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The Physics of Solids Institute quarterly progress report previously
issued in this series is as follows:

ORNL-1025 Period Ending January 31, 1951

Progress prior to this period was reported in the Physics Division
quarterly progress reports.
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INTRODUCTION AND SUMMARY

BUILDING STATUS

Hot Cells. Work on the hot cells has continued during the quarter. The
Tell manipulators are in place in cells 1, 2, and 3, and wiring connections
are being made preparatory to making final adjustments. Cell 3 can be used

for hot work as soon as the manipulator is ready.

Cells 4, 5a, 5b, and 6 are also near completion. Two master—slave

manipulators have been installed and are operating.

CRYSTAL PHYSICS

In-Pile Thermal-Conductivity Measurements of Structural Materials at High
Temperatures, The problems incident to making conductivity measurements in
the reactor are discussed, and the apparatus to be used is described in
detail. It is thought that this thermal-corductivity apparatus may also be
used for estimating the gamma heating produced in the sample and apparatus by

irradiation.

Equipment is being constructed to measure in-pile changes in thermal or
electrical conductivity of a number of metals and oxides while being irradiated

in a%-in. doughnut hole. Temperatures will vary from ambient to approximately

300°C.

X-Ray Work. The Hilger X-ray-diffraction unit was received at the end of

the quarter. Features of this unit are discussed.
A small darkroom is being planned for film developing.

X-ray Laue pictures of special copper single crystals have been taken
during the quarter using the Metallurgy Division X-ray-diffraction units.

Orientations of these crystals were determined with respect to their axes.

Stored Emergy Associated with Vacant and Interstitial Lattice Sites. It
is thought that either high-energy particles or plastic deformation of metals
will produce interstitial atoms, vacant lattice sites, and possibly other

imperfections in metals at low temperatures.



A tensile calorimeter is being built to measure the energy released in a
sample cold-worked at the temperature of liquid nitrogen. The calorimeter is

pictured, and 1ts operation 1s described.

Metal Crystals. Work is continuing on improvement of the technique for
measuring the electrical resistivity of copper crystals. Potential probes are
now sintered onto the samples, eliminating contact errors., Accuracy of temper-

ature measurements will also be improved.

Resistance measurements made before and after exposure of copper crystals
to a cobalt gamma source indicate that changes due tec gamma bombardment are

negligible.

Electron-diffraction studies of piie-bombardéd copper crystals indithe
that imperfections introduced by bombardment are of Short range and that there

is not a one-to-one correspondence between cold work and neutron irradiation.

A low-temperature cryostat employing a liquid-nitrogen bath has been
designed and 1s under construction although it now appears unlikely that the
hole in the LITR for which it was designed will be available for quite some

time.

Y-12 Cyclotron Studies. Proton bombardment of annealed copper has pro-
duced a hardness increase of 20 DPH numbers on the Tukon tester. Only 1/16 in.
of the leading edge of copper was irradiated. It 1s probable that this small
area was overlodked previously, thus explaining the report last quarter of no
hardness increase (ORNL-1025, p. 31).

Fuel and container material will be irradiated in the 86-in. cyclotron
shortly. Corrosion, precipitation decomposition, etc. will be studied under
conditions simulating the ANP reactor. The UF,-NaF-KF system wiil be tested

in an Inconel container at 1500°F initially.

In order to obtain power densities by proton bombardment in the liquid
fuel comparable to those in the ARE, a water cooled target is being designed
for later testws. A design 1is also in progress for a liquid-metal-cooled target

which will permit power densities comparable to those in the airplane reactor.
Creep-test work has continued during the quarter.

A copper single crystal was exposed in the 22-Mev cyclotron for 20 pa-hr

at a proton energy of 1.3 Mev. Postirradiation studies are not complete.



Purdue Cyclotron Creep. Features of the extensometer design are listed.
Bench tests have been run, and modifications are in process, The equipment is

expected to be ready for creep measurements in the near future.

SOLID STATE REACTIONS

Variation of Ionization Energy with Bombardment im Cuprous Oxide. In-
pile conductivity measurements indicate that for CuZO the initial portion of
the conductivity vs. bombardment curve is approximately exponential. Experi-
mental: ionization energies of & Cu,0 plate were determined from both the Hall
coefficient and resistivity measurements. Jlonization energy appears to
increase rapidly at the beginning of Bomba}dmentn level off to a maximum, and

. : !
then decrease with further bombardment.

Annealing of Radiation Damage in Cuprous Oxide. Annealing of radiation
damage is quite complicated. It is difficult to determine with sufficient
accuracy the values of Ac at various temperatures to permit a reliable com-

parison. Further experiments will be run on this problem.

Silicon Bombardment Experiments. Changes in electrical’properties of
silicon due to fast-neutron-fiux bombardment have been measured for comparison
with similar changes in germanium as previously measured. Analysis of data
taken on a P-type silicon sample indicates that the change in carrier concen-
tration per inFident neutron, dn,,‘/d(n.vt)f‘“é Q-QOOQ Similar analysis of an
N-type silicon plate results in a value of -5.1 for dne/d(th)faaﬁ“ More

extensive silicon bombardment experiments are planned.

Evidence of Hole Traps in Germanium Resulting from Fast-Neutron Bombard-
ment. Experiment shows that the resistivity of low-resistivity P-type ger-
manium increases with bombardment, which is the result expected if hole traps
are introduced. The effeat of temperature on the efficiency of hole traps was

also investigated.

Cryostat for Pile Irradiations. The hole designated for ecryostat in-
stallation has been changed from hole 50 to 52. The new location eliminates
the problems of external shielding underneath the hole. The floor outside
hole 50 has been removed, and proper bracing and shielding have been installed

up to floor level.



RADTIATION METALLURGY

Investigation of Homogeneous Deformation of Copper. An apparatus for
homogeneous shearing of metal singlie crystals has been built and is being
tested and refined. It will be used to investigate the effect of radiation on

shear strength in single crystals.

Annealing of Radiation Hardening of Copper and Copper Alloys. Samples
exposed in the X pile experienced an increase in hardness of about 20 DPH
numbers. These samples are being annealed isothermally in a nitrate salt bath

at 300°C. Some of the results are presented.

Creep Under Irradiation. Data taken on 347 stainless steel stressed to a
maximum fiber stress of approximately 1700 psi at 1500°F indicate that irradi-

ation reduces creep rate.

To determine the effect of bombardment on instrumentation, a microformer
with a locked core was placed in a temperature-controlled oven in the reactor.
Reactor operation at a series of power levels indicated that the microformer
was flux-dependent in a nonlinear manner., Investigations are underway to
determine the cause in the hopes that the trouble may be eliminated, One such
investigation is being conducted on effects of neutron bombardment on length

and magnetic permeability in an attempt to account for the changes noted.

Hollow cantilever specimens containing sodium or other corroding fluids

have been run on the bench. In-pile tests will follow,

Means of incorporating a creep test specimen in the circulating metal
loop in the LITR and MIR are being studied.

Radiation Effects in Supersaturated Solid Solutioms. The investigation
of radiation effects in copper-beryllium age-hardening alloy has continued.
X-ray line-broadening studies indicate a contraction of the lattice caused by

an increase in the amount of beryllium.

No irradiation-induced Gunier-Preston zones such as occur from thermal
aging have been found to date. Experiments will be repeated using longer

exposures.

Effects of irradiation on rate of precipitation are being studied. Change
of resistance during irradiation and subsequent aging of irradiated specimens
indicatesthe possibility of a similarity between "irradiation aging” and low-

temperature thermal aging.



Apparatus for measuring the rate of precipitation at higher temperatures
during irradiation is now being bench-tested. Single-crystal resistance speci-
mens will be grown to exclude the effect of grain-boundary precipitate on

subsequent aging and radiation aging.

These investigations are being extended to include other age-hardehable
alloys. Aluminum-~silicon and copper-titanium samples have beén irrédiatedu
Rroperty changes noted have introduced the possibility that the irradiation
effect may be characteristic of the solute element. Other alloys will be

included in future studies.

ENGINEERING PROPERTIES

Lithium-Iron Cyclotron Bombardment. A study is being made of the iron-
lithium system under conditions similar to those prevailing in a reactor.
Iron capsules containing a liquid metal at 600 to 900°C were irradiated in the

Berkeley 60-in. cyclotron,

Trouble has been experienced with high-temperature heaters in the

magnetic field of the cyclotron,

One capsule was successfully irradiated at a temperature of 625°C in the
irradiated zone. Total exposure was 25.5 pa-hr over an area of 0.608 by 0.250
in. An increase in grain size in the irradiated area was noted. Very little

iron was dissolved by the lithium.

A second capsule was irradiated at approximately 900°C. Failure of the
thermocouple on the front face and later rupture of the safety window stopped

che run.

A third capsule was irradiated at too low an intensity to give an exposure

comparable to that of a reactor.

Both capsule and heater are being redesigned for satisfactory operation

at 900°C.

Chemical analyses of the capsule and lithium of the 625°C irradiation are

given together with X-ray-diffraction measurements and photomicrographs.



Liquid-Metal Loop. The liquid-metal loop has been bench-tested and is
expecfed to be installed in the X reactor in early July. The first loop will
be run with lithium at 1000°F. Bremsstrahlung activity and activity intro-
duced into the liquid metal by corrosion and recoil atoms from the container
tube will be studied. Later, creep and stress-corrosion experiments are ex-
pected to be incorporated into the loop. A detailed description and pictures

of the loop are given.

Physical Propertie§ of Plastics. Report ORNL-928 describes the physical
properties of pile~irradiated plastics. Similar studies will be made using
beta and gamma bombardment. Other problems to be studied are effects of the
presence of oxygen on the radiation damage to plastics, the effect of aging
prior to irradiation, the damage contributed by thermal neutrons, and the

effect of radiation intensity,

Physical properties of elastomers are being measured before and after

irradiation. Description of the tests and results to date are given.

Pile-Induced Radiation. Decay curves are being run on a number of
struccural materials so that the radiation intensity to be encountered when

equipment is removed from the reactor may be predicted more accurately.

Radiation -Ef fects on Kovar. Irradiation of annealed and annealed-and-
quenched Kovar specimens, with an nvt of 3.04 X 102° n/cm?, did not produce an
observable change in length. Volume increase, if any, was less than 0.3%.
The hardness and electrical conductivity of all specimens increased, but the
changes were greater in the quenched ones. Both hardness and conductivity
reached a maximum in the quenched specimens, and decreased on further irradi-

ation.

Thermal Conductivity of Uranium-Bearing Materials. A fission-heating
rate meter has been developed and inserted in the X reactor. It has proved
very stable, having a relaxation time of 2 to 3 min. The device has shown
that the fission heating i1s not proportional to the pile power as recorded by
the pile operator. The fission-heating rate meter is being used in conjunction
with the thermal-conductivity torpedo to determine more éccurately the flux

near the torpedo.

Measurements of thermal-conductivity changes in uranyl nitrate hexa-

hydrate—impregnated carbon and graphite were continued. Results are given.



Dead Weight Creep. Gamma-heating calculations indicate that it will be
necessary to redesign the torpedo for the zirconium creep rig. It was also
necessary to rebuild the LVDT instrumentation. Performance of the equipment
is given as a result of five bench runs. A load of 175 to 190 lb at 625°C on
a 1/8-in.-diameter by 3-in.-long specimen after the initial set gave a creep
rate of about 6 mils/day; after about a.week the creep rate decreased to about

0.004 mil/day. Total elongation after 19 days was 0.125 in.

Irradiation of Graphite Carbon Rods. Physical measurements were made on
12 graphite carbon rods made by Battelle Memorial Institute using various
methods. After a two-week irradiation in the fast-flux section of the X
reactor measurements will be repeated. The same treatment will later be given
bars containing U0, nodules in an effort to determine the optimum size of UOQ,

nodule for minimum fission fragment damage.

LIQUID FUELS

Radiation Damage to Liquid Fuels. A group has recently been formed in
the Physics of Solids Institute for the purpose of studying radiation damage
to liquid fuels. Fuel containers will be bombarded in‘the X reactor, the
LITR, the Y-12 cyclotron, and the Berkeley Gduin.cyclotron. Equipment is
being bench-tested and is expected to go into the X reactor in June. Tempera-
ture and bressure measurements will be made during irradiation. Experiments

should also begin in the LITR in the near future.

Liquid fyels have been bombarded in the 86-in. cyclotron at Y~i2a Fur-

ther discussjon is given in Sec. 2 under ‘Y-12 Cyclotron Studies.

The Mass Spectrographic Analytical Chemistry and the Isotope Physics
Spectrographic Groups at Y-12 are aiding in studies of materials evolved from

fuels and methods of examining the irradiated fuels and capsules.



1. BUILDING STATUS

HOT CELLS
S. E. Dismuke

- Cells 1, 2, and 3, Windows in cells 2 and 3 have been tested with water
in them with the result that a few small holes in the Amercote opened and
allowed the tank wall %o rust. This has been corrected, and special precautions

have been taken to prevent weak spots in the other cell windows.

Spotlights have been installed in all cells and afp working. In cells
2 and 3 incandescent lights for general cell lighting are complete. In:.cell 3
temporary sodium-vapor lamps have been installed since there has beén con-
siderable delay in getting the complete Westinghouse units for which the cells

were designed.

The Tell manipulators have been placed in the cells and should be oper-

ating in a ‘few weeks,

Design for hydraulic operation of the inter-cell barrier door has been

made to replace a hand-powered screw arrangement.

Ceil 3 can be used as soon as the manipulator is ready. Cell 2 wiil be
ready for use as soon as the sodium-vapor lamps are 'installed. Cell ] will
not be ready for use until the remote-controlled lathe is ready and installed;

this should be some time in August.

Master-Slave Cells, Cells 4, 5a, 5b; and 6 are cons;ructéd of high-
density concrete block held together witha lime-sand mortar so that alterations
may be made easily without destroying the block., Access to the cells is made
by moving the back wall, which is mounted on trucks that roll on tracks. The
roof consists of 4 in. of steel plates with holes through which the master-
slave manipulators operatex; The master-slave manipulator, roof, and truck

design were developed at Argonne National Laboratory.

The walls, windows, barrier transfer and storage. access holes, roof,
and trucks have been essentfially completed. Within another month the cell
floors, lights, manipulator mountings, and pailnting should be completed and

the cells ready for use.



2. CRYSTAL PHYSICS

IN-PILE RELATIVE THERMAL-CONDUCTIVITY MEASUREMENTS ON

STRUCTURAL MATERIAILS AT HIGH TEMPERATURES

A. Foner Cohen

Various schemes for measuring the effects of pile radiation on the thermal
conductivity of structural alloys at high temperatures (about 820°C) have been
under consideration. Among the many reasons for preferring in-pile thermal-
conductivity experiments at high temperatures to before-after experimentsz are
the facts that the difficulties in handling hot samplesz and the inaccuracy
inherently to be expected of remote-control methods wouid be very pronounced
at elevated temperatures, and that information on the behavior of the material
under actual operating conditions is important., Since the changes in the
alloys are expected to be rather small, a fairly accurate method should be used
so that definite information will beccme available im & reasonmable period

of time.

The presently available facility in the X pile is a fuel channel hole.
The maximum outside diameter of the entire apparatus must not exceed 1.25 in.
In addition, it is desired that the temperature of the graphite im contact
with the apparatus should not exceed 250°C. Fortunately, ir a fuel channel
a stream of air flows at approximately 120 ft/sec, thereby providing cooling
to the outside of the experimental can. If the furndce and components of the
experimental set-up are designed of small enough diameter, at equilibrium
the highest temperature désired during the experiment can be obtained and the
cooling will be sufficient to keep the graphite below 250°C. For these
and other reasons, such as accuracy of measurements, a lomg cylindrical solid
sample is desirable, with a furnace immediately surrounding it., The tempera-
ture gradient is then along the length of the sample. Figure 2.1 is aschematic
diagram of the sample, furnace, supports, etc. set up for measuring changes

in thermal conductivity at high temperatures

For determining whether the thermal conductivity after a given irradiation

period changes by an amount of, say, 2% from the original out-of-pile value,
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it is necessary that the out-of-pile reproducibility of the material itself
be much better than 2% and, of course, that the measurementsz of temperature
differentials be very accurate, which therefore sets the necessary accuracy

of the associated instrumentation.

Since the measurements of interest are those which yield the change of
thermal conductivity k as a function of irradiation, it is mecessary to
measure the property proportional to k in the radiation-free case under the
same conditions as those when the sample is being irradiated., Assuming that
the experiment is so arranged that a suitabie temperature gradient exists

along the length of the sample, then, at the operating temperature,

dq (dT)

— ,.k
dt A dx

initially, when irradiation is zero, and

dq (dT),

—— b o L
dt # dx

at any specified radiation dosage. From these expressions,

ko (dD),
k, (dT)

or, at a given temperature, the change in thermal conductivity is inversely
proportional to the change of the gradien:t between two specified pocints, at
which locations thermocouples are welded. The gradient must be large enough
so that within the accuracy of the measuring instruments, a smail change in
thermal conductivity can be detected. Since the same sample geometry. heaters,
etc. are used before and during irradiation, any small corrections for a
possible radial temperature gradient across the sample cancel. Chromel-Alumel
thermocouples have been found to be satisfactory for measuring the high
temperatures encountered. The thermocouples are attached to the specimen by

use of a condenser-discharge welder built by the ORNL Instrument Department.
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In - some cases the can surrounding the apparatus to be put into the pile
must be vacuum-tight, for example, inan investigation of molybdenum at approx-
imately 800°C, at which temperature molybdenum is oxidized rapidly. A satis-
factory vacuum-tight seal can be obtained using a stainless éteel can soldered
to a stainless steel lid, ip which are sealed small Kovar-to-glass seals. A
similar arrangement using 25 aluminum for the can and lid did not prove as
satisfactory when the lid was heliarc-welded to the can. Other methods of
making vacuum-tight seals requiring good electrical insulation for in-pile’
experimehts are being tried. It may be possible to eliminate the Kovar seals

entirely.

For immediate answers to engineering problems, the experiments now in
progress out of and. in the pile are to be run continuously at approximately
820°C after the'alloy in question has been given the best metallurgically
stabilizing heat treatment. It should be pointed out that in some alloys the
heat treatment and subsequent heating to temperature and then coollng to room
temperature affect the degree of reproducibility. The in- p11e measurements
will therefore be made for a long period at the high operating temperature.
At present the materials being used for experiments are stainless steel 316

and Inconel.

An estimate of the gamma heating.at operating temperature as a function
of irradiation timg¢ for a given sample and apparatus may possibly also be

determined with the apparatus shown in Fig. 2.1.

Experiments are being planned to determlne the effect of radiation on

sigma formatjion in allqu such as .type 446 stainless steel.

' Experimental equipment is being constructed to measure in-pile changes in
thérmal conductivity or electrical conductivity of other,matefﬁals, including’
metals and metal oxides. These samples will be measured at temperatures very
near room temperature or up to approximately 300°C.. The” facility to be used
will be a doughnut hole, the outside diameter of the container to beno greater
than % in. These experiments will be for exploratory purposes in some cases.
They have the advantage that adequate temperatures for lower éemperature
experiments can be realized in such holes without tying up tbe more desirable

experimental fuel channels.

12



X-RAY WORK

F. A. Sherrill

The Hilger X-ray diffraction unit _has just arrived and will be installed
in Laboratory 9 of the Physics of Solids Building. This unit has several

advantages over others available:

¥ 1. Tt is designed to permit operation of four targets at the same
time. The tube body is evacuated by a built-in pumping system
to permit external rotation of the anode to obtain different
targets. We now have an anode with target materials of copper,
chromium, cobalt, and silver.

2. It has an electron focusing arrangement so that the focal width
may be set over a desired range; thig permits operation of each
target at its maximum rating.

3. It can supply up to 160 ma total current at 60 kv, which is a
much higher capacity than may be obtained with other available
machines. The higher X-ray intensity is especially desirable in
work with active materials since the intensity of the diffracted
beam must be greater than the radiation given off by the sample
itself,

The Hilger unit will also be used to supply power to a sealed-off General
Electric diffraction tube in the hot cell, or to a special tube which may have
to be developed at ORNL since no tube for this work seems to be commercially

available.

Material and equipment have been ordered fdr construction of a small

4- by 8-ft dark room for developing X-ray film.

The Metallurgy Division X-ray diffraction unit in Building 2000 has been
used during this quarter for making back-reflection Laue photographs of copper

single crystals for the purpose of determining orientation.

STORED ENERGY ASSOCIATED WITH VACANT AND INTERSTITIAL LATTICE SITES

C. C. Webster T. H, Blewitt
J. G. Daunt (Consultant from Ohio State University)

Recent experiments have clearly indicated that some imperfections are

mobile in metals at room temperature. The imperfections introduced at low

13



temperatures by both high-energy particles and plastic deformation move at
appreciable rates at temperatures in the vicinity of 200°K. Investigations
have shown that the electrical resi§tivity qf metalﬁ worked at 86°K is reduced
by allowing them to warm to temperatures above 200°K. Similar results have

been found in the case of metals bombarded. by high-energy particles.

It is reasonable to suppose that high-energy particles cause interstitial
atoms and vacant lattice sites in metals. It is not yet clear that imper-
perfections of other types are not formed by a thermal spike mechanism. It
would be expected, however, owing to the relatively greater mobiiity of
interstitials and vacancies over that of other types of:.impetrfections, that
the .decreased resistivity is a result of the diff&sion of these vacancies and
interstitials. The diffusion of these imperfectiops to other types of imper-
fections such as dislocations, the clustering of the imperfections by the
diffusion of like pairs, or the annihilation of them'by the diffusion of unlike

pairs would adequately explain the above results.

In the case of plastic deformation it is possible that many types of
imperfections are formed. Studies of the effect 'of plastic deformation on the
ionic cdhductivity of ionic crystals clearly shéw that vacancies are formed.
Sei'tz has suggested that in the plastic deformation of metals vacancies are
also formed, It was this theory that motivated the group at OBRNL to detqrmine
the change in resistivity of polycrystalline copper on coldnwofking; the data
are shown, in Table 2.1. The similarity between these data and those obtained
by the group at NAA from alpha-particle bombardment suggests that the change
in resistivity resulting from plastic'd;fqrmaéion is also a resul? af the

;
- - - ° - Rl ]
mobility of vacancies and interstitials.

A determination of the energy released by the motion of interstitial and
vacancy atoms will prove valuable in deciding what mechanism is occurring.
While it would Be more desirable to measure the release of stored energy in a
particie-bombarded sample ‘than in a cold-worked sample, effort i§ being
directed toward the measurement of the stored energy of a cold-worked sample.
Facilities for pile bombardments are not as yet available, but apparatus for
making these measurements has been designed and construction is almost com-
plete. A sketch of the apparatus is shown in. Fig. 2.2. The experimental
procedure will be that of measuring the specific heat of a rather massive
sample (500 g) of copper in increments of about 2°K in the range 86 to 250°K

by an adiabatic calorimeter. The samples will be pulled in tension in the

14
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Change in Resistance and Resistivity of Polycrystalline

TABLE 2.1

Copper on Cold-Working

SAMPLE 1 SAMPLE 2 SAMPLE 3
Before cold-working at temperature of liquid nitrogen
Resistance {uchms) 4.3989 + 0.004 4.8658
Resistivity (uohm-cm) 8.1917 0.18863

After cold-working at temperature of liquid nitrogen:

Resistance (uohms)
Resistivity (gohm-cm)

After coldwworklnf at temperature of liquid nitrogen with
a 16-hr anneal at -80°C:

Resistance (uohms)
Resistivity (uohm-=m)

After cold-working at temperature of liquid nitrogen with
a 16 hr anneaf at 20°C

Resistance (upohms)
Resistivity (uohm-cm)

Elongation (%)

16.529 + 0.020

15.620 £ 0.015

25.30

7.0369 + 0.0094
0.21458

6.8331 £ 0.009
0.20825

19.55

7.3277 £ 0.0013
0.20692

7.2193 + 0 0212

0.20327

7.1452
0.20144

17.26

SUMMARY :

For sample 1,.AR = 0.909 pohm resulting from anneal at room temperature.

n

For sample 2, Ap

0.02287 pohm-cm after cold-working and re@uces to 0.01654 after room-temperature anneal.

For sample -3, ZXFD = 0.01829 wohm-cm after cold-working and reduces to 0.01464 after dry ice anneal and to 0.01281 after

room-temperature anneal .
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calorimeter at liquid-nitrogen temperatures. A Wilson seal A will be used %o
allow the tension to be applied in a vacuum chamber. The breech type grips
B will then be released to thermally isclate the sample by means of the nylon
cord C. A known amount of energy will be applied to the sample by the heater
D, and the increase in temperature will be measured by thermocouple E after
equilibrium has been reached. The adiabatic shield F will be maintained at
the same temperature as the sample, as measured by the differential thermo-
couple G and a Speedomax-DAT control unit. A second run will subsequently be
made to determine the normal specific heat in this temperature range, and the
discrepancy between the two curves will thus be a measure of the energy

released.

METAL CRYSTALS

T. H. Blewitt and R. R. Coltman

In a previous report{’’ work has been described in which the effect of
pile radiations on the densit&, electrical resistivity, and stress-strain
curves of copper crystals were investigated. This work is being continued
with the main effort directed toward improving the technique used to measure

the electrical resistivity.

The previous technique employed had two disadvantages: (1) The potential
probes, razor blades clamped into position with nylon clamps, had to be removed
after each measurement, introducing an error since the physical dimensions of
the sample could nct be determined with the same accuracy as the resistance;
{(2) it was not possible to determine the temperature of the sample accurately.
It was possible to overcome these difficulties to a degree and obtain results
reproducible to. +0.05% by measuring the resistance at two temperatures and
assuming that temperature dependence was unchanged. The assumption was thus
made that the changé in resistivity induced by the pile bombardment resulted
from an increase in residual resistivity, with the Debye characteristic
temperature, the mobility and the numbers of conduction electrons, and the
physical dimensions of the sample being unchanged by the neutron bombardment.
While this assumption seems valid if wvacancies and interstitial atoms are the
only imperfections introduced by the bombardment, there is some question
whether these imperfections alone can explain the pronounced change in the
(1) T. H. Blewztt, R. R Coltman, and F A Sherrill, “Study of the Effect of Radiation on Metal

Crystals,” Physics of Solids Institute Quarterly Progress Report for Period Ending January 31,
1951, OBNL-1025, p. 22 (July 17, 1951)
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tensile properties. An improvement in technique which would permit an evalution
of the increased resistivity at several tempera:ureg would thus be of consider-
able value. ‘

A technique has been developed to remove any errors introduced from the
inaccuracy in the determination in the geometry of the samples. Potential
probes are now sintered on the sample by the following procedure: THe sample
is first carefully cleaned with a dilute HNO, etching solution followed by
a dilute solution of NH,OH and is immed»ately placed in a vacuum furnace
(10°* mm Hg or better) mounted on a graphite block. The potential probes,
2-mil copper wires, are held in contact with the sample by the weight of che
sample. A l-hr soak at 1000°C is sufficient to sinter the probes and to anneal
the sample. The sintered joint ;rising from such a treatment is stronger

than the wire.

More than twenty samples have been prepared in this way  The resistiv-
ities of five of these have been measured at room temperature and at the
temperature of liquid nitrogen. The results are surprisingly good when the
inaccuracies induced from the temperature measurement are considered. It was
found that the measurement could be repeated to within Abpuﬁ 0,002 pohm at
both room temperature and liquid-nitrogen temperature, or to about 0.01% of
the room-temperature resistance. These samples have been bombarded for one
month in the X pile, and the change in resistance will be determined. Vacuum
anneals at temperatures in the vicinity of 250 to 400°C will then be made,
and the subsequent changes in resistivity and tensile properties will be
determined. These latter determinations should be interesting as 1t is known
that the resistance of cold-worked polycrystalliine samples recovers at lower
annealing temperatures than those at which the hardress recovers. Results of
a similar nature for radiation hardening would indicate that changes in
resistivity may not be intimately connected with the changes in the tensile

properties.,

A change in technique is also being made to enable more accurate com-
pensation for errors arising from inaccurate temperature measurements. (It is
planned to compare the resistance of the samples with a standard resistance
making good thermal contact with the sample.) Hence only comparative re-
sistances need be determined. Alternate readings will thus be made of the
standard and unknown samples at room temperature and at liguid-nitrogen

temperature. In order to accomplish this, however, a double-pole double-throw
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reversing switch must be made which is free of thermal emf’s {less than 0.005
svolt). A Wenner thermo-free reversing switch wiil be modified to accomplish
this. Delivery of this item has delayed completior of this part of the

program.

In order to determine the effects of gammz rays on radiation damage
arising from the pile bombardment of copper cnystais, two samples were irradi-
ated in a cobal: gamma source of 15,000 r/min. The samples were irradiated
for two weeks, which corresponds roughly te the gamma irradiation in both
intensity and energy for a one-month bombardment in the X pile. The results
of before and after resistance measurements are given 1n Table 2.2. It is

apparent that the resistance changes arenegligible from the gamma bombardment,
Tensile curves will also be run on thesze samples.

Electron diffraction studies have been completed on a copper crystal.
Studies were made to determine the effects of pile bombardment {2 x 10!%® nvt)
on Kikuchi lines, The results are shown in Fig. 2.3, in which it will be noted
that lines appear sharper after bombardment than before. Since the samples
were re-etched after the bombardment, it is met clear that the increased
sharpness is a result of the bombardment, It is reasomably clear, however,
that the disorder introduced by the bombardment must be of very short range.
Here also is evidence that there is not a l-to-1 correspondence between
cold-work and neutron irradiation. Experiments being performed on X-ray
reflection coefficients should offer further evidence of the effect of fast

neutrons on crystal perfection,

Single crystals of other metals are also being prepared for a study of
the effects of pile bombardment on the tensile properties and the electrical
resistance. Six zinc crystals have been prepared to date, and an equal number
of bismuth c¢rystals. These have the same shape as the copper crystals,
namely, standard quarter-inch tensile specimens with a half-inch gage length.
Efforts have been made to sinter leads en the sample without success; however,
there is indication that this will be accomplizhed in the mear future. Attempts
made to grow aluminum crystals in the shape of tensile specimens have resulted
in single crystals, but it is clear that some reaction occurred in all cases
with the crucible material. Graphite and both fired and unfired lavite have
been used for crucibles. It is possible that straight shank specimens may

have to be made in alumira or guartz crucibles,
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TABLE 2.2

Effect of Gamma Radiation on the Resistivity of Copper Single Crystals

AVG. RESIS-
AVG. TIVITY AT
RESISTIVITY AVG. TEMPERATURE LIQUID- AVG
ROOM AT ROOM RESISTIVITY" OF LTQUID NITROGEN RESISTIVITY**
AREA/LENGTH | TEMPERAT!IRE | TEMPERATURE AT 20°C NITROGEN TEMPERATURE AT -196.0°C | Ap AT Ap AT
SAMPLE NO Lem) (°C) (pohm-<m) (gohm-cm) (°c3 {pohm-cm) (uohm-=m) 20°C -196.0°C
19A 0 084438
Before ¥ irradiatien 18.27 ; 1 6731, 1 6846, -196.03 0.19692 0.19712
17.58 | 1-66858 1 68460 -196 01 0.19678 0.19685 -0 00002 | -0.00027
1581 | 16569, 1.6846, 0.00005
After ¥ irradiation 17 .48 1.6679 1.6846, -195.91 019726 0.19666 0 00002 | -0-.00056
18 19 1 67288 16848, 0.00024
12 43- 16347, 1 6848, 0.00022 1
18.21 167374 1.6855¢ -196 01 0.19642 0.19649 0.00094 | -0.00063
21A 0.083904
Before  irradiation 18.59 1.6730, 1.6824, 195.99 0.19922 0.19915
20.86 lA68765 1.6819, 196 02 0.19885 0.19898 -0.00048 | ~0.00017
17.03 1 6628, 1'68247 196 03 0-19926 0.19945 0.00005 0.0003C
Aftery irradiation 13.85 1.6418; 16825, 196 00 0.19941 0.19941 0.00010 0.0002¢
8.28 1.6045; 1 ,68214 196. 11 0.19828 0.19902 -0.00028 | -0.000i3

.Temperature coefficient 12 to 20°C is 0.00662.

"Temperature coefficient ~195 to.v.;l97°C is 0 0067



BEFORE IRRADIATION AFTER IRRADIATION

Fig. 2.3
ELECTRON DIFFRACTION STUDIES OF A COPPER
CRYSTAL
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In a previous report{”) the importance of conducting low-temperature
bombardments in such a way that the samples can be removed and subsequent
measurements made without warming was indicated. It appears that a precooied-
gas type cryostat will be unsatisfactory for such bombardments, and a cryostat

désigned for this type of experiment is now under construction,

Such a cryostat would be quite easy %o construct if a vertical pile hole
were avallable, since a conventional metal Dewar flask could be lowered into
the pile and replenished with liquid nitrogen at convenient intervals. The
cryostat being constructed for use in. a horizontal hole has a slight downward
slope with a reservoir to provide a hydrostatic head. Some shielding diffi-
culties must still be worked out. However, the hole in the Low Intensity
Training Reactor assigned for this project has been reassigned to another
group, and there is some question whether experiments of this type will be

performed in the near future.

¥X-12 CYCLOTRON STUDIES®

W. J. Sturm R. J. Jones

M. J. Feldmarn, X-10 J. S. Luce

D. Binder R. L. Knight
W. R. Smich

The investigation of the effect of protons on annealed copper has been
continued. At first, as reported in the last quarterly report,{®’ no increase
in hardness was obsefved after proton irradiaticn of the copper samples.
Subsequent sampies with the same annealing history as previous samples have
shown an increase in hardness on the very edge of the copper. Radiocgraphs
of the saﬁple holder indicate that this was the only portion of the sample
irradiated. One copper sample was irradiated with 25 pa-hr of 20-Mev protons.
The hardness of the sample was meazured on a Tukon hardness machine. At a
distance of 1/i6 in. from the leading edge of the copper sample, the hardness
increased from the original annealed value to 20 numbers harder at the beam

intercepting edge. Saturation hardress was not obtained on this sample since

(2) ““‘Crystal Physics,” ORNL-1025 op. cit., p 22
* The Y-12 Cyclotron Group is under the supervision of R. S, Livingston, Director, Electromagnetic
Division

(3) R. J. Jones, J S. Luce, and M J. Feldman, “86-1n. Cyclotron Studies,” ORNL-1025, op. cif., p. 30.
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a maximum did not occur in the hardness. A radiograph taken of the aluminum
sample holder indicated a proton beam width of only 1/8 in. The wall of the
aluminum sample holder intercepted 1/16 in. of the proton beam; thus only
1/16 in. of the leading edge of thegcopper sample was irradiated. It 1is
probable that this small irradiated area was overlooked on samples previously

reported, since a much wider beam pattern was expected.

Proposals have been made recently to irradiate, in the 86-in. cyclotron,
fuel and container material of the ANP reactor., High power densities would
thus be available for tests on corrosion, precipitation, decomposition, etc.
under conditions simulating those in the reactor. Inconel is being used as
container material as recommended by the ANP Group. A UF4~NaFwKF fuel mixture
will be used for the initial tests in the cyclotron in order to eliminate the
beryllium hazard in case the fuel pin ruptures. A UF, -BeF,-NaK fuel mixture
will be used following the first tests. The initidal test will consist of an
Inconel tube, approximately % in. in diameter and 6 in. long, two-thirds of
the volume filled with fuel and the remainder evacuated. The tubes will be
heliarc-welded on one end and spot-welded across the other. Considérable
difficulty has been encountered inwelding these tubes because of the 0.006 in.
wall thickness; however, it is possible with the prese?t'techniques to fabri-
cate a limited number of fuel pins. A temperature of 1500°F will be maintained
during irradiation by allowing the bombarding protons to heat the fuel pin.
The pins will be supported at one end only to minimize heat losses by conduc-
tion, which should result in a more uniform temperature through the fuel pin;
however, there is the disadvantage that only a small amount of heat can be
dissipated. Calculations indicate that approximately 5 pa of protons at
26 Mev will maintain a 1500°F temperature equilibrium, assuming all the heat
is dissipated by radiatién. The volume of liquid irradiated will be approxi-
mately 1 cc; thus the average power density in the fuel at 5 ua and 26 Mev
would be 105 watts/cc (25 watts would be lost in the Inconel).

In.analyzing with respect to health hazards the activities that will
result from the bombardment, all substances of half-lives of a minute or less
were disregarded since, irrespective of the original intensity level, the
activity will decay to a safe level an hour after the beam is turned off. Of
the radioactivities with longer half-lives formed by (p,n) and (p,2n) reactions,
the chromium in the Inconel tubing is the only component that need be con-

sidered. Mn%2, 2] min, results from a Cr5?(p,n) reaction; assuming 10-mil
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tubing and a bombardment of several hours, the radiation level is roughly
50 millicuries per microampere. The other activities of importance result
from the fission induced in the fuel. A few protons in ten thousand will

cause a fission in the U-Na-Kmixture.

Under the conditions of this preliminary experiment, the specific power
dissipation in the fuel mixture is but 5% of that proposed for the ARE.
However, various methods can be employed to increase the proton power dissi-
pation density using the same geometry and the same 5-pa beam current of the
preliminary experiment. By irradiating the entire volume of a tube of optimum
dimensions, the dissipation can be increased to about 50% of the ARE proposed
value, and the fuel element temperature can again be maintained at 1500°F by
radiation cooling alone. Similarly, maintaining the same target temperature
by radiation cooling, a bombardment with 5 pa of 40-Mev alpha particles at the
Berkeley cyclotron, as is proposed by the NAA group, should yield specific
power diSSipationé considerably in excess of ARE specifications, possibly

approaching those of the aircraft reactor.

In order to obtain power densities by proton bombardment in liquid fuel
comparable to the ARE, a water-cooled target is being designed, a sketch of
which is shown in Fig. 2.4. The target consists of a fuel chamber and water
channel machined from one piece of Inconel. A 0,010-in. window will allow the
protons to penetrate into the fuel. A thick wall between the fuel and the
water channel will allow a sufficient temperature drop to maintain the fuel
at 1500°F and remove the heat from fuel by the water stream. Tests have been
made to determine the necessary wall thickness between the fuel and water
stream. A proton beam from a calutron was used to bombard a %-in. stainless
steel wall backed by a water channel similar to that of the target design for
the cyclotron. The surface of the wall was bombarded with 3.2 kw over an area

of 0.7 sq in., and an equilibrium temperature of 1200°F was maintained.

To obtain power densities by proton irradiation comparable to those in
the airplane engine, it may be necessary to dissipate the heat generated in
the fuel Ey means of liquid-metal cooling., A design of a liquid-metal-cooled
target 1s 1in prégress. The target will incorporate the same principle as the
water-cooled target, the liquid metal being circulated by means of a thermal

loop with heaters external to the cyclotron tank.

The work on the creep-test equipment has continued during the quarter.

The handling equipment has been constructed and tested, and target design
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work is near completion. The construction of the target will probably be

delayed somewhat by the urgency of fuel-pin tests.

Development of the deflection plates for the 22-in. cyclotron has con-
tinued, and.a preliminary 4-hr irradiation has been made with this instrument
on a copper single crystal.l The crystal was covered with 0.002-in. aluminum
foil to prevent contamination of the surface. One-half of the crystal was not
irradiated in order that a control surface woul& be available. The crystal
was irradiated for 20 pa-hr at a proton enérgy of 1.3 Mev. The studies of the

effects of the irradiations, to be made by X rays, have not been completed.

PURDUE CYCLOTRON CREEP

K. Lark-Horovitz and B. R. Gossick
Purdue University

The creep apparatus has been completed. It permits precise vertical

d > ’ ; ! : ;
orientation of the specimen and provides a furnace with automatic temperature
control. The extensometer now has a full-scale sensitivity of 2000 A and a

linear range of 3.5 mm. Both creep and creep rate are recorded directly.

Practice creep measurements have been made to test the equipment, At
present the microformers with bakelite coil forms are being replaced by
microformers with ceramic forms. Although the bakelite forms appear to be
satisfactory, the ceramic forms are expected to exhibit greater stability with
temperature fluctuations. After this modification has been made, the equipment

will be ready for creep measurements.
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3. SOLID-STATE REACTIONS

VARIATION OF IONIZATION ENERGY* WITH BOMBARDMENT IN CUPROUS OXIDE

J. W. Cleland J. C. Pigg
J. H. Crawford, Jr. F. W. Young, Jr.

Studies on the behavior of the electrical properties of Cu,0 semi-
conductors under pile bombardment have been continued. In-pile conductivity
measurements seem to indicate that the initial portion of the conductivity vs.

"bombardment curve for Cu,0 is approximately exponential. This is illustrated
by a typical log conductivity vs. bombardment curve shown in Fig. 3.1. The
carrier concentration is proportional to a Boltzmann factor which contains an
ionization energy. Consequently, it might be expected that there is an initial
linear increase of this ionization energy with bombardment. An experimental
value for the ionization energy A€ may be obtained from the slope of the log
Hall coefficient vs. 1/T curve if Ae is large compared to kT over the tempera-
ture range considered. The experimental value of A¢ may differ from the
theoretical value by as much as a factor of 2 depending on conditions of
impurity concentration and previous treatment.(!) Similar information may be
obtained from the slope of the log resistivity vs., 1/T curve, but in this
case the slope also reflects the exponential temperature dependence of mobility

which has been shown to exist by Frohlich and Mott.(2)

In order to investigate this problem further a Cu,0 plate, suitably heat
treated by annealing in air at 950°C for about 36 hr and quenching to room
temperature, was given a series of short exposures in the pneumatic tube, and
the Hall coefficient R and resistivity p were measured as a function of
temperature after each exposure. These data are shown in Figs. 3.2 and 3.3,
respectively. A "cooling™™ period of about one week was required after each
exposure before the sample could be handled safely, but previous behavior of
the resistivity in the pile during shu*down periods indicated little or no
annealing during the cooling period.

*The usua] nomenclature uses “activation energy” for this term. However, since the term “activation
energy” is used universally to denote barr1er height in rate rocess problems and since we are
planning some kinetics:studies, the term'’ 1on1zat10n energy” even more descr1pt1ve term for

carrier production) will be used to avoid ambiguity.

(1) N. F. Mott and R W. Gurney, Electronic Processes in Ionic Crystals, p. 159, Oxford University
Press, London, 1940.

(2) H. Frohlich and N. F. Mott, ““The Mean Free Path of Electrons in Polar Crystals,” Proc. Roy. Soc.
London A 171, 496 (1939)
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The experimental ionization energies were determined from the slopes of
the log R vs. 1/T and log p vs. 1/T curves. These are listed in Table 3.1 for
the various exposure periods. Aﬁ;is the ionization energy determined from the
slope of the log R vs. 1/T curve and Aep is that determined from the log p wvs.
1/T curve. These data are presented graphically in Fig. 3.4. Ac appears to
increase markedly during the first part of the exposure, and the rate of
increase diminishes with further bombardment until a maximum value is reached.
Further bombardment apparently causes a decrease in Ac, Aep seems to reach
this maximum later than AER. Unfortunately, after the third exposure the
resistance of the sample was so high that further measurements could not be
made with any degree of accuracy with the present equipment. This experiment

will be refined and repeated in more detail.

TABLE 3.1

Effect of Bombardment on Experimental
Ionization Energy of Cu20

EXPOSURE TIME Acp ,’ Ae
{min) (ev) (ev)
0 0.194 0.064
42 0.364 0.233
84 0,437 0.323
126 0.421 0.354

The difference between A%R and Aip (appr?ximately 0.13 ev) is considerably
larger than that used by Frohlich and Mott(?> {0.024 ev) to fit the data of
Engelhard.{3) OQur value is also larger than that of Angello(*’ (approximately
0.06 ev). This difference may be due to different heat treatments used 1ia
sample preparation. However, differences of this sort are quite common in
ionic semiconductor literature, indicating the very strong history dependence
of the properties of these materials. It might also be mentioned that several
other puzzling observations have been made in connection with ionization
energy determinations. In particular, there are many cases in which the Hall
coefficient curve shows a sudden decrease in slope toward low temperatures,
and this change is not reflected in the resistivity curve (also see reference
3 for similar information on slope changes).

(3) E. Englehard, “Elektrisches und optishces Verhalten von Halbleitern IXj’ Ann. Physik 17, 501 (1933).
(4) S. J. Angello, “Hall Effect and Conducztivity of Cuptoqg Oxide,’ Phys. Rev. 62, 371 (1942).
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ANNEALING OF RADIATION DAMAGE IN CUPROUS OXIDE

J. W. Cleland Ju G, Lige
J. H. Crawford, Jr. F. W. Young, Jr.

A simple annealing experiment was carried out on the sample used in the
above study. Hall coefficient and resistivity measurements were taken while
the sample was being heated (previously the sample temperature had not exceeded
30°C). After remaining at 130°C for about 20 min the sample was cooled to
room temperature, and a second series of measurements was made while gooling
to low temperatures. Finally, the sample was held at 120°C for 12 hr, and,
after cooling, a third series of Hall coefficient and resistivity measurements
was made. The Hall coefficients as a function of temperature for these
operations are shown in Fig. 3.5. The resistivity curves (not shown) are

quite similar to the Hall coefficient curves.

The i1nitial measurement of the Hall coefficient as a function of tempera-
ture is shown in Curve I, Fig. 3.5. A decrease 1n ionization energy with in-
creasing temperature was observed which may or may not be significant 1in
connection with the annealing process. Curve II, taken after heating to 130°C,
is displaced toward lower wvalues of R, indicating an increase in carrier con-
centration. This is the expected behavior 1f the annealing were a simple,
straightforward process. Curve III, however, taken after 12 hr at 120°C,
lies about halfway between Curve I and Curve II. This indicates a decrease in
carrier concentration over that existing when Curve II was taken. Con-
sequently the annealing of damage 1in Cu,0 might:be expected to be quite

complicated.

There appear to be small changes 1in /A accompanying the heat treatment,
but, owing to abrupt changes in slope toward low temperature in both Curves II
and III, which may or may not be real, 1t 1s difficult to determine the
values of A¢ sufficiently accurately to permit a significant comparison. This

experiment will be repeated in the near future.
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SILICON BOMBARDMENT EXPERIMENTS

J. W. Cleland J. H. Crawford, Jr.
K. Lark-Horovitz* J. C. Pigg

Recently it has been found desirable to obtain a quantitative correlation
between the incident integrated fast-neutron flux and the magnitude of changes
in electrical properties induced in silicon by fast-neutron bombardment in
order to make a comparison with similar changes in germanium, for which these
correlations have already been obtained. Almost no bombardment work on silicon
has been carried out since the early qualitative work of Johnson and Lark-
Horovitz.(5) These authors have found that the conductivity of both P- and N-
type silicon decreases monotonically with bombardment over the range of ex-
posures investigated (nvt approximately 10*8). The initial portion of ‘the
conductivity vs, bombardment curves for both types of material is linear, and,
consequently, if the original values of the Hall coefficient and resistivity
are known, the dgta can be analyzed to give the number of.éarﬁlers removed per
incident neutron in the same way in which this value was determined fqr

germanium, ¢ 6’

Of the early samples, there was only one whose original resistivity and
Hall coefficient were available. This sample, P-type si;icony was analyzed
and it was found that the change in carrier concentration per incident neutron,
d"h/d(nyt)fas:’ was -5.0, Recently an N-type silicon plate was exposed in the
pile, and analysis gives for dne/d(nv*)far: a value of -5.1. Thus the r?te of
removal of carriers is the same, within experimental error, for both P- and N-
type silicon. On the basis of these limited data it appears that electron and
hole traps of approximately equal efficiency are introduced in equal con-

centrations by fast-neutron bombardment

These results may be understood if it 1s assumed that vacancies act as
electron traps and interstitials act as hole traps. In the case of germanium
the electron traps are quite deep, lying in the forbidden energy band near the
top of the filled band where they may not only trap electrons in N-type
germanium but also act as acceptors in P-type germanium. The hole traps in

germanium, on the other hand, are quite shallow and are, therefore, relatively

*Consultant from Purdée University.
(5) g El Jo?nson and K. Lark-Horovitz, Neutron Irradiation of Semicenductors, NEPA 1178-1ER-23 (Oct.
0, 1949).
(6) J. H. Crawford, Jr., and K. Lark-Horovitz, “Fast Neutron Bombardment Effects in Germanium,” Phys.
Rev. 78, 815 (1950).
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inefficient. Thus in germanium under ordinary experimental conditions only
the effects of the electron traps are observed. Recently (see below) con-
clusive evidence has been found for the existence of hole traps in germanium.
In contrast to the situation in germanium, bombardment-produced hole and
electron traps are both quite deep in silicon, lying somewhere near the center
of the forbidden energy band. In this position these traps are very in-
efficient as acceptors and donors but are quite efficient for trapping carriers.
This difference between the relative efficiency of traps in germanium and
silicon is probably due to the larger forbidden energy gap and stronger binding

forces in the latter.

It is interesting to note that more traps, and therefore more atoms, are
displaced per incident neutron in silicon than in germanium (-5 for silicon as
cpmpared to -3.2 for N-type germanium). A difference in this direction is
expected because of the smaller mass of the silicon atom, provided that the
scattering cross-sections for fast neutrons are comparable for these two
materials. It should be pointed out, however, that inelastic energy losses of
knocked-on atoms, which are negligible in the case of germanium, may be

appreciable in the case of silicon.

Recently a number of high-resistivity (approximately 5 ohm-cm) silicon
samples, both P- and N-type, were obtained from Bell Laboratory. Consequently,

more extensive silicon bombardment experiments are being planned.

EVIDENCE FOR HOLE TRAPS IN GERMANIUM RESULTING FROM
FAST-NEUTRON BOMBARDMENT

J. W. Cleland J. Gy Rigg
J. H. Crawford, Jr. F. W. Young, Jr.

In the preceding section the behavior of the electrical properties of
silicon under fast-neutron bombardment was contrasted with that of germanium.
This difference in behavior is assumed to be due to the different relative
positions of the electron and hole traps in the forbidden energy band with
respect to the top of the filled band. In germanium the bombardment-produced
electron traps associated with lattice vacancies lie near the top of the
filled band, and, in the absence of electrons in the conduction band, these

may accept electrons from the filled band, thus producing holes. Hole traps
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assumed to be associated with interstipial atoms, known to exisé in bombarded
silicon, would also be expected in bombarded germanium. In germanium, however,
these hole traps are competing with acceptors (deep-lying electron traps),
and, since the acceptors are more effective under normal conditions, the
ability of the shallow hole traps to remove goles is overshadowed by the

production of holes by the acceptors.

Lehman{?} has examined the case for germanium in which both electron
traps and hole traps are introduced in equal numbers below the center of the
forbidden energy band. He finds that, when only electron traps or aéceptors
are introaucedg bombardment causes a lowering of the room temperature Fermi (
level into the filled band of states toward some limiting value of energy.
When, on the other hand, both hole and electron traps are introduced, bombard-
ment causes a lowering of { for N-type and moderate-resistivity P-type material
toward a limiting position approximately halfway between the positions of the
two types of traps. For P-type material of low resistivity, however, { which
initially lies below the limiting value would be expected to be raised toward
this value by bombardment. Such behavior would be accompanied by a decrease

in hole concentration and a corresponding decrease in conductivity.

In order to test this hypothesis a low-resistivity (0.003 ohm-cm) P-type
germanium plate was bombarded in a high fast-neutron flux region of the X-10
pile in a water-cooled hole. The conductivity was recorded automatically
using a Brown Electronik recorder and a constant current supply. The con-
ductivity decreased throughout the exposure. The results are shown in Fig.
3.6, in which the conductivity is plotted against the integrated fast-neutron
flux. This curve shows an initial linear decrease with later curvature,
indicating an approach to saturation. Analysis of the initial linear portion

of the curve gives for dn%/d(nvt)fast a value of -0.48.

The efficiency of a shallow trap for removing carriers is expected to be
markedly temperature-dependent, being the more efficient the lower the temper-
ature. On the other hand the efficiency of acceptors is expected to decrease
as the temperature decreases. Consequently, the effect of hole traps should
be more evident at low temperatures. Three P-type germanium samples, approxi-
mately 0.1 ohm-cm, packed in dry ice were exposed in the pile, and the con-

ductivity was followed throughout the duration of the dry ice (about 3 hr) and

(7) G. W, Lehman, “Fermi Levels in Semiconductors,” Phys. Rev. 81, Paper T6, p. 321 (1951).
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for a numbey of hours at pile ambient temperature (approximately 55°C). A
typical conductivity v¥s. exposure curve is shown in Fig. 3.7. At -78°C there
was a decrease in conductivity with bombardment at a rate corresponding to
dnh/d(rwt)f'“t = -1. After the sample warmed to ambient temperature, the
conductivity increased with bombardment. The results for the three samples

are given in Table 3.2.

TABLE 3.2

Change in Conductivity of P-Type Germanium on Bombardment

‘ | dny, fd(rwrt ) gy ¢ dny jd(nvt) . . AT PILE
SAMPLE n,° AT -78°C AT -78°C AMBIENT TEMPERATURE
1 4.0 x 106 -0.99 0.20 (55.5°C)
2 2.7 x 106 ~-1.12 0.40 (62.0°C)
3 4.9 x 10'S -1.03

The above experiments demonstrate conclusively the presence of hole traps
in germanium It should be possible by studying a series of samples of in-
creasing hole concentration at various exposure temperatures to determine the
positions of hole and electron traps in the germanium band scheme Such a

study will be carried out as soon as these samples are available.

CRYOSTAT FOR PILE IRRADIATIONS

R. P. Metcalf

The future location of the cryostat in the pile was not finally decided
antil April 5 It will be installed in the north end of hole 52. The Engi-
neering Department is working on those plans for the installation which could

not be drawn up until this decision was made.

Vhile the decision on the location of the cryostat was being awaited,

further adjustments were made to the automatic temperature controller for the

cryostat,
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From February 8 until April 5 it appeared that the cryostat would be in-
stalled in hole 50 of the pile. In this locatien there would have been
serious limitations on the thickness of external shielding which could be used
underneath the hole. A special arrangement of shielding to meet these require-
ments was worked out by C. Clifford of the Shielding Section of the Physics
Division. This shield and the experiments done in connection with its.developn

ment are being reported by the Shielding Section in a separate report.

The floor in front of hole 52 has been removed and support beams and
shielding have been added up to floor level. Material for shielding abpve

floor level has not yet arrived.
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4. RADIATION METALLURGY

INVESTIGATION OF HOMOGENEOUS DEFORMATION OF COPPER

W. E. Taylor G. T. Murray
F. M. Blacksher

The apparatus for homogeneous shearing of metal single crystals‘!’ is now
in use. After preliminary work to refine the experimental technique, samples
which have been exposed to fast-neutron flux will be deformed in order to

investigate the effect of radiation on simple shearing mechanisms.

Preliminary measurements of the stress-strain curve for a pure (99.999%)
copper single crystal have been made. The method of loading the specimen and
controlling its deformation is shown in Fig. 4.1. The system is similar in
principle to the apparatus developed by Rohm and Kochendorfer.¢(%?’ The sample
was oriented so that the slip plane was perpendicular to the plane of the
paper and the slip direction was in the plane of the paper. A dead-weight
load was applied bymeans of a cable attached to the lower crystal grip thfough
a pivoted ybke so that the shearing stress was a maximum in the seiected slip
system. Bending of the sample was prevented by means of tracks along which
the lower crystal grip moved. Ball bearings {(not shown) were mounted on the
crystal grip at points of contact with the guide tracks in order to reduce
errors due to friction, The measured frictional forces were small compared to
the applied loads. Strain was measured by following the motion of the lower

crystal grip with a transit.

The general -features of the deformation were similar to those reported
for aluminum by Rohm and Kochendorfer.‘?’ The critical shear stress (Fig. 4.2)
was about 65 g/mm?, considerably smaller than the critical shear stress of 100
g/mm? reported‘3’ for regular tension tests. In the stress-strain curve there
are two distinct linear regions having a much lower slope than is shown by
copper single crystals in pure temsion. This stress-strain curve can only be
taken as a qualitative indication of the deformation since there appeared to
be some bending near the crystal grips.
(1) W. E. Taylor, G. T. Murray, and F. M., Blacksher, “Apparatus for Fundamental Investigations, ”’

Physics of Solids Institate Quarterly Progress Report for Period Ending January 31, 1951,
ORNL-1025, p. 43 (July 17, 1951).

{2) V. F. Rohm and A. Kochendorfer, “Neue Ergebnisse Liber die Verfestigung bei der plastischen
. Verformung von Kristailen. 1. Schubverformung von langen Kristalle,’’ Z. Metallbunde 41, 265

(1950) .

(3) C. S. Barrett, Structure of Metals, McGraw-Hill, New York, 1943.
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An unsatisfactory feature of this method of loading is the existence of a
shear stress parallel to the surface of the sample. At the surface of the sam-
ple this stress cannot be supported.and there must consequently be complicated
deformations present in a layer near the surface. The existence of such
strains was verified by X-ray techniques. Back-reflection photographs of the
deformed crystal showed Laue spots which were considerably broadened and very
weak. The removal of a surface layer 0.009 in. thick by electropolishing
improved the appearance of the spots. and the removal of an additional 0,005

in., restored the spots to their original sharpness and relative intensities.

The results of this preliminary investigation have indicated that this
method of aﬁplying the load i1s not entirely satisfactory. Samples are now
being prepared which will be deformed by applying an axial load, with the
lower (movable) crystal grip constrained to move paralle! to the most favor-
able slip system. The use of a vertical load will eliminate the shearing
stresses parallel to the surface. The bending moment will be zero at the
beginning of the deformation and will gradually increase during the test, but
@ill be much smaller than in the previous method of loading. Constraint of
motion of the movable crystal grip should lead to homogeneous slip throughout

most of the gage length

ANNEALING OF RADIATION HARDENING OF COPPER AND COPPER ALLOYS

W. E. Taylor G. T. Murray
F. M. Blacksher

Isothermal annealing of radiation hardening of copper and 2 and 4 atom
% alloys of zinc. gallium. germanium, and arsenic in copper has been started
The samples were exposed in the X-10 reactor to an integrated fast-neutron
flux of 1.5 x 1018. Al]l the alloys suffered an increase of hardness of about
20 DPH numbers. ‘3.’

One sample of each alloy was annealed in a nitrate salt bath at 300°C.
Samples were quenched on removal from the bath during the early stages of
annealing, which introduced some spurious effects. The annealing has not been
completed for all samples, but sifficient data are available to indicate that

radiation hardening anneals more readily in the alloys than in pure copper.
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This effect increases as alloy content increases and also increases with in-
creasing atomic number of the alloying element. Annealing at this temperature
has not completely returned the samples to their original hardmess. but to
what extent this is due to gquenching of the samples is uncertain. The rela-
tive ease of annealing the alloys is attributed to the effect of alloying on
the self-diffusion coefficient of copper. The time required for cessation of

recovery at 300°C is given in Table 4.1.

TABLE 4.1

Time Reguired for Cessation of Recovery of Hardness in
Copper Alloys After Irradiation

AMOUNT OF ELEMENT ALLOYED WITH COPPER | TIME TO CESSATION OF RECOVERY
ALLOY {atom %) {sec)
Copper Still recovering at 10,000 sec
Copper zinc 2 Still recovering at 10,000 sec
Copper-zinc 4 7000
Copper-gallium 2 7000
Copper-galiium 4 2000
Copper-germanium 2 3500
Copper-germanium 4 1000
Copper-arsenic 2 100
Copper-arsenic 4 Less than 30
CREEP UNDER IRRADIATION
J. C. Wilson J. C. Zukas

W. W. Davis

Several successful in-pile cantilever creep tests have been run in the
OBNL reactor using the apparatus described in ORNL-919, p. 227. Type 347

stainless steel specimens stressed to a maximum fiber stress of approximately
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1700 psi at 1500°F were employed in all experiments. For a specimen with an
out-of-pile creep history of about 40 hr data taken over a period of about 200
hr in the X reactor indicate that the amount of creep strain is reduced by
bombardment. Creep of a virgin specimen under irradiation is characterized by

an apparent dimunition of so-called "primary creep.™

Figure 4.3 is the plot of the data from a test of a specimen with no
previous creep history. The specimen was brought to test conditions upon
insertion in the pile during a normal shutdown. A small discontinuity ap-
pearing in the curve a few hours from the origin corresponds to the time of
pile start-up. This is disucssed elsewhere in this report. After some 24
hr of operation the curve becomes a straight line well within the accuracy of
the strain measurements except for some slight departures occurring during
short pile shutdowns when the temperature of the measuring apparatus (but not
of the test specimen) departed from the control value. This in itself is
rather exceptional since bench runs under similar conditions show that the
creep rate is still diminishing after some 300 h: of testing. The arrow at
the upper portion of the curve indicates the start-up of the pile after a
12-hr shutdown. During the shutdcwn the creep rate was observed to be about
3% higher than during the previous 100 hr under neutron bombardment. A few
hours after the pile start up, indicated by the arrow, the creep rate. which
had started upward, leveled out at the rate for the previous 100 hr under
bombardment. Thus the transient portion of the creep appears to diminish
under irradiation, and. following an extended shutdown during which a slight
increase in rate is observed. an upward inflection is noted followed by a
resumption of the earlier rate under irradiation. Because of the difficulty
of obtaining reproducible results from different specimens the constant rate

established cannot be compared guantitatively with bench data.

Figure 4.4 shows the results of a test conducted on.ghe bench for 40 hr
prior to bombardment. The in-pile curve {of which only the first 40-hr
portion is shown) is displaced slightly on the time axis to prevent over-
lapping. The starting time of the pile is indicated by the lower arrow.
More correctly. the break im the curve at this point should be shown as an
abrupt increase in strain rather than being smoothed. After some 12 hr of

creep, 8 of them under irradiation. the creep rate is about 10% less than the
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terminal rate in the bench test. The effect of such an interruption of the
test as occurred above was studied in a similar specimen on the bench by
following the same cycle of creeping. cooling. and reheating; here the creep
rate 12 hr after the interruption had decreased just to the value before
interruption. (ualitatively, the reduction in creep rate with respect to time

appearea greater under irradiation than on the bench.

The abrupt increases in strain observed vpon inception of bombardment in
the accompanying plots have occurred on many occasions. Frequently a negative
aiscontinuity has also been noted when the pile was shut down. In an effort
tc ascertain whether instrumental disturbances were responsible for part or
all of these transients, a microformer with a locked core was placed in a
temperature controlled oven in the pile. The reactor was then operated at a
series of power levels up to 3500 kw (corresponding to a fast flux of about
4 x 10*°) in 500-kw steps. between which the power was reduced to zero. The
output voltage of the microformer was observed to be flux dependent in a
nonlinear manner; at somewhat less than maximum flux the voltage change
appeared to reach a saturation value corresponding to that which would result
from a core movement of about 0.0002 in. Although the leakage resistance of
the in-pile leads is dependent on pile power and cooling air conditions, the
change is not great enough to account for the phenomena observed. The possi-
bility of intrawinding leakage is now being investigated, as are the leakage

characteristics of several types of wires for in-pile service.

An experiment is being undertaken to determine if neutron bombardment
affects either length or magnetic permeability sufficiently to account for the
anomalous microformer noted above. Dead-weight-loaded creep tests at approxi-
mately the temperature of the LITR will also be undertaken. Type SR-4 bonded
strain gages will be used for extension measurements. These appear to be

fairly stable for short exposures in the ORNL reactor (see ORNL-865, p. 98).

Stress-corrosion apparatus for observing creep while the specimen is in
contact with static liguid metals or salts under irradiation is being built.
In view of the rather alarming effects of sodium on the creep behavior of 347
stainless steel, reported in NEPA-1720, a number of tests will be run on

hollow cantilever specimens containing the corroding fluid. This will permit
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metallographic comparison of the effect of the fluid on regions of different
stress (both tensile and compressive) which will be present in such a speci-
men, and thus should lead to early establishment of a relation between stress

and attack.

Metallographic examination of a specimen after 300 hr of cantilever créep
on the bench at 1500°F and a maximum stress of 1600 psi revealed a small
amount of an intepgranular precipitate as yet, bnidentified. Attempts are
being made to determine whether its formation 1is stress-depende;t, and speci-
mens are being subjected to prolonged heating to produce enough of the phase

for idertifization.

~ Possible means of inéprporating a creep test in the circulating-sodium:
loop in the LITR and the MTR are being studied. Two types of high-speed
proportioning controller with rate action have been received for use in the
temperature-control circuits of such an apparatus. An investigation is being
made of types of strain-measuring devices whose characteristics are such as to
permit their use in high gamma and neutron fluxes, where nuclear” heatlng is of
great importance. A m1n1ature mlcrofdwmer weighing less than 5 g is being
tested, and unbondéd type wire-resistance strain gages have been ordered for

trial.

RADIATION EFFECTS IN SUPERSATURATED SOLID SOLUTIONSI

W. E. Taylor G. T. Murray
F. M. .Blacksher

X-Ray Investigations. Previous investigations(*+5) of the effect of
radiation on supersaturated solid solutions suggest two explanations, (1) lo-
calized distortion due to atom di;placements and . (2) pre-precipitation due to
thermal spikes. Data are presented in this report to support the pre-precipiL
tation hypethesis. The work has been concerned primarily with the copper-
beryllium system. ‘In an effort to check the hypothesis that radiation induces
a nucleated condition in a solution-annealed alloy, X-ray line-broadening
measurements have been made employing the Geiger counter spectrometer method
of recording the diffracted beam. It was found that the line broadened
(4) D. S. Billington and S. Siegel, Effect of Nuciear Reactor Radiation on Metals, AECD-2810 (decl.

Mar. 22, 1950). :

(5) W. E. Taylor, G. T. Murray, and F. M. Blacksher, “Effect of Radiation on Pure Metals and Simple
Solid-Solution Alloys,”” ORBRNL-1025, op. cit., p. 41.
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considerably with a shift of the peak toward larger values of Bragg angle. 6.
This indicates a contraction of the lattice. 1.e.., a smalier e;. which would
occur if the amount of beryllium in solution were increased. The shape of the
(331) line before and after an exposure of 6.31 x 10*2® nvt is shown in Fig.
4.5. In Fig. 4.6 the change in the diffraction angle is plotted as a function
of the integrated f%ux. Since these specimens contained beryllium in excess
of that for complete solid solfution. a small amount of beta phase was detected
in the solution-annealed alloys. These experiments are being fepeated using
complete solid-solution specimens in order to exclude the excess beryllium as

a variable. .

Gunier-Preston zones due to thermal aging have been identified in copper-
beryllium alloys.(®’ Single crystal specimens of 0.005 in. thickness were
irradiated to determine whether these zones were induced by irradiation.
There was no evidence of streaks on the Laue photographs of such specimens
after an exposure of 2.44 x 10'% nvt This is being repeated &sing longer

o .
neutron exposure times

. Metallographic Investigation. Single-crystal specimens are being aged
after irradiation to determine the effect of radiation on the subseguent rate of
precipitation. Comparison of metallographic samples with resistance changes
indicated that the rateé is affected only im the submicroscopic stage of the

‘subsequent aging process

Comparison of Thermal Aging with "Irradiation Aging.™ Previously re-
ported data‘’) on the change of.resistance during irradiation indicates the
possibility of a low-temperature aging effect. This experiment has been
éepeated, giving attention to .the early stages of the process as shown in
Fig. 4.7. The comparison of the change in resistance'during irradiation with
that of thermal aging is shown in Fig. 4.8. The variation of the thermal
aging curves with temperature suggests the possibility that the effect 1is
similar te thermal aging at approximately 75°C. This could be considered as
an increase of precipitation rate due to irradiation, since the temperature
during irradiation is approximately 25°C. Apparatus is now being bench-tested -
which will permit measurements to be made of the precipitation rate at higher

temperatures during irradiation. In addition, a nonirradiated specimen 15

being aged at 75°C. .

(6) A. G. Guy, C. S. Barret, and R. F. Mehl,**Mechanism of Precipitation in Alloys of Berylliwm in
Copper,” Am. Inct. Mining. Met. Engrs., 175, 216 (1948).

(7) “Effect of Neutron Irradiation on Copper Allovs,” Metallurgy Division Quarterly Progress Repori
for Period Ending July 31, 1950, (RNE-827, p. 72 (Dec. 4, 1950j.
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Billington and Siegel report‘*’ that essentially all the changes in re-
sistance and hardness induced by irradiatioan in copper-beryllium alloys are
removed after 80 sec in a 660°F (349°C) salt bath. This supported the hypoth-
esis of localized aistortion rather than a precipitaticn induced by neutron
bombardment. However, aging of a sciution-annealed resistance specimen for
122 hr in a 125°C bath produced a resistance increase of 10.2%. This is tae
sumc order of magnitude as that produced during exposures of 2 x 10'® nvet. A
20-sec immersion at 325°C of the 125°C thermally aged specimen and the irradi-
ation-aged specimen changed the resistance of both to within 1% of their solu-
tion-annealed value. On further aging at 325°C the irraaiated specimen ap-

.
peared to age at a more rapid rate than the one pre-aged at 125°C. This will
be checkec using single-crystal specimens since the grain boundary eifect
hampers compariscn of thermal- and irradiation-aging phenomena, The possi-

bility of redissolving of nuclei also must be considered lere.

Billington and Siegel reported‘*’ that irradiation of copper-beryllium
specimens which were cold-worked from the solution-annealed state led tec a
smaller increase in resistance than in specimens that were only solution-an-
nealed. It has been generally accepted that cold-working accelerates the
subsequent aging process. The use of resistance measurements as, a measure of
aging may lead to confusion. It was found that on aging at low temperatures
the resistance of the solution-annealed specimen increased considerably faster
than the cold-worked solution-annealed specimen, as shown in Fig. 4.9. This
can be explained on the basis that recovery of the work hardening acts in
opposition to the resistance increase due to aging to give a net effect much
smaller than if no work hardening were introduced. t is supposed that
similar behavior would be found if hardness were used as a measure of the

aging process, although this has not been verified.

The results of these experiments support the hypothesis that the effect
of radiation on copper-beryllium is similar to that of low-temperature thermal
agihg, The increase in hardness of pure copper under irradiation indicates
that other mechanisms will be present. but will not be detected in resistance
measurements. When thermally aged samples are compared .with irradiation-a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>