

single crystal is smoother after irradiation.-?

To test this theory, we

polished the surface of the crystals to the smoothest surface we could

obtain, reasoning that an already smooth surface would show very little

additional smoothing. -
Both sets of polished single crystals showed no change of low-

temperature gas release as burnup progressed; thus supporting our ©

smoothing theory. However, the low-temperature release of fission gas

was different between the specimens, with Cl-18 having a much higher

release than Cl1l-13 (Fig. 6.4). The low-temperature gas release of

unpolished specimens Cl-2 is also shown in Fig. 6.4 after these speci-

mens became smoothed by irradiation.
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The higher release rate of specimens Cl-18 (Fig. 6.4) can be
explained in two ways. (1) The surface of Cl-18 was larger than Cl-13,
This seems unlikely since the Cl1-18 surface would have to be twice as
large as the Cl1-13 to produce this result. Such a difference should
have been apparent from microscopic examinations. (2) The crystal
orientation of the U0y crystals (in relation to the surface of the
disk) was different, (110) 1° for C1-18 and (100) 18° for Cl-13., It
may be that more knockout can occur in one orientation than another.
Also it is possible that the fission fragments and other energetic
particles could become somewhat focused by the crystal planes and travel
greater distances within the UQOp before being stopped. This would cause

more knockout since more fission fragments would penetrate the surface.

High-Temperature Release

The fission-gas release from the polished single-crystal specimens
was different from what we had observed previously. With unpolished
single crysta153 and fine-grain specimens5 the gas release increased
exponentially with temperature above about 600°C (see Fig. 6.5). We
found that the gas release from the polished crystals was exhibiting
two behavior patterns hitherto unobserved; a deviation from the exponen-
tial increase with temperature and a thermal history dependence.

The 88Kr release rate from the polished single-crystal (C1-18)
specimens is given in Fig. 6.6. The distinguishing feature between
Figs. 6.5 and 6.6 is that a relatively straight line can be drawn
through the high-temperature data points (on a log plot) of Fig. 6.5
while a distinet deviation at about 950°C occurs on Fig. 6.6. This
deviation is greatest at about 1050°C and appears in all our measure-
ments in the temperature range between 900 and 1100°C. Above 1150°C
the gas release continues to increase exponentially with temperature

as would be expected.

5R. M. Carroll and O. Sisman, J. Nucl. Materials 17(4), 305 (1965).
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This high-temperature dip was not present in the fine-grain speci-
mens (Fig. 6.5); and we had not previously recognized it in the unpolished
single-crystal specimens, mainly because only one previous single-crystal
specimen (unpolished) was irradiated at temperatures over 1000°C. By
examining the gas release from this previous data a small dip can be
obgserved, much less than from the polished crystals. Also, the polished
single crystal (Cl-13) showed a significant deviation at the highest
range of measurements. At the time, we speculated this was thermocouple
problems, since only one datum point was involved (see Fig. 6.7,
line C1-13),

We believe that this deviation from an exponential release of
fission gas with temperature is because, at a temperature range of
950 to 1100°C, point defects cluster at an increased rate. We think
these clusters are rather uniform in size, less than 100 A in diameter,
and anneal slower than do the smaller point defects. The clusters are
also traps and the point defect that enters the cluster will exist

longer than it would as a free point defect.
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Assuming a uniform rate of production of point defects, as the
temperature increases the free lifetime of the point defect decreases
causing the trapping cross section of the point defects to decrease,
Above 900°C, clustering becomes significant and as the temperature
increases the trapping cross section of clusters increases, compensat-
ing for the decreasing point defects. The gas release then does not
increase with temperature in this temperature range.

At higher temperatures the point defects are of much less importance
as traps than are clusters, but the clusters are now annealing at a
greater rate. Thus, as the temperature continues to increase the
clusters anneal at a faster rate reducing the trapping probability and
the fission-gas escape again increases exponentially with temperature.

The effect of clustering is more apparent when the U0, specimen
initially has only a small amount of defects in the crystal structure.
The fine grain specimen had a high concentration of defects because
of the grain boundaries and the additional defects added by the clusters
(if they occurred) would not be detected. It is quite possible that
the point defects were captured by the grain boundaries in the fine-grain

specimen and the clusters never formed.

Temperature History Dependence., — Although some specimens in the

past have shown a burnup effect,3 we had never detected an effect caused
by temperature history. The defect-trap theory predicts that when
clusters are formed they will affect the subsequent gas-release rate.
However, the clusters are apparently not formed until the UO, temperature
is at about 1000°C and only a few of the specimens have been irradiated
above that temperature. Thus, the temperature history effect would
(1) be caused by clustering of point defects, (2) would not occur until
the temperature was above about 1100°C, and (3) at least some of the
effect would anneal in subsequent irradiations. The effect of history
dependence 1s shown in Fig. 6.8 where four sets of data separate into
two parts, the initial portion of the irradiation and the subsequent
portions, after operating at temperatures above 1000°C,

The history dependence is not observed if the specimen is operated
at temperatures below 1000°C. If the specimen is irradiated at tempera-

tures higher than 1000°C for several days and then irradiated at lower
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temperatures, the gas release will be somewhat higher than expected. We
cannot offer a good explanation of this phenomenon now, but it is
probably a consequence of the annealing of the clusters formed at the
higher temperatures because after some time the gas release will return
to its original level.

The history dependence of the gas release is illustrated in Fig. 6.8
where the specimen temperature was increased from 930 to 1130°C and
after gbout 24 hr returned to 930°C. The gas release was about 13%
higher after the 1130°C temperature. The dip in the gas-release rate

as the specimen cooled was likely caused by momentarily cooling the

specimen lower than 930°C.
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Oscillations of Neutron Flux

We have found that the low-temperature flux oscillations do

% One question was whether the neutron

increase the average release.
flux oscillations would change the average magnitude of the gas-release
rate at high temperatures. To determine this, we took samples of gas
during neutron flux oscillations at constant temperature and cycle
frequencies ranging from 20 to 400 min. Sixty different gas samples
were analyzed during these oscillations and we could find no effect of
frequency of oscillation on the average amount of gas released at

temperatures above 900°C,

Temperature Oscillations

The temperature ig difficult to control during flux oscillations
and sometimes a small amplitude, high frequency, temperature oscillation
occurs when a steady temperature is desired. A series of measurements
were made by first using manual control of temperature and then main-
taining the same temperature with automatic control (producing the high
frequency vibration) to see if this small vibration of temperature
affected the gas release. The results of this test showed that manual

and automatic control both produced the same gas-release rate.

Gas~Transfer Functions

High-frequency waves of fission-gas release cannot be measured if
the waves become mixed during the time required to move the gas to the
analysis point. We studied gas mixing by injecting argon into the
capsule of a full-scale model of the sweep-gas system., The wave form
of the argon concentration in the helium sweep was measured by a thermal-
conductivity gas-chromatographic apparatus. The sweep velocity was

measured by liquid displacement.

SR. M. Carroll and O. Sisman, Fuels and Materisls Development
Program Quart. Progr. Rept. Sept. 30, 1965, ORNL-TM-1270, pp. 4959,
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We define a mixing factor as the length of time an instantaneous
pulse of argon could be detected at the sampling point because of
mixing in the sweep gas. For example, argon could be added to the
sweep stream for 3 min, and it would later be detected over a period
of 12 min. The mixing factor would be 9 min., If argon were then
added for 1 min, the detection period would be 10 min, and so on. The
mixing factors varied according to the sweep flow rate and this relation
ig chown in Fig. 6.9. This curve will allow us to choose the proper
sweep gas flow rate to obtain optimum results from a given oscillation

programn.
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