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ABSTRACT: SevpraIl sets of permanent magnets, representative of
commercially important magnet materials, were irradiated at
Brookhaven National Laboratory and Argonne National Laboratory
to integrated neutron flux levels from 3 x 10"' to 4 x 100
epicadmium n/cm4 . In spite of this relatively high dose,
Alnicos II, V and XII showed negligible change in properties
whether irradiated at 600G, 235 0 C, or 325°C. Cunico I, though
affected, showed changes less than a threshold of radiation
damage of - ICF'. Cunife I and 3-1/2 Chromium Steel showed
slight improvements in properties. The Barium Ferrites,
Silmanal, 36 Cobalt Steel and others exceeded the 10% damage
threshold by various amounts which exteided up to severe
demagnetization. Differentiation between temperature and
radiation effects was accomplished by the use of control
magnets. and by the 600C irradiation. Limitations on the use
of Alnicos II, V, XII and Cunico I in combined heat and nuclear
radiation environments may be imposed by the higher vulnera-
bility of associated soft magnetic circuit components, eog.,
pole pieces of soft iron, to radiation damage and by high gamma
heating which can occur if a magnetic circuit must be used in a
sealed container (for protection from corrosion or other
reasons).

Of the two most widely used groups of permanent
magnets, the Alnicos exhibit the highest resistance to
radiation, while the barium ferrites show the least.
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The first irradiation experiment in this survey of the effects
of nuclear radiation on permanent magnets showed that none of
the materials tested were affected by the same amount of
radiation which caused some soft magnetic materials to
deteriorate. The initial permanent magnet results were
presented in NAVORD Report 6276 and the work on soft magnetic
materials in NAVORD Report 6127. This report gives the results
for the behavior of the same materials at -10, 100 and 1000
times the initial dose to which they were subjected. The work
was performed as part of a broad pro gam for developing
magnetic materials (Task No. RRMA-O2008/2121/R0O7_O01O01).

W. D. COLEMAN
Captain, USN
Commander

L. Ro MAXWELL
By direction
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RADIATION DAMAGE THRESHOLDS
FOR PERMANENT MAGNETS

INTRODUCT ION

1. What are the effects of nuclear radiation on permanent
magnet performance? To answer this question, a series of
experiments was performed to test a number of materials to
predetermined values of integrated neutron flux or until the
magnetic properties of most of the magnets showed major
degradation. However, materials such as Alnicos II, V and XII
showed little or no change in properties after high level
irradiation and, except for adverse temperature effects, Cunife
I and 3-1/2 Chromium Steel showed a slight tendency toward
improvement. Eleven miaterials in all were subjected to
irradiations up to 5 x 10' epicadmium nvt at maximum tempera-
tures of 60, 235 an•d 3250C. Two materials showed changes of
the order of a ± 10. threshold of radiation damage, Cunife I
and Cunico I. The two Barium Ferrites (oriented and unoriented)
Platinun Cobalt, 36 Cobalt Steel and Silmanal showed severe
property degradations.

2. In the first of these experiments the total integrated
epicadmium flux (n/cm2 or nvt) reached was only about 3 x 10171.
None of the thirteen materials irradiated were affected by this
relatively low dose. This was not an unexpected result since
previous work 2 with soft magnetic materials revealed a rough
rule of thumb measure that materials having coercive forces
less than 0.5 oersted tended to be degraded by iriadiation to
this level, whereas those having coercive forces greater than
0.5 oersted were not affected. Permanent magnet coercive forces
lie between 50 and 4500 oersteds (see Fig. 1). Subsequent
irradiations of -i0'8, 1O0' and 1020 nvt were performed until
some of the magnets not only crossed the threshold of damage
but were in some cases severely demagnetized.

3. The initial experiment with permanent magnets to 3 x 10"'
nvt was performed at the Brookhaven National Laboratory.
(NOTE: Unless otherwise specified, all values of integrated

flux are for epicadmium neutrons (neutrons whose energies
>' .4 ev)). All succeeding experiments were performed in the
CP-5 reactor at Argonne National Laboratory (ANL). Since this
work was of interest to the Reactor Engineering DJ-iision at
Argonne, the experiment was conducted as a joint effoct by the
U. S. Naval Ordnance Laboratory and the Argonne National
Laboratory. Projected applications by ANL included the use of
permanent magnets as components of electromagnetic flowmeters
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immersed in the coolant of a reactor in high nuclear radiation
fields for extended periods of time. ANL provided the
facilities such as space in CP-5, the use of hot cells,
temperature monitoring equipment, and dosimetry fabrication
and evaluation, while NOL conducted the experiments on the
permanent magnets.

EXPER IMENTAL

4. Because reactor space available is limited, the number of
permanent magnet materials to be tested in this survey was
restricted to a representative group of thirteen materials.
Figure 1 lists these materials and shows their nominal demag-
netization curves. Table I gives additional information. Two
materials, the ElongaLed Single Domain (ESD) magnets, were
eliminated after reaching the 10"' nvt level because one of
them had completely disintegrated into a powder sometime before
this value had been reached and had clung to the other test
specimens. This disintegration was probably due to the melting
of the lead alloy matrix under high temnerntiuro, The- Pljati
Cobalt magnet was eliminated from the normal temperature
experiment due to lack of space.

5. In order to be able to differentiate between radiation
induced changes and changes caused by high temperatures,
duplicate sets of magnets were used as controls. Temperature
levels and temperature drops (which occurred at reactor shut-
downs) encountered by the in-pile test magnets were simulated
for the control magnets in ovens. To further insure that the
test and control assemblies had the same treatment, both sets
of mra '-nets for each experiment were, wherever practicable,
stabilized, tested and handled in the same manner and at the
same time. They were also packaged in identically designed
containers. Most of the containers were approximately 12" long
by 1.25" in diameter. These dimensions were dictated by the
geometry of the CP-5 holes available and by the necessity for
minimizing the length of container monitored by a single set of
dosimeters.

6. The buildup of temperature by gamma. heating to high values
in the can type of container shown in Fig. 2A was prevented in
the normal temperature experiment by the use of the tube type
of assembly shown in Fig. 2B. (The gamma flux was estimated to
be appreciably greater than 1O7 roentgens per hour). The
magnets and their aluminum spacers fitted closely enough in the
tubes of this assembly so that adequate cooling was effected
but not so closely that they could not be removed without
forcing. A non-magnetic stainless steel spring in each tube
provided positive contact of the magnets with the assembly both

2
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at the ends of the tube and, to some extent, along the Length.
The magnets were aligned with the north poles in the same
direction.

7. In-pile temperatures were recorded continuously on a strip
chart. The sensing elements were chromel alumel thermocouples
inserted in holes in dunmy samples of type 304 (non-magnetic)
stainless steel. A set of three dosimeters was included in
each container and in the last three experiments (at - 1iOo nvt)
two such sets were included. The three dosimeters per set
included a cobalt aluminum foil or wire for monitoring the
thermal flux, a second Co-Al wire in a cadmium jacket for the
epicadmiun flux, and an aluiintun sulphate pellet for the
neutrons having energies greater than 2.9 Mev. 3 ' 4 '5

8. No in-pile magnetic measurements were made because existing
measurement techniques and presently available in-pile space
are incompatible with such measurements. Because of the high
induced activities, in these magnets, all post-irradiation
measurements were made in hot cells. All of the magnetic
properties measured were made with specially dsigi1ed search
coils6 which allowed data to be taken by remote handling in
the hot cell. Since pre- and post-irradiation measurements
were made with the same or identical search coils, leakage
flux errors as high as ± 270 were eliminated.

9. For nyst of the magnets only one property was measured,
the open magnetic circuit induction (BOMC). BOMC is the
operating induction value of the magnet under open circuit
conditions, It is represented by a point on the demagnetization

curve or within it. For a given material, it depends on the
shape and dimensions of the magnet, as well as on the geometry
and material of thc entire magnetic circuit. Each magnet had
that length to diameter (L/D) ratio which fixed its initial
operating point at or above the knee of the demagnetization
curve. This insured operation of the magnet at an optimum
point for open circuit conditions, Experimental work at the
1017 and 10 ' nvt levels included an additional set of magnets
which was used for the closed magnetic circuit tests in which
demagnetization curves were obtained.

RESULTS AND DISCUSSION

Irradiation to 5 x 1020 nvvt s Less Than 10%

10. Three sets of magnets were irradiated to a total integrated
flux of about 4 x lO nvt, one at a normal temperature of 600C
+ 100C, one at an intermediate temperature of 230 0 C J 200C,
and one at a high temperature of 330 0 C ± 201C. The results of

3
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these three experiments are shown in Table II and Fig. 3.
There are two main groupings of the results. The first group
includes those magnets which were unaffected by this high value
of integrated flux or at the least showed radiation damage of
less than an arbitrarily chosen threshold change of l0%o. The
second group consisLs of those materials in which changes
greater than this 10% threshold occurred.

11, Alnico II, Alnico V, Alnico XII and Cunico I belong to
the first group. The first two showed negligible changes in
properties to within an experimental error of ± 2%. The
Alnico XII magnet irradiated at a normal temperature showed a
-6.5% change which is still considerably below the 10% threshold
of damage. The three Cunico I samples approached the 10%
threshold value. For Cunico I comparison of the results (see
Table TI or Fig. 3) for each of the three test magnets with its
control reveals that the change produced was due to irradiation.
The average of the differences between percentage changes of
the test and control magnets is about -7% (Note the similarity
in behavior of this material and 36 Cobalt Steel, particularly
with reference to the analysis on*36 Cobalt Steel in t-he next
seCtiuLI).

Irradiation to 5 x 1 0 "0 nvt, Changes Greater Than 10%

12. The three irradiated 36 Cobalt Steel magnets showed
changes of -37, -37.5 and -34.5% in BOMC at normal, intermediate
and high temperatures respectively. The changes in the three
corresponding control magnets were -1, -20.5, and -22%. An
analysis of the demagnetizing effects of nuclear radiation and
temperature on BOMC for this material is ill-ustrated with the
aid of Fig. 4.

13. The nominal operating point for each of the six magnets
after magnetization and stabilization was point A. If we
consider the high temperature control sample alone, heating to
3250C may be considered equivalent to a fictitious demag-
netizing field of magnitude - 6HT. This field causes a shift
in the operating point from A down the curve to C. At the first
simulated reactor shutdown, the drop in temperature, i.e., the
removal of the equivalent demagnetizing field, - AHT will cause
the point to move along the idealized minor loop CD until it
intersects the load line AO at A'. With succeeding rises and
drops in temperature the point commutes between C and A'. Its
final position at the end of the temperLture simulation period
.is A . The net change in BOMC caused bv temperature alone is
A BT. For the control sample run at 2350C the same analysis
holds with the exception that ABT would be smaller.

14. For the irradiated sample at 3250C the same temperature
induced change, ABT, o-urs initially since the first reactor

4
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shutdown takes place within one or two days after irradiation
begins. However, the cumulative effect of sixteen weeks of
neutron bombardment causes the operating point to move from
A through C to C'. The net change in BOMC (ABI - 34.5%) can
be considered as resulting from a fictitious demagnetizing
field -,&HI which is the equivalent of the demagnetization
influence of irradiation. This field -AHI may be considered
as being permanently applied since the effects of irradiation
are cumulative whereas those of temperature are partly rever-
sible, i.e., BOMC moves from C to A once the equivalent field
- AHT is removed. It does not move up a similar minor loop
parallel to CA' since the fictitious field cannot be removed
upon cessation of irradiation except perhaps by remagnetization
of the magnet in which case temperature effects could also be
erased (provided that no irreversible metallurgical changes
had occurred in either case). For the magnet irradiated at
235°C the same equivalent demagnetizing field - 4HI gives rise
to approximately the sameABI (-37.5-°).

15. &B in Fig. 4 merely indicates the difference between
irradiation and temperature effects. That 6BI is actually the
magnitude of the change produced by irradiation becomes evident
when the results for the two magnets subjected to temperatures
of only 600C are examined (see Fig. 3). The control magnet
showed a negligible change indicating no effects due to
temperature. Its operating point remains at A. However, the
change in the test magnet of 6B = 37% was due entirely to
irradiation. This corresponds to the application of an
effective, permanent fielq -AHT which caused the operating
point to move from A to C . The radiation induced change in
BOMC occurred independently of the presence of temperature.
The fact t"h' various demagnietizing influences can operate
independently of each other makes it possible to stabilize a
magnet against any changes which are smaller than the change
caused by the stabilization process itself. This analysis
indicates therefore that this material may be amenable to
stabilization such that it would not be affected by irradiation
to the nvt's achieved in spite of the large changes in BOMC
which actually occurred.

16. An alternative method of illustrating the change in 36
Cobalt Steel is to consider the operating point BOMC as
remaining always on the load line. Since the load line is a
function only of the geometry of the magnet it does not change.
Therefore, the demagnetization curve must change with tempera-
turre or irradiation. Its change in shape is unspecified.
However, its intersection with the load line marks the position
of BOMC and thus the net change A BI or & BT. As before the
changes due to temperature and irradiation are independent of
each other; the larger of the two changes masks out the presence
of the other.

5
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17. The oriented and unoriented Barium Ferrite magnets are
identical in composition but have marked differences in
magnetic properties (Fig. 1). However, both were affected to
the same extent by irradiation. For approximately the same
integrated fluxes the changes in the magnets irradiated at
normal temperatures were -63% and -54.5% respectively; but at
intermediate and high temperatures the percentage changes werep
for both materials, within a range of -23 ± 2%. At the inter-
mediate temperature (-235 0 C) the two ferrite controls showed no
changes. This is to be expected since normally they can with-
stand temperatures up to 4500 C without appreciable changes. The
high temperature controls exhibited peculiar behavior, however,
They were completely degraded by prolonged heating at the 3250C
temperature. It should be pointed out that both the irradiated
samples and their controls were not: only subjected to the above
temperatures but also to periodic drops in temperature which
followed reactor shutdowns (for the controls quenching in air
by abrupt removal from the oven simulated the reactor tempera-
ture drop). These thermal shocks may have caused the deteriora-
tion in the high temperature controls. No explanation has
suggested itseIf for the const;Aney of tle -23y values (see
Fig. 3), for the irradiated magnets at intermediate and high
temperatures as compared to the lack of change in the controls
at the intermediate temperature and the almost complete
degradation for the controls at the high temperatures.

18. Although no Platinum Cobalt magnet was irradiated at a
normal temperature there is some evidence of radiation damage
in this material (Fig. 3). Based on the analysis for 36 Cobalt
Steel the damage should be at least as great under normal
temperature irradiation as that which occurred at the elevated
temperatures. The control magnet at 3250C showed anomalous
behavior similar to that of the Barium Ferrite controls at this
temperature. Actually all eleven of these controls were checked
after only two weeks of the simulation of the in-pile tempera-
tures. All but one (3-1/2 Chromium Steel, -13.7% change) showed
negligible or slight effects, e.g., Platinum Cobalt -4.6%,
Silmanal -3.2%, the ferrites -- I%. However, at the end of the
16-week simulation of reactor temperatures, all but Cunico I
and the three Alnico magnets showed major changes in BOMC (see
columns 8, 9, Table II and Fig. 3). This was not unexpected
for 3-1/2 Chromium Steel or Silmanal which are affected by
temperatures above 1200 (Table I) and 2350 C, respectively.
But materials such as the ferrites and Cunife are not
appreciably affected at temperatures below 4500C. The presence
of thermal shocks was probably a factor in causing the
degradation which occurred in some of the magnets.

19. Silmanal is normally annealed by a slow bake at about
2500 C. Therefore, the high temperature alone, which peaked at

6
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3250C, caused an almost complete loss of magnetization in both
the test and control magnets. However, at a mtore normal
temperature of operation (- 600C) there was a change in BOMC of
-53% due almo.st wholly to radiation damage. The magnets at
2350C showed opposing trends. The test magnet was adversely
affected by radiation; the control magnet was helped by the
simulated reactor temperature. But, since none of the Silmanal
magnets had been given an optimum heat treatment initially,
this control magnet had been improved only because of a
fortuitous heat treatment which occurred during the in-pile
temperature simulation. The test magnet did not show improve-
ment becadse of the large radiation damage effect.

Irradiation to 5 x 1020 nvt. Possible Improvement in Properties

20. For high level irradiation at a normal temperature, 3-1/2
Chromium Steel showed a slight improvement in BOMC of 2,4%.
Ordinarily a percentage change of this magnitude would not be
significant. However, this material has the lowest coercive
force (Fig. i) of all the materials tested and proved to be
the mrst easily affected by demagnetizing influences. The
positive percentage change, which ran counter to the expected.
tendency to demagnetize, may have been even larger than that
shown in Fig. 3. However, this magnet had become jammed in its
close-fitting aluminum jacket and had to be subjected to the
demagnetizing effect of being forcibly punched out before its
BOMC value could be measured. The effect of intermediate
temperature irradiation on chromium steel was about the same
as that of temperature alone on the control magnet, and this
was expected since this material is permanently affected by
temperatures above 120 0 C. It is significant though, that the
radiation induced change was smaller than the change produced
by temperature alone (-687. as compared with -79%). The
additional fact of a sizeable increase in BOMC at the high
temperature irradiation corroborates this tendency for 3-1/2
Chromium Steel to improve with radiation (see Fig. 3). But the
magnitude of the percentage increase is somewhat misleading.
Because a preliminary dry run had indicated an in-pile
temperature of about 325oC, the two sets of test and control
magnets of this experiment were temperature cycled (stabilized)
at this temperature. The magnetic induction, BOMC, for both
the test and control specimens therefore decreased from
initially optimum values by -89% and -79% respectively. The
subsequent irradiation induced increase of 67% in the test
magnet yielded a value of BOMC which was still 82% below its
initial optimum value.

21. At high temperatures (•- 3250C) the Cunife I magndt was
almost completely degraded by temperature alone since the test
and control magnets showed the same decrease in BOMC. At the
intermediate temperature there was some evidence of a radiation

7
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induced change greater than that caused by temperature alone.
At a normal temperature the control sample was essentially
unaffected but the test magnet showed a 13% increase, Its
final BbMC value was, in fact, 3% higher than the initial
optimum value for this sample, This magnet also had to be
forcibly ejected from its jaqket, which treatment would tend
to demagnetize it,

Stability of Changes

22. In order to determine whether or not the changes caused by
irradiation were stable, the two sets of magnets irradiated to
-102 nvt at elevated temperatures were retested 4-1/2 mionths
after irradiation. As a check, the control sets were also
retested four months after their temperature run. The data are
shown in Table III. Most of the magnets maintained, within the
experimental error, their immediate post-irradiation values.
The 36 Cobalt Steel of one set (see column I of Fig. 3) was a
notable exception. However, because of the intense gamma
radiation resulting from the induced activity in the irradiated
magnets the wooden containers it which they were stored broke
down in places allowing some of the magnets to move closer
together. The 36 Cobalt Steel was in tandem with the Alnico V
and its drop in BoC... may have been due to the demagnetizing
incluence of the latter. Moreover, the control magnet of the
second set (see 36 Cobalt Steel, column 4, Table ITI) showed
considerably deterioration after four months of storage. Thus,
the post-irradiation changes in both cases may be due to an
instability inherent in magnets which have undergone major
changes in BOMC 9 .

23, Th w•,c 3.I/2?/ Chromi-. Steel test magnets changed by
appreciable amounts, 4 13, -18%. The controls changed also,
although to a lesser extent. These changes are probably not
significant since the BOMGvalues from which the changes
occurred are only about 2M. of what they would be for normally
optimum values9•

Effects of 3 x 10" and 2 x 10"8 nvt on Demagnetization Curves

24. Initially, two sets of thirteen magnets were irradiated in
the Brookhaven National Laboratoiv Reactor to 3 x 10'' nvt
epicadmium. Both sets were then shipped to Argonne National
Laboratory where they were irradiated a second time but in
separate holes of the CP-5 reactor. The set used for demag-
netization curve determinations was ýrradiated in hole VT--9
at a temperature of 500°C ± 20; the second set for the measure-
ment oZ open magnetic circu.u% induction, BOMC, was irradiated
simultaneously iv hole VT-5 at 3000C 4 20. The integrated flux
for each set was about 2. 1015 ivt.

8
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25. No changes due to neutron irradiation were detectable in
the demagnetization curves for the experiment at 3 x 1017 nvtl.
At 2 x 1018 nvt the differences in the before and after demag-
curves for eight of the irradiated magnets were the same as the
before and after curves for the corresponding controls (e.g.,
see the curves for Alnico V and Alnico XII in Figs. 5, 9 and O
The magnets which were not affected included the Alnicos II, V,
XII, Cunife I, Cunico I, Platinum Cobalt and the Barium Ferrites
(oriented and unoriented).

26. Of the remaining five of this set of thirteen the ESD,
Fine Iron and Fine Iron-Cobalt irradiated magnets MFigs. 7 and
8) showed changes smaller than those that occurred in their
controls (Figs. 9 and 10); the 36 Cobalt Steel (Fig. 5), 3-1/2
Chromium Steel (Fig. 7) and Silmanal irradiated magnets showed
changes which were larger than those of their controls (Figs. 9
and 1O). The disparity in behavior bctec=n test and control
magnets is probably due, primarily, to temperature differences
in the test magnets which are not reflected in the value of
5000 C ± 20 quoted above. This quantity represents the tempera-
ture monitored at one point in the assembly (± 20 shows the
range of variatioai in temperature caused by variation in-pile
power, etc., and not the experimental error). Thc amount of
gamma heating which can occur in a material is a function of
itb geometry, thermal conductivity, area of contact with the
assembly in which it is mounted, etc. Therefore, the tempera-
tures of some of the irradiated magnets may have exceeded 520 0 C
or fallen below 4800C by substantial amounts. In contrast, the
controls were uniformly heated in an oven and experienced the
same temperatures to within a fraction of a degree.

27. One other consideration confirms the conclusion that the
influence of temperature was largely responsible for the
changes in the demagnetization curves. The chan§es in BOMC of
the magnets irradiated simultaneously to 2 x 101 nvt (but at
the lower temperature of 310°C) together with the above set were
due to temperature. Of the five materials which showed such
pronounced differences between the test and control magnet
demagnetization curves the two ESD materials showed negligible
changes in BOMC for both test and control magnets; changes in
BOMC for the Silmanal, 3-1/2 Chromium Steel and 36 Cobalt Steel
irradiated magnets were the same as or less than those which
occurred in the control magnets.

28. The set of magnets used for determining changes in the
properties of the demagnetization curves was not irradiated
further because temperature alone had caused large irreversible
changes in five of the materials..

9
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Effects on BONC, 3 x 10"7 nvt (900C)

29. None of the magnets tested gave any indication of the
presence of radiation damage greater than an estimated
experimental error of ± 2%. This together with the results for
the demagnetization curves determined at this level sets a
limit of about 3 x 10"7 nvt below which one should not expect
to find any radiation damage.

Effects on BOMC, 2 x 1018 nvt, (3100C 1 5)

30. Alnicos 'I and XII, Cunico T, 36 Cobalt Steel, Platinum.
Cobalt, Silmanal and the ESD magnets, Fine Iron and Fine Iron-
Cobalt were not affected by irradiation to this level.

31. Two Barium Ferrite magnets showed changes of -3% in BOMC.
This is close to the : 2% experimental error but is considered
significant because Lhis material has exceptional stability
even at elevated temperatures (compare percentage changes with
those of the corresponding controls in Tables II and IV and
Fig. 13).

32. BOmC for Alnico V decreased by 9%. This change is not
considered typical in the light of all the data obtained for,
this material. At higher doses of integrated flux no radiation
damage effects were observed.

33. The large changes in properties in Cunife I and 3-1/2
Chromium Steel were caused by the high temperatures. In fact,
the changes in the controls were larger than those in the test
magnets ýFig. 12). This is consistent with the tendency
towarJ improvement in BOMC which was mentioned in the section
describing the irradiation experiments at ,-,O2o nvt (Fig. 3).

Effects of 3 x lO• nvt on BOMC, (2500C ± 20)

34. The following magnets were not affected by this irradia-
tion: Alnicos II, V, XII, Cunico I, Platinum Cobalt, Cunife I,
3-1/2 Chromium Steel, ESD Fine Iron and Silmanal.

35. Materials such as Cun.fe I, 3-1/2 Chromitn Steel and
Platinum Cobalt - both test magnets and controls - w01ere
affected by the temperature. of 3100 in the previous irradiation
and yet were not affected by the 2500 temperature of this
irradiation. The explanation for this is that the temperattrre-
induced decreases in BOMC stabilized these magnets to any
succeeding temperature excursions whose peaks were less than
3100C. By contrast, the previously unaffected 36 Cobalt Steel
magnet changed by -- 9%, Its controls did not change, thus
indicating that the test magnet approached the threshold of
radiation damage.

IO'-
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36. The ESD Fine Iron-Cobalt test sample disintegrated
completely, probably due to the melting of the lead alloy
matrix. Its controls also showed signs of deterioration, i.e.,
corrosion and swelling (difficulty was experienced in placing
the search coil oi- rhe controls).

37. The two Barium Ferrites both showed near-threshold changes
of _8,. At the highest intregrated fluxes of these experiments,
5 x 102 nvt, the high temperature magnets showed changes of

22-.22 -The progressive damage with integrated flux occurs
over three orders of magnitude in nvt - 1017 to lO-. This is
in s harp contrast to the effects of radiation on a typical soft
magnetic material such as Supermalloy for which order of magni-
tude changes occurred in some properties for a change in nvt- of
only a factor of 2.

CONCLUS IONS

Results up to 5 x 1020 Epicad nvt

38. Alnico II, Alnico V and Alnico XII are not affected by
nuclear radiation up to ý-5 x 102 epicad nvt (and -• 2 x 10'9
nvt for neutrons with energies :2,9 Mev) at temperatures ranging
from 950c to 3250C.

39. Cunife I, Cunico I and 3-1/2 Chromium Steel should be
operable at this level since they showed less than threshold of
damage changes. Proper stabilization techniques could reduce
expected radiation induced changes to negligible amounts.
These materials would have to operate at temperatures of about
70 0 C or less to minimize changes due to gamma heating. Tenzer'
has shown that Alnico V can withstand temperatures of 5500C for
one thousand hours with little or no change in remanence (BOMC),.
The Alnico m.gnets in this experiment showed no changes in the
demagnetization curves for irradiation to 2 x 1018 nvt at 5000C
(although no BOMC measurements were made at this temperature).
This suggests the possibility of stabilizing Alnico V, II and
other materials to withstand not only high temperatures but
still higher integrated fluxes than were achieved or an
environment combining both.

40. The Barium Ferrite magnets withstand irradiation to these
levels better if the temperatures are about 235 to 3250C than
they' do at a normal temperature of operation. Proper stabili-
zati.on could reduce irradiation induced changes or, perhaps,
eliminate them.

41. It is questionable whether stabilization techniques would
compensate for the larse changes which occurred in Platinum
Cobalt, 36 Cobalt SteeL, and Silmanal since large knockdowns
of the order of -35% by stabilization may result in subsequent
erratic behavior'.

Ii
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Results at 3 x 1017 to 3 x iOCY nvt

42. None of the ma-onets were affected by nuclear radiation of
10'• nvt (at 906C). Most were unaffected by che 2 r 1018

nvt irradiation; only three showed changes not attributable to
temperature. The change in Alnico V. -9%, is probably not:
representative. The changes in the Barium Ferrites,-.-3%, are
tolerable or can be eliminated by stabilization. The results
for the demagnetization curves at 3 x l0'" nvt were not clear
cut for five of the materials because of the high temperatures
which were present. The differences between the curves of the
test and control magnets were attributable to temperature
effects.

43. BOMC for ten of the materials remained unaffected by
irradiation to 3 x 10'" nvt. The 36 Cobalt Steel and the
oriented and unoriented Barium Ferrites approached but did not
exceed the threshold of radiation damage. They would therefore
be amenable to stabilization treatment to minimize changes
caused by irradiation.

General

44. Various limitations precluded the performance of experi-
ments in which adequate statistical results could be achieved.
Nevertheless, a small measure of statistical success was
attained. The three Alnico materials, for example, although
somewhat different in composition, gave essentially the same
results under six different irradiations (two for demagneti-
zation curve determinations, four for BOMC measurements). The
two Bariunm Ferrite materials - identical in composition -
likewise showed the same chan~oes after several irradiations.
These experiments moreover, provide boundaries for further work
in this field. Irradiation to integrated fluxes lower than
3 x 1017 epicadmium would not be rewarding (excluding perhaps
experiments which would reach this value by means of very high
pulses of flux of very short duration). Future work on those
materials which were unaffected could be started at the 1020
nvt level and pursued until the damage threshold was attained
and exceeded. Another experiment of interest would be to
irradiate permanent magnets in the presence of intense magnetic
fields to see whether their nominal magnetic properties could be
improved. Prerequisites of this work would include ample in-
pile space for the equipment which produces the magnetic field
and the necessity that such equipment would itself be resistant
to radiation damage.

45. Two other factors must be considered with reference to the
behavior of permanent magnets in radiation fields. First,
adequate cooling must be taken into account even for materials

12
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like the Alnicos which operate successfully in combined environ-
ments. The temperature equilibrium in a sealed container, which
is inadequately cooled could exceed the Curie temperature of a
magnet, this would result in its comnlete demagnetization.
Second, the soft magnetic materials (high permeability materials)
used in conjunction with permanent magnets in magnetic circuits
may be more susceptible to radiation damage than the magnets
themselves. Although previous work 6 has shown that Bmax .see
Fig. 5) the saturation induction, of soft magnetic materials
is not affected at 3 x 10i7 epicad n/cm2 , not enough is known
about how this property may be affected at the integrated
fluxes of -5 x 10 epicad n/cm2 achieved in these experiments.

46. The following relations between changes due to tempera-
ture and radiation have been observed in these experiments
(assuming thermal shocks are not of primary importance)..

a. Radiation effects are independent of temperature
effects, e.g., in 36 Cobalt Steel and Cunico I.

b. The presence of high temperatures during irradiation
counteracts to some extent the effects of radiation, e.g.,
Alnico XII, both Barium Ferrites.

c. Irradiation effects counteract temperature induced
changes: 3-1/2 Chromium Steel. Also, possibly, Cunife I and
Barium Ferrites.

47. Alnicos II and V were not affected at the integrated
fluxes achieved. Other materials for various reasons showed
no conclusive trend.

48. Calculations of the formation, by transmutation, of
isotopes which would act as impurities in the magnets show that
this is a negligible factor contributing to radiation damage.
The primary factor is that of physical damage to the lattice
structure by the more conventional damage mechanisms.
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TABLE II1. IRRADIATED (-1O20 nvt) AND CONTROL MAGNETS
AT ELEVATED TEMPERATNURES: T'YVJ OF OPEN

MAGNrETIC CIRCUIT INDUCTION 4-1/2 MONTHS AFTER EVENTS

PFIRcENT CHANCR IN B^.C

1_ 2350C -- '325 0 C

MateriaL Sample Control Samplel Control

ALNICO TI A <+.5 -. 5 4. 5 <+.5

ALNICO V C -4 -1.5 -- 5
ALNICO XII -. 5 -i -. 5 -6.5

UCOI <+C5 1-.5 +.5 <+.5

CUNIFEI +.5 -. 5 +13* +3

3-1/2 CHROMIUM -8* -83
EEL -3

,6 COBT•I,
STEEL -46 -1.5 -3 -28

PLATINUM
COBALT -. 5 +2.5 -9.5

SILMANAL -1.5 +25.5t -50* -. 7

BARIUM FERRITE
(ORIENTED) -. 5 -. 5 -. 5 -1.7

B.ARI!UM. FEPRT? Tr -M'' . -(UNORIENTED)I +2

nvt, epicadmium 2 x 102- 5 x 1020

Temperature 0 C 23-235 -325 -325

* BOMC so reduced by previous events (irradiation or heating)
that these large changes are the result of inherent in-
stability of open magnetic circuit induction at low levels.

t Improvement due to heating at temperatu27e 6f annealing.
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