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a

ABSTRACT

Alternative manufacturing methods, processes, and techniques for
fabrication of cobalt-samarium magnets have been evaluated.

A pre-production pilot line capable of producing cobalt-samarium magnets
has been established.

The properties of magnets produced on this pre-production pilot line
exceed: (BH)pax 15 MGOe, B, 8.2 kG, H, -6.5 kOe, Hj (at B/H = -1/2)
-5.0 kOe, and the irreversible loss {at B/H = -1/2) on exposure to 150°C
less than 104.

The cost of magnets produced on this pre-producticn pilot line was
approximately one fourth the cost the same size magnet would be if fabricated
from cobalt-platinum,

JUREr,

Magnets produced on this pilot line have been used to successfully
fabricate five traveling wave tubes.

CYOAAH

The performance of these tubes indicates that cobalt-samarium magnets
are suitable for fabrication of traveling wave tubes; and, in fact, that they
will aliow further advances in the state-of-the-art in the design of such tubes.
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SECTION I

INTROCDUCTION

The specific objective of this program is to establish manufacturing
methods, processes, techniques, and special equipment for fabrication of
cobalt-samarium magnets in production quantities. Although various re-
search studies at the General Electric Research and Develcpment Center
have shown geveral procedures suitable for fabrication of high performance
magnets, the one selected for further work on this manufacturing methods
program is the procedure based on liquid-phase sintering of samarium-rich
CosSm to a closed pore structure. A copy of the paper, "Cobalt-Samarium
Permanent Magnets Prepared by Liquid Phase Sintering"‘ 1) outlining this
approach, is included as the next section of this report.

The manufacturing methods nrogram has proceeded as follows. Alter-
native unit operations which couid be used for each step of the fabrication
sequence have been evaluated during Phase I--Analysis. Traveling wave
tube, and magnet dimensions and performance characteristics have aiso been
established during this phase. Final reports for this phase are included in
the section entitled Phase I--Analysis.

Processes and techniques for use in the pilot line have been selected and
are discussed in the . ection entitled Phase II--Determination of Manufacturing
Process.

A pre-production pilet line has been established and is discussed in the
sections entitled Phase III (Part 1)--Pre-production Pilot Line: Powder and
Phase III (Part 2)--Pre-production Pilot Line: Magnets.

Traveling wave tubes have been fabricated and evaluated. These are
discussed in the section entitled Phase IV--Microwave Device Application of
CosSm Magnets.

1. M.G. Benz and D. L. Martin, Appl. Phys. Letters 17, 176 (1970).




SECTION TII

PREPRINT: M.G. Benz and D.L. Martin, Appl. Phys.
Letters 17, 176 (1970).
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COBALT-SAMARIUM PERMANENT MAGNETS
PREPARED BY LIQUID PHASE SINTERING*

M.G. Benz and D.L. Martin

Research and Development Center
General Electric Company
Schenectady, New York 12301

ABSTRACT

The preparation and measurement of magnetic properties of cobalt-
samarium permanent magnets prepared by liquid phase sintering are dis-
cussed. Energy products in excess of 15 x 10° gauss-Oe were observed.
Long-time exposure {o air at 150°C did not degrade the samples.

*Note: The work described in this paper was completed prior to this manu-
facturing methods program. It was part of a program of research funded
by the General Electric Company.
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CORALT-SAMARITM PERMANENT MAGNETS

PREPARED BY LIQUID PHASE SINTERING

M.G. Benz and D.L.. Martin

The preparation of cobalt-rare earth permanent magnets has received the
attention of several authors.{1-4) As noted in these studies, two problem
areas relating to coercive force have been identified. The first is loss of
coercive force for stoichiometric CosSm during sintering. It has been ob-
served that the intrinsic coercive force drops from 12 to 2 kOe during sinter-
ing at 1150°C.(4) The second is loss of coercive force during long-time ex-
posure to air at slightly elevated temperatures,(l) Both of these problem
areas have been climinated by the approach outlined in this paper, i.e.,
liquid-phase sintering of samarium-rich Co;Sm to a closed pore structure.

SAMPLE PREPARATION

A melt of essentially CosSm was prepared by induction melting. This
was crushed to coarse powder in a mortar and pestle. It was then further re-
duced io an average particle diameter of 6u to 8u by processing in a fluid
energy mill using nitrogen as the working gas. A second melt of Co + 60
weight percent samarium was processed in a similar manner. This compo-
sition was selected as one of a series of compositions that would have a liquid
phase component at the sintering temperature of 1100°C. Samples for chem-
ical analysis indicated 66.7% cobalt for the first powder and 40% ccbalt for the
second. The two powders were blended by tumbling to an average composition
of 62.6% This compesition is in the range which produces maximum densi-
fication during sintering as disclosed by Cech.(5) Portions of this powder
were placed in rubber tubes 3/8 inch (0.98 cm) in diameter and 1 3/4 inches
(4.45 cm) long and packed to a density of 3.5 g/cm3. These tubes of powder
were placed in an axial magnetic field of 60,090 to 100,000 Oe in order to
align the powder. After aligning, the rubber tubes were evacuated and then
the samples were subsequently hydrostatically pressed to 200,000 psi. The
pressad density was approximately 6.9 g/cm®. The resultant bars were then
ground to cylinders 1/4 inch (0.64 cm) in diameter by 1 1/4 inches (3.18 cm)
long. Subsequent sinetering for one-half hour at 1100 degrees in high-purity
argon increased the density to approximately 7.7 g/cm?. Metallographic ex-
amination of the sintered bars showed approximately 104 void volume.

These voids were of the noninterconnecting type.

MEASUREMENT OF MAGNETIC PROPERTIES

Cobalt-samarium magnets are difficult to measure because of the need
for extremely high fields for saturation and demagnetization. Hysteresi-
graphs built for measuring the properties of Alnico and barium oxide ferrite
magnets are limited to about 25,000 Oe, a field too low for Co-Sm magnet
testing. We have used a 100,000 Oe, niobium-tin superconducting solenoid
for cur measurements.




The magnetization and demagnetization measurements were mzade at a
number of constant field levels between +100,000 Oe by withdrawing the sam-
ple from a close-fitting, calibrated search coil. The magnetization was cal-
culated from the relation

c 10° [Edt

417J ) I‘K NCAS

, Gauss {Ir-1}

where C is the coil coupling coefficient,
K is the demagnetization factor,
N, is the number of turns in the coil,
Ag is the sample area, cm®, and
f Edt is the time integrated voltage, volt-sec measured for
withdrawal of the specimen.

The applied field, Hy, was determined by measuring the J‘Edt when an
axial coii of known NqAc is remoaoved from the solenoid field. Hp is calcu-
lated from the relation

_10° [Edt i
Hp Neho ' (f1-2)
where A is the area of the coil, cm?.

The internal field, H, -vas determined from the relation
H=Hp -Kdnd (11-3)

The demagnetization factor, K, used in the above equations was calcu-
lated from the magnet radius, R, and length, I, and the equation

K (11-4)

) 1
1 +-I§‘NR<R+L)

This equation is based on Evershed's polar radiation model, and assumes
a reversible permeability of one.(6)

Data gathered in this manner for several sintered cobalt-samarium mag-
nets are listed in Table I. The demagnetization curves for one sample before
and after exposure to air at 150°C for 1145 hours are shown in Fig. 1. The
slight difference in properties before and after 150°C aging is not considered
significant, being less than the estimated measurement error at the time of
this study.
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TABLE 1 3

. 2

Swinmary of Magnetic Properties 1

K 3 Saturation

3 Measured at H i

R Sample  Density 100 kOe B, BYe mHe (BRI, p

o Mo. (g/cm3) (kGauss) (kGauss) (kOe) (kOe) (MGUe} $
_'~ A 7.56 9.47 8.05 -7.70 -15.7 10.7
B 7.56 9,41 7.98 -7.80 -14.8 15.7

C 1.58 9.50 8.6 -7.70 -16.2 15.7 ;

D 7.62 9.42 3.06 -7.70 -16.4 13.7 3

D 7.62 9.37 7.98 -7.45 -1fR.4 15. 4 3

3

After 1145 hours 3

at 150°C in air. 3

-0 i

i

3

I

:

g

j

3
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Figure 1 Magnetization and indaction curves for sample D. Data represented
by closed circies were taken before aging for 1145 hours at 150°C air,
and data represented by open circles were taken after.
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SUMMARY AND CONCLUSIONS E

1. Liquid phase sintering of cobalt-samarium is effective for prepara-
tion of high coercive force, high energy product magnets.

2. Sintering to a clcsed pore structure eliminates the loss of magnetic
properties during long-time exposure to air at elevated temperatures nor-
mally observed for open pore structures.

3. Energy products in excess of 15 MGOe are reported in this paper.
By improvements in alignment and packing, subsequent samples with energy
producis in excess of 20 MGOe have been realized.
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Phase I--Analysis

As stated in Exhibit A of the contract work statement, the objective, cri-
teria, and approach for this phase are:

® Objective. The objective of this phase is to analyze the problems as-
sociated with the establishment of manufacturing methods for the economical
fabrication of cobalt-samarium magnets in production quantities, and to for-
mulate a production plan for providing CosSm magnets.

s

¢ Criteria and Approach

1. The effort under Phase I will be directed toward evaluation of the unit
operations invoived in manufacturing high-quality CosSm magnets with re-
spect toward their economics, reproducibility, and ease of transition into
the magnet producing industry.

2. The work in this phase shall be divided into the following tasks:

Task 1--Raw Materials

Task 2--Melting and Casting
Task 3--Crushing

Task 4--Milling and Classifying
Task 5--Powder Storage

Task 6--Mixing Additives

Task 7--Magnetizing and Aligning Powder
Task 8--Pressing

Task 9--Sintering

Task 10--Shaping

Task 11--Magnetization

Task 12--Shipping

In addition to the above, the following Phase I--Supplementary Studies
were conducted:

Supplementary Study

1. Multi-task Interaction Study

2. 150°C Aging Study

3. Temperature Coefficient Study Reversible and

Irrevergible Losses

Electrical and Mechanical Properties

5. Preparation and evaluation of Sample (1/2 Scale?
TWT Magnets

6. Safety

&
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A. Selecticn of Microwave Device

The traveling wave tube to be used in the evaluation of the CosSm magnet
shall be tube number, Hughes 641H. The performance characteristics of
this tube shall be specified.

B. Magnet Characterization

1. Target Specifications (see Table II).

2. A complete specification of performance capability of the speci-
fied CosSm magnet to be produced on this program, both by itself and in a

periodic permanent magnet stack arrangement, shall be made at the end of
this phase.

Pre-production Samples. Phase I--I're-production samples in accord-
ance with Exhibit A, paragraph B.1.d(2) specifications will be delivered at
the completion of Phase i--Analysis.

All Phase I studies have been completed. Final Reports on each study
are included in the following subsections. A description of the standard test
bar utilized for many of these studies is included in Table III. Definitions for
the symbols used in this report are listed in Table IV.

Task 1--Raw Materials (D.L. Martin and R.P. Laforce)

Two types of powder have been evaluated during this Phase I study. One
type was prepared by melting cobalt and samarium to form a Co-Sm ingot
which was converted into powder by crushing and milling. The other type
powder was prepared from cobali~samarium made by the alkaline hydride
reduction process (i.e., the RD process).

The evaluation was based on magnetic properties measured on 2 stan-
dard, sintered test bar. In addition to the normal unit properties: Bg, Br,
He, Hei, and (BH)max, the demagnetizing field corresponding to a load line
of slope-1/2 was also determined. This parameter (Hq at B/H =-1/2) is
particularly useful for evaluating materials for use in the traveling wave

tube selected by the Electron Dynamics Division of Hughes Aircraft Co. for
Phase III evaluation of magnets.

Part 1--Powder from Ingot

High-purity, 99.9% sarnarium is available from numerous vendors. Be-
cause of a large variability in market price ($115 t¢ $260 per pound), it was
considered worthwhile to evaluate different sources.

10
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TABLE 11

Target Specification

Residual Induction (B,) > 7500 gauss

Coercive Force (H,) > 7500 Oe

Intrinsic Coercive Force (H ;) > 12,000 Oe

Energy Product (BH, ..) 15 x 10° gauss-Oe
Temperature Stability 0. 05% per °C

Magnet Life Flux variation of > 5% over

1000 hours at 150°C for a
magnet with load line of

minus 1
Curie Point > 700°C
Mechanical Properties
Integrity > 3% weight loss during

normal handling {(during ship-
ping and assembly of TWT's)

Hardness Rci' 50

Impact Strength Capable of withstanding normal
handling, assembly, and oper-
ation of TWT tubes consistent
with MIL-5400 Class II environ-
mental requiremenis

Flexural Strength > 5000 psi

MIL.-B-5400 Tests

Corrosion None

Temperature Extremes Within 95° of original
(-55° to 250°C) room temp
properties

Note: See Table XXXIV for final specifications of typical properties of
cobali-samarium magnets to be fabricated during Phase III of this program.

11
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2.

3.

4.

TABLE I

Procedure for MakiniStsmdard Test Bars

Pack Co-Sm powder into a 3/8-inch-diameter by 1 3/4-inch-long rubber tube

to a density of 3.5 g/cm®

*
Align in a 60 kOe field. Vibrate the tube for 1 minute. Then evacvate tube

or advance end plungers to increase density to 4.5 g/ cm® before removing

sampie from the field
Press the tube hydrostatically at 200, 000 psi

Grind sample to a cylindrical shape suitable for magnetic testing (e. g.,
0. 330 inch in diameter by 1 inch long)

Sinter in an argon atmosphere

Measure Bg, the second quadrant demagnstization curve, weight, and
volume. Peak magnetizing field of 100 kOe

Tabulate B, B,, Hy, Hyat B/H= -1/2,

H,, H.; (BH), .., density, Packing(P), and
Alignment (A)

4

Lo ity

Ao 2diad

*Most of the test samples were made using the evacuation technique. Near

the end of the Phase I studies, sampies were made by the moving-plunger :
technique. .

aallyitl 125a8 100000040 Tl
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Hd at B/H=-1/2

H
c

ci

(BH)
max

Density

BT

TABLE IV

Definition of Symbols

Saturation magnetization. Taken as equal to the
value of magnetization (47J) at 100 kOe divided by

the magnetic packing fraction P, in most cases
Magnetization

Remanent magnstization at zero field

Magnetic induction

The demagnetizing field required to drop the magnetiza-

tion (41 J) 10% below rermanence (B,)
The demagnetizing field required for H = 2B

The demagnetizing field required for the induction

{B) to be zero

The demagnetizing field required for the magnetization

(47 J) to be zero
Maximum energy product
Weight divided by volume

Magnetic packing fraction, Equal to density (g8/cm®)

divided 8. 6 for cobalt-samarium

Alignment factor. Defined as remanent magnetization

(Br) divided by magnetization (47 J) at 100 kOe
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Samarium of nominal 99. 9 purity was purchased from four vendors:
American Potash and Chemical, Atomergic Chemical, Michigan Chemical,
: and Research Chemical. In addition, a second lot of 99.9% metal from one of
- the four vendors was also available, as well as a 99.8%pure grade made from
L a 95% oxide. Altogether 5 lots of 99. 9% pure and 1 lot of 99. 8% pure metals
were evaluated. A typical chemical analysis, as reported by the vendor for
Lot B, is as follows: Gd, Eu, Y, Si, Fe, Mg, Ca, and Al under 0.014. All
the other rare earth metals were less than the spectrographic limits. The
99.8% grade contained slightly higher amounts of Gd, Y, Ca, and Mn to lower
the purity sligitly. Electrolytic cobalt of nominal 99, 64 Co, with 0. 358 nickel

F | being the major impurity, was used for melting stock in making the Co-Sm alloya.

Samarium from each lot was melted with cobalt in an inert atmosphere
induction furnace, and cast into copper molds. The ingots were ground into
powder, mixed with a sintering agent, aligned in a magnetic field, and
sintered into bars suitable for magnetic testing.

The initial results showed a great variability between vendors, or so it
seemed. However, the variability was related to inadequate process control
and not to samarium variability, since high-energy acceptable magnets were
eventually made from each lot of samarium, including the 99.84purity metal.
This study has shown that the liquid-phase sintering process is one that re-
quires careful control of the processing variables.

The results are summarized in Table V. Note that for each lot the prop-
erties obtained meet the goal of -5000 Oe value for Hg at B/H =-1/2. The
initial batch made from lot D samarium had to be modified to 63.5% Co,

36.5% Sm in order tc make a magnet which met the -5000 Oe gozal for Hq at
B/H =-1/2.

The conclusion to be made from this study is that high-energy product,
high coercive force magnets can be made with 99.94 samarium from four
vendors, but that success is greatly dependent upon close control of the
processing variables. Thus, 29.9% samarium from any source should prove
acceptable for making Co-Sm magnets by the powder-from-ingot process.

Part 2--RD Process Powder

The RD Process* involves reduction of samarium oxide by calcium in
the presence of cobalt to form a Co-Sm alloy powder. The calcium oxide is
removed by acid leaching, and the resulting Co-Sm powder is available for

*A GE process developed by R.E. Cech, General Electric Research and De-
velopment Center, Schenectady, N.Y. This investigator supplied the RD
powder used in this study.

14
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approaches have been tried. The results are summarized in Table V1.

First congider the case where thc RD powder was used directly as the
base metal powder, Part A in Table VI. The magnetic properties are for
the most part lower than those reported in Takle V (Part 1). The exception
is the extremely high values of H¢j for samples GP287 and GP288, about
twice the H¢j values measured for the magnets made in Part 1. The value
of 36,300 Oe is one of the highest values ever reported. This high resis-
tance to demagnetization for these samples is interesting, but unfortunstely
the lower saturation (7800 gauss} which these samples possess, results in
low B:H properties.

nﬂv«m—o..:t-.“.,’. degrsan oo N
{ 2 e PR e bt A b
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Another methcd for using the RD powder is to supply semarium for
melting stock in the powder-from-ingot process. This was tried by using
pressed RD powder to provide 1/2 of the samarium in a Co;Sm ingot (the
supply of RD powder was limited}). The pressed powder {80% packing) did
not melt readily in the induction furnace, but an ingot was obtained which
was then proceesed into powder, and magnets hy the standard process. The
results are given in Part B of Table VI. The properties are slightly lower
than those reported in Tabie V, where 99.9% sarnarium was used for the
melting process. However, the values are high enough to justify optimism
for the ultimate success of a process based on using RD powder as melting
stock.

SRR SRUALEAL A3 ea e a MALLY R

The conclusion to be made from these studies is that the powder-from-
ingot process using bulk samarium should be used in Phase 1Ii. The pro-
cesses using KD powder are not as advanced, and ad¢ tional study and eval-
uation are needed to optimize the use of RD powder for making Co-Sm
magnets,

b

Task 2--Melting and Casting (M.G. Benz)

An evaluation to determine a process suitable for large scale (5 to 100
1b) alloy melting has been made. Aspects of the various methods that have
been evaluated include: type of melting process, type of atimosphere, typ=
of crucible and mold, and melting procedures.

E - -k
B
RE

Much of our earlier work with smali scale (100 gram)} mel*s was ac-
complished by melting in an argon stmosphere, tungsten electrode, cold
hearth (water-cooled copper) arc melting furnace. With this method,
weighed quantities of cobalt and samarium ars placed on ihe ceold hearth.

The inert argon atmosphere is introduvced. An arc is struck between the
electrode and the metal, causing all the cobalt and samarium to melt ex-
cept that in immediate contact with the water- cocled ropper heart:. The re-
sulting ingot is cooled, turned over, and remelied. This remelt procedure
is repeated several times in order to homogenize the ingot. This is a -on-

venient method for the preparation of small melts , but cannot be readily
scaled up for larger melts.
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Larger scale arc melting is possible, however, with consumable elec-
trode arc-melting nracedures. With this method, weighed quantities of co-
tclt and samarium (prefereably powder) are mixed and pressed into long
cylindrical electrodes. These electrodes are introduced into the arc melting
furnace such that the arc melts the tip off the electrode as it is continuously
advanced owards the solidifying ingot contained in a water-cooled copper
mold. As a practical matter, electrode preparation from pure metals, elec-
trode homogeneity, and resultant ingot homogeneity are somewhat difficult to
control for complex systems such as cobalt-samarium. For this reason,
consumable elecircde arc melting was not used to prepare melts from pure
metals for this program. On the other hand, this consumable electrode arc
melting should be iceal as a remelt operation for RD powder, as preparation
of homogeneous electrodes would only require a simple powder pressing
operation.

Induction melting had also been used for our earlier small scale (400
gram) melts and seems more ideally suited for scale-up to large scale op-
erations. With this method, cobalt is raelted ir the furnace. The atmosphere
is vacuum. The crucible is aluminum oxide. When the cobalt is moiten, the
atmosphere 1s changed to argon, samarium is added to the melt, stirring is
allowed to prozeed for several minutes, and then the entire melt is chill cast
into copper molds. Subsequent melts can be made with the same crucible
without cooling the furnzce, if the furnace is equipped with appropriate feed
hoppers and muitiple molds.

This process has been used successfully for 5 lb melts and is suited for
scale up to much larger melts.

Szmple melts were prepared by arc melting and inducticn melting. The
arc-melted heats were prepared with the tungsten electrodz, cold hearth,
argon atmosphere furnace. The induction-melted heats were prepared in the
vacuum/argon atmosphere furnace. These heats were chill cast into a copper
mold.

Raw materials and the cast ccbalt-samarium were sampled for chemical
analysis. A list of the analytical results is presented in Table VII. A slight
aluminum pickup is noted for the induction-melted heats. This does not ap-
ccar to cause any difficulties.

Samples from the above heats were crushed and milled to powder. Stan-
dard test bars were prepared for comparison of magnetic properties. The
general results for these samples were much lowar than desired (Table VIII).
Insufficient attention had been paid to alignment, composition control, and
precise contrcl of sintering tzmperature. These difficulties were corrsctsd
in later studies and high-performance samples were fabricated (see Supple~
mentary Study 1).

18

g
|
i;
3
|
Ea




L el g MY Ak B 1o ofs7 Wbl st S AN Nl Lo b VAL S CAL AR I il L L S A A - o _.‘

200" 900 ° £00° 900 ° -- - - wg  TelJ2¥N MmEY
gt * 610° 600 °* 800 ° - -- - 0D :leldujeiy mwuy
LI (AL ¢00° 90" -- £ °Cv V) 4 £88¢E uodnpuj
9¢ ° 910° 200" 010 043 ¢ 9% ¢ 99 ¥86¢e uornjanpuy
91° 900 ° $00° 900 ° -- 01y 0¥ 9~02S6 HIN SR 4 =

- -- - - oL €99 ¢'99 S-0%8 HIW Sxy
.- - - -- 08s €°99 2°99 b-02S6 HIN 2y
.- - -- - 029 €99 Z°99 £-029 HIN 2y
62 0 ~10°0 ¥00°0 900 ‘0 09 €°99 2°99 2-02¢ HIN 3y
ITA) " %) (%) “(udd) (s18dieue) (Teutuionu) o, TON POuIaIN
IN . a) v ua3Lxo 05 0D oW Butita

SUNITSIN UOT3ONpU] puUe SURTSIN odV Aq patedodd B[] 10 RIBA[RUY [eoltray-}

IIA J'IdV.L




es°L
8¢ °L
c8°L
8¢ "L

G8°L
6% "L
90°8
8¢ °L

.AI.nEo\wv

Lytsuaqg

4 pewe R 1o TR S TT A

L v- 0°g1 6 °c- 1) 50 °6
9°p- A b9~ G2°'L  ¥D°6
€ °p- 021 € °g- £9 °L 01 °6
v 9 € 11 g 9- G6°'9  £6°8
8 g- L°6 L% 26 °9 " °8
g b~ 0°11 G g~ 66°9  LL'S
g~ 0°01 G g- 8L °L 12 °6
z V- A1} 8'g- 89°9  LS°B
(09) J200W) (0% (D) (0%
¢/1-=H/d (HY) H g g
e Py

011X e/t
DIt ‘¢l
oetl ‘c/t
aItl ‘c/1
crt! e/
ottt ‘c/1
oett ‘e
111 EFA
(D, ‘ay)
juaweaay,
Burasyurg

o

< @G C

v68E

o)

ardureg

SUIPIN UOT}ONPU] pue BURBIN 2dV Aq SPEIN gajdwes WS-0) JO UOSTIEdWOo))

IIIA HTdV.L

uopjonpu)

oay

oUW
funyan




The above vensiderations and studies havz led to the conclusion that in-
duction melting will be utilized for preparation of the larger scals cobalt-
samarium melts for ine ramainder of this program.

Tagk 3--Crushing (M.G. Benz)

Cast ingots of cobzalt-samzariun musi e crushed t 2 size range that
makes gocd feed stock for subseguenti milling to powder. Tiie particle size
okjective for crushing is « size which passec through = 35 mesb screen 220
misron spacing!.

Cast ingots of cobalt-semaearium are easily criuciaed t.s evidencad by the
facy that & moriar and pestle were used for the exriier lzborainry scele
studies,

Studies have been pertormed vsing 2 jaw crusher and double disk pul-
verizer in order to determine the sifectiveness of uaing such egaipment for
larger scalz operations.

The jaw crusher uses is a 3 1/4~inch by 4 1/2-inch machiue wish a rated
capacity cf several hundred pounds per heur. It is equigped ¥ita ax enclesed
dust cover. Studies have shcwn that a nitrogen cover gas is necessary to
prevent sparking. Thisis particularly true for full-sp=ed operarion with
the samarium-ricn compositicng. The output from this machine ie generaliy
minus 1/8 irch in particle size.

A double diek pulverizer is used tce further recuce the particle size.
This is a smaller machine rated at 50 1b or so per hour. Itis alsp equipped
with a nitrogen cuver gas for spark syppressioni.. The output from this ma-
chine is generally minus 35 mesh in particle size and is ideally suited for
input to the sul'cequent milling operation.

Aithough both these cperations employ hardened steel working surfaces,
noc measurable contamination was dexected using normal chemicai analysis
techniques.

Ac these two machines performed sutisfactorily, they are congidered
acceptable and will be ctilized for the preparatioa of cobalt-szmarium pow-
der,

Task 4--Milling aud Classifving (C.X. VanBuren and M.G. Renz)

The 35-mesh powder produced by crashing has to be further reduced in
size t¢ yield a finer powder for use in magnet febricazion. Several tech-
nignes have been 2valuated ii; order to select the best method for milling and
ciassifying the powder. Tnese tecnniques inclyde ball milling, vibratory
milling, fluid energy milling, and classifying.




Ball Millig Studies

The ball milling studies were carried out with a 0.33 gal ribbed stain-
less steel mill. For the grinding media, a mix of 1/4-inch-diameter and
1/2-inch~diameter hardened steel balls was emplcyed. This mix consisted
of 700 grams of the 1/4-~inch balls and 500 grams of the 1/2-inch balls. A
powder charge of 100 grams and sufficient liquid to cover the balls was
placed in the mill for each test.

The milling variables which were studied consisted of the size of the
feed material, the milling time, and the liquid suspending medium (ir.cluding
one test dry). The feed materials used consisted of two lots, a -65 and a
-36 + 65 mesh power. The milling times inciluded 2, 4, 24, and 96 hours
with a mill speed of 60 rom. Isopropyl alcohel, methyl alcohol, and water
were evaluated as liquid mediums for milling.

The time study revealed that the -65 mesh materials could be reduced
i 2 porrder with an average particle diameter of 7.15 microns in two hours
of ball milling with isopropyl alcohol as the liquid medium. Further size
reductinns were realized with milling times up to 24 hours, while longer
milling times, up to 96 hours, yielded only very minor changes, as shown
in Figure 2

2 i 1 1 ! 1 ] RS
Ll o i0Oam LOTS IN ISOPROPYL ALCOHOL
g o 100¢m LOT iN METHYL ALCOHOL
s sk v 100gm LOT N METHYL ALCOHOL -
g (-35+65 POWDER)
z 719 G 100gm LOT IN WATER .
“ L a 300¢m LOT iN WATER
»n 6 -
H
bl B
§ 4% -
(-4
g s .
2r- \1— -
—O
"' -
¢ 1 [ T | | I S SN B
0 10 20 30 4 S50 60 0 & SO 190

BALL MILLIMG TIME IN HOURS

Figure ¢ Average particle diameter of Co-Sm powder versus ball milling
tiine under various conditions.
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The use of methyl aicohol as the liquid medium resulted in the same
average particle size as obtained with the isopropyl alcohol for a given mill-
ing time. Water as a liquid medium, however, was not as efficient., For
a given milling time the average particle size realized was 50% higher than
that obtained with alcohol. The desired size of 7 microns could be realized,
however, with approximately 3 hours of milling in water as opposed te 2 hours
for alcohol.

Although most of the tests were run on the -65 mesh material, a lot of
-35 + 65 mesh material was also tested. This coarser material behaved
the same ag the firer feed material, yielding essentially the same average
particle diameter for a given miliing time. A lot of -10 mesh material was
also run but the results were not conclusive. However, all indications were
that it did not reduce easily in size by milling.

The attempt to ball mill the -10 mesh powder dry proved to be unsuccess-
ful in that the material caked up in the corners of the mill. This caking
problem limited the size reduction that could occur and made it difficult to
discharge the miil.

The scanning electron micrographs in Fig. 3 indicate that the ball
milled particles have a platelike shape and a wide range of sizes. It is also
noted that the different liquid milling media studied result in the same par-
ticle shape characteristics.

The oxygen content of the ball milled Co-Sm powder is shown in Table
IX. The increase in oxygen content with increasing milling time is due to
the more active surfaces produced with the smaller diameter particles ob-
tained with the longer milling times. Methyl alcohol tends to yield a slightly
higher oxygen content than isocpropyl alcohol for a2 given milling time. Water
appears to be slightly better than alcohol with regard to oxygen contamin-
aticn.

Vibratory Milling Studies

The grinding process of vibratory milling was studied with a laboratory
size mill. A 110 cc steel jar with 242 grams of 0.143-inch-diameter tung-
sten carbide balls was used. For each test a charge of 30 grams of the -35
+ 65 mesh cobalt samarium powder was placed in the jar and it was then filled
with isopropyl aicohol.

The main variable for this precess study was the miiling time which
ranged from 1/2 to 4 minutes. A test was performed with water as the
liguid medium and the effects of feed materiai size were checked.

The vibratory milling studies have revealed that 4 powder with an

average particlediameter of 7 microns can be realized in just two minutes
of milling in isopropyl alcohol. In Fig. 4 it is shown that the average

23

3
3
:
E
3
4

TS R R PR TS NPT AL LI I TV R 1 R TN PRSI R 51 Wrvy




. 2
» y .w“
&.&L}
Figure 3 Scanning electron micrographs of ball milled Co-Sm. (a) 2 hours

of milling; (b) 4 hours of milling; (c) 24 hours of milling; (d) 4 hours
sf milling. &, b, and ¢ in isopropyl alcohol, d in water. 1000X
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TABLE IX

Oxygen Content in Co-Sm Powder Ball Milled Under Varying Conditions

Milling

Liquid Time Oxygen

Sample Media(2) (hr) (wt %)

: 3884-1(before milling) -~ -- 0.026
f 3884-1a7 A 2 0.59
: 3 3884-1a6 A 4 0.92
g 3884-1a8 B 4 0.79
o 3884-1ad A 24 3.91
3884-1a5 C 24 4.50
| 3884-1a3 A 96 7.07
3884-1a10'"! B 8 0. 72

Note (a)--A = isopropyi alcohol; B = water; C = methyl alcohol.

Note (b)--300-gram mill charge, rather than 100 grams.
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Figure 4 Average particle diameter of Co-Sm powder versus vibratery
- — milling time under various conditions.
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particle size of this material can be varied [ror
the milling time range of 0.5 to 4.0 minutes.
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The average particle size for a particular grinding time is increased
slightly when water is used in place of aicohol as the liguid medium. The
difference, which amounts to less than 1 micron for the 3 minute milling
period, is not as signficant with this process as it was with ball milling.

The use of a finer feed material in the mill for the 1-minute milling time
resulted in a smaller diameter powder than the coarser feed material. How-
ever, the 3-minute milling period yields the same size material with both
feeds. The scanning electron micrographs of Fig. 5 show the large range
of particle sizes present and the random shapes. There are some platelike
particles present, but they are not as prevalent with this process as they
were with the ball milling process.

The oxygen content of the vibratory milled powder is in the nominal
5000 ppm range. The 3-minute milling time with isopropyl aicohol yielded
a value of 5200 ppm, while water for the same milling time yielded 53700
ppm. The finer (-65 mesh) feed material gave 5600 ppm of oxygen after 3
minutes of milling in isopropyl alcohol.

Fluid Energy (Jet) Milling Studies

Powder in the size range of 10 microns and less has been readily pro-
duced by a fluid energy mill. This mill both grinds and classifies the ma-
terial. The mill works in the following manner. Coarse powder is en-
trained in two opposing high-velocity streams of gasecus nitrogen. As these
gas streams meet, collision of the coarse particles with each other creates
a grinding action which grinds the powder down in size. The mill is equipped
with a centrifugal classifier which separates out particles of the desired
size and returns the oversize particles to the grind section of the mill for
further grinding. The nitrogen gas can be collected, recompressed, and
recycled back through the mill on a closed loop basis. The existing pilot
scale mill is rated at a capacity of approximately 2 pounds per hour.

The fluid energy mill is capable of accepting material as coarse as -10
mesh and readily grinds it to less than 10 microns. The use of a finer
starting material, for instance, -35 mesh, yields the same product but in
less time.

A set of operating conditions has been established for the fluid energy
mill which consistently yield material with an average particle diameter of
approximately 7 microns as determined with a permeability method particle
analyzer. A scanning electron micrograph of this powder is shown in
Fig. 6. Note that the shape of the particles is somewhat more equiaxed than
that observed for powder produced by ball or vibratory milling.




(c)

Figure § Scanning electron micrographs of vibratory milled Co-Sm: (a} 1
rainute of milling; (b) 3 minutes of milling, both in isopropyl alcohol; (<)
3 minutes of milling water. 100X
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Figure 6 Scanning electron micrograph of
fluic energy milled Ce-Sm (Lot 3943)
1000X
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The oxygen level for powders produced in this meaaner is shown in

Table X. The small diameter of these particles makes them very surface
active. This accounts for the increase ir oxygen content as the powder size
is reduced from 35 mesh to below 10 microns. The observed oxygen level
has not caused any prcblem with respect io fabrication of magnets. It should
be noted thst the oxygen level observed for the powder is approximately the
same as thai observed for finished sintered magnet. Little or nu oxygen is
picked up during sinfering.

Classification

As indicated, the fluid energy mill serves as its own classifier. In
addition to this, magnetic sieving in thz presence of an alternating magnetic
field has also been utilized to classify the powder. This is a very time-
consuming process and has offered iittle or nc additional control of the
average particle size. It wili not be used for processing during the balance
of this program.

Magnetic Proverties

Standard icst bars were made from powders prepared by the three
milling processes. The results of measurements cn these samples are sumn-
marized in Table XI. As can be seen, samples made from powders pre~
pared by ball milling and vibratory milling did not achieve the same high
performance level as those made from powders preparec by fluid energy
milling. This was due to three factors: (1) the shape of the bsll and vi-
bracory milled powders was more platelike and hence the powder was more
difficull to align {measuremenis on ease of alignment are includes in the sub-
section on Task 7); (2) higher oxygen levels; wuid (3) less previous exper-
ience with handling ball and vibratory milled powders, as most of the studics
nrior to this program were based on the use of fluid energy milled powders.

Based on the above, fluid energy milling will be utilized fcr the balance
of this program. The other milling processes do work, but have not been
carried to thi point where they could be selected at this time.

Task 5--Powder Storage (M.G. Benz)

Cobalt-samarium in fine powder form is somewhat reactive when ex-
posed to the oxygen and moisture in air. To determine whether or not pre-
longed exposure to air would have a degrading effecc on magnet properties,
and in order to study pussible powder storage methods, five powder storage
conditions have been evaluated. These conditions are: {1) open container
exp.sed to ai. {(average relative humidity approximately 404); (2) closed
container filled with air and maintained at 1604 relative humidity; (3)
clos2 i container filled with air and maintained near 0% relative humidity
wit.  lesiccant; (4} open container exposed to air at 156°C; and (5)
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container filled with argor and maintained near 0¢ relative nwnidity with

a ¢a3iccant. A fresh Ict of powder was prepared for this study. Test bar
samples were made to characterize the fresh powder. The balance of the
powder was divided and stored for ene month utider the five conditions listed
above. Two test sumples were made {rom the powder stored under each
condition. Data for these samples are summarized in Table 33I. As can be
seen, storage under conditions of excessive heat {Condition £) and excessive
moisture (Condition 3} are to be aveided.

Task 6--Mixi§£Additives n,1,, Marunj

The basic liguid-phase gintering process re¢uires mixing of a base
metal powder of nominal CoSm compozition with 5 sinlering additive of
nomiinal 60 wt £ samarium, 40¢ wi % cobalt coraposition to forns o 27 i 33
wt $ ssmarium mixture,

The objective of Task § siudies war i6 determine 2 satisfaciory method

oi mixing the two powdere to ze- m a heniogoneous mixture suitahle for being
sintered into magnets.

A dry mixing process was preferred to simplify the process, and to
avoid contamination of the pgwder with hyd*o"a"b:ms. water, etc. A ro-
tating P-X twin chell blender was i{ried and found 15 be satisfactory.

]

A nominal 35 wt § samariura base meizl and & nominal 80 wi € semarium
sintering additive were used for the study. Thase were prepared frors ingats
by jaw crushing and fiiid energy milling as described in Tasks 2, 5, and 4.

Chemiczal analysis was the main hasis £ evaha‘;ng the effectivenses of
the mixing. A number of samples were znal } 24 {5 provide sufficient data
ior a statistical analysis. )

The plan was to mix about 5 pounds of dry powder togethsr in the P-KE
twin bieuder and tc check for homogen t: after Z%.:- 14g, )
revolutions of the blender. Ths ansi: ¢
sisted of nine spot samples laken 2¢ random er‘:. tiiv— mixed powder in the
blender. The rasulis are surmzarized in Table XUI.
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Tre eriginal ¢ args congisted of 1888 greme of base metal and 192 grams
of additive. sJ ing the mean viiues for oobalit regorted in Tabls XIU for
these *wou powdaers the mean compesiticn of the blonded compasition was
62.93 wt % C' The mean capelt aftar 1080 rovoluiions of the Llendst was
306:% Co. Thus, it appeats thai 1880 revcluticns iz sufficient to msure
uniform mixing of the powder. ’i’he bert wmiformity, 2s indicaied by the
stznderd deviaiion was ohdained giter Z{98 revolufions,
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TABLE XIII

Summary of Analvtical Resulis for Blending Study

No.
Tests
Base Metal 5
Additive g
After P-K
Blending
Humber of
Hsvoluticns
10 4
10¢ 5
1000 8
2000 1

S

¥t % Co Standard

Mean Deviativon
85. 33 C. 41
38. 32 . 27
83,12 . 26
83.12 .39
63, 04 .27
62.88 .22

35

95% Conf. Range

Low High
64.53 66. 12
33.88 38. 82
62.82 63. 84
62. 4% 63.80
52. 52 83. a6
62, 54 63. 38




Powder did collect on the side of the blender and, therefore, in using the
P-~K blender to mix the powders it seems advisable to stop several times

during the mixing process to remove material sticking to the side ofthe con-
tainer.

The best proof of the success of the blending operatlon are the resulis
reported for blended powder aftar 200¢ revelutions in Supplementary Study
1~-Multi-task Tnteraction Study, where only 2 out of 1# samples failed to
meet the goal of -500C Ce for Hy at B/H =-1/2. The failure of those two
samples tc meet the goal 15 mere likely o be related to the sintering treat-
ment or alignment than fo the powder homogeneity.

The conclusion of this study is that dry mixing of the powders in a P-K
blsnder is an acceptable process siep for making high-energy produci, high
coercive force Co-Sm raagnets.

Task 7--Magnetizing and Aligning Powder (R.P. Laforce and D.L. Martin)

Magnetic alignmert of “he powder particles so that their preferred mag-
netization direcudons are paraliel is one of the critical processing steps in
the production of high~quality magnets. The basic magnuetic properties
cannot be hugh without 2 high degree of alignment, Likewise, it is alsc true
that 2 high degree of alignment alone is rot sufficient, the packing and re~
sistasce to demagretization must also he high in osrder to obiain the peak
prope-iies,

Snudies made before the start of this program have shown tha! packing
tne hlenced Jo-Sm powder in a rubber tube and aligning in 2 magnetic {ield
of 59,0066 tv 168,500 O was a good way to obtain a high degree of alignment.
T™e »rovedurs for maksn; the standard test bar (Table Iil) was based on
these ~arlier studies. iIn Task 7 Studies a closer look has been taken at
me 3adumen arocess witn the ohyective of improving it.

&Adigmment 1¢ defmea as atw o the remanent magnetization at zero
fiels 1 the mirwsw magneiizshion valae at 100 kQOe, 47J300. That is,

it e .igRoeil S almost neriey e drop of magnetization will be small
wien he {teic .- TeCuee. or o« saturation field to zero. To statz it an-
sthe: wal the By value wia 3pproe.h 47Jg 28 the alignment factor ap-
sroacass

The bas:s “echnitie we vewx used is to first align the powder particles
2 - ommgnetc eic.  saEnge e owlume to lock the particles in pesition and

™en ‘rapsier the (oniawne. ~waing the azligned powder to a hydrostaiic press
“ vrr o gressure o J0C 03 sz w=3s applied. Basically, the problem of
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alignnient is to contain the powoer particles loosely enough so they can re-
tate freely when the aligning fie2id is applied. Then the volume is changec bty
evacuating the tube or by end ~cmpressioz with a plunger to lock the aligned
particles until the sample is hydrosatricaBy pressed.

Alignment studies were typicalwy done on samples 0.300 inch in diameter
by 1.0 inch long. Much of the work ocused on the question o1 how dense the

prealignment paciding coulc be whi= still obtaining satisfa. tory alignment

for a given field level.

packing three tubes to difierent prezngnment
alignment factor at each level as the magnetizing 1ela was increasea. In
this case, the alignment factor wss cefined a
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Another series of experimen:s was wnewertaken to determine the mag-
nitude of {ield required te onta:n a nigh ‘egree of alignment (i.e., 2bout 0.95
hen the prealignmeni Dackirg was 2'. w1t 30% of full density The resuits

ave given in Figs., 8, ¢ . =10 and show that an alignment field of about 80
kCe or more is needed v ~ tue .. peak properties. Note tha* sver low align-
ment f1eldz significantly omr~ove all propertiza 2xcept H-,.

. obtaaned fo- & random, unaligned samp:ig :3 -:-:miained by
the fact that the force .o te - wing the magrerizstion of 122 particle is pro-
poru;onal to the cosine of ane? setw. on the axis of easy magnet!za on of
t Z ppl - s+ Tage note that g hign H. =oes ot peces -
.33
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The standard +cst ~a 2ccdut e cats Jor vicration 3 me sarmpie during
alignment in the super v Gcting soleneid. This ias Deen nc™mal sTwodue,
however, it was reasonaole t ask whether vibration (froem on a's ‘e mer
fastened to the rad helding the camplv.l nelps to :mprove angnmen- ~=2Skirs
g:ven in Tabile XI» shcw that the value of ahgnmpm was METEASS. LT
by vibration frem 0.850 to 6.954. The unit £.11 proparmss ars hogne o7 “he
vibrated samaples {item 3 in the table}, but since @ wai==g .s 24 asprrEr
the ‘mprovement cannot be related zatirely to vibration
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The discontinuity in the 4.5 g/cm3 curve in Fig. 7 which occurred when
the sample was accidentally jarred in the magnetic field suggested that the
frequency of vibration might be important. In particular it was though: that
an impact or shock might be more effective. This turned out to be the case.
During alignment the sample holder was hit sharply with a hammer in an at-
tempt to momentarily free the particies and allow them to rotate and move
into better alignment with the magnetic field. The results in Table XIV (item
4) show an improvement in B:H properties, as well as a slight ‘mprovement
in the alignment factor.

The last item in Table XIV gives the results for 2 new alignment tech-
nique which replaced the first version of the standard test bar procedure de-
scribed in Table IV. In the first version of the procedure, the rubber tube
is evacuated after alignment to freeze the particles in position until the sam~
ple was hydrostatically pressed at 200,000 psi. The new method eliminates
the necd for evacuation. The method ultimately worked out was to pack the
powder loosely in a thin-walled rubber tube supported on the outside by a
nonmagnetic, metal tube. Two nonmagnetic plungers were inserted in op-
posite ends so they were free to slide smoothly inside the rubber. The as-
semoled tube was then placed in an axially oriented magnetic field (typically
60,000 Oe). The tube assembly was then vibrated or shccked by giving it
sharp blows with a hammer. The two plungers were then pushed toward
each other, thus compacting the powder and "locking in" the alignmer.t. The
tube assembly was then removed from the field. Since there were small
holes in the meial tube around the rubber sleeve, hydraulic fluid could pass
through and the entire tube assembly could be hydropressed as a unit, re-
sulting in minimum distrubance to the powder.

The results achieved by this method (item 5) are the highest shown in
Table XIV and represent a significant improvement over the standard test
bar procedure (item 3). It can be seen that although there was only a subtle
change in alignment from the second condition to the last (less than 2%), Hy
changed over 9% and (BH)p,5x improved 31% . Measuring the properties of
a magnet in the final sintered condition is a much more satisfactory method
of determining the effect of process variables.

Up to this pcint the studies have been made on powder prepared by fluid
energy milling. Ball milling has alsc been studied (Task 4). The effect of
prealignment packing and magnitude of the magnetic field on the alignment
of ball milled powder were determined in a manner similar to that used to
obtain the data plotted in Fig. 11.  The ball milled powder does not align
as well as the jet m:lled powder (Fig. 7). This rcsult is probably as-
sociated with the platelets formed by ball m:1lling.

An attempt was made to determine whether premagnetizing the powder

before packing it into the tubes for alignmnent would improve the final mag-
netic properties in any way. Several samgples were preparec .1 this fashion
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Figure 11 Effect of prealignment packing on alignment of ball-milled
Co-Sm pcwder. The alignment factor is defined as Br/41Ja, where
4-J4 corresponds to the aligning field.

and were aligned at 60 kOe. There was no noticeable change in properties.
Experience seems to indicate that premagnetizing the powder would only im-

prove the magnetic properties when the alignment field was fairly weak (less
than 10 kOe).

To summarize, the studies on alignment have shown that slight improve-
ments of alignmen: can result in significant increases of permanent magnet
properties such as the energy product. The jet milled powder aligns better
than the ball milled powder. An alignment field in excess of 20 kOe i: needed
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a packing of 50%.

Task 8--Pressing--Part I{F.G. Jones)

Initial densification of the cobalt-samarium magnets is achieved by means
of hydrostatic pressing. This step follows alignment and increases the den-
sity of the magnet material to approximately 80% of that for a fully dense
body.

Test bar specimens were prepared and evaluated in an effrrt io elucidate
the relationships between pressing pressure, sintering tempersture, and
sintering time. The speciric responses which have been evalvazted are:

1. Green density (as-pressed)

2. Influence of green density on handling
3. Sintered Jdensity

4, Magnetic properties

All specimens were prepared from the same lot of powder (#3916} ob-
tained from Task 1 siudies. Pressing pressures studied were 100, 150, and
200 kpsi. Pressed specimens were then sintered at selected temperatures in
the range from 1075° to 1125°C for times ranging from 30 to 1020 minutes.
Relative densities of most specimens were determined before and after sin-
tering. The magnetic properties of all specimens were measured after
sintering.

The influence of pressing pressure on green density and handling ability
is shown in Table XV. The qualitative comments concerning handling are
based on cylindrical grinding of specimens to obtain green density data. This
is the same type of grinding as might be used in manufacture of TWT magnets.
Clearly, magnets pressed at 100 kpsi are difficult to handle in subsequent
presintering processing. On the other hand, the increased strength of magnets
pressed at 200 kpsi makes presintering machining possible; however, lighter
cuts must be taken to avoid overheating and ignition.

The relative densities after sintering as well as selected magnetic prop-
erties are shown in Tables XVI, XVII, and XVIiI.

Three factors affect the choice of pressing pressure:
1. Need to achieve sufficient density to promote long-time stability.
2. Need to reproducibly achieve a relatively high value of Hyg.

3. Availability of suitable pressing equipment.
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Pressing
Pressure

(kpsi)
100

150

200

Specimen
AF-21
AF-22
AF-23
AF-18
Ar-19
AF-20
AF-1
AF-2
AF-14
AF-15
AF-3
AF-4

TABLE XV

Relative Densities and Handling
Characteristics of As-pressed Specimens

Mean
No. of Relative
Specimens Density (%) Handling Ability
12 72.0 Fragile. Ground only with
great care to avoid fracture.
Powders easily
5 76.0 Can be ground with care.
Slight amount of dusting
during handling
5 79. 2 Can be ground. No apparent
tendency to dusting during
handling
TABLE XVI

Selected Properties of Specimens Pressed
at 100 kpsi and Sintered as Indicated

Sinter Packing Hy at
Temp Time Green Siniered (BH),, B/H=-1/2
CC)_ (min). (%) (%) (MGOe] _ (kOe)
1075 126 -~ 78.6 7.3 -3.60
1075 360 -- 79. 1 10. 2 -4, 25
1075 960 -- 80.5 10. 7 -4,20
1095 120 -- 82.6 9.9 -4, 20
1095 360 -- 83.1 8.4 -3.85
1095 1020 -- 84.2 11.2 -4, 25
1110 30 71.8 81.4 10.9 -4.45
1110 120 72. 2 90. 4 13.3 -4.50
1115 80 72.2 89. 2 15.0 -4,.80
1115 90 71.7 87.4 13.7 -4,50
1120 30 71.6 87.6 15.0 -4,.80
1120 120 72.3 95.0 13.17 -4,30
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Seiected Properiies of Specimens Pressed
at 150 kpsi and Sintered as Indicated

14 Sinter Packing Hg at
3 Temp Time Green Sintered (BH)yaxy B/H=-1/2
Specimen (°C) (min) (%) (%) (MGOe) {kOe)
AF-10 1105 90 76.1 86.7 14.8 ~5.00
AF-12 1115 30 76.3 88.6 14.8 -5.00
AF-9 1115 90 75.8 91.5 15.2 -4.80
AF-13 1115 90 75. 3 90. 7 14.1 -4.7C
AF-11 1125 90 76.3  95.2 id.1 -4.25 §
TABLE XV
3
: E Selected Properties of Specimens Pressed
: 2 at 200 kpsi and Sintered as Indicated
; Sinter Packing Hy at
E Temp Time Green Sintered (BH), oy B/H=-1/2
o Specimen (°C)  (min) (%) (%) (MGOe {(kOe)
g AF-5 1110 30 79.3  88.4 13.5 -4.85
£ AF-6 1110 120 78.7  93.2 16.8 -5. 20
AF-16 1115 90 79.0 93.4 15.4 -4.890
3 AF-7 1120 30 79.6 93.1 15.4 -4, 75
3 AF-8 1120 120 79.3 96. 7 10. 2 -3.50
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Examination of the data shows that the first two criteria are best met
by pressing /it 200 kpsi. This choice of pressure, however, may not be the
best from the point of view of overall economice of the process, and in some
cases it may be best to utilize lower cost 100 kpsi pressures.

In addition to pressure-sintering relationships, studies have been focused
on learning how to make hollow cylinders of sufficient size to allow manu-
facture of one-inch diameter TWT rings. Three approaches to tooling de-
sign have been taken. One set of tooling (Hollow Core) was fabricated ac-
cording to the general design shown in Fig. 12. The mandrel is left in
during filling and magnetic alignment, but removed prior to final hydro-
static pressing. Thus, pressure during pressing is applied to both the out-
side diameter and the inside diameter of the tube compact.

The second set of tooling is shown schematically in Fig. 13. In this

arrangement the powder is compacted onto the mandrel which is subsequenily
removed.

Magnetically nonaligned pressings were made in both sets of tooling at
a press pressure of 100 kpsi. Size and surface finish were acceptable, but
final density was below that thought necessary for stability.

Magnetically aligned pressings were made at a press pressure of 200

kpsi. As expected, the subsequently sintered billets had higher density than
those pressed at 100 kpsi.

The third approach which we studied involved creating the hole in a
solid sintered cylinder by electro-discharge machining. In addition to poorer
concentricity of the inside diameter and outside diameter this approach dras-
tically reduces the yield of material in finished magnets.

The second approach outlined seems preferred and will be utilized with
press pressures of 200 kpsi for fabrication of the cobalt-samarium magnets.

Task 8--Pressing--Part II (M. G. Benz)

In addition to studies of hydrostatic pressing of previously magnetically
aligned powder, simultaneous alignment and pressing in semiautomatic die
pressing equipment was briefly studied. The die body was a nonmagnetic
molybdenum alloy. The punches were hardened tool steel. A tantalum car-
bide core pin was used. Powder was loosely loaded into the die cavity, the

field was then increased to approximately 15 kOe, and the punches were ad-
vanced to apply the pressure.

Several rings were formed in this way. A photograph of cne is shown in
Fig. 14, The magnetic properties of such a ring, measured after sintering,
are listed in Table XIX. For comparison the properties that would have been
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Figure 12 Schematic diagram of "hollow core" tooling. (Man-
drel is removed during pressing.)
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Figure 13 Schematic diagram of mandrel tooling. (Mandrel
is left in during pressing.)
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NOT REPRODUCIBLE

Fig.14 Ring prepared by die préssing and
sintering. Size: 0.475 inch ID by 0.917
inch OD by 0.302 inch thick., Maximum
energy product 12 MGOe. Sample T-8-D-3.

TABLE XIX

Magnetic Properties for 4 Die Pressed Ring and for- -
. a High-Fietd Aligned Ples llvdroatatic Pressed Ring

. ’ High-Field
Align plus
Hydrostatic
Dfe Pressed Pressed
Ring'® Ring‘®}
Magnenzutlon(d, 4-1, kG 6.90 8. 10
Demagnetizing Fnc!nr(d) 0.457 0, 457
B/H Load Line'? -1.186 -1, 186
Induction, B, kG . 75 4. 10
Field, H, kOc -3, 16 -3, 70
Maximum Energy Product, 1B|l)m“. MGe 12 18
Alignment Factor, A" 002 0.0,

{a) Sample No, T-8-D-3; 0.47% 1n, LIL » 0017 in, O 02, = 0,302 40, Vhas,
Density T1.64 giem?, Packing [N

(b} Expected prope.cties bused on sncus irements feeon satnples ot <jphtly
different dimensions,

(c) Magnetization measured wi'h o torgue mapnetmaeter,

{d) Calculated using Fvershed's Polur Rudiation nuaded «Rel, 6 40 e toan (Y,

{e) The alignment factor for the die pressed rine s coteulated, 10 g e

valur which would aecosnt 1oa Hie Jower max iy eheiyy gt o at
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achieved utilizing the high field wlignroent plus hydrostatic pressing apprcach
are also listed. The die pressing approach always gave lower magnaetic re-
sults, primarily because the alignment factor was much lower with this

: E s - ~ aadem s o omem L T ~
approach. Therefore, g extremely high-performancs rings are the goal of

this program, work on die pressing was not continued.

Task 9--Sintering (M.G. Benz)

Final densilication of the cobalt-samarium magnets is achieved by means
of sintering. This step follows pressing and increases the density of the
magnet material to approximately 90% of that for a fully dense body. A rela-
tive density in excess of approximately 87% is necessary to achieve the closed-
pore structure desired for elimination of the loss of magnetic properties
during long time exposure to air at elevated temperatures which is normally
observed for open pore structures (see Supplementary Study 2}). A photc-
micrograph showing this closed-pore structure is shown in Fig. 15.

The studies for this task have centered on: (1) furnace requirements,
(2) atmosphere requirements, (3) time and temperature requirements, and
(4) container materials. Test bar samples were prepared from a well char-
acterized lot of powder. These samples were sintered in four different
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Figure 15 Photomicrograph of sintered Co-Sm showing closed pore struc-
ture. 1000X
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furnaces under three different atmospheres for a varicty of umes and tem-
peratures, using several types of containers and container muterials. Test

results from these ramples are summarized in Table XX.

1. Furnace requirements. The furnaces used for this study were lo-
cated in four different locations and operated by different operators. Fur-
naces B and M are vertical tube furnaces operated under laboratory condi-
tions. Furnaces J and N are horizontal tube furnaces operated under pilot
line and service operation conditions. Complete equivalence was observed
for samples prepared in these furnaces. The small differences in results
can be attributed to differences in temperature calibration of the units under
consideration.

2. Atmosphere requirements. The atmospheres used for this study
were argon, hydrogen, and nitrogen. Of the samples sintered under these
atmospheres, only those sintered under argon achieved the expected rela-
tive density and full magnetic properties. With argon, no significant in-
crease in oxygen level was detected during sintering. Vacuum fusion anal-
ysis was used for this determination. The samples prepared under dry
hydrogen or nitrogen were not acceptable and in some cases showed a marked
swelling and a spailation type of disintegration several days after the sinter-
ing. In previous studies, helium has been used interchangeably with argon;
thus one of these two inert gases seems preferred for the sintering atmos-
phere. Vacuum was not used for these studies as it is quite oxidizing to
samarium unless it is extremely good and gettered for oxygen. Such an
atmosphere was not readily available.

3. Time and temperature requirements. A plot of relative density
versus time at several temperatures is shown in Fig. 16. Maximum ccer-
civity and maximum energy product are not necessarily achieved at maxi-
mum density. Careful examination H,, Hg at B/H = -1/2 and (BH)yy
versus time and temperature as listed in Table XX indicate that careful
attention to control of temperature and also time is necessary in order to
achieve the desired resuit. In this program, emphasis is placed on the H
at B/H = -1/2 as this will be the condition under which the magnets will
operate in the device being evaluated.

4. Container types and container materials. The container types inves-
tigated were fabricated from nicbium or tantalum. These included an open
container, a closed container formed by nesting together open containers
with one inverted, a closed container with a zirconium foil getter placed
between the nested containers, and a clcsed container with a samarium
getter inside. The results listed in Table XX indicate that either of the
closed container systems with a getter is satisfactory.

Iron and molybdenum can be satisfactorily substituted for the niobium
and tantalum. Sample T-9-26 was prepared this way and gave satisfactory
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Figure 16 Relative censity after sintering versus time and temperature.
Relative density in the as pressed condition before sintering was 0.8.

results. The molybdenum was in contact with the sample. This in turn was
inside of the iron container.

Task 10--Shaping--Part I (F.G. Jones)

Final shaping of the cobalt-samarium magnets is achieved by means of
grinding and slicing afier sintering. Prior to sintering, the inside diameter
is established by use of a mandrel during pressing. The outside diameter is




7 ek e B e T 3 ey e e BT RS PRI TSRO PN TR SO 5 T a R R e o v 7 »,51

established by dry grinding the outside diameter with coarse silicon carbide
belts. Dimensions are chosen to allow for shrinkage during sintering.

After sintering, honing is used to size the inside diameter of the cyl-
inder, and cylindrical grinding isused to size the outside diameter and to
establish final concentricity. The cylinders are then sliced into rings and
the rings are sliced in half for half-rings.

Solid bars and bars with center holes were prepared and used for sur-
face grinding trials.

Tables XXI through XXV show the results of surface grinding trials
using various typical wheels. The only successful grinding was accomplished

with a very soft aluminum oxide wheel at metal removal rates below 0.015
cubic inches per minute.

Centerless grinding tests were carried out using a similarly soft alumi-
num oxide wheel (2A-601-L6-VL). All attempts to through-feed solid bars
resulted in severely chipped parts. Plunge grinding could be carried out,

TABLE XXI

sebhoed S

ALO; Type I Wheel 7" x 3/4" X 1 1/4"--32A60H8VRBE

n LU e )
sovammin.

Wheel Table

Test Speed Cross-  Speed Down-
No. (sfpm) feed(in) (fpm) feed(in) RMS Comments

1 5500 0. 050 50 0.0005 27-32  Chipping almost nil !

2 4000 . 050 50 . 001 Severe chipping

3 5500 . 020 20 . 001 18-25 No chipping

4 5500 . 020 290 . 002 27-32 No chipping

5 5500 .020 20 .003 34-41 Chipped on sides

6 5500 . 050 50 . 001 10-20 Some chipping

Plunge Grinding

7 5500 10 .0005  20-23 No chipping
8 5500 10 . 001 22-24 No chipping
9 5500 50 . 001 28-34 No chipping
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E TABLE XXII
i3 Borazon Type II B1A1 Wheel 5" X 3/16™ x 1 1/4" (60-80 Borazon RB#11)
3 Wheel Table
33 Test  Speed Cross- Speed Down-
3 No. (sfpm) feed {in} (fpm) feed(in) RMS Comments
39 1 5500 0. 050 50 0. 001 110-130 Chipping nil
)
¥ 2 5500 . 050 50 . 002 Very severe chip-
: ping and large cracks
3 5500 .020 20 .002  35-47  Chipping nil
4 5500 .020 20 .003  60-75  Slight chipping
5500 . 050 50 .0005 90-120  No chipping
f TABLE XXIII

Diamond D1A1 Wheel 5" X 3/16" x 1 1/4" (60/80 RVG - RB#2)

Wheel Table
Test Speed Cross- Speed Down-
No. (sfpm) feed(in) (fpm) feed (in) RMS Comments
1 5500 0.020 20 0. 0005 72-80  Slight chipping
around entire
workpiece 3
2 5500 . 020 20 . 002 70-85 Chipping around
entire workpiece ]
3 5500 . 050 50 . 001 70-80  Severe chipping
apparently from
crossfeed pressure :
of wheel 3
______________________________________________________________________ ’
TABLE XXIV

ALO; Type I Wheel 77 x 3/4" x 1 1/4"--32A60K5VBE

Wheel Table
Test Speed Cross- Speed Down- ’
No. (sfpm) feed {in) (fpm) feed (in) RMS Comments
1 5500 0. 050 50 0. 0005 22-29 Noticeable chipping
2 5500 .020 20 .002 33-39 Slight chipping
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TABLE XXV

Silicon Carbide Type I Wheel 7" x 3/4" x 1 1/4"--39C100-J8VK

Wheel Table
Test Speed Cross- Speed Down-
No. (sfpm) feed (in) (fpm)  feed (in) RMS Comments
1 5500 0.030 50 0.0005 12-17 Severe chipping,
Lost ~40% of area
2 5500 . 020 20 . 002 20-30 Severe chipping.

~15% of area
broken away

however, and metal removal rates of 0.2 cubic inches per minute with a 45
rms finish were attained.

Bars with center holes were used for trials of ID grinding, slicing of
rings, and dicing of half-rings. Precision grinding of ID was accomplished
using very high speed grinders and aluminum oxide abrasive. Honing is
also effective for ID shaping if the amount of metal removal required is
small.

Slicing of rings and dicing to halif-rings is carried out using semicon-
ductor techniques. The finish-ground hollow cylinder is mounted on a por-
celain block using a high melting point wax. This ig then mounted in the
universal vise of a precision slicing machine and carefully aligned relative
to the diamond cutting wheel. The cylinder is first diced lengthwise, then
rotated 90 degrees and sliced into the appropriate number of haif-rings.
Gang slicing is also possible. Nearly chip-free cuts have been achieved
using a 220 grit diamond wheel operating at 9000 sfm.

A limited study of lapping of ring magnets was carried out. Using a 14
micron compound, metal removal rate was 0.04 mil per minute.

Task 10--Shaping--Part I (W.A. Reed)

As most of the work outlined in the previous subsection was carried out
at the General Electric Magnetic Materials Business Section (Edmore,
Michigan), an alternate approach to shaping suitable for the machines avail-
able at the Research and Development Center was required. This approach
is outlined in the following. It is the procedure that was used for the first
shipment of full-size sample magnets in Phase III. Photographs of these
operations are presented in Figs. 17 through 20.
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Operation 1--Hone bore 0.330-inch diameter:

Hold part in hand on rotating hone
Sunnen Hone, A10 adaptor K10A57 stone
Sunnen Honing oil or kerosene
Average time per piece--8 minutes.
Operation 2--Grind OD 1.000 inch:
Mount part on stub mandrel held in chuck
Cincinnati Universal Grinder
Wheel 37C180-15B 14-inch diameter X 1-incl: 6000 sfpm
Coolant Trim-Sol

Rotate part at 150 rpm, traverse speed 25 fpm,
infeed 0.0005-inch on diameter for each reversal of table

Average time 12 minutes.

NOT REPRODUCIBLE

Figure 17 Operation 1, inside diameter of a sintered bar sized by honing.
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Figure 18 Operation 2, outside diameter of a sintered bar shaped by grind-
ing.

Figure 19 Operation 3, slices cut from the bar to form rings.
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NOT REPRODUCIBLE

Figure 20 Operation 4, rings cut in half to form finished half-rings.

Operation 3--Cut slices from bar to form rings

Mount part on glass mandrel 0.328-inch diameter using
glycol-thialate to secure part to mandrel

Mount mandrel in collet on Brown & Sharp #13 grinder
Wheel D180-L100M 1/16 Bay State Abrasive Products
Rotate part at 128 rpm; wheel speed 6000 sfpm
Plunge feed at 0.050-inch per minute manually
Average time 6 minutes per cut.

Operation 4--Cut rings into half rings:

Mount parts 10 at a time in special vise jaws which locate
parts relative to removable mandrel

Do-all surface grinder Model 618-7
Wheel C120-JRA Allison Co. 7-inch diameter X 0.032 inch
Oscillate table at 50 fpm traverse speed

Downfeed manually 0.001 inch each table reversal




Approximate time 12 minutes. Wheel speed 6000 sfpm.

Task 11-Magnetization (D. L. Martin and R.J. Parker)

Our objective was to find a satisfactory method of magnetizing the TWT
ring magnets. Two methods were evaluated: d-c magnetization in a super-
conducting solenoid and pulse magnetization.

Short samples with an L/D of 0.18 to 0.38 were measured. The pieces
were demagnetized by heating to 1100°C for 15 minutes. The pieces were
then magnetized in a peak field of 25 kOe, and the open-circuit magnetization
was measured in a torque magnetometer in a field of £100 Oe. The peak
torque was measured for 360° rotation of the sample, and the magnetization,
4nJ, calculated from the relation

where T is the average peak torque in dyne-cm,

H is the applied field in Oe,

V is the volume in cm®, and sin 8 is 1.

The results for several samples are listed in Table XXVI. The mag-
netization values are slightly higher (6% was highest increase) after being
magnetized in a peak field of 100 kOe over a peak field of 25 kOe. Samples
H, E, and F were initially pulse magnetized in a 25 kOe field. Again, addi-
tional magnetization at higher fields resulted in only a slight increase of the
4nJ value. This experiment suggests that peak magnetizing field of 25 to 40
kOe might be adequate for magnetizing the rings.

An additional experiment was carried out on a 1.4-inch-long test bar.
The sample was magnetized in increasing fields of 12, 30, 69, and 100 kOe.
After each magnetization the B:H curve was measured. The results, tabu-
lated in Tablie XXVII, show improvement at each higher field level. The
coercive force, Hy at B/H = -1/2, and the (BH)y,,, Show the largest change.
However, again the most rapid improvement occurs between 12 and 30 kOe.

Our conclusion from these studies is that a magnetizing field of 60 kOe
is more than sufficient for magnetization of the TWT rings. Pulse magnetiza-
tion appears to be a satisfactory method for magnetizing; however, we did
not have equipment to explore it thoroughly at high fields.

60




PR R R R T O R T R T T R O R T s o S e s R it ekl

TABLE XXVI

Effect of Peak Magnetizing Field on the Open Circuit
Magnetization of the Sample

a2t we .u.v.hs_;.m.mmu.‘m

Peak Field (kOe) 4 Increase

25 _@2 80 100 for 100 kOe L
Sample 47J, Gauss Magnetizing Field D
AF 17-B 6220 6320 6590 6580 5.8 0. 181
AF 17-D 6940 7010 7040 7060 1.7 .38
AF 17-H 6610* -- 6700 6750 2.1 .18
AF 17-F 7116* -- 7120 7120 -- .38
AF 17-E 6770" -- 7020 7050 4 .38

*Samples magnetized in a pulse 25 kOe field.

TABLE XXVII

Effect of Peak Magnetizing Field on B:H Curve Data

Peak Hd
: H By He (B/H = - 1/2) (BH)__
1 (kOe) (Gauss) (Oe) (Oe) (MGOe)
12.3 7500 -6350 - 4700 13.4
30 7600 ~7000 ~5050 14.8
60 7600 7200 - 5050 14.8
106 7750 7500 -5150 15.0
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Task 12--Shipping--Part I (R.J. Parker)

We have stud.ed the alternative of supplying unmagnetized magnets as
opposed to supplying fully magnetized magnets. Due to the reversibility of
the demagnetization curve of CosSm magnets, it is possible to transfer a
magnetized magnet into the magnetic circuit conditions of the TWT stack and
obtain nearly full magnetic induction. For this program each magnet must be
magnetized and measured. In view of this, it appears logical to package and
ship the magnetized magnet rather than to demagnetize it and have the problem
of remagnetization at the tube manufacturer's plant. As noted in the previous
subsection, magnetization can only be achieved with extremely high magnetiz-
ing fields. It is not feasible for each tube manufacturer to maintain such
field capability. At this time we favor supplying a fully magnetized and mea-
sured magnet ready for the TWT magnetic circuit.

The principal requirements of the packaging arrangement are that the
magnetized magnet be protected from breakage and chipping and that a large
number of magnets be so arranged that the leakage field is not objectionable
to the carrier (a Federal specification exists). In Fig. 21, one possible
arrangement is shown which we feel might be satisfactory. Basically the
magnets are confined in a nonmagnetic packaging substance in which pockets
are formed. A flat cover plate completes the confinement. At the bottom of
the package, a magneti~ steel plate is attached to the packaging substance.
The spacing (B) is chosen so that an appreciable force of attraction exists.
With this configuration the magnet should be held firmly and also a local
magnetic circuit should be formed which localizes the leakage fieid and
should make such a package acceptable from a leakage field standpoint.
Actual experience in handling full size, full strength TWT half rings indi-
cates that there is danger in breaking the half rings if one's finger should
slip in removing these high energy magnets, however. The impact forces
can be very large as the magnet accelerates and contacts a magnet edge.

c—l B
(LLLZ‘L[_LZZ:LZZZZZZZZZZ{[ZZZ[ZZZZZZZ[Z?/l//U

A

+
REPEATING
s S ]

Figure 21 Packaging arrangement. D = outside diameter of magnet; C =
spacing; B = distance to steel plate; and A = thickness of steel plate.
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In handling magnets in the laboratory we have found that a small plastic
box with a hinged top which snaps to clouse is a very effective and safe con-
tainer and seems preferred for shipping. The magnet is placed on the bottom
of the box and foam packing material is placed over it. Snapping the box shut
compresses the foam and loads the magnet so that it will not slide to the side
of the box if the box is dropped. We have measured the radiation field from
several arrangements of half magnets in order to determine how the plastic
boxes should be arranged in a packing carton for minimum radiation fields.
In Fig. 22(a), readings of 0.02 to 0.08 gauss were obtained at a distance of
one foot as the number of magnets was increased from 1 to 4. In Fig. 22(b)
this arrangement produced approximately the same readings. In Fig. 22{c)
we reversed the polarity so that a closed magnetic circuit was formed.

Under these conditions the field reading was reduced to an estimated 0.005
gauss. We plan to place 84 plastic boxes in a standard shipping carton mea-
suring 12 X 8 X 4 inches by arranging them as shown in Fig. 23.

Scaling up our modular radiation experiment the radiation {G) from the
large array should be G = A B/D?

Where A = The number of local circuits formed.
B = The gauss level per circuit at one foot.
D = The distance from the package in feet.

MIL-S-4473C is written around the allowable fieids from large magnetron
assemblies. It specifies the field level 7 feet from the container shall be
less than 0.005 gauss.

Using our proposed package:
G = 21 (0.005) (1/7)% = 0.002 gauss.

Our general experience in shipping magnetized material is that carriers
will accept magnetized material of about any level as long as the package is
plainly marked "magnetized. " Our complete package could be inserted in
soft steel shielding material which would reduce the field level close to the
package but not at a distance of several feet. We believe that in tl.e interest
of simplicity and to avoid the possibility of having a magnet accidentally
attracted to the shielding material it is desirable tc have a packaging system
free from ferromagnetic components.

Task 12--Shipping--Part II (M. G. Benz)

Magnetized magnets shipped during Phase I and the early part of Phase
I have been packaged with materialc ‘.¢ hand in the following manner: (1)
Each magnet is placed in a separate small cardboard box. (2) A nickel
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Figure 23 Packaging arrangement. View of hali-ring magnet in a plastic box
and partial views of plastic boxes packaged 84 per st_ping carton.




keeper plate is placed on the outside of the bottom of the box. Magnelc
forces hold the nickel plate onto the outside of the box and hold the magnet
down inside the box. (3) Stacks of eight or sc small boxes are wrapped in

a paper wrapper, like a stack of coins. (4) Multiple stacks are packed into
a metal container (1 gallon paint can) and arranged such that the fields tend
to cancel. Foam padding is used to surround the stacks. (5) The metal con-
tainer is packed in the center of a larger cardboard box so that the field level
at the surface of the outer container is minimal.

Supplementary Study i--Multi-task Interaction Study (M. G. Benz)

During the first several months of Phase I, some difficulties were noted
in studies for several of the individual tasks. Therefore, it seemed appro-
priate to conduct a multi-task study in which all phases of powder and sam-
ple preparation were under close observation and control. Powder was pre-
pared in the manner outlined under Tasks 1 through 5. It was blended as
indicated in Task 6. The analytical chemistry results for this study are re-
ported in Task 6. Samples were packed and aligned by several different
methods, then pressed at 200 kpsi, shaped, sintered, and tested. The re-
sults are summarized in Table XXVIII. From these data it can be seen that
alignment method and sintering time stand out as key factors for high per-
formance.

Supplementary Study 2--150°C Aging Study (M.G. Benz)

In previous studies, it had been demonstrated that a sintered closed pore
structure eliminates the nonrecoverable loss of magnetic properties during
long time exposure to air at elevated temperatures, which is normally ob-
served for open-pore pressed powder structures. In order to re-examine
this observation, three samples were prepared, measured, exposed to air
at 150°C for 1050 hours, and remeasured. The results of these measure-
ments are summarized in Table XXIX. As can be seen, the more fully dense
samples showed little or no change. These had a closed-pore structure.

The less dense sample had an open-pore structure and showed considerable
degradation.

Supplementary Study 3--Temperature Coefficient Study:
Reversible and Irreversible Losses--Part I (R.J. Parker)

In order to obtain data on the temperature stability of CosSm under load
conditions present in a TWT tube, the following measurements program was
executed. One 1/2-inch-diameter bar (AF-17) was cut into short cylinders so
that B/H values of approximately -0.4 and -1.0 were obtained. This bar of
approximately 2 inches in length had samples 17A and 17B cut from one end,
sample 17E cut from its center region, and samples 17H and 171 cut from the
npposite end. A torque magnetometer was used to measure the change in
magnetization. Samples were attached to the magnetometer sample holder
which was located in a field established by Helmholtz coils. After saturation




A TR RIRTAST Al TR TR TAAT 3 TR TR T

Y——

A S R o e L e A ¥ N et

PPN e SR AR e A N A A T T AT e

ACMLEMAN 11 LEaniad b Lt s (o) Sode/a e RO *

I I

vZ°s 0E°G- 8°LT 08°9- 0s°8 02°6 DJo,0TYT ‘ay 2 k{ TLE~EV6E
61°8 05°¢~ $°81 o0 L~ s8°8 ZG'6 D 0TTT ‘ay a HSE~-EY6¢E
oz°s g€ g~ 0°81 09° 9~ ve°8 £G°6 De0TTT ‘ay ¢ o) LEYAD
61°8 0t G- $°81 09°9- Z6°8 66°6 D,o0TTT ‘ay ¢ a g6 vdO
s1°8 0S°G6~- S0 09°9- Le6 68°6 Do0TIT ‘ay 2 v €EYdan
£€6°L 08° v~ VAR A 0L 9~ TS°L vL°8 D.0TIT Ay ¢ 4 TI9E-EV 6L
16°L 0og°G6~ T'91 oL~ 0r°s G%°6 D.0TIT “uz 1 a gee -eb 6
68°¢L LS~ G°61 0L L~ 8v°8 §S°6 Jo0TIT1 Iy 1 o 9¢¥do @
16°L 05°G6- 1°81 2 A gr°s €V 6 Jo0TTIT au 7 q ¥6Zvaon &
¥8°L oL 3~ €°6T oC'L~ 08°8 €L°6 D.0TTIT ‘ay T ¥ ceEYad
6b°L 06~ 1°91% ns*L- €0°8 Z¥°6  O.O0TTT ‘ay z/1 Jd TEE-EV6E
bs°L 08 p- 0° ¥l 00°L~ 6v°L §6°8 DJo,0TTT ‘aIy 2/T1 el T16€-€V6¢E
LS°L 0TG-~ 8T 01°L- 8L°L 0T°6 D.0TIT “un z/t a g8TE-£h 6!
¥s°L 00°6~ (AR At 0T°¢L~ 89°L LT°6 DJ00TTT Y 2/Y o) SEbaAn
LA A cE'G- 0°91 otT°L~ 80°8 TS°6 OJe0TTT Ju 2/t g veEPAD
6v°L o€ s~ 0°LT oL 9~ 62°8 09°6 DJ00TTT XY Z/T v 1€pdY
s Iay (@0%) (30DN) (203) (6oY)) (03) JUBWIRDI,, Poy3IaN T T*ON
£3tsuaqg 2/T-=H/" XBillpe) H q q putzazurs JUBWULT TV atdues
e g pue Huiyowg

Apnjg UOT30eIDIUT S e}-IINIA - -SafdwIeg WG-0y) JO UosTIeduio )

IIIAXX ATHV.L




“Hj\!ﬂiquf LR M A 4 ot

TN

gt 16°0 $8°0 "L TS LT - L0~ vz 0S8 °L zL'e oyt 4O uedo paly

1°g- $6°0 80 [T 801 6°81- 92 zee- sLoL 9s°e Tec 4o usdp paieiurs-ey

$v $6°0 080 L 8°c1 v et- Los- 6°s- st'e o8 LEE 4D peso|d poly

1g- 880 8% L 9t 19t~ zos- 6°9- P18 19°6 152 40 pasod pazajuie-ey

e’y 0 08° 1L ol $ 9t~ 6y »e- 65 L cc'e 9Er b poxed pady

0°s- ¥6'0 68°0 6L 8 ?L1- 0°9- L'9- 08°L £'e 908 49 PO\ Posuntr =AYy -
*on v d  Gusih  (P0DNW) @on  (egw) Gow ®O O TRV TWNLOVILS HOTLIDNGD TTdN VS ©

e Dwusg  FUHg) Py Wy E Iy "y U0
e

(3TV UT D,0C1 I¢ SINOH GpIT JUBY d0WE DUE UOIIDHOD POJIUTS-SY oU3 Ui PaINSBAy aJam S$31aules)
Apmig BuBy D061 --2 Apmg Armjuaursrddng J103 93neoYy 30 Lrewawng

XIXX $1dVvL

b haTiosd b S GAD

IRy TN o Lo et s, PR YA s b smarte Ll Gl Rl T LT L e Tt Y A W
. ) e aa g o :
b i, ettt fo

e ) oo

339

s (2 ON e TNEN PA




at 60, 000 Oe the maximum torque was averaged for each sample in a con-
stant Held set at 100 Oe. Low-temperature points (- i3%°C) were obtained
by submerging sample in liquid nitrogen. The high-temperature points

were obtained by submerging samples in heated silicone oil. The low-
temperature data were determined first, and then without remagnetization

: the high-temperature data were obtained. Since the torque is proportional to
’ the intrinsic magnetization of the sample, the output of the magnetometer
transducer converted to dyne-cm per oersted is all that is required to calcu-
late irreversible loss and reversible temperature coefficient. Table XXX
displays the actual iorque values obtained and the calculated loss and coeffi-
cients for all five samples. Since the results indicated negligible loss after
low-temperature exposure, room-temperature readings were omitted on
three of the five samples before proceeding with the high-temperature data.

The results confirm previous work on long rods with respect to revers-
ible temperature coefficient in the +23° to 150°C range. This coefficient
appears to be quite insensitive to load line and is approximately twice as
large as that experienced with Alnico magunets with which the TWT industry
has a lot of experience. The coefficient below room temperature appears to
be a much lower value.

The irreversible loss after low-temperature exposure is essentially non-
existent. However, after 150°C exposure, it is rather high and the table
indicates it is quite sensitive to the B/H level. Previous work with long rods
(B/H = -22) disclosed an irreversible loss of only 0.14 after exposure to 175°C.
With the low values of B/H, the magnet is in a strong self-imposed demagneti-
zation field, and this field environment is a critical factor in the new energy
balance at high-temperature exposure.

We have also built an additional apparatus which is convenient and accu-
rate for determining irreversible and reversible losses. The basic elements
of this equipment are illustrated in Fig. 24. Briefly, high-temperature in-
sulated wire is used in three search coils that can be removed together from
a room-temperature reference specimen, a hot specimen, and a cold speci-
men. By connecting coils in electrical opposition and by use of 10-turn neli-
pots for balancing, a null can be obtained between all at room temperature.
As the temperature is raised or lowered the IDVM reads the differential with
respect to the stabilized room-temperature reference. We appear to have
good repeatability i spite of less than optimum bearing surfaces on the rods
holding the coils.

We have observed somewhat high values of irreversible loss for some
CosSm specimens (B/H = -1/2 at + 150°C). We have looked at two levels of
a-c knockdown in an attempt to remove thig irreversible loss without tem-
perature cycling. The results obtained are shown in Fig. 25. On one CosSm
specimen (B/H = -1/2 at + 150°C), 98% of the irreversibility was removed
with a 104 knockdown from saturation. This preliminary look at using field
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TABLE ¥XX

¥ Summary of Reversible and Irreversible Losses
13
13
i 17A 17B 17E 17H 171
i Diameter (in) 0.535 0.523 0.529 0.532  0.527
ii; lLength (in) . 195 .095 . 200 .095 . 204
V3
% B/H -.958 -.421 -1.00 ~.416 -1.03
i at +23°C  411.9 188.9 411.8 183.6  436.6
13 at -196°C 444.6 198.2 433.4 194.9  463.6
%: Torque (dyne-cm per  {at +23°C 188.1 435. 3
Ay Qe
5 ! at +150°C 344.1 154.6  351.6 149.4 375.4
' lat +23°C  363.6 162.9 371.3 159. 8 393.3
* 5 %Irre\zersible change in magnetization
at +23°C after exposure to: { -196°C +.042 +.030
" " +150°C -11.8% -13.3 -9.8% -15.8% -9.6
Reversible temp. coef. --%
magnetization change per °C over range
: +23° to 196°C +,0368 +.023 +.024 +,013 +.028
b Reversible temp. coef. --$
magnetization change per °C over range
+23° to +150°C -. 0425 -.040 -.0425 -.049 -.036

*Low-temperature irreversibility assumed to be zero
on these three samples.
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Figure 24 Schematic view of apparatus for measuring temperature losses.

% OF IRREVERSIBLE LOSS ELIMINATED BY
AC.FIELD TREATMENT
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Figure 25 Irreversible loss removed by a-c knockdown of magnetization.
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energy instead of thermal energy input to remove irreversibility is encour~
aging and may ultimately allow stabilization and calibration t. be combined
in tube manufacturing.

Supplementary Study 3--Temperature Coefficient Study:
Reversible and Irreversible Losses--Part II (M.G. Benz)

Additional irreversible temperature loss samples were studied in order
to more fully document this effect. The samples were thin disks and were
heated in an open-circuit configuration. The results are summarized in
Table XXXI. A correlation between relative density after sintering and
irreversible losses at 250°C is noted. The reduced loss for the higher rela-
tive density samples is probably due to the fact that these samples are more
nearly homogeneous in composition.

It should be noted that these samples were heated in the open-circuit con-
figuration. Under such loading, larger demagnetizing forces occur at the
edges than for closed-circuit loading at the same load line. By this hypothesis,
reduced losses should be observed for closed-circuit configurations. By the
same hypothesis, larger losses should be observed for half-rings in the open-
circuit configuration as there is more edge area than for disks. However, in
closed-circuit loading the losses should be reduced to the same value as for
disks in closed-circuit loading.

It also should be noted that these irreversible losses are completely re-
coverable by remagnetization of the body. They are not to be confused with
the loss of magnetic properties (nonrecoverable) that happens to porous struc-
tures on long time exposures to air at elevated temperatures. (See Supple-
mentary Study 2 for a discussion of nonrecoverable losses. )

Supplementary Study 4--Electrical and Mechanical Properties (M. G. Benz)

Three sintered bar samples were ground to specimens 0.163 inch in
diameter by 1 1/4 inches long. The resistivity was measured with the four-
probe potentiometric technique. The three samples varied in relative density
from 0.88 to 0.95. The average resistivity for these samples normalized to
a relative density of 0.90 was 53 x 10°% ohm-cm.

The center sections of these samples were polished with fine diamond
polishing compound. The fracture load for 0.625 span bend tests showed a
flexural strength in excess of 20, 000 psi. The samples were not magnetized
during these tests.

The results of the electrical and mechanical properties, including hard-
ness, are summarized in Table XXXII.
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TABLE XXXII

Electrical and Mechanijcal Properties for Sintered Cobalt-Samarium

Flexural Hardness,
Relative Resistivity Strength Vickers
Sample Density(a) (10”® ohm-cm) (kpsi) DPH
3943-32B 0. 88 58 20.3 380
3943-33B .92 51 23.1 493
3943-35B .95 48 23.0 568

(a) Full density = 8.6 g/cm?.

Supplementary Study 5--Preparation and Evaluation of Sample (1/2 Scale)
TWT Magnets: Part I--Preparation (M.G. Benz and A. C. Rockwood)

Five bars were prepared according to procedures cutlined in Tasks 1
through 9. The outside diameter of these bars was 0.625 + 0.006 inch.

Disks were sliced from these bars using a rotating chuck cylindrical
grinder. The thickness of the disks was 0.135 £ 6.001 inch.

Holes, 0.349 inch in diameter, were drilled in these disks using an electro-

discharge machine. The resulting rings were smoothed on a lap, then set up
on a surface grinder and sliced in half using a 1/32-inch alumina wheel.

The resulting magnets were visually inspecied, magnetized at 100 kOe,
tested in a torque magnetometer for uniformity and shipped to the Electron
Dynamics Division of Hughes Aircraft for evaluation. Table XXXIII sum-
marizes the results of the above tests.

Supplementary Study 5--Preparation and Evaluation of Sample (1/2 Scale)
TWT Magnets: Part II--Evaluation (Electron Dynamics Division, Hughes
Aircraft Company) [see Note (a)]

Magnets were received for preliminary evaluation. The outer diameter of

the pole pieces was reduced to accommodate the corresponding magnet diam-
eter (0.625 inch).

The accompanying graph, Fig. 26, shows how the axial magnetic field
varies with position through the stack at room temperature. The stack con-
tains eleven (11) magnets and twelve (12) poie pieces. The variation of peak
fields from magnet to magnet is due in part to end effects which tend to

Note (a) Taken from progress reports submitted by A. M. Orta of Hughes Air-
craft Company in partial fulfillment of subcontract.
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TABLE XXXIII

Phase I--TWT Magnets

Fioet Nals Second Belf
Riag Thickness Relative(l) Surface | Thicksase Balative(l)  gurface
() . Sonde. | _lin) . Nesnegisatiss _Coed,
A 1 0, 1352 1.015 Good 0.1332 1,003 Outaide Chip
3 «1357 983 ob Chip 1357 1,001 0D Pece Chip
3 +1354 977 Geod cse oes Geod
4 1351 +9543 Goed oo re Cood
S «1383 1.077 Goed 1352 1,061 Good
‘ L) 1333 1.099 w bdand oo “
? «1380 -6 Cormer Chip <1383 -S04 Cornex Chip
m ) 3 .m’ .”3 “ badadd ees “
2 1387 992 Geod ooe ae Coed
’ L) w ‘om “ ket hddad “‘
L 1360 <997 Ooed L oo Good
] +1358 1.087 Good 1357 1.073 Qood
[ 1351 1.008 Good con v Good
“a 1 L1354 965 Good - - Cood
2 «1346 «937 Goed <1347 543 Goed
3 1350 964 Cood oo e oD Chip
4 8 945 Cecd - - Corner Chip
’ ° U‘. ‘ .057 M oss ose m m'
] 1354 <923 Cood <1354 919 Good
7 * 1347 o’“ Good eoa oo “
“ess 1 1385 948 Good e - Goed
2 o w loo“ M btad eoss “
3 <1354 989 Cood oo ese Cood
4 1342 985 Good +1342 1,008 Qoed
s .1330 1.051 Coed oos ST w
(] +1350 985 Ooed con see Coed
1 i 969 Good .ee .- Goed
“ms 1 L1380 1012 Corser Chte] - - Corner Chp
2 assi 1,001 Cood cae - Good
3 1333 1.029 Good “ee P Cood
4 <1358 1.068 Qood onn one Goed
1336 1,006 Good »oe cee Coed
[ . 1350 ‘owl “ ooe oo “
7 «1341 909 Coed woe won Geod

(1)Magnetization (B-H) was determined with a torque magnetometer using an
applied field of 100 Oe. Magnetization is proportional to torque per unit
field for magnets of equal volume. Relative magnetization is defined as the
magnetization divided by the average magnetization for the total lot of mag-
netg. The average torque per unit field for the half ring magnets was 125.3
dyne-cm/QOe. The torque per unit field for a fuil (uncut) ring was 277.9
dyne-cm/Oe.
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Figure 26 Axial magnetic field versus position.

propagate inward. A summary of the theoretical and measured axial fields is
given below. The highest peak field measured, which occurs at the center of
the stack, is essentially the same as that predicted by theory.

THEORETICAL
Loaa line slope = -1.21
Hy = 3500 Oe (from magnetic properties of lot PV648R)
Bpeak = 1875 gauss
Bpole = 10, 400 gauss max.
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MEASURED

Bpeak = 1870 gauss max.

This same magnet stack has been subjected to many temperature cycles
to determine both the reversible and irreversible temperature coefficients.
Since the load line of this structure is ~1.21, the coefficients only apply in
the vicinity of this value.

A search coil was used in conjunction with an integrating fluxmeter to
provide a means of measuring the axial magnetic field of the PPM stack at
elevated temperatures. The stack was cycled from 24° to 100°C in 25°C
increments four different times. No measurable irreversible loss was ob-
served after the first temperature cycle. That is, there was a complete
recovery of magnetic field in cycling from 24° to 100°C and then back to 24°C
after the initial loss. The stack was then cycled another four times from 24°
to 175°C. Again an irreversible loss was observed on the first cycle, but
complete field recovery was observed on subsequent cycles. A summary of
the reversible and irreversible coefficients is given below:

TEMPERATURE COEFFICIENTS
(Load line slope = -1.21)

Reversible

0.042% per °C
Irreversible

4.4% from 24° to 100°C

7.9% from 100° to 175°C

12.3% from 24° to 175°C

Suppleraentary Study 6--Safety (J. M. Reynolds)

Safety practice during processing should comply with the Walsh-Healy

Safety Standards Act of May 1969. Standards for cobalt and samarium oxide
are as follows:

Cobalt (Dust and Fume)

The applicable standard for cobalt (dust and fume) is included in sub-part
D of the Act, titled "Gases, Vapors, Fumes, Dusts and Mists. "
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The standard essentially includes the following:

(A) No employee shall be exposed by inhalation, ingestion; skin
absorption or contact to any material or substance at a con-
centration above that specified in the "Threshold Limit Values
(TLV)* of Airborne Contaminants for 1968" of the American
Conference of Governmental Industrial Hygienists (ACGIH).

(B) In all cases, feasible engineering ccntrols must first be deter-
mined and implemented. Methods of control in the working
environment include local exhaust ventilation, general room air
ventilation for dilution of the contaminant, substitution of a less
toxic material, and isolation or enclosure of the process or
operation. In cases where protective equipment in addition to
other measures is used as the method of protecting the employee,
such protection must be approved for each specific case by a
competent person trained in the field of industrial hygiene.

The accepted TLV for cobalt dust and fume is 0.1 mg/m?® as established
by the ACGIH.

Samarium Oxide {(Dust and Fume)

The applicable standard for samarium oxide is included in sub-part C of
the Act, titled "Exposure to Airborne Radioactive Material. "

M b apneyese s dy

The Standard essentially includes the following:

-~

(A) No employer shall possess, use, or transport radioactive mate-
rial in such a manner as to cause any employee, within a re-

: stricted area, to be exposed to airborne radioactive material in

E . an average concentration in excess of the limits specified in

’ Table I or Appendix B to 10 CFR Part 20. The limits in Table I

are for exposure to the concentraticns specified for 40 hours in

any work week of 7 consecutive days.

.

(B) "Exposed" as used in this rule means that the individual is pres-
ent in an airborne concentration. No allowance shall be made
for the use of protective clothing or equipment, or particle size
except as authorized by the Director, Bureau of Labor Standards.

v N SeeAR AN ey e

*The TLV's refer to airborne concentrations of substances and represent
conditions under which it is believed that nearly all workers may be repeatedly
exposed, day after day, without adverse effect. They are based on the best
available information from industrial experience, from experimental human
and animal studies, and when possible from a combination of the three.
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Samarium oxide contains approximately 13.7% Samarium-147 an alpha
emitting radionuclide. The limit for Samarium-147 as specified in the above
reference (A) is 7 x 10" uCi/ml. To convert this value in terms of mg/m?
it is necessary to find the specific activily of Sm-147, then through dimen-
sional analysis and percent Sm-147 content. The permissible limit is 27.2
mg/m? of Samarium Oxide.

This figure compares with such relatively nontoxic chemicals as---

Substance TLV (mg/m?}
Boron Oxide 15
Iron Oxide Fume 15
Titanium Dioxide 15
Ronnel {(Food additive) 15

Comparing its specific radioactivity with other alpha emitting nuclides
and calculating the specified limits in terms of (mg/m?3)---

Specific Activity Specified Limits
Substance (Ci/g) (mg/m?®)
Plutonium-239 6.2 x 1072 3.2 x10°*
Radium-226 1.0 3.0 x 1078
Uranium-238 3.3 x 16”7 0.2
Uranium-235 2.2 x 1078 0.2
Thorium-232 1.0 x 1077 0.3
Samaritm-147 2.0 x 10~8 3.7
Samarium oxide 2.7 %109 27.2

It is apparent that samarium oxide can be regarded as a low toxicity
radioactive material.

With respect to radioactivity, it should be further emphasized that no
detectable radiation (alpha emission) has been observed for the cobalt-
samarium magnets fabricated on this program. In addition, as the magnets
contain gpecific radioactivity equivalent to that of potassium in its natural
state (0.001 microcurie/gram), they are exempt (Exemption 10 and pending
Exemption 15) from the New York State Industrial Code--Rule No. 38. This
code reads as follows:

Rule No. 38, "Radiation Protection, " applies to every person who, in
any industry, trade, occupation, or process in the State, transfers,
receives, possesses, or uses any radiation source. The general
requirement of the rule is that no person shall transfer, receive,
possess, or use any agreement materiai unless he is duly licensed
to do so pursuant to the Rule.
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The specific exemptions to the Rule under Section 38-3 are:

Exemption 10. Radioactive material, other than agreement material
containing a specific radioactivity that does not exceed that of
potassium occurring in its natural state (0.001 microcurie/gram).

Exemption 15 (pending). Rare earth metals and compounds, mixtures,
and products containing not more than 0.25 percent by weight thorium,
uranium, or any combination of these. This Exemption does not apply
to the manufacture or importation of any of these products.

Selection of Microwave Device {Electron Dynamics Division Hughes Aircraft
Company) {See note (a)]

The traveling wave tube to be used in the evaluation of the cobalt-
samarium magnets shall be Hughes 641H. The performance characteristics
of this tube as currently fabricated are:

Output power 61 dbm min
Frequency 4.0 to 8.0 GH,

Duty cycle 104

Gain 25 db

Size 2 5/8 by 14 1/2 inches
Weight 83/41b

Cooling Dielectric oil

The 104 duty cycle is the maximum level that this tube has achieved with
its present focusing structure. The tube has not been subjected to the re-
quirements of MIL-E-5400 Class II at this high duty cycle.

Magnet Characterization (M. G. Benz)

The typical properties of the cobalt-samarium magnets to be produced on
this program are listed in Table XXXIV. The specific dimensions of the
magnets are included in Figs. 27 and 28. Eighty (80) standard circuit magnets
(SP61367) and four (4) match magnets will be required for each tube. The
match magneis are required at the input and output of the tube to allow access
to the r-f couplers. Magnets fabricated to the above performance character-
istics and dimensions should produce a B(peak) of 2760 gauss in the 641H
period permanent magnet structure.

Note (a) Taken from monthly progress reports submitted by A. M. Orta of
Hughes Aircraft Company in partial fulfillment of subcontract.
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Typical Properties of Cobalt-Samarium Ma@gts‘a)

Residual Induction, By
Induction Coercive Force, Hc
Intrinsic Coercive Force, Hci
Energy Product, (BH)m

ax

Reversible Temp Coefficient
(Average from -196° to +150°C)

Irreversible Temp Change at
23°C after exposure to

-186°C
+150°C
(Sample B/H = -1)

Magnet Life
{Sample B/H = -1)

Density

Resistivity

Flexural Strength (polished specimen)
Fracture Maode

Impact Strength

Hardness, Vickers DPH

8200 Gauss

-6500 Oe

Greater than -12, 000 Oe
15 x 10° Gauss-Oe

‘0. 0470 per o(:

+ .04%
-10%

Less than 5% variation

over 1000 hr at 120°C

7.7 gfem®

50 x 10°® ohm-cm

20 kpsi

Brittle

Capable of withstanding normal
shipping, assembly, handling, and
operation of TWT tubes consistent
with MIL ~5400 class II environmen-

tal requirements

50C

Note (a). This list of properties was prepared by the Research and Develop-
ment Center, General Electric Company, Schenectady, New York,
at the completion of Phase i--Analysis (June 15, 1970) of USAF
Contract No. F33613-70-C-1098, ''Manufacturing Methods and

Technology for Processing Cobalt-Samarium Magnets, " initiated

under Project No. 612-9A.
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Pre-Production Samples (M. G. Benz)

Pre-production samples were delivered at the completion of Phase I.
These were characteristic of the samples utilized during Phase I to estab-
lish the tschnical basis for design of the TWT magnets to be fabricated
during the balance of the program. The documentation submitted with
these samples is included in the next section of this report.

-y
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SECTION IV

Phase I--Pre-Production Samples

These samples were prepared during Phase I--Analysis in order to
establish specifications in accordance with Exhibit A, paragraph B.1.d(2).

Submitted at the conclusion of Phase I--Analysis (June 15, 1970).
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1

Sample

B S

=

List of Samples

Test Bar Sample GP432. (BH)pay= 19.3 MGOe.
Hy (at B/H = -1/2) = =5,7 kOe

Test Bar Sample GP429A, (BH)pax = 18.1 MGOe.

Hy (at B/H = -1/2) = -5.5 kOe

Test Bar Sample GP436. (BH)p,y = 19.0 MGO-.
Hyq (at B/H = -1/2) = -5.7 kOe

Test Bar Sample GP433. (BH)pax = 20.5 MGOe.
Hy (at B/H = =1/2) = -5.5 kOe

Test Bar Sample GP437. (BH)mpax = 19.0 MGOe.
Hq (at B/H = -1/2) = -5.3 kOe

Reversible and Irreversible Temperature Loss
Sample 3943-36L

Stability Sample GP336.
Heated in air at 156°C for 1050 hours

Mechanical Properties Sample 3943-35B

Sample (1/2 Scale) TWT Magnet (Full Ring) No. 648 B2.

From lot of half-ring samples evaluated at the

Electron Dynamics Division, Hughes Aircraft Company

Test Ring Sample E-M-11
Test Ring Sample E-M-12
Test Half-Ring Sample E~C-~11

Test Half-Ring Sample E-C-12
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Sample Data

The enclosed samples were prepared during Phase I~-Analysis.

Samples A through E are test bar samples. This type of sample was
utilized as a standard test bar. Full magnetic documentation is possible for
such a size and shape. A summary of magnetic properties for these sam-

ples is presented in Table XXXV.
TABLE XXXV

Summary of Magnetic Properties for Samples A Through E

SAMPLE

A B C D E
Saturation Magnetization, 9.73 2.49 8,55 9.89 8.57
By, kG
Remanent Magnetization, 8.20 8.48 8.48 9.27 8.92
By . kG
Induction Coercive Force, -7.20 -7.10 -7.30 -6.60 ~€.60
H,, kOe
Intrinsic Coercive Force, -11.8 -14.2 ~15.6 -9.9 -14.0
Hci' kOe
Maximum Energy Product, 19.3 18.1 19,0 20.5 18.0
(BH) 0., MGOe
H; (at B/H = -1/2) -5.70 -5.50 -5.70 -5.50 -5.30
kQOe
Density, g/cm® 7.84 7.91 7.89 8.15 8.20
Sintering Treatment 1hr 1 hr 1hr 2 hr 2 hr

1110°C 11106°C 1110°C 1110°C 1110°C

An example of the demagnetization curve from which these data are

taken is presented in Fig. 29,
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DEMAGNETIZING FIELD, kOe

Figure 29 Demagnetizing curve for sample A.

Sample F is a reversible and irreversible temperature loss sample.
This sample shows a reversible temperature loss of 0.044 per °C between
23° and 150°C; and an irreversible loss at 23°C of 9% after exposure to 150°C
and 174 after exposure to 200°C.

Sample G is a stability sample. It has been heated in air at 150°C for
1050 hours. A summary of magnetic properties before and after this expo-
sure is included in Table XXXVI.

Sample H is oue-half of a mechanical properties sample. The original
sample was 0.1632 inch in diameter by 1 1/4 inches long. The surface at the
midsection was highly poiished. The fracture load for a 0.625 span bend test
was 63 1Ib. This is equivalent to a flexural strength of 23, 600 psi. The
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TABLE XXXVI

Summauary of Magnetic Properties for Sample G
Before and After Exposure to Air at 150°C for 1050 Hours

Before After
Saturation Magnetization, 9.33 Q.33
Bg, kG
Remanent Magnetization, 7.89 7.€9
Br, kG
Induction Coercive Force, -6.79 -6.40
H,, kOe
Intrinsic Coercive Force, -17,6 ~16.3
Hci: kOe
, Maximum Energy Product, 14,8 14,4
: (BH),,,+, MGOe
H, (at B/H = - 1/2), -5.0 -4.9
kOe
Density, g/cm® 7.7 7.7

other half of the zample was mounted for a hardness test. The measured hard-
1 ness was Vickers, DPH = 568. The samples were not magnetized during the
4 tests,

Sample I is a 1/2 scale TWT Magnet (Fuli Ring). This is from the lot
of half-ring samples evaluated at the Electron Dynamics Division, Hughes
Aircraft Company. A photograph of the half-ring samples is shown in Fig. 30.

, Samples J and K are full-ring samples approaching the size to be fabri-
'3 cated during Phase IIi. (Note: The center holes are somewhai off-center.)

Samples L and M are close to the final geometry selected for Phase III

magnets. (Note: These samples were primarily for geometric studies.
These were net magnctically aligned and therefore do not have full properties. )
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NOT REPRODUCIBLE

Figure 30 1/2 scale TWT magnets.
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Typical Properties of Cobalt-Samarium Magnets(@)

Residual Induction, B,
Induction Coercive Force, H,
Intrinsic Coercive Force, H.;
Energy Product, (BH)pay

Reversible Temp Coefficient
(Average from 19€°C to +150°C)

Irreversibl. Temp Change at
23°C aiter exposure to

-196°C
+150°C
(Samgple B/H=~1)

Magnet Life
(Sample B/H=-1)

Density

Resistivity

Flexural Strength {polished specimen)
Fracture Mode

Impact Strength

Hardness, Vickers DPH

8200 Gauss

-6500 Oe
Greater than -12, 000 Oe
15 X 105 G-Oe

-0.04% per °C

+0.04%
-10%

Less than 5% variation
over 1000 hours at 120°C

7.7 g/cm?,

50 x 107% ohm-cm
20 kpsi

Brittle

Capable of withstanding
normal shipping, assembly,
handling, a2nd operation or
TWT tubes consistent with
MIL-5400Class II environ-
mentzal requirements

500

Note (a). This list of properties was prepared by the Research and Development
Center, General Electric Company, Schenectady, New York, at the completion
of Phase I--Analysis (June 15, 1970) of USAF Contract No.F33615~70-C-1098,
"Manufacturing Methods and Technology for Processing Cobalt-Samarium
Magnets, " initiated under Project No. 612-9A.
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Phase III Magnet

Figure 31 gives the details of the TWT half-ring magnets to be fabricated
during Phase III. When assembled into the PPM stack they should produce a

B(peak) of 2760 gauss.
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Figure 31 TWT half-ring magnet.
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SECTION V

Phase II--Determination of Manufacturing Process (M. G. Benz)

As stated in Exhibit A of the contract work statement, the objective,
criteria, and approach for this phase are:

® Objective - The objective of this phase is to finalize the processes and
techniques that cor:prise the most economic and reliable manufacturing
operation.

® Criteria and Approach - This determination shall be based on the in-
formation obtained in Phase I. Phase I steps will be reviewed to optimize
each step.

Phase II studies have been completed. The finalized processes and tech-
niques to be utilized are as follows:

1. Raw Materials - Purchase samarium metal and cobalt metal.
Samarium purchased from any of the four different vendors evaluated during
Phase I is considered acceptable.

2. Melting and Casting ~ Utilize vacuum /inert atmosphere induc-
tion melting. Crucibles are to be of aluminum oxide. Molds are to be of
copper. Melt gize is to be in the 5 to 30 Ib range. Two compositions will be
prepared. These will be mixed as powders during the blending step. The
compositions are Co + 34 wt 4 Sm and Co + 60 wt $ Sm.

3. Crushing - Utilize a jaw crusher and a double disk pulverizer to
reduce ingots to the -35 mesh powder size. A nitrogen cover gas is to be
utilized to eliminate sparking for high feed rate conditions, particularly for
the samarium-rich composition.

4. Milling and Classifying - Utilize a fluid energy mill to reduce
crushed powder to the 10u size range. Nitrogen will be used as the working
gas for this process. A permeability method particle size analysis will be
used to measure the average particle size.

5. Powder Storage - Powders will be stored in air, but in closed
containers. Desiccants will be contained within the closed containers for
storage for long periods of time, particularly during the humid summer
months.

6. Mixing Additives - Powders from the two compositions prepared
will be weighed and blended to a composition with a samarium content, gen-
erally in the range of 37 to 38 wt £. Samples prepared from trial blends will
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be utilized to determine the actual blend ratio for the final lot. Chemical
analysis will also be utilized for determination of the desired blend ratio. A
rotating twin-shell dry blender will be utilized for the mixing. This will be
rotated 1000 to 2000 revolutions.

1. Magnetizing and Aligning Powder - The blended powder will be
packed into rubber tubes to a density of 3.5 g/cm®. This tube will also con-
tain a core pin mandrel and centering plugs. The filled tube will be placed
in a magnetic field of 60 kOe to align the powder. At this stage the centering
plugs will be moved to increase the packed density to 4.5 g/cm®, and the tube
removed from the aligning field.

8. Pressing - The tube of aligned powder will be placed in a hydro-
static pressure vessel and the pressure will be increased to 200, 000 psi. Sub-
sequent to release of pressure, the pressing will be removed from the tube,
and the core pin will be removed from the pressing. The sharp edges will be
removed from the ends of the pressing by dry grinding.

9. Sintering - The pressing will be placed in containers and placed
in a sintering furnace containing an argon or helium atmosphere for time
sufficient to reach a relative density of about $0%. The temperature will be
approximately 1120°C. The time will be approximately 1 hour. The sintered
bar will be chamber cooled.

10. Shaping - Sintered bars will be shaped into half-rings. The
inside and outside diameters will be honed and ground as required. Half-
rings will be cut from these bars with slicing machine tool equipment.

1i. Magnetizing the Magnets - A dc field of 60 kOe will be utilized
to magnetize magnets. Torque magnetometry, and axial field plots of ppm
stacks will be utilized for quality control of the resulting half-ring magnets.

12. Shipping - Individual compartments or chambers with adjacent
keeper plates will be utilized to contain the magnetized magnets during ship-
ment. These will be enclosed within a shipping container such that fieid
levels outside the shipping container will be at acceptably low levels.
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SECTION VI

Phase III (Part 1)--Pre-production Pilot Line: Powder
(M.G. Benz and A, C. Rockwood)

As stated in Exhibit A of the contract work statement, the objective,
criteria, and approach for this phase are:

e Objective. The objective of this phase is to establish a pilot line
capable of producing 1000 magnets'?) per month (per 8-hour shift)

e Criteria and Approach. A production of 250 fully qualified CosSm
ma.gnet-s'wj produced by production personnel shall be delivered to the Air
Force Materials Laboratory to demonstrate production line performance.
The performance characteristics of production line magnets shall be deter-
mined to insure compliance with the performance specification defined in
Phase 1. Magnet dimensions shall be suitable for incorporation intc Hughes
641H traveling wave tubes. Exact size, shape, etc. shall be submitted for
approval by AFML-MATE through the Procuring Contracting Officer at
completion of Phase II.

In order to accomplish the above objective, Phase III (Part 1) was divided
into three tasks:

1. Pilot Line Construction: Powder
2. Pilot Line Process Optimization Studies
3. Pilot Line Production: Powder

Pilot Line Construction: Powder

As determined during Phase II of this program (see Section V of this
report), the pre-productionpilot line for powder preparation consists of the
following:

1. Raw Materials, Purchase samarium metal and cobalt metal.
Samarium purchased from any of the four different vendors evaluated during
Phase I is considered acceptable,

2. Melting and Casting. Utilize vacuum/inert atmosphere induction
melting. Crucibles are aluminum oxide. Molds are copper. Melt size is

(a) A magnet is defined as two half-rings or one whole ring.
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in the 5 to 30 1b range, Two compositions are prepared. These are mixed
as powders during the blending step. The compositions are Co + 34 wt 4 Sm
and Co + 60 wt % Sm.

3. Crushing, Utilize a jaw crusher and a double disk pulverizer to
reduce ingots to the -35 mesh powder size. A nitrogen cover gas is utilized
to eliminate sparking.

4. Milling and Classifying., Utilize a fluid energy mill to reduce crushed
powder to the 10u size range. Nitrogen is used as the working gas for this
process. A permeability method particle size analysis is used to measure
the average particle size.

5. Powder Storage. Powders are stored in air, but in closed containers.
Desiccants are contained within the closed containers for storage for long
periods of time.

6. Mixing Additives. Powders from the two compositions prepared are
weighed and blended to a composition with a samarium content, generally in
the range of 37 to 33 wt 4. Samples prepared from trial blends are utilized
to determine the actual mixture for the final blend. A rotating twin-shell dry
blender is utilized for the mixing.

A schematic diagram of this pilot line is shown in Fig.32. Specific items
of equipment are shown in Figs. 33 through 37.

Pilot Line Optimization Studies

Effort centered on control of the various process steps in order to
maximize the properties of the magnets produced from the powder.

The primary variable controlled during powder preparation was the
composition of the final blend.

In order to achieve a maximum Hg (at B/H = -1/2) after exposure to
150°C, samples were prepared from trial blends of base metal {(Co + 34 wt ¢
Sm) and additive (Co + 60 wt 4 Sm). The final blend was then mixed to be
equivalent to the trial blend showing the highest performance.

Pilot Line Production: Powr‘es

Powder for the magnets used on the traveling wave tubes {see Seciion
VIII describing Phase IV) and the pilot line production for AFML/MATE wes
prepared as outlined in the previous two subsections. A complete summary
of the magnetic properties of trial blend samples and fianal blend samples for
the pilot line production for AFML/MATE is given in Table XXXVII.
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PULVERIZER JET MILL

DISPENSING SHIPPING BLENDER WEIGHING SCALES

Figure 32 Schematic diagram: pre-productionpilot line: powder.
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Figure 33 Vacuum/inert atmosphere induction melting furnace
used for melting and casting (shell removed).

Figure 34 Jaw crusher used for crushing.
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Figure 35 Pulverizer used for pulverizing.

Figure 36 Fluid energy mill used for milling
and classifying.
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Figure 37 Twin-shell blender used for blending.

The sintering and post-sintering thermal treatments are as listed.
These are discussed in more detail in Refs. 1 through 4.
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Phase I (Part 2)--Pre-production Pilot Line:
Magnets (F.G. Jones and BR.J. Parker)

As stated in Exhibit A of the contract work stetement, the objective,
criteria, and approach for this phase are:

® Objective. The objectize of this phase is to establish a pilot line capa-
ble of producing 1000 magnets a) per month (per 8-hour shift).

e Criteria and Approach. A production of 250 fully qualificd CozSm
magnetslal produced by production perscunel shall be delivered teo the Air
Force Materials Laboratory to demonstraie prodtiction iine performance.
The performance characteristics of production line magnets gaall k'« deter-
mined to insure compliance with the performance specification defined in
Phase I. Magnst dimensions shall be suitable for incorporation inis Hughes
641H traveling wave tubes. Exact size, shape, etc. shall be submitted for
approval by AFML-MATE through the Procuring Contracting Officer at com-
pletion of Phase II.

In order to accomplish the above obiective, Phase III (Part 2) was di-
vided into five tasks:
Pilot Line Construction: Magnets
Pilot Line Process Optdmization Studies
Sample Magnets for TWT's
Filot Line Production for TWT's
Filot Line Production for AFML/MATE

sn»swmw

A. Desuription of Pre-production Piiot Line

A pre-production pilot iine for magnet fabrication has been established.
The unit processes werg selaected in Phase II and optimized during Phase .

Figure 38 shows schematically the ssquence of operations used to make
magnets. A more detaiied description is given below.

{a) A magnet is defined as two half-rings or one whole ring.

Preceding page Mank
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Figure 38 Schematic flow diagram of pre-producticn pilet line processes.
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i. Weign, Powder and Pack Tooling. Fully qualified powder {prepared
as described in Section VI) is packed inte a rubber tube to a density of 3.5
g/cm®. This tube also contains a core pin mandrel and ncnmagnetic center-

ing plugs.

2. Align in Superconductor. The filled tube is placed in a magnetic
field of 60 kOe to align the powder. A superconducting solenoid is used to
obtain the high field value. At thiz stage the centering plugs are moved to
increase the packed density to 4.5 g/cm’, and then the tube 15 removed from
the aligning field.

3. Isostatic Press. The tube of aligned powder is placed in a hydro-
static pressure vessel and the pressure is increased to 200 kpsi. After
release of pressure the pressing is removed from the rubber tube and the
core pin is removed from the pressing.

4. QGreen Grind. The cutside diameter of the green pressing is reduced
to the desired dimension. The ends of the pressing are aguarad-off and
sharp edges are chamfered.

5. Sinter. The pressing is placed in a sintering furnace containing an
argon cr helium atmosphere for time sufficient to reach a relative density
of about 904%.

6. TFinish Machine. The inside and outside diameters of the sinter=d
tube are ground as required.

7. Slice into Half-Rings. Half-rings are cut from the sintered tubes
with slicing equipment.

8. Clean and Inspect. The magneis are ultrasonically cleaned and
checked for physical tolerances.

9. Heat Treat. The magnets are reheated to temperatures in the range
from 350° to 1125°C and cooled. This treatment is intended to increase
temperature stability.

iG. Magnetize. A d-c field of 30 to 60 ¥Ce is used to magnelize the
magnets.

1i. Stabilize. The magnetized mmagnets are heated tc rempsratures in
the range of 80° to 300°C for stabilization.

12. Test. Open circuit comparative flux density, torgue mazetometry,

and axial fieid plots of ppm stacks are utilized for quality contrc: checks of
the resulting magnets.
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i3. Package znd Ship. Individuai boxes are used io coniain magnetized
magnets during shipment. These are placed within a shipping container with
adjacent magnsts in opposition. Field levels outside the container are, thus,
kept at acceptably low levels.

B. Pilot Line Procuction for TWT's

As a pornon of Phase [Ii, magnets werd¢ supplied te Hughes Aircraft
Company, Eilectrcn Dynamics Division, for construction and evaluation of
five traveling wave tubes {(sec Section VIII}. A total of five batches of mag-
nets were produced and abipped. These are identified by the month of ship-~
ment; viz. August, September, Qctober, and November 1970 and January
1971,

Detailed descriptions of the specific production steps used for each
batch have been given in the several quarterly reports. The discussion pre-
sented here is mainly an attempt to summarize the total effort. Major em-
phazis has bzen placed on the resultant magnetic quality aspects.

Figures 39{a} through {e) show histograms of the quaiity distribution for
each batch. Ths August batch {Fig. 39(2) was made at R&DC. All magnets
exceedz4 the Ilughes reguirewent for quality in the freshly magnetized condi-
ten. The September [Fig. 35{d)] and October [Fig. 39(c)] batches were made
partly at H&DT and partly at Edmwore, Mich., but entirely by Edmore per-
sonnel. Compariscn of the three histograms shows the improved consistency
which was obtained with increased sxperience in manufacture. Not shown,
however, is the fact that aithough the freshly magnetized properties were
improved the amount of irreversible loss on subsequent heating to 150°C
also increased.

Tias problem was attacked in the manufacture of the November batch
[Tig. 38{3}. Although the general level of properties shown for the November
mavch was somewhat reduced the irreversible loss was greatly reduced. For
exampie, tte oper circuit ioss of magnetization of a half-ring was reduced
from a tygsoal vxlue of 30% to less than 104, This reduction was accomplished
Ly use of a post-smterng heat treatment at temperatures in the range from
385° o &S0, -4

Tre yroosSs esquedae was zgain altered for the production of the Janu-
acy 1§77 baien of magsets. For the first time the magnets were temperature
stabiirzexd at 158C »cvor .o shipment. Hence, the general level of proper-
ties, as shwn wm rig. 28{e), was lower. However, those magnets would be
expected tc show _nss than 1% Ioss upon reheating o 150°C. Other siabiliza-
tron ¢echiigues were tried, viz. a-c knockdown or d-c knockdown. Neither
of these alterses« aparouches could be applied in production as readily as
sitmpie temparawre gyeling.
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Figure 40 is a summary of all magnets shipped to Hughes. The long tail
in the distribution is misleading because of the fact that the 80 magnets
shipped 11 January had been intentionally knocked down in properties. It is
of value, however, to examine the general guality level of magnets made by
our process. Note first that all magnets 2xceeded the Hughes design require-
ment for the application. Secondly, note that the median level of properties
represents a magnet with an energy product equal to or greater than 16.4
MGOe. The best magnets made had energy products exceeding 18 MGOe.

C. Process Optimization Studies

During the course of work under Phase III several specific studies were
carried out in an effort to optimize or simplify portions of the production pro-
cess. These can best be discussed in two categories: (1) attempts to align at

lower field strengths and press at lower pressures; and (2) continued study
of post-sintering heat treatments.

Align/Press Studies. Attempts were made to align the powder at fields
less than 60 kOe and also to press the aligned powder at 100 kpsi instead of
the asuzl 200 kpsi. Neither approach was successful.

The results of this study are summarized in Fig. 41. In this figure we
have plotted the magnetic quality of the half-ring magnets as 2 function of
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Figure 40 Summary of all magnets shipped to Hughes Aircraft Co. for con-
struction of experimental TWT tubes.
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ocation in the original pressing. Tiie topmost curve is for the standard con-

ditions of 60 kOe alignment field and 200 kpsi press pressure. Homogenity
along the majority of the length of the pressing is good. The level of proper-
ties here represents material having energy products ranging from 15.5 to
18.5 MGOe.

The middle curve in the figure is for a pressing aligned at 10 kOe, but
still pressed at 200 kpsi. The degradation in properties reflects decreased
alignment at constant density. The properties are uniform and represent
energy products in the range from 15.0 to 16.0 MGQe. After temperature
stabilization this material would be marginal in quality.

. ; .,. rmmémﬂmwm
It

i T A AT PHER Ly ot

The lowest curve in Fig. 41 represents the least expensive approach.
The powder was aligned at 10 kOe field strength and pressed at 100 kpsi. The
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Figure 41 Effect of alignment feld strength and press pressure on quality of ¢
half-ring magnets.
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dearorsei preperty lavel is due to both 3 decrease io alignment and 3 de-
crease in density. The mavimum energy producis varted from 13.0 to 14.9

MGCe. Thix ig halew the contract rn:;uirem»nt of i% MGOe typ;ca:. property.

The results of thege studies of actual magnets confirm what bad been
found for test bars in Phase J. The process specifications were held at 63
%0e and 209 kpai, -

Fosat-Sinter Heat Treatment. Considsrable effort was devoted to a study
of various post-sintering heas treatmonts in an effort to reduce the irrevers-
ible femperaturé losses of magnetization of magnets. Two approaches were
undertaken. First, haif-ring magnsis were heat txcated in an elfort to find
the best heat treatment {emverature for mminimum irreversible logs. To
isolate the 2ffect of tempcrature these magnets were all water quenched after

* heat tre’ A\.ment.

Figure 42 shows the effect of varying heat treatment temperature
on the subgequent irreversibie losa at 150°C. Clearly 2 minimum is attained
after heat treatrrent in the range from 50C* to 1000°C. Heat treatment at
temperatures both above and below this range led to higher losses. The gap
flux reading after 150°C f{or these gquenched magnets is shown in Fig. 43.
expected the best properties were 2ssociated with the minimum loss ccndi-
tions. Urfortunately, none of the magnets exhibited properties up to the

‘quality level required by this contract.
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Figurc 42 Effect of heat treatment temperature on subsequent irrc»:\rersihlei
loss at 150°C for water-quenched half-ring magnets.
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location in the original pressing. The topmcat curve is for the stancmm oot~ -
'.uuon.s OI 50 EUG a.ugnmem fieiG and &00 spsx prews pressura. nomogen"y
along the ma3ority of the length of the pressing ir good. The level ¢i propar-
ties here vapresents materiai heving energy prnducts rarging from 15.6 to
.8 5 MGOe. . ~. -

tie middle curve in the figure is for a pressing aligned at 10 'cOe, bat
still pressed at 200 kpsi. The degradatzon in properiies reflects decreased

~ alignment at constant density. The properixes are uniform and represent

energy groducts in the range from 15,0 w0 16.0 MGOe. hfter temperature

. stavilization thiz material wouid be’ maromal in mxality

The lowest curve in Fig. 41 represents the least expensive approach.

‘ The powder was alignad at 10 kOe field strength and pressed at 190 kpsi. The

oad “Hy =60 KOe -
- L - P ZOOKPS!
I SR T - :
glGGOr Ho>10K0e
- B - P=200XPSi
21y A
2 1m0l Hy=10KOe
R P = 100'KPSI
1280} e
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-*agure 4} Effect of ahgnment ﬁeld sttength and press pressure on quality of
‘xazf*nng magnets,
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crease in density. The maximum energy products varied from 13.0 to 14.0
MGOe. This is below the coniract requirement oi 15 MGOe typical property.

The resulis of these studies of actual magneis confirm what had been

found for test bars in Phase I. The process specifications were held at 80

kOe and 200 kpsi.

Post-Sinter Heat Treatment. Considerable etfort was devoted to a study
of various post-sintering heat treatments in an effort to reduce the irrevers-

~ible temperature losses of magnetization of magnets. Two approaches were
undertaken. First, half-ring magnets were heat treated in an effort to find

the best heat treatment teraperature for minimum irreversible loss. To
isolate the offect of temperature these magnets were all water quenched after
heat treatment.

Figure 42 shows the effect »f varying heat treatment temperature
on the subsequent irreversible loss at 159°C. Clearly a minimum is aitained
after heat treatment in the range from 900° to 1000°C. Heat treatment at
temperatures both above and below this range led to higher losses. The gap
flux reading after 150°C for these queached magnets iz shown in Fig. 43. As
expected the best praperties were associated with the minimum loss condi-
tions. Unfortunately, ncne of the magnets exhibited pmpemes up to the
quality level required by this contract. -
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Figure 42 Effect of heat treatment Yemperstyre ém svbsequent irreveréible_
loss at 156°C for water-quenched half-ring magpets. - = - -
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location in the original pressing. The topmost curve is for the standard con-
ditions of 60 kOe alignment field and 2560 kpsi press pressure. Homogenity
along the majority of the length of the pressing is good. The level of proper-
ties here represents material having energy products ranging from 15.5 to
18.5 MGOe.

The middle curve in the figure is for a pressing aligned at 1¢ kOe, but
still pressed at 200 kpsi. The degradation in properties reflects decreased
alignment at constant density. The properties are uniform and represent
energy products in the range from 15.0 to 16.0 MGOe. After temperature
stabilization this material would be marginal in quality.
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The lowest curve in Fig. 41 represents the least expensive approach.
The powder was aligned at 10 kOe field strength and pressed at 100 kpsi. The
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Figure 41 Effect of alignment field strength and press pressure on quality of
half-ring magnets.
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decreascd property level is due to both a decrease in alignment and a de-
crease in density. The maximum energy products varied from 13.0 to 14.0
MGQe. This is below the contract requirement of 15 MGQe typical property.

The results of these studies of actual magnets confirm what had been
found for test bars in Phase I. The process specifications were held at 60
kQe and 200 kpsi.

Post-Sinter Heat Treatment. Considerable effort was devoted to a study
of various post-sintering heat treatmerts in an effort to reduce the irrevers-
ible temperature losses of magnetization of magnets. Two approaches were
undertaken. First, half-ring magnets were heat treated in an effort to find
tiie best heat treatment temperature for minimum irreversible loss. To
isolate the effect of temperature these magnets were all water quenched after
heat treatment.

Figure 42 shows the effect of varying heat treatment temperature
on the subsequent irreversible loss at 150°C. Clearly a minimum is attained
after heat treatment in the range from 900° to 1000°C. Heat treatment at
temperatures both above and below this range sed to higher losses. The gap
flux reading after 150°C for these quenched magnets is shown in Fig. 43. As
expected the best properties were associated with the minimum loss condi-
tions. Unfortunutely, none of the magnets exhibited properties up to the
quality level required by this contract.
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Figure 42 Effect of heat treatment temperature on subsequent irreversible
loss at 150°C for water-quenched half-ring magnets.
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In an effort to elucidate the causes for these lowered properties several
test bar specimens were water quenched from seiccted temperatures and the
unit magnetic properties were measured. These data are given in Table
XXXVIII. The data for a specimen (AF-153-1) heated at 9¢0°C and chamber
cooled are shown for comparison. It is evident that the water quenching
leads to greatly reduced values for all unit properties except the intrinsic
coercive force. This entire situation is not well understood at the present
time. From the constriction noted in hysteresis loops, however, itis ap-
parent that one or more solid-state reactions are occurring in the tempera-
ture interval studied. Therefore, chamber cooling will continue to be
utilized for the pre-production pilot line.

1400
|5 m.g.0. SPECIFICATION

12001 o ' o
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Figure 43 Magnetic quality of water quenched half-ring magnets after 150°C
exposure.
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TABLE XXXVIil

Magnetic Properties of Water-Quenched Test Bar Specimens

Heat Treatment Hg®
Specimen Temperature{a) By He Hci Hy B/H-1/2(BH)max
No. {(*C) (kG) (kOe) (kOe)} (kOe) (kOe) (MGOe)
A¥F-125-12 1100 6.275 1.525 2.350 ~-- -~ 3.2
AF-125-1A 950 6.275 4.600 8.175 -- -- 6.6
AF-139-1 900 5.150 2.400 12.250 - -- 2.2
AF-140-1 800 6.500 1.550 1.675 -- -~ 1.8

AF-153-1 goo(b) 8.525 7.700 14.400 7.975 5.400 17.0

(a) Specimens water quenched.

(b) This specimen was chamber cooled.

D. Pre-production Pilot Line Operation

The ultimate objective of Phase III work was the construction of a pre-
production pilot line capable of producing 1000 full-ring magnets per moatih,
per eight-hour shift. This capacity was to be demonstrated by preducing 250
fully qualified ring magnets. In terms of the unit count in this report that is
560 half-ring magiets per week or about 12 per hour. Such a line was buiit
and was operated during February and March of 1971. Five hundred fully
qualified half-ring magnets were built and shipped to AFML-MATE in May
1971. .

In the following sections we will discuss the actual pilot production run
in terms of the unit operations outlined earlier.

Weigh Powder and Pack Tooling. The powder used waa from lot 1.-25
described in Section VI. Forty-four billets were prepared. Each billet
weighed 210 grams and was expected to yield 18 half-ring magnets. The pro-
duction rate achieved exceeded 75 half-ring magnets per hour.

Align in Superconductor. All billets were aligned at 60 kOe applied field
strength. The production rate achieved exceeded 100 per hour.

Isostatic Press. Due to temporary equipment limitations this portion of
the pilot run was unbalanced. Two different presses were used. The hillets
were first pressed at 100 kpsi at Edmore. They were then transported to
R&DC for final pressing at 200 kpsi. Had the pressing been done in the 200
kpsi press now available at Edmore the production rate would have exceeded
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75 per hour. Four of the billets were scrapped at this stage a8 a result of
leaks occurring during pressing. This problem was traced to faulty tooling.

Green Grind. The outer diameter of all billets was ground to 1.070
inches. This led to a sintered diameter of 1.045 inches. Approximately 0.25
inch was ground from the length of each billet in order to square the ends and
chamfer the edges. The production rate exceeded 36 per hour.

Sinter. The billets were sintered in argon at temperatures ranging from
1112° to 1120°C. The typical sintered density ranged from 7.57 to 7.90 g/cmd.
The production rate exceeded 14 per hour per furnace.

Finish Machine. Finish machining consisted of grinding the outer diam-
eter to a dimension within the specified tolerance. Production rates exceeded
50 per hour.

Slice into Half-Rings. The slicing was carried out using diamond cutting
wheels. The magnets were sliced to the final dimensions. The production
rate for a single machine was in excess of 14 per hour.

Clean and Inspect. The magnets were ultrasonically cleaned and checked
ol a go-no-go basis for dimensional tolerance.

Heat Treat. As described previously it was found necessary to heat
treat the magnets. All magnets were heated and cooled from a temperature
of 867° to 877°C.(4) It was subsequently learned that slightly betier proper-
ties could have been obtained if this temperature were somewhat higher. The

production rate here was limited by the number of available furnaces to about
10 per hour.

Magnetize. The half-rings were magnetized in an electromagnet capable
of 35 kOe peak field. Rates of over 100 per hour were noted.

Stabilize and Test. All magnets were stabilized at 150°C and tested on a
go-no-go basis. Using a minimum passing point of 15 MGOe energy product
about 40% of the magnets passed. The remainder were remagnetized and
stabilized at 120°C. All passed at this stage. Stabilization and testing rates
approached 100 parts per hour.

Package and Ship. This was a routine operation performed by hourly help.
All magnets were individually boxed in foam-lined boxes. Production rate
exceeded 100 per hour.

The requirement was for production of 500 fully qualified half- ring mag-
nets. We chose to perform 100% testing at all stages of production. Figure
44 shows a histogram depicting the quality of the 500 magnets which were
shipped to AFML-MATE. The range of property variation is from 14 to 19
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Figure 44 Summary of 500 half-ring magnets produced in the pre-production
pilot line operation.
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MGQe minimum estimated energy product. Note that all of these magnets
were stabilized at at least 120°C. From prior study one wouid then expect
the maximum irreversible temperature loss upon heating to 150°C to be less
than 19%. In fact, 40% of the magnets will exhibit no loss upon reheating to
150°C.
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We believe that the magnets shipped to AFML-MATE exceeded all re-
quirements set in the contract.
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SECTION VI

Phase IV--Microwave Device Application of CosSm
Magnets (Hughes Aircraft Co.)

As stated in Exhibit A of the contract work statement the objective,
criteria, and approach for this phase are:

¢ Objective. The objective of this phase is to demonstate the superior
functional characteristics of CosSm traveling wave tubes,

e Criteria and Approach. A minimum of five (5) Hughes 641H travel-
ing wave tubes, shall be obtained for evaluation of the Co;Sm material, and
the performance of these tubes shall be compared with that of other state-
of-the-art tubes. To ensure Air Force System applicability, the CozSm
TWT!'s shall be evaluated according to 7 11L.-5400 Class II requirements
including:

(1) Humidity (4) Vibration
{2) Sailt Spray (5) Temperature
(3) Shock (6) Altitude

* The work for this phase was done by the Electron Dynamics Division of
the Hughes Aircraft Co. on subcontract to the General Electric Company,
Research and Development Center (Purchase Order 002-111517).

The report pr«pared by the Hughes Aircraft Co. covering this work is
included as the balance of this section.

A. Objective of the Program

The purpose of this part of the project was to perform evaluation experi-
ments of cobalt.-samarium magnets produced by the General Electric Company.
The project was divided into two phases.

The first phase was an evaluation of the magnets by themselves (i. e.,
not focusing a TWT). This phase consisted of a study to determine the
reversible and irreversible temperature characteristics of the material.

The second phase consisted of evaluation of cobalt-samarium magnetic
focusing arrays on Hughes Aircraft Co, traveling wave tubes. The tube type
selected for these experiments was the 641H. It has been inhigh velume
{i. e., several thousand) preduction, yet this tube is considered to be a state-
of-the-art device which incorporates many recent deveiopments in TWT design.

Another purpose of this project was to demonstrate the numercus advan-

tages of the new material, CosSm, on present and future traveling wave tube
designs,
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. Temperature Studies

A periodic permanent magnet siack assembly was designed for prelim-
inary evaluation of the CosSm magnets., The outer diameter of the array was
designed to accommodate the magnet diameter (0. 625 inch) of the first magnet
shipment (lot PV 648B). Figure 45 lists all the pertinent dimensions of the
stack., A array of eleven magnets and twelve pole pieces was constructed
and the axial magnetic field was measured at room temperature. The fol-
lowing is 2 summary of the theoretical calculation and actual measurements
of thig stack.

MAGNET

080—= p—\ — -—.135

X
V7
/
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.625 319 259 .3%0

Wil Ltk T s F net eo ntin e s vile

77
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IRON POLE PIECE

Figure 45 FPPM array used in the temperature study.

THEORETICAL
Load line slope (B/ H) = -1.23
Hy = 3500 Oe (based on lot PV 648B)
B = 1875 gauss
Bpp = 10, 400 gauss max.
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Bpeak = 1870 gauss

The method and theory used to determine the calculated values is in~
cluded in Appendix I. The peak magnetic field, B, is calculated by assuming
an infinitely long array of magnets and pole pisces. Since the stack of interest
was relatively short, end effects lowered the field produces Ly the outside
magnets (Fig. 46). The field value quoted, therefore, is for tne cell at the -
arrays center. -
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Figure 46 Axial magnetic field, B, in gauss versus axial position produced
by the array in Fig. 45.

The same magnet stack was then subjected toc many temperature cycles
to determine both the reversible and irreversible temperature coefficients.
In order to make measuremenis at elevated temperature, a search coil in
conijunction with an integrating fluxmeter was used to measure the axial
magnetic field. This kind of device was chosen because its performance is
independent of temperature. The array was cycled from 24* to 100°C in
increments of 25°C. This was repeated four times. There was a significant
irreversible loss observed after the first cycle, but irreversible losses
during subsequent cycles were unmeasurably small. In summary, there was
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a complete recovery of megnetic field in cycling from 24° to 100°C, then back
to 24°C afier the iniiial ioss had been esisblished. The stack was then sub-
jected to additional cycies from 24° to 175°C, Ac before, an irreversible

logs was chserved after the f{irst cycle, but none was observed afier each of
the thrce subsesquent cycles, ng all cycles the values of axial magnetic
field were recorded at each .. . icmperature increment so that the reversible
temperature coefficient cculd be calsulated. & summary of the re&ers;.ble
and irrevergible remperature coefficient iz hsted below,

NOTE: These values were measured on a stzck of lvad line slope (B/Hj
equal to 1,21, They are therefore only valid in the vicinity of this value,
TEMPERATURE COEFFICIENTS

Load Line Slope = -1,21)
Reversible

© 0. 042€ per °C

Irreversible } ‘ .
~ ~4. 4 from 24°C to 100°C

-1. 84 from 100°C to 175°C
-12. 34 from 24°C to 175°C

€. Alnico 5 Focused 6411

The Bughes Model 641H TWT was selected as the test vehicle for the
- 2valuation of cobalt-samarium magnets, It will bacome eyident during the
' following discussgion that the 641H is ideally suited for this purpose.

4O oS eyl ke A oy 3
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S

The 641H as produced prior to this contract is a multi-octave, helix
type, PPM focused tube. The genersi tube pa.tameterg are outlined-in
Table XXX’X,

E - Figurc 47 shows the typical performance of this tube over its band of
operaticr, This broad frequency characteristic coupled with the tubes present
duty cycle capability of 10% immediately identifies it as an sdvanced design.
.3 The tube, aithough it has been in high volume-production for a suflicient

. lerngth of time to ailow for {otal quantities in the thousands to have been
B produced, is state-of-the-art and incorporntes many of the recent develop-
ments in TWT design
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TABLE XXXIX

General Tube Parameters--Alnico 5 Focused 641H

Farameter Value
Power level 2 kW nominal
Frequency bétnd Multi-cctave 3.5 to 10. 6§ GHz
Duty cycze. - 104
" Focuaing Radial periodic permanent magnet
Diameter vacvum assermbly/package 1 3/4 inches/2 5/8 inches
Length 14 1/2 inches
Weight 83fa
Conling Dislectric oil
7: { H ¥ 1 L ¥ R
66 I -
84 | »
8 r <
-

PIN = CONSTANT

i

20 30 40 %0 60 ¥ 80 90 0.0 10 120

PEAK OUTPUT POWER (FUNDAMENTAL CNLY) (cbm)

FREQUENTY  (GHy)

Figure 47 Typical performance output power vs frequeacy fcr the radially
Tocused Hughes Model f41H,
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Figure 48 is a photograph showing the tube in its external configuration
while Fig. 49 shows the hagic vacuum assembly removed from its package
shell. The items shown in Fig. 49 are a basic vacuum assembly, a vacuum
assembly with magnet bars attached, and a typical magnet bar. From this
photo the complex nature of the focusing structure is apparent. This kind of
structure was required because of the inferior characteristics of magnetic
materials available prior the advent of CosSm magnets. During the develep-
ment of this tube the field requirements were such that the simpler axial PPM
stack could not be utilized without the use of cobalt-platinum. The high cost
of cobalt-platinum made this unfeasible., With Alnico 8 or barium ferrite
magnets the available field and A\p/L (see Appendix I) were such that satis-
factory focusing could not be obtained. The development of the radial struc-
ture utilizing Alnico 5 magnets shown here allowed the use of a magnetic
period of 0. 480 resulting in a Ap/L of approximately 2.5. This value, while
usable, is considerably less than optimum. In addition, this radially PPM
stack is quite complex and relatively difficult to manufacture,

Figure 48 Hughes Model 641H traveling wave tube.
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Figure 49 Photograph of the radially focused 641H vacuurm
assembly with and without magnets.

islolo ,‘-“- LALLM UAL TR MR WM “w;‘l;uu-‘
A T T PR T T RIS

&
‘E
. 33 As noted in Table XXXIX, the weight of the tube in its radially focused
E configuration is 8 3/4 Ib, The distribution of this weight is detailed below in
£ Table XL:
' TABLE XL
43 Distribution of Weight--Alnico 5 Focused 641H
5] Component Approx. Wt (ib)
P ,E
=4 .
. Vacuum assembly 1.00
- - Pole pieces 0. 08
Magnet bars (7) 3.19
£ Magnet bar support sleeve 1.75
3 Package chell and end caps 2.56
Comiectors/ fitings 0,25
Totxl 8.77

The radizl focused 641H tube has been in production for ¢ome time. As
a result large amounts of extremely accurate and dependable data have been
agcumulated., Thus this particular tube is in the somewhat unique position
of representing & device that is at the same time both state-of-the-art and
well defined and predictable, It is therefore ideally suited for evaluatling
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cobalt-samarium magnets. The data shown in Fig. 47 are the result of a
iong series of iesis that were undertaken o determine the exact capabilities
of this tube. Data were taken in many areas of performance in addition to
power and »andwidui.,

D, CosSm Focused 641H

The CosSm focused 641H utilizes a conventional axial PPM focusing
structure. The advantage of the simplicity of this type of stack is shown in
Figs, 50 through 52. The tube shown in Figs. 50 and 51 is in the 641H modified
to utilize an axial PPM stack of CosSm magnets and Fig, 52 in a schematic of
an axial stack. It is obvious from the photos and drawing that distinct advan-
tage are displayed by the axial structure. In particular, the entire focusing
structure is self-jigging on the vacuum barrel. The magnets are simple
cylindrical shapes and require only that the dimensions of the opposite flat
faces be accurately controlled, The pole pieces are also simple, uniform
cylindrical shapes and are identical to each other.

Figure 50 Photograph of the axially focused 641H vacuum assembly
without magnets,

The incorporation of the cobalt-samarium magnet stack resulted in the
reduction of the diameter of the focused vacuum assembly from 1 3/4 inches
to 1 inch (see Fig. 53) and allowed a significant reduction in the total weight
of the completed tube. Table XLI indicates the distribution of weight and the
weight saved by substituting the CosSm array for the Alnico 5 radiaily focused
stack. The cutside package on this tube, as well as the support sleeve, is
identical to that used on the radially focused tube, and sc the entire weight
saving demonstrated cn the axizlly focused tube is the result of the simpler
magnet stack.
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Figure 51 Photograph of the axially focused 641H vacuum assembly
with magnets.
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Figure 52 Schematic of an axial PPM stack and a
single pair of magnets.
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Figure 53 Radially focused 641H (upper) and axially focused 641H

{iower}.

TABLE XLi

Distribution of Weight and Weight Saving--CosSm Focused 6418

CosSm
Tube Weight

Component {1b)
Vacuum assembly 1.00
Pole piece 0.70
Magnets and clarps 1.70
Support slceve 1.75
Package sleeve and end caps 2.50
Connectors/ fittings 0.25
Total 7.50

This represents a savings of approximately 104,
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Saving
{ib}

None
0. 62 (increase)
1.49
None
None
None
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In addition to the weight reductior due to the magnets themselves, it
would also be possible to further reduce the total weight by redesigning the
tube package. The magnet bar support sleeve, which is essential to the
radially focused tube package, could be eliminated from the axially focused
tube package by a redesign. This would reduce the tube weight by an ad-
ditional 204, bring the total weight reduction made possible by the CosSm
material to 30%.

In addition to the physical advantages, significant improvements in the
electrical performance and the maximum available magnet field were pre-
dicted. As previously noted the highest Ap/L that can be cbtained with
previously available magnet material is approximately 2. 5. The axial
cobalt-samarium structure used allowed Ap/L to be increased to 3.0,
representing an increase of 204 in their critical focusing parameter.
Furthermore, the maximum available magnetic field was increased from
the 1800 gauss of the radially focused tube to 3000 gauss.

During the testing of the tubes, it was determined that the best focusing
was cbtzined with a peak axial field of 2500 gauss., This result makes it
posgible to further improve the tube from two standpoints. First, the diam-
eter of the magnets could be reduced from 1.0 inch to 0.75 inch. This also
represents a reduction in tube weight. Or, second, Ap/L could be increased
te 3. 6 by reducing the magnet thickness and therefore the magnetic period,
1.. A combination of these two improvements would also be possible.
Essentially, the improvements tc the 641H which are possible because of
CcgSm are a weight reduction of at least 304, an increase in the critical
Ap/L focusing parameter of 204 to 44% which would improve beam trans-
nissions, and a mechanically simple focusing structure.

E Performance cf the Tubes

The contract specified fabrication of five fubes with magnets supplied by
General Electric.  The tubes were {o be tested according to an Acceptance
Test Procedure (ATP). The ATP (sece Appendix II} is divided into two parts:
Quality Conformance Inspection, Part 1 {3Ci-1), to be performed on all five
tubes; and QCI-2, to be performed on three tubes. QCI-1 consisted of a set
of electrical measurements which determined the operating currents and
voltages of the tube necessary for the specified power cutput. These data
were taken with the tube operating at 10% duty.

QC1-2 is a series of environmental tests designed to evaluate the reli-
ability of the tube under a variety of environmental operating conditions and
are summarized below:

{a) Burn-in. The tube is tempersature cycled from ~40° to 90°C. Five
cycles are included extending over a period of 50 hours,
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Shock Test. The TWT, while nonoperating, i8 subjected o 18

impact shocks having a magnitude of 15 g's and & duration of 11
milliseconds.

(c) Salt Spray Test. The tube, while nonoperating, is subjected to a
fog mist containing 54 sodium cloride at a temperature of 35°C for

48 hours.

(d) Vibration Test. The tube, while operating, is subjected to vibraticns
of 5 to 2000 Hz with an acceleration of 2.6 to 10 g's.

(e) Temperature-Altitude Tests. The TWT is stabilized at -62°C and
then checked for satisfactory operation after a three-minute warmup
time allowing the temperature to rise to -40°C and with a pressure
equivalent to an altitude of 70, 000 feet. The tube is then operated
at +120°C for four hours with the pressure at room ambient and then
again at a pressure of 70, 000 feet for four hours.

1. Tube No.1

Construction was bezun on the first tube after the evaluation of the magnet
material iteelf had been completed. An optimum d-c beam transmission of
898% was established with a peak axial magnetic field of approximately 2500
gauss. However, for best r-f performance the d-c beam transmission was
reduced to 924, Under these operating conditions, r-f defocusing reduced
transmission {0 77%. This resuit represents a gignificant improvement over
the previous radially focused tubes. The latter typically demonstrated a d-c
bearn transmission of 84% and sa r-f defocused transmission of 634.

The 1-f characteristics of this tube were good. The output power level
was well above the specified 61 dBm minimum with a 37 dBm r-f drive across
the freguency range of 4 tv 8 GHz. In faet, the output power level aimost
achieved 2 kw across the frequency range., Thess dute are summarized in
Fig, 54,

The 50-hour burn-in and the temperature-aliitude test were conducted on
this {ube. The §50-hour burn-in was successfully completed, however, during
the temperature-altitude test with the tube operating at 120°C excessive r-f
defocusing cauesed the helix to melt. The tube was dismantled in order to
measure the magnet field of the focusing stack. The ficld of & number of
magnets had degraded as shown in Fig, 55. In fact, five magnet pairs were
found ¢c produce between $50 and 1250 gauss on the axis, wheress the
majority of the magnet pairs produced between 2250 and 2500 gauss,

A geries of experiments was underiaken to getermine the temperature
which produced such a large irreversible loss,
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Figure 54 Cutput power versus freguency for the 64iH,
No. 1.
m[
!
o N Lot
i I q F
1000 = : I
o . !
] i
S o : SUN END -
ST
~1000 = \‘ P ! L
i v u
|
i ouTPyT |
ol ARRERN R “
i H
!
3000 «

Figure 55 Axial magnet field, B, versus axial positicn
measured on tube No. 1 after the helix was melted,
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A small array consisting of the output match magnet pair and the last
seven circuit magnet pairs was recharged as siown in Fig, 86, This stack
was temperature cycled to 150°C and the magnets were found o exrhibit an
irreversible loss ranging from 3, 1% to 33.2% (Fig. 56). it should bs noted
that ihe load line slope (BfH) for this stack is 0. 5 compared with tre slope
of 1. 21 for the stack used in the preliminary temperature study (part B). A
subsequent cycle to 175°C produced additional magnetic field losses (Fig. 57)
making the total irreversible loss 15.3% to 52.8% for the eight magnet pairs
tested. (The magnetis which were used on tube No. 1 were from the first lot,
delivered by the General Elcctric Company.) These experiments showed that
it was necessary to temperature cycle the magnets after their field strengths
had been adjusted to the proper value. In all subsequent tubes the magnets
were temperature cycled from room temperature to 160°C after final fieid
adjustments were made. None of the magnets was magnetized or demagnetized
after the final 16C°C cycle.

SEFORE TEMPERATURE AFTER 190°C
CYCLE CcYCLE
3000 40
3¢
38 ‘] % -
o r‘
a6
i000 ﬂ
n
wn
3 \
T——
9 0 \ \./ = \/
[ed] i
-1000 f
3“7 3“ 5
-2000 - h } 39
3% g
k1)
! ouTPUT ouTPyT
: MATCH
-3000 & MATCH

Figure 56 Axial magnetic field, B, versus axial position produced by the last
eight magnet pairs from tube No. 1 before temperature cycle and after the
150°C cycle.
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Figure 57 Axial magnetic field, B, versus axial position provided by the Iast
eight magnet pairs from tube No. 1 after the 175°C temperature cycle.

2. Tube No,2

The second tube constructed was focused using magnets from the second
lot delivered by the General Electric Company. The béam transmission and
power output were similar to those of tube No. 1, under air-cooled condition.
No significant degradation in focusing was observed during operation at a duty
cycle of 3.3%. However, the first three turns of the helix were melted. It is




likely that a failure of the modulator caused it to operate CW for a short
period of time and melt the helix, This kind of modulator failure is equiv-
alent io operating the tube at 100¢ duty for a short time. After the helix had
been severed, the tube still focused well, which indicates that the failure was
not caused by the magnets.

3. Tube No.3

Tube No. 3 was focused with the fifth lot of magnets. The tube demon-
strated a d-c¢ beam transmission of 903 and defocused to 74% with r-f drive,
[Ca:a taken both air-cooled and oil-cooled indicated that the tube delivered :
sufficient outpui power acress the frequency range of 4 to 8 GHz. These data '
are suminarized in Fig. 55,

This was the second tube subjected to environmentai testing. All five
environmental tests were compléted aceording to the ATP with the exception
of paragraph 3. 6.3, vibration along the major horizontal axis. A large
resonance was obaerved ai a frequency of 8G0 Hz. This problem was the
resuit of madifications to the package to accommodste the CosSm magnet
array and had nothing to do with {he magnets themzelves. In order (o avoid
the possibility of damags to the tube, paragraph 5. .3 was not completed
along the major horizontal axis. It was, however, completed along the other
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Figure 58 Quiput power versus frequency for the 641§, No.3,
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level, This was done on subsequent tubes.

During the temperature-altitude test tube No. 3, unlike tube No. 1, per-
formed well. The only significant increase in body current occurred when
the tube was operated at +120°C. An increase in body current in a normat
pheromenon during high-temperature operation and the value measured were
well within the acceptable limits. When the tube was cooled to ambient the
body current returned to its original value. This indicates that the degraded
transmission at +120°C was due only to reversible temperature loss and that
cycling the magnets to 160°C had stabilized them.

4. Tube No.4

The fourth tube built was focused with the magneis from General Electric's
‘ot #4. A d-c beam transmission of 88% and an r-f driven beam transmission
of 714 was achieved on this tube. The output power was greater than 61,0 dBm
across the frequency range 4 to 8 GHz, and the minimum point of 61.1 dBm
cccurred at low band edge (4.0 GHz). The ocuiput power measured at a duty
of 10% ig plotied in Fig. 59. '
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Figure 59 Output power versus frequency for the 641H, No. 4.
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Tube No, 4 was the third tube to be subjected to the en'ironmentai tests.
Puring vibration along the minor horizontal axis, the tube demonstrated
severe modulation of the cathede current and r-f power output. However,
the tube performed ncrmally when the vibration was termiunated. The vibra-
tion test was discontinued at this point in order to preveut further damage
which would prohibit temperature-aititude tests. The cause of the severe
modulation may have been due to Icose internal gun paris, since an inspec-
tion of the leads between the vacuum assembly and the exterual package proved
negative.

The temperature-altitude test was then successfully conipleted. The body

current did not significantly increase during this test or during the 50-hour
burn-in,

5. Tube No.5

Tube No. 5 was focused using the magnets which were previously employed
on tube No. 2 (which failed). This tube (i.e., No.5) demonsirated a maximum
body current similar to that of tube No. 4, a maximum value of 0. 460 amp. Tube
No. 4 was operated oil-cooled at 104 duty and data were taken in accordance
with QCI-1. All specifications were met during this test. A plot of output
power versus frequency is inciuded on Fig. 60. No environmental tests were
conducted o this tube.
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Figure 60 Output power versus frequency for the §41H, No. 5.
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Magnets from General Electric's lot #3 were installed on this tube,
However, the tube developed a vacuum leak at the braze between the input
r-f port and the tube darrel. At this point the tube was judged unsatisfactory
and the magnets were removed for later installation on tube No. 8.

7. Tube No.7

This tube developed vacuum leaks at both input and output r-f port brazes
during evacuation. Magnets were not installed on this tube.

8. Tube No.8

The magnets from lot £3 were installed on tube No.8. A d-c beam
transmission of 894 and an r-f defocused transmission of 734 were achieved.
The tube delivered a maximum of 63. 1 dBm of output pcwer with a 37 dBm
drive level and a minimum of 61, 0 dBm across the frequency range of 4 i¢ 8
GHz. These data are included in Fig. 61,
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Table X111 is a summary of the data taken on the six tubes which were
focused and tested.
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TABLE XLIT

Summary of Data Taken on Sixt CosSm Focused Tubes

TEST NO. 1 2 3 4 5 8
SERIAL NUMBER C1062 “n C1065 | C1063 ; £1064 | Cl061
MAXTMUM AIR-

CCOLED DUTY 3% 3.2% &% &% 4% &%
MAXIMUM O1L-

CGOLED DUTY 16% - i07% 10% 10% 107
MINIMIM OUTPUT

POWER (dBm) 62.0 62.0 61.0 €1.1 61.8 61.0
MAXIMUM OUTPUT

POWER (dBm) 3.6 64.0 63.1 €2.5 63.5 62.1
DC BEAM TRANSMISSION 92% EI17A 207 887 9% 897
RF REAM TRANSMISSICY 277% 78% 747 7i% 70% 73%
ENVIRONMENTAL TESTS Yes Ko Yes Yes Ho No
MAGNET 10T

NUMBER USED i 2 5 4 2 3
DELIVERED TO

GENERAL ELECTRIC CQ. Yes No Yea Yes Yeos Yes
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F. Conclusions

During this magnet evaluation program, a series of experiments were
conducted tc measure the reversible and irreversible temperature coefficients
of cobalt-samarium magnets. Eight Model 641H traveling wave tubes were
constructed of which six were tested. One tube was lost during the prelim-
inary test ’nd cne during environmental tests. Three of the six tubes under-
went a geries of environmentai tests, Five tubes were delivered of which
four were operational.

Mesgurements of the revereible and irreversiblie temperature coefficients
were made on a2 PPM array of 0, 625 inch outer diameter. These magnets
exhnibitad a reversible loss of 0,042% per °C for a load line slope {B/H) of
1.21. The irreversible losses measured were 4. 4% from 24° to 100°C, 7. 94
from 100° to 175°C for & iotal of 12, 32 from 24° to 175°C. Although tests of
this type were not conducted on the 1, 0 inch outer diameter magnets used on
the tube, the later lots exhibited considerably lower irreversible losses.

The use of CosSm in an 2xially oriented acrray allowed gignificent improve-
ments in the maximmum avaiiable magnetic field and the focusing parameter
ap/L. The previougly used radizl Alnico 5 array produced a peak axial
magnetic field of 1300 gauss while the axial CosSm siack produced 3000 gauss.
ip/L for the CosSmi tube was 3.0, as compared to 2 value of 2, 5 for the
Alnico 5 tube.

The average d-¢ b2am transmissicn for the CosSm focused tube was 303
as compared to 84f for the Alnico 5 focused tubes, R-f defocusing reduced
the transmission to an average of 75% for the CosSm focused 641K, while the
Alnico 5 focused 641H typically demonstrated an r-f transmission of §3¢. To
obtain this transmission it was necessary to utilize only 2500 gauss of the
3000 gauss which was available. In addition to the improved beam trans-
rmission, the CosSm magnet material allowed a significant reduction in the
weight of the tube. The axially focused 641H weighed 7, 9 1b, whereas the
radially focused tube weighed 8. 75 1b,

i

U

CogSin also provides the opportunity for further improvements to the
§41H. Since only 2500 gauss of the 3000 gauss available was necessary for
best focusing a redesign of the magnet stack in one of two ways is possible.
The meagnet period; L, could be reduced enough to increase Ap/L to 3.6 yet
gtill maintain an axial peak field of 2500 gauss. The other possibility is to
reduce the outer diameter of the magnets to 0, 750 inch. This change repre-
sents 3 decrease of approximately 50% in the weight of the magnets.

Ly N i .
oy o w5 e o - pudepheassdgn griesnib g 8

The radially focused tube required an inner support sleeve as part of the
package which was also used on the axially focused tube. However, the sup-
port sleeve was not essential to the axial focusing structure. A redesign of
the package to eliminate this sleeve could have further reduced the tube weight
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by approximately 1.75 Ib, That is, the use of CogSm on the §4iH tube re-
duced the weight by 10% and provided the opportunity for an additional 20¢
reduction with a suitsble package redesign.

Because of the failure of tube No. 1 during environmental test, it was
determined that the magnets had to be stablized at 160°C after they had been
adjusted, If they were not stabilized, the high temperature encountered
during the environmental tests would demagnetize the magnets enough to
cause sufficient defocusing to melt the helix. All subsequent magnets were
treated in this way and no further probiems of this nature were encountered.

The proeess of installation of magnets on the tubes and focusing requires
fraquent handling of the magnets, It was found that because of the brittleness
of the CosSm material, extreme care was necessary to prevent breakage.
This problem was, however, minimized as experience with the material
increased.
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PERIODIC MAGNETIC FOCUSING DESIGN

Periodic permanent magnetic focusirg has proved to be a useful method
of constraining electron beams. PPM focusing has a significant weight ad-
vantage cver uniform field focusing. Typically, a solenoid and its associated
power supply can be replaced by a periodic permanent magnet agsembly
weighing one-tenth of the solencid. Even though field adjustment is more
critical with periodic focusing, and degradation of beam transmissior due to
r-f defocusing is more severe than when employing an electiromagnet, PPM
focusing is extensively used for pulse iraveling wave tubes. Presently tke
beam transmission of the PPM focused traveling wave tubes is about 904
during r-f operations.

PEAX MAGNETIC FIELD AND MAGNET PERIOD

The theoretical uniform magnetic field, By, required to confine an ideal
electron beam is given by:

11/3

Bb = 327 gauss, (vino-1)
vi/t
b
where 1 is the beam current in amperes, V is the beam vcitage in volts, and
ry, is the average beam radius in inches. The derivation of Equation (ViiI-1)
assumes that all electrons leave the cathode with a zero component of trans-
verse velocity and follow well defined trajectories which do not cross. In
general, these assumptions are only approximately valid, and consequently
most beams require more field than that calculated by Equation (VIII-1}.

Usually the required field is more closely approximated by:
B= 2Bb {(VIII-2)

When a PPM stack is used, it is desirable to design the structure so that the
field produced is a sine function. Since the root mean square of a sine is
1//Z, the maximum value, Bpegk, of a sinusoidal PPM field which is equiv-
alent to the uniform field calculated by Equation {(VIII-2) is given by:

gauss. (Vii-3)
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An equally important focusing parameter is the ratio of ihe piasma wavelengin,
Ap, associated with the electron beam, to the magnet period, L, given by

V3/ 4 rb
AP - 4. 0359 ———2L inches. (V1i1-4)
L ML

The variable L is defined in Fig, 62, Spatial periodic magnetic field vari-
ations cause corresponding variations in the beam diameter called "scallop-
ing® or Fripple* which can adversely affect the focusing characteristics of

the tube, The ratios Ap/L primarily determines the amount of ripple which
may occur. An increase in Ap/L, which is equivalent to a reduction in
magnetic period, reduces the beam ripple. Unfortunately, the peak axial
magnetic field obtainable in a PPM stack is a direct function of the magnetic
period. That is, a reduction in period will also result in a corresponding
reduction in magnetic field. Best focusing characteristice can be achisved

by designing a maguet structure with the smallest period, yet consisiant with
Equation (VIII-1) and available magnetic materials. Ap/L for most tube desigus
lies between two and five. A value below three is conzidered marginal with
best results above 2, 5. However, until the introduction of CosSm many state-
of-the-zrt tube designs were forced to operate with a low Ap/L because of
the relatively low energy products and coercive forces of previously available
perrmanent magnets.

PERMANENT MAGNET DESIGN{4)

Ornce the peak field and the magnetic period have been determined, from
Equations (VIII-3) and {(4), the dimensions of a magnet system to provide the
required field is {0 be determined. Figure 62 shows a magnet structure of
the single pericd magnetic focusing,

The peak field on the axis of an infinitely long magnetic siructure of the
type shown in Fig, 62 is given by

@©

HT 4
_d 1 m d . mug =
B, = —~ E — & (——-LL ) sin ( T (VIi1-3)
m=1

m=1, 3, 5, 7

where T, g, 4; and L are dimensions shown in Fig.62 and Hy is the magnetic
intensity, in cersteds, of the magnetic material used,

The function f, (md;/L) versus md;/L is plotted in Fig.53. Egquation
(VIII-5) was based on the assumption that the pole pieces are not saturated.
For most practical structures the series in Equation (VIII-5) converges very
rapidly, and is usually sufficient to evaluate only the term for m = 1,
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Figure 62 Axial magnetic focusing structure and magnetic field
distribution.
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To determine the value of Hy in Equation (VIII-5), the total permeance

Py, of the magnetic circuit, must be calculated. To simplify the calculation
the magnetic circuit is divided into three flux paths as shown in Fig. 64.

In the simplified design, two distinct and uniform fields are assumed for

flux path I. The permeance of path I is given by

P, = py' + py"
2 2 2 2
= 0,785 =% 4 0,785 -‘3&?91— inch (VII-6)
The permaneance of path II is given by
- \
Py - g (Bh)sin (2IE) inen (VII-17)
2 L L /
ms=i gTm

/— MAGNET

FLUX PATH TI Py
Pi” N
N
AN

FLUX PATH I

N

\P3‘<‘FLUX PATH TI

Figure 64 Manner in which external magnetic circuit is divided into three
flux paths for calculation of total permeance,
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and the permeance of path III is given by

@®

P, =y LD g (.%Qz.) sin (mET) inch (VIII-8)
Tm?

ms=1

The function f; {md,/L) versus md,/L and f3 (mD;/L) versus mD;/L
are plotted in Figs. 65 and 66, respectively.

The total permeance, P is given by

PT = Pl+ P3+P3 inch

(VIII-9)
From the following relation
B
d T
- ——— = —— VIII-10
i A P ( )
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Figure 65 Plot of f; {md;/L) versus £ (md;/L) as used in Equation (VIII-7}.
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A load line having a slope of By/Hg determined from Equation (VIII.10)
drawn frem the origin of the demagnetization characteristics (By versus Hy)
of the magnetic material will intersect the demagnetization curve at the
operating point and give Hy. Figure 67 shows plots of demagnetization curve
for cobalt-samarium. As an example, a load line is plotted in the figure,

Substituting the value of Hy into Equation (VIII.5), the peak field B,, is
determined.
PERMEANCE COEFFICIENT
9 W Lt 12 3 18 Ls 20 3.0
\‘ \‘ \\ L‘ \f %_ J; }
84 + 80
7 + 7.0
6 | L 6.0
S a4 T 50
Pl = 80‘5
Hd
‘4 + T 4.0
'3 - T 3-0
.2 - : P 2.0
3
t
4 ; 1o
:/— Hd
J
+ +- + : + + —t- —t Qo
8.0 7.0 60 5.0 40 30 20 10 0,0

Figure 67 The demagnetization curve of CosSm with sample load line plotted.
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641H ACCEPTANCE TEST PROCEDURE
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k. h 4
1.G SCOPE
" The purpose of th.s document i{s to delineste the acceptance tests

to be pesrformed on each delivered unit.
2.0 APPLICABLE DOCUMENTS

The following documents form a part of this document to the extent
specified herein.

-3 Drawings, HAC - EDD
8105442 Outline and Mounting Draving

3.0 REQUIRFMENTS

Acceptance fests shzll be conducted at Hughes Atxcraft Cowmpany,
Electron Dynamices Division (EDD) or other test facilities
approved by EDD.

Jhredn s

rn MO Aasit

3.1 Test Results

The results of acceptance tests shall be recorded on customer
T test dats sheets which are controlled by this procedure and
3 3 revisions hereto.

All entries made during scceptance testing must be in ink,

- Deletions and/or corrections to the data shects shall be made

3 by ruling out the appropriate portions of the test data and

: 'b inserting the corrections. Ruled-out data must remain l.zible
and be signed and dated by the person wmsking the correction. a3

Coapleted data sheets shall be signed or stamped by the person
perforatng the test and EDD Quality Assurance.

~ 3.2 Preparation of Data

3 One copy of test results (customer test data sheets) shall be
shipped with each unit.

: 3.3 Teszt Sequence 3

e The order of test paragraphs as listed does not tvepresent the

: required sequence of tests. Functionil and environmencel
3 tests may be performed {n any sequence. To facilftste testing,
. steps from one Functional Test paragraph may be performad in
E ; conjunction with steps from zny other paragraph at the apticn
of Hughes tOD.
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3.4 Standard Test Conditions

Ambient test conditions for conducting acceptance tests shall
be as indicated below unless otherwise specified.

A, Tewpersture, SO°F to 95°F
B. Relative idity, $0% RH or less
C. Barometric Pressure, Prevailing Laboratory Pressure

3.5 Environmental Test Tolerances

A. Vibration Asplitude + 10%
.B. Vibration Frequency + 22
C. Tesperature + 59F
E. Test Time Duration + 10%

3.6 Patlure

Performance degradation during environmental exposures of burn-in
will not necessarily constitute 2 failure. However, any performance
degradation beyond the limits specified herein, will constitute »
fatlure,

4.0 QUALTTY CONFORMANCE INSPECTION, PART 1 (QC1-1)

The following tests shall be performed on each traveling wsve tub:
(IWT), test datz shall be recorded as specified in the individual
test paragraph.

4.1 Operatting Procedure

Install tube in test fixture, connect hydraulic lines, RF leads
and DC leads. Casutfon Note: Only Parker No. 5-017 144905 "O"
Kings are to be used at both ends of the DC lead assemblies.

4.1.1 Whenever connections are made to the ofl fittings or
Electrical connections the following limitations apply:

The total effective moment of torque or other distorting
force which may be applied at the points where the hydraulic
sdapter or high voltage adapter fittings join the tube cover
rackage, shall not exceed 30 inch pounds.

4.1.2 Turn-on of the tube shall slways be as follows:

1. Supply coolant

2. Apply heater wvolts=ge

3. Apply grid bias voltage

4. Apply cathode voltage

3. After 3 minutes delay apply grid pulse voltage
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4.2 Test Conditions

4.3

4.4

Tests shall be performed at room ambient temperature unless otherwise
specified. Data is to be recorded at 200 Mc intervals from 4 to 8
GHz unless otherwise specified. The allowable range of electrical in-
puts shall be as follows:

Min. Max. Units S 1s
Heater voltage 6.03 6.27 Veas E¢
Heater current 2.4 3.5 A Ig
Cathode voltage -9.5 -10.5 kvde By
Grid Bias voltage
(referred to cathode) -160.0 -150.0 Vde E
Grid pulse voltage
(referred to bias) 250 400 v ec
Peak grid current .o 400 ma t 98
Peak helix current .- 833 . ma iy
Pulse width 4.75 5.25 usec Tp
Peak collector current .- 1.0 A iy
Duty .- 10.0 % Du
Peak Cathode Current --- 2.1 A i
NOTE: 1. Tests shall be performed with collector referred zo cathode

at 6.0 kvdc + 5%.

2. All tests are to be performed at 107 duty cycle with the
exception that environmental tests will be performed at
4% duty cycie.

Visual and Mechanical

Visual and diwensional inspection shall be performed to determine
compliance to B105442

Electrical

These tests shall be performed with the TWT operating at nemeplate
voltages (eg those operating voltages selected for optimum performance)
unless otherwise specified.

4.4.1

4.4.2

4.4.3

Heater Curren:
Three minutes after application of 6.15 ¥ to the hezter sf the

tube, the measured heater current shall be in the range 2.4 to
3.5 amperes. Recorgd.

Cathode Voltage

With the electrode potentials adjusted to nameplate values,
the measured cathode voltage shail be in the range from
-10.5 te -9.5 kvde. Record,

Cathode Current

With nomeplcte clectrade potentials applied to the tube, the

4
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4.4.3 Cathode Current (Cont.)

cathode current shall not exceed 2.1 smperes. (Csthcde
current (i) = i + 1p)

4.46.4 Crid Volélga
With the electrode potentials adjusted for nameplate values,
the pesk grid pulse voltage shall be {n the vange from 250

to 460 volts when measured with respect to the grid bias
vhich shall be -150.0 vdc to -160.0 Vdc. Record.

4.4.5 GCrid Current

) With nameplate values applied to the tube, the measured pezk grid
current shall not exceed 400 millismperes. Record.

4.4.6 Peak Helix Current

With nameplate electrode potentials applied to the tube,
the peak helix current shall not exceed 833 milliamperes.
iy = 1y - (i + 43). Record.

4.417 Peak Collector Current

With nameplate electrode potentials applicd to the tube,
the messured collector current shall not exceed 1.80 amperes.
Record.

_,> 4.4.8 Power Output with 37 dbm Drive

The tebe shall be opcrated with nameplate electrode potentials
applied. With an input signal level of 37 dbm, the power output
shali be 2 minfownm 61 dbm. Record. Measurements shall be amcde
at frequencies from 4 to 8 GHs at 200 Mc intervals,

4,4.9 Input_and Output VSWR (Nomoperatin
The VSWR at the input of the tube shall be less that 2:1 :nd at
the cutput, less than 2.5:1 in the fraquency band of operation.
The maximum input and output VSWR shall be measured and recorded.

5.0 QUALITY CONFORMANCE INSPECTION, PART 2 (QCI-2)

The following tests shall be performed on a minfmum of three (3) tubes,
Esch tudbe selected for these tesis shall be tested in accordance with the
requirements of QCI-1 prior to the performance of QCI-2.
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5.1 Environmental Tests

5.2

All environnental tests shall be conducted {n iccordance with the
procedures of spectiication. MIL-T-5422 as awdiffed by this pro-
cedure.

Electrical

These tests shail be perfcrmed with the TWT opevating at nameplate
voltages (eg those operating voitages srlected for optimum perform-
ance) unless other wise specified.

5.2.1 Beam Current at Cutoff

With nameplate electrode potentials spplied to the tube
except grid pulse voltage equals zero, and grid bias at
~150.0 vdc. The beam current shall not 2wceed 500 a.

5.2.7 Stabilicy

The tube ahall be operated with nameplate electrode potentials
applied. With either or both the fnput and output of the tube
connected to circuits having a =aaximum mismacch ratfo of 4:1.

The tube's total noise and spurious power cutput shall not exceed

10 dbex measured through a 4 to 8 GHz band pass filter.

5.2.3 Grid Capacitance

This test shall be performed with the tube non-opersting.

The grid cathode capacitance shill not exceed 25 5 £. the
grid anode capacizance shall not exceed 2044 £f. These
capacitances ave determined by measuring cowblnations of
grid-anode, grid-cathode, and cathode-anode capscitance and
calculating grid-cathode aad grid-anode capacitances. The
grid-anode and cathode-2node capacitance s found by connect-
ing the grid terminsl to the cathode terminal and measuring
this combinatfon capacitance with respect to anode (grourd;.
This shall be designated reading Ml. The griG-cathode and
grid-anode capacitance is found by connecting the cathode
tereinal to anode ground and messuring the grid terminal
capacitance with respect to anode {ground). This reading
shall be designated M2. The grid-cathade and cathode-anode
capacitance {s found by connecting the grid terminal to anode
graund und measuring the cathode terminal capacftance with re-
spect to anode ground. This reading shall be designsted 3.
The grid-cathode capacitance (Cgk) 15 calculated from the
following:

OPL L ST

The grid-anode capacitance (Cga) is celzulated from the following:

cga=MLtM oM
2

N
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5.2.3 Orid Capacitance (Cont °

The heater termina?l .anected 2o the heazer cathode
terninal during ~° cests.

5.3 50 Hours Burn-in (Tem - ure Cycling)

The tube shall be or .4 with nameplate voltages applizd and tewp-
erature cycled in the following manner:

In gre hour the temperature cf the input coolant shali be elevated to
490°C._The temperature of the input coolant will then be lowcred to
-40°+9C 1n one hour. This cycle per Fig. 69. will be repaated until
5 cycset are completed, then {nput toslant temperatur2 is to be raised
to 90°C and maintained for 10 hours minimuc.

5.3.1_ At the start of burn-in while st ambien}i tempsr:ture, and at the
aiddle and end of burn-in (while at +90 C), perfcom the tests of
paragraph 4.4.8 at 4.0, 6.0 and 8.0 CHz. Wher performing RF tests
at 6.0 GHz, record the helix, collector and cathode current.

5.4 Shock Test (Non-operating)

The tube shall be subjected to 18 Supact shocks having 8 magnitude of lig
snd a duration of 114! mfllisceonds. Yhe inteansity shall dbe within 207
vhen weasured with a filter having a banduidt:s of 0.2 to 250 cycles per
sscond, and the maximum 3" shall occur at approximstely 5.5 millissconds.
The shocks shall be applied as follas in the numsrical order shawm in
Fig. 790.

(8) Vertically, three sbocks in each direction
(b) Parallel to the mzjor horizontal axis, three
shocks in each direction,
(c) Parallel to the ® nor horizonta® axis, three shacks
> in each direction. b

The above mentfoned shocks shall be consfdered oblained wher the tube is
subjected to the shock tests by a shock machiae as specified ip specifi-
catiou MIL-S-4456, or a mathire of equal perfirmance.

5.4.1 Post Shock Test

After completion of the tests, the tube shall be carefully examined
for evidence of mechaufcal feilure 3nd tested in accordence with
paragraph 4.48 at F = 4., 6.0 and 8.0 CHz.

5.5 Salt Spray Test (Noa-opsrating}

Tube DC connectors are tc be cinged with 3152052/85901/1 80501/1/12 USK
caps. Tube KF connectors are to be closed with INC weustherproof cans (or
equivalent). Hydraulic fittings cre to be closed with BS71394 Secl Caps.
(Prain oil prior to test.)

$5.5.1 GCeneral

‘n\s tube shail be supported Irom the bottom with the top inclined
187 from the vertical parallel with the principal directfon of
flow of fog through the chamber. The salt solutiun concentration
shall e 5% scdium chloride {containing en a dry basticz not mora
than 0.3% total impurities). The solution shali be prepared by
dissolvirg 5 % 1 parts by weight of salt in 95 parts by weight
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5.35.1 gCeneral (Cont.)

of disttlled or other water. The water used shall contain as
wore than 200 parts per million total solids. The solutisn
shall be kept free from solids by f{ltration or decantation.
The sclution shall be adjuited to and maintained at e specifis
gravity o. from 1.0268 to 1.0513. The pR shall be maintsined
betwesn 3.5 and 7.2 vhen measured at a tewperaturs Betwasn
33.9° and 36.19C. Only ep grade hydrochloric acid ox sodium
bydroxide shall be used to adjust the pll. Tha p meszuTenenc
shell be made elsctrometrically using a glass eizatorde with &
ssturated potassium-chlorfde bridge or by e éolorimetric method
such as bromoblue, provided the results ave equivalent t2 those
obtainaé with the electronetric amethad,

5.5.2 Operating Coxdirions

The temperature {n tiie #xposuré core shafl de maintained at

35 41.19c. Aeomfzation shall be such that s suttable receptecie
9luld7at say pofnt in the expusure zone will &oilect frxom 3.7%
te 2.0 @11lilicerc of solutfon pex haur f3r wsch 20 squere
centimeters cr hortzontrl collecting srea (10 cm die) based on
an a7eragr rur of at jeast 16 hours. The scivifcn thus coliscted
ehall havs 2 sodina chlorids sontent of fream % to 6%, Ar lesst
two clear fog-colieciing raceptacles shall be vaed, one placed
near any noz:le snd one placed as far ss possidle from 2il
nozzies. Receptacles shall be faztoasd so they are not shisldad
by specimens and so0 that n3 dréps of solutfen from apecimenz or
other sources will be collented. The zest shali run continuously
for 43 hours with no interruption excapt for adjustment of the
spparatus and {nspectfon of the tube.

5.5.3 Post Salt Spray Test

At the roopletion of the exposure period, perforx the tests of
paragragh 4.6.8 at £ = 4.0, 6.0 and 8.0 GHz. ThC %ube shell be
exaxnined for sny evidence of mechaaical faflure.

To 2i2 fn examinstion, tube shall be prepared in the sllowing
oanncy:  salt degosits shall ba recoved Sy 3 gentle wash or dip
in running vater not wvareer than 37.8%C and a light brusking
usiog & soft haiz brush or plastic bristle drugk.

5.6 ¥ibration Test (Operating)

The tube shall be operated wizh nameplate veltasge with the foput sfgnal
adjasted 20 the small eignz) getin region at 5.0 GHz. Tne R output

pulse shall be monizored for modulatfon using & crystal snd oscilioscope.
Modulagion of the KF osutpul pulse due o vibration shall aotr excaed 20%
mexisua of the total output pulse,

$.6.1 Preliminary Procedure

Operation of the tude shall be contimuous, and specisl carve shall
be token to fnsure elsctrical centinuity during vibration., The
tubs shail be recurely =mounted o fixtore ¥o. SP14937-31702 by
z=eans of the normzl monating acrous torgued per MIL-E-415E35 USaF
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5.6.1

5.6.2

5.6.3

5.6.4

—

Preliminary Trocedure (Coat.)

to 14 to 18 fnch pounds. The RF connectors are to be safety
vired, the hydraulic and high volcage fittings torqued to 30
{nch pounds maximm and all leads and lines clacped to ths
fixture. Make such connections and instrumentat sn sas nec-
essary. Prior tc resonance survey vibration, tucra on the tude
and ms¥2 & reference run tc check equipmer:.

Resorant Survey

Resonant modes of the tube (non-operating) shall be determined
by varying the frequency of applied vibration slowly between

S - 2000 cps st an acceleration level 507 lower thun Fig. 68.
Indfividual resonance surveys shall b2 conducted with vibration
applied along each of three swtuaily perpendizuylar aves of

the tube under test. Resonances shall be determined by the
aost practicable means, f.e.,. by 1) 2 stroboscrope, 2) steth-
oscope, 3) a comparisoe of tube acceleration compared to table
s&cceleration.

Resonance Vibration

With the tube operatinc. the table shill be vibrated in major
herizontal axis (Fig. 70) at each of the indicated resonant
points obtained in %atagraph 5.6.2, and at the amplitudes cr
sccelerstions of Fig. 68.  Vibration shall be of 30 wmiaute
surnlion st cach resonance. If more than four resonant modes
ere noted for any onz piane the four most severe vil: be usad.
The RF ootput pulse skl br spnitored and the maximum modu-
lation recorded. At = completien of this step the tubs chcll
be clesely incpected for evidence of any mechanical failure.

Cycling

¥ith the tube under test opersting, the tablc shall be vidbrated
along & horizcatal dfrection with the frequeney varylng botweea
5 and 2000 cycles per second ad the aeplitudes 2nd acecelasacicns
&3 {indfcated in Fig. 68. Ti® rate of frecucacy change sholl
be logarithaic and shail be such thet a complste tycle (5 ~
2000 ~ % eps) will consume 30 minutes. The test shall coacique
for the tive specified fn Table I. Thc K& outpot pulse zhall
be monsitored and the moxioue modulsation racorded. At the com-
pletion of this step the tube under test shall be closely
inspected for any evidence of mcvhanfcal failyre.

5.6.4.1 Repeat paragzophs 3.6.3 and S.6.4% with the axis of
vibration changed to the minor torizoutsl. (Fig. 19)

5.6.4.2 Repeat parsgraph 5.0.3 and 5,6.4 with the axis of
vibration changed to the verticai. {Fig. 70)
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35.6.4.2 (Cort.)

NOTE: Im no c¢sse shall either the cycling time or the
time for 2ach resonant piint de less than 10 aiunutes.
The vibration test shall follow the schedule of Tadble I
{tise ahown rzfers to one axis of vibration)..

wrd v 4 £an L 2t SRS RAARR S (o e SOOA Y Al RS

TARLE I
Humber of resonances 2 1 2 3 &
*Total vibration time
at resonance - 30 min. $ he, 13-1/2 hrs. | 2 brs.
Cycling cime (min.}) 3 hrs. | 2-1/2 hra {2 hrs 11-3/2 hrs. {1 ke, I

* 30 minutes minimum at each pofnt of resonance

5.6.3 Post Vibration Test

rvcn HEAP B S %

Perform the tests of paragraph 4.4.8 at f = 4.0, 6.9, and 8.0
Gdz. Exsmine the tube for any evidence of mechanical fafiure.

5.7 JTewperature - Alrirude Test (Operating}

During this test namwplate voltages sh:=ll be applied to the tubde.
Whenever an R’ test iz performed helix, collector and cathode current
shali be recordel 2t 6.9 GHz,

Step 1. The tube shall be placed fa the center ol the test
chaxder making such councctions and instrumeniation 1,
as necessary to conitor the tube, Perform a reference
Tin per paragraph 4.4.8 st 4.0, 6.0 and 2.0 GHz.

2

Step la. Store at -629C until stsbilized.{tube non-operating). The
tube temperature shail be taken as the average of the tesp-
erature dessurad at the two end caps.

Step 2. With the tube non-cperating and ccolant flowing,

: apply heater voltage. Afzpr 3 minutez, with fnput
coclant temperature -401Yg C apply the other electrode
33 “voltages. Adjust chamber preasure to 70,000 fect.

3 3urn on tube and test per paragraph 4.4.8 at 4.0, 6.0
W3 &d 8.0 GH:., Tube shall &e turned on and off a

e ainizom of thrze times and checked for satisfrotory

3 operation fomediately sfter the 3 minute warm-up
period.

. 9§ Note 1 Satisfsctory operation femedistely after the specified
. wars-up time shall be determined by data within speci-
3 fied limits for tests required in Step 2.
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.

Kote 2 All cheracteristics which z2re likely to be sifected
by low temperatures shall be checked first. Sheuld
the time required to complete the tests exzeed 13
sinutes beyond the warm-up time, input coolant temp-
eratuss shall again be stadbilized at -Lef?0°c and the
opesrational check continued.

Step 3 With tude non-operating, adjust {nput coolant tempera-
ture to -10°C. Adjust chamber pressure te rcom
sabient. After stabili-ation the chamber shall be
opened, coolant flow removed and frost permitted to
fore on the tube. The chamber shall remain open
tong encugh for the frost tc melt but not long enougn
for the moisture to evaporate. The chamber ghall then
be closed, the tube turned on sad tested per paragraph
4.4.8 at 5.0, 6.0 and 8.0 GHz. Thz tube shall be
turned on and off at leasr 3 times and checked for
satfsfactory operation imeediately after the 3 uinutes
warm-up period, while tube is still wet, not fced.
Coolant temgerature shall be -10°C during test.

Xote 3 Vhen the chamber is opened it {s Intended zhat
frost will form; hovever, should the relative
humédity of the afr be such that frost will not
form, an artificial means shall be used to pre-
vide the relative humidity necessary to have
frost form.

Step 4 After completion of the cocld test (Step: 2 end 3)
and prior tce starting the high temperaturc tests »
refesence zun shall be made at room amblent ter.ors
ture and pressure. The results obtained stall be
compared to the resyits of the refercnce run made
in Step 1.

Ly

Step 5 With the tube non-oparating,adjust input coolzant
temperature to 4+120°C, 2djust ch.rber pressure to room
swbient. After stabilization tucn on tube. The tude
shall be cperated continucusly ior & hours minfcum,
temperature readings shall be recorded every 39 minutes.
At the end of the 4 hours while grill at 41209¢ 2nd

:g?igf% Eﬁgfsure, test per parcgraph £.4.8 at 4.0.6.0

Step 6 With the tube non-operatfng adiust chamber pressure
to 70,000 feet with the input ccolant temperature st
+120°C. After stabdilization turu oa tube.. The tube
shall be operated continuously for &4 hours, temperature
readings shall be recorded every 30 minutes. At the
end of the & hours whilz sti1} ~¢ 1120°C and 70,000
feet. test per paragrzph 4.4.8 at 4.0, 6.0 ang 8.3 Giiz.

T e wdvd e (b

Step'7 Adjust {nput coolant tecperature and chomber pressure
to room smbicent. After stabiliz-tion,test peY
paragragh 4.4.8 2 4.0, 6.9 ond 8.0 Ciz.
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5.8 _Final Functional Test

Repuat paragrephs 4.4.1 through £.4.9.
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1. Temperature Controller
2. Heat Exchanger
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SECTION IX

i - SUMMARY (M.G. Benz)

‘ . A pre-production pilot line capable of producing cobalt-samarium magnets
1 E has been established (Sections VI and VII).

: The propertics of magnets produced oun this pre-production pilot line
¥ exceeded the target specifications for this program (Section VII},

The cost of magnets produced on this pre-production pilot line was

3 approximately one fourth the cost the same size magnet would be if fabricated
3 from cobait-platinum.

R

N PR MITH

'; -4 Magnets produced on this pilot line have been used to fabricate traveling
3 wave tubes (Section Vill and Ref, ).

;3N The performance of these tubes indicates that cobalt-samarium magnets E
s are suitable for fabrication of traveling wave tubes; and, in fact, that they

will allow significant advances in the state-of-the-art in the design of such :
tubes (Section VIO and Ref. 1).

Pre-Production Pilot Line

The individual steps utilized in the pre-production pilot Lin= include

melting, powder preparation, blending, aligament, pressing, sintering, heat
treatment, shaping, and magnetizing,

Melis were prepared by induction melting, Two compogitions were
prepared for subseguent blendmg as powder i¢ the desired final scrrpasition
{approximately 62 to 83 wt € Co}. ‘The meit compoailions were §6 wt & Co,
32 wt % Sm, and 40 wt € Co, 60 wt% Sm. Theae were chosen i take advan-
tage of the muliiphase appreoach (o the sintering process. For this particular
case, the 48 wit £ Co aliey is partiaily liquid st the sintering temperature and
we hava referred tc this as liquid-phage zintering {Seciion I and Ref. 2},

The o138t ingets were r-ciuc to powders in the i8: 2ize range Dy a seriss
of steps which included % orushing, double-disk pulverizing, and milling in
& fiuid energy mill with nitrogen as the werking gas. The two compositions
were blended togsilier at this sisge tc achieve the desired final composition
‘,SE’.’Z{‘;*'?II Vil

jod A o

Next the blended powder was oriented in a magnetxc field of 60 kOe and
shen cempacted to 2 density of approximately 6.9 g/ cm® by application of
h _,'dra,-zatw prazsures up 10 200 kpai, {Relative density approximately 804,
Fuil densily was taken az 8, § g/em® for this alloy. )
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The oriented pressings were then further densified by means f a hi gh-
temperature diffusicn-type sintering process. Followirz sintering, a thermal «
aging {reatmeni was someatimes used to regain coercivity lost during siater- i
ing (Section VI and Refs. 3, 4). :

The sintered bars were shaped into half-ring magnets by slicing and
arinding, magnetized, and shipped. Following magnetizing, a thermal
knockdown %8s sometimes used to bring the irreversible losses within the
specified limit {Seciion VII and Ref. 4).

ngerties

The properties of magnets produced on the pre-production pilot lne in
geners) sisuificantly exceeded:

(BH)ppax 15 MGOe
B, 8.2 kG

H, -6.5 kOe
Hg (2t B/H = -1/2) -5.0 kOe

Irreversible loss after
exposure to 150°C
{BfH = -1/2} less than 104

PR TRTL, o

The uniformity of the propertiss of magnets within each lot was high,
and lot-io-lot variations were minimal for a pre-producticn pilot line at this
stage in its development (Section VII),

Traveling Wave Tubes

Five traveling wave tubes werc successiully fabricated and operated.
Datz gathered indicate that a significant advance in the state-cf.the-art is
possibie.

Conclusion

The sequence of unit operations utilized in this program can be used to
fabricate high-performance cobali-gamarium magnets. Furthermore, with
someé modifications, the same basic technology seems tc lend itself to
successful fabrication {on a research hasiz at least) of magnets containing
rare &arth elements other than samarium (Refs. 3, 5-8).
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SECTION X

The Program Schedule Milestone R
program is inciuded as Table XLIII.
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SECTION X1

Contract Work Statement: Exhibit A

A, PURPOSE AND OBJECTIVE

1. The purpose of this project is to make available cobalt-sam=rium
magnets with specific physical and magnetic properties especislly dev=Zuped
for application to traveling wave tubes (TWT!s).

2. The specific objective of the project is to sstablish the mmnufacturing
methods, processes, techniques, and special equipment for the zcesomic
fabrication of cobalt-samarium magnets in productzen guanizies. Froductrorn
capability will be demonstrated in a pilot line produ—oma. This effort is to
establish low-cost fabrication techniques for quality, cma=tiy, production >f
CosSm Magnets applicable to traveling wave tubes e r&af he adaptable ‘v
other devices.

B. SCOPE
The project is to be divided into four phases: -Snzizsss; - -Deper-

mination of Manufacturing Processes; III--Preproduridan i’-‘ﬁm isag; &and
1V-~Microwave Device Application of Co;Sm Magnets.

:. Phase I--Analysis
a. Objective - The opjective of this phage = 10 analxsy the prob-
lems agsociated with the establishment of marufacturing =rxdnas for o=
economical fabrication of cobslt-samarium magnets in prodauc oOn gEanydies
and to formulate a production plan for providing CocSm megReds.

. Criteria and Approach

(1) The effort under Phase I shall ke directsé toward eval-
uation of th¥ unit operations involved in manufacturisg bigh-gualily Jo:Sm
maghets with respe«t toward their economies, reproducnilivy, and-sase of
transition inlo the nagret producing industry.

{2) The work in this phase shall be dizaxisd imzo e jollovaag
tasks:
Task 1--Raw Materials
Task 2--Melting and Casting
Task 3--Crushing
Task 4--Milling and Classgifying
Task 5--Powder Storage

Contract No, 1"33615-70-C-1998

Project No. 612-9A
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Task 6--Mixing Additives

Task 7--Magnetizing and Aligning Powder
Task 8--Pressing

Task 9--Sintering

Task 10--Shaping

Task 11--Magnetizing the Magnets

Task 12--Shipping

Task (1) RAW MATERIALS - Various methods for the prep-
aration of powders for the manufacturing process shall be evaluated. This
evaluation shall take into consideration the desired econowic and magnetic
properties, The results of the contractor's in-house prograt o evaluate as
a starting material for production of traveling wave tube wgnets, cobalt-
samarium powder produced by the alkaline earth hydride & ect reduction
of samarium oxide shall be made available to the Air Forve.

Task (2) MELTING AND CASTING - An evaluation to deter-
mine the best type of process suited for the large-scale alloy melting will
be made. The aspects of processes to be evaluated will include: arc
melting, induction melting, atmosphere, crucibvle type, melt practice, mold
size and geometry, and cost structure,

Task {3) CRUSHING - Pilot scale facilities at available de-
velopmental laboratories wiil be evaluated to define the most practical and
desirable method of crushing.

Task {4) MILLING AND CLASSIFYING - Several techniques
will be evaluated to obtain the best method for grinding and classifying.
These techniques will include ball milling (plus screening and alternating
magnetic field), fluid energy milling, and fluid energy mill classifying.

Task (5} POWDER STORAGE - Various storage practices
using the powder to be involved in the manufacturing process, will be ex-
amined with respect to both effectiveness in preventing degradation and cost.

Task (6} MIXING ADDITIVES - A determination will be made
of the most ~{ficient mixing practices, such as ball milling or tumbling,
with consideration to uniformity of mixing, plant investment, mainterance,
and cost of operation,

Task (7} MAGNETIZING AND ALIGNING POWDER - An in-
vestigation wiil be ecarried out to determine the necessity for separate mag-
netic treatments for premagnetization and for aligning, with an objective of
determining the most preducible and economical process for obtaining the
aptimum degree of alignment., The magnitude of the fields to be employed
will be evaluatea with respect to both economic and feasibility of incor-
poration into a manufacturing process.
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Task (8} PRESSING - Both die pressing and hydrostatic press-
ing will be evaluated with respect: to their manufacturing prccessss.

Task (8) SIRTERING - An evaiuation will be dirscted toward
the choice of furnaces and toward their econormic operation in a manufac-
turing process line. Consideration will be given to the optirrum time-
temperature combination m terms of equipment, mamtenance, and reliability.
A major emphasis will be placed in the choxce of atmosphers comirol that is
most appropriats for manufacturing processmng and whick is in keeping with
the high purity reguirements.

Task (10} SHBAPING - Considerztion will be given {6 the most
economical approach to obtain desired fin=! shapes. Iacinded in these con-
siderations will be (1, sintering to shape amd {Z) grinding zfter sintering.

Tasgk (11) MAGNETIZING THE MAZLNETS - An evaluation will
pe made to deternrine the most econsmical and effective mmanrer of maimain-
g the large —=gnetic fields necessary to fnlly magnetize ToSm magness in
= production line. Approaches {o be considered include: large electrom=gnets,
sureEreprncting coils, and current-pulse magnetization.

Task (12) SHIPPING - The problem of slupping CosSi=z magnets
will b= sudied with respect to the relative advantages of shipming magneis in
= mageesized Oor in a nonmagneiized condition. Attention will be given o
orobiemss of concern both to the magnet manufacturer and to the magnet user.

c. Selection of Microwave Device - The iraveling wave tube to be
used in the evaluation of the CosSm magnet shall be tube number, Hughes
§21E. The performance characteristics of this tube shail be specifiad.

=

d. M=gnet Cheracterization

(1} Target Specifications (See Exhibit A-1)

(2} A complete specification of performance capability of the
specifi=d CosSm magnet to be produced on this program, both by itself and in
2 pericdic permanent magnet stack arrangement, shall be raade at the end of
this phase; and submitted as a part of Exhibit B, Sequence Number BOO:.

s ~

2. Phase II--Determination of Manufacturing Process

a. Objective - The objective of this phase ig o finalize the pro-
cesses and techniques that comprise the most economic and reliabie manu-
facturing opersiion.

o. Criteria and Approach - This determination shall be based on
the information obtained in Phase I. Phase I steps shall be reviewed to

175




optimize each step. Written approval shall be obtained through Procurement,
ASNKR-10, for this phase prior to proceeding to Phase I,

3. Phase III--Preproduction Pilot Line

a. Objective - The objective of this phase is to establish a pilot
line capable of producing 1000 magnets per month (per 8-hour shift).

b. Criteria and Approach - A production of 250 fully qualified
CosSm magnets produced by production personnel shall be delivered to the
Air Force Materials Laboratory to demonstrate production line performance.
The performance characteristics of production line magnets shall be de-
termined to insure compliance with the performance specification defined in
Phase 1. Magnet dimensions shall be suitable for incorporation into Hughes
641H traveling wave tubes. Exact size, shape, etc. shall be submitted for
approval by AFML-MATE through the Procuring Contracting Officer at
coiapletion of Phase II,

4. Phase IV--Microwave Device Application of CosSm Magnets

a. Objective - The objective of this phase is to demonstrate the
superior functional characteristics of CosSm traveling wave tubes.

b. Criteria and Approach - A minimum of five {5) Hughes 641H
traveling wave tubes shall be obtained for evaluation of the CosSm material,
and the performance of these tubes shall be compared with that of other
state-of-the-art tubes. To ensure Air Force System applicability, the CosSm

TWT's shall be evaluated according to MIL-5400 Class II requirements in-
cluding:

(1} Humidity (4) Vibration
{2} Salt Spray (5) Temperature
{3) Shock (6) Altitude

5. Static Display--One (1) static display depicting cobalt-samarium
magnet manufacturing processes shall be provided.
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ATTACHMENT NO. 1

EXHIBIT A

MAGNET CHARACTERISTICS (TARGET SPECIFICATIONS)

Residual Induction (B,)
Coercive Force (Hg)

Intrinsic Coercive Force (H.)
Energy Prouuct (BHp,a4)
Temperature Stability
Magnet Life

Curie Point
Mechanical Properties
Integrity

Hardness
Impact Strength

Flexural Strength
MIL-B-5400 Tests
Corrosion

Temperature Extremes

> 71500 gauss

> 7500 oersted

> 12000 oersted

15 » 10° gauss-oersted
0.05¢% per °C

Flux variation of <54 over 1000 hours
at 150°C for a magnet with load line
of minus 1,

> 700°C

< 3% weight loss during normal handling
{during shipping and assembiy of TWTs)

R,=50
Capable of withstanding normal
handling, assembly, and operation of

TWT tubes consistent with MIL-5400
class II environmental requirements.

> 5000 psi

None

Within 95° of original (-55°C to 250°C)
room temperature properties.
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