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ABSTRACT

Intermetallic phases with the formulas RZCo”,
R?_Fe”, and Rz(Col_xFex).” are of potential interest as
permanent magnets. Procedures for the preparation of
these intermetalli . phases are described. Descriptions
are given of the design and operation of differential
thermal analysis equipment and of a high temperature-high
vacuum furnace for the metallurgical and magnetic evaluation

of rare earth-transition metal intermetallic phases.
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SECTION I
INTRODUCTION

The binary cobalt-rich and iron-rich intermetallic phases which exist
in rare earth alloy systems are compared in Table I. The number and types

of intermetallic phases are quite different. However, for each RZC 07 phase,

17 phase isostructural to it, All of the RZC 014

phases have higher Curie temperatures and higher saturation magnetizations

there is a corresponding RZFe

than their RCos counterparts. Unfortunately, most of the R2

have the wrong kind of magnetocrystalline anisotropy, i.e., an easy basal

Col,7 phases

plane and a hard c-axis. SmZC 0), Was found to have an easy 1xis but an
anisotropy constant only about half that of SmC O The RZFe17 have much
higher saturation magnetizations than even the RZC°17 phases. However, the

Curie temperatures of these phases are too low to make them of interest, as
such, for most permanent-magnet applications. Little is known, at present,

concerning the magnetocrystalline anisotropy of the R Fe17 phases, We are

2

investigating the alloying behavior of the RZC 019 and RZFe17 phases to see if

a useful balance can be attained between the high Curie temperatures of the

RZCO phases and the high saturation magnetizations of the R_Fe._ phases.

17 27 717
Such alloying combinations are likely to strongly influence the magneto-
crystalline anisotropies of the components, and may well be the effect needed

to induce a favorable magnetic symmetry in these alloys.

Most of our efforts to date have been directed at developing techniques
for preparing the alloys and procedures for evaluating them., 1In this Section,
the procedures for preparing RZC°17’ RZFe17
are described. We have concentrated our efforts on the systems with R =

Ce, Pr, Nd, Sm, Y, and MM (MM = Ce-rich mischmetal).

» and RZ(Col-xFex)H alloys
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1. THE PHASE DIAGRAMS OF THE RARE EARTHS WITH IRON AND
WITH COBALT

Most of the rare earth-cobalt alloy systems have been studied in recent

(1)

years by several laboratories. and generally reliable phase diagrams are

available for the systems of interest in this investigation. Several rare earth-

cobalt phase diagrams are shown in Figure 1. Many of the rare earth-iron

(2)

systems of interest have also received recent attention, but to a lesser

extent than the rare earth-cobalt systems. With the exception of YZC 017,

17’ all of the R2C°17 and RZFe17 phases in the present

study form by peritectic reaction. Thus, single phase alloys cannot be formed

and possibly SmZCo

directly from a liquid phase alloy of the correct composition. Either the
melted alloy must be cooled slowly through the peritectic reaction or the
solidified alloy must be reheated to just below the peritectic temperature to

allow the reaction to go to completion. For the NdZC 017, SmZC 017,and

Y2C017 phases either technique is satisfactory because the temperature dif-

ference betwe#n liquidus and peritectic temperature and the composition
difference between liquid and intermetallic phase are small. Such is not the

case for the other R_Co and RzFe

27717 17
difference between the liquidus and peritectic is large, and slow cooling

pnases, however. The temperature

through the liquid plus iron or cobalt range encourages thickening of the
properitectic iron dendrites. Thus, below the peritectic temperature, the
diffusion distances from the centers of the dendrites are too large to permit
the reactions to go to completion at reasonably slow cooling rates. For these
alloys, rapid cooling followed by an annealing treatment below the peritectic
temperature is the preferred method of preparation. Rapid cooling encourages
formation of a fine grained microstructure, shortening diffusion distances and

thus the time required for annealing to equilibrium,
2. CRUCIBLE MATERIALS

An important factor to consider when preparing rare earth-cobalt,

rare earth-iroa, or any rare earth-transition metal alloy combination, for
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that matter, are the crucible materials for the alloys. This problem is
especially severe for small quantities of alloy, wherc the surface to volume
ratio is large. Tantalum and molybdenum are satisfactory crucible materials
for the rare earth metals but they form intermetallic phases with the transi-
tion metals. On the other hand, most of the cemmon ceramic oxide imaterials,
c. g., alumina, magnesia, zirconia, ectc., make excellent cruciktle materials
for the transition metals but react rather scverely with the rare carth metals,
The reaction zones between a Pr-Fe alloy and s¢veral crucible materials are
shown in Figures 2-6. Comparison of these micrographs indicate that yttria
(YZO3) may be an eéxcellent crucible material for rarc carth-transition metal
alloys. Unfortunately, yttria crucibles are not cemmercially available. We
have found that flame sprayed Y203 approximately . 010 inch thick onto AI.ZO3
crucibles and thermocouple sheaths works satisfactorily. No spalling of the
YZO3 coating has been noted on thermal cycling through 1500°C. In licu of

the availability of Y263 or Y

materials would be high density alumina for transition metal-rich alloys and

2O -coated crucibles, the recommended crucible

either tantalum or molybdenum for rare carth-rich alloys. Melting and other
heat treatinents should be done at the lowcst practicable temperatures to

minimize crucible contamination ¢f the alloys.
3. RARE EARTH METALS

Most of the commerctlally available research quality rare carth metals
have stated purities of 99.9+4%. This figure is misleading because it does
not refer to the total purity level but rather to the purity of the particular rare
earth metal with respect to all of the sther rare earth metals present,
Nonrare earth impurities in the metal may be given separately or not at all.
All rarc earth metals contain some nonmetallic impurities such as oxygen,
nitrogen, and carbon as well as metallic impuritics such as magnesium, calcium,
iron, ete. The most serious impurity would appear (o be oxygen., Any oxygén will

be present as a very stable rare carth oxide, and that portion of the rare



3"."”’*.» KA
Figure 2. Interface between a

Pr-86 at. % Fe alloy
and Al _O. hecated to

1450°¢ Y5 x

’ (;c %
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Figure 4. Interface between a
Pr-86at. % Fe alley
and 2rO, heated to

1450°C. %75 x

Figure 3.

Intcrhce between a
Pr-86 at. %y Fe alloy
and MgO heated to
1450°C. 75 X



Pr-86 at. % Fe alloy
and tantalum ('(I;a)
heated to 1450 C. 75 X

Figure 6. Interface between a
Pr-86 at. 9;Fe alloy
arnd Y O3 heated to
1450°8. 375 x



carth present as oxide is unavailable for alloying purposcs. There is a rather
wide variation in the impurity levels of the various rarce carth metals not

only from source to source, but also from lot to lot from the same source.

We have melted samarium alloys in which as much as 20% of the total weight
of the samarium added to the alloy was lost by vaporization during arc melting.
Utilizing the same procedures except a different lot of samarium, weight
losses less than 0. 5% by weight of the samarium present in the alloy have

been obser-ed,

It is geacrally impractical to obtain a separate chemical analysis of
the tmipurities present in cach lot of rare carth metal used for alloying
purposes, On request, the vendor will generally supply & typical analysis
aud sometimes even an actual lot analysis of the metallic impuritics present.
However, the oxygen conten? is most needed and generally unavailable.
Morcover, unless unusual precautions are taken, the oxygen content of the

rarc carth me 1l will increase with time.

We determine the amount of rare carth available for alloying experi-
mentally,  We first calculate the theoretical stoichiometric weight ratio
required to prepare a single phase alloy. We then add excess quantities of
rarc carth mietal to a serics of alloys, gencrally 1, 2, or 3% by weight of the
rare carth metal. After melting and homogenization, we determine metal-
lographically which alloy is closest to being single phase. We then correct
all alloys made with this lot of rare earth metal accordingly., This procedure
necds to be done only once for cach lot of material provided reasonable
precautions are taken in the 2torage of the metals and any surface oxide

layers are carefully ground away before use in alloying.

4. MELTING PROCEDURES FOR RARE EARTII-TRANSITION METAL
ALILOYS

Fouar melting techniques were considered for the preparation of rare
carth-transition metal alloys. These four and their advantages and limitations

are compared in Table Il Inert arc melting has been sclected as the
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principal mcans of alloy preparation primarily because of the quantity of alloy
required (25-40 grams).,  The amounts needed are larger than is practicable
to prepare by levitation melting,. On the other hand, serious crucible con-
tamination was fcared if alloys in the 25-40 gram range were prepared either
by induction mclting or in resistant furnaces. Inert arc meiting is not without
some scerious limitations, however. The most serious of tiiese is the strongly
dircctional solidification that is obtained when the molten alloy solidifies on
the water-cooled copper hearth. If solidification takes zlace over a relatively
wide temperature range, there is a strong tendency for the higher melting
component to solidify ncar the bottom of the button next to the hearth, with the
lower melting components golidifying last toward the top of the alloy button,
This tendency to segregate can be minimized by keeping the size of the melt
as small as possible. Another problem encountered in arc melting is control
of the temperature of the melt. Increcasing the intensity of the arc increcases
the amount of the alloy that s molten at one time which enhances mixing.
llowever, increaring the intensity of the arc also increases the surface tem-
perature of the melt. If one of the alloy components has a high vapor pressure,
such as samarium, there is danger in preferentially losing this component by

vaporization, thercby changing the overall alloy composition.

The procedure we use for the preparation of the rare earth-transition
metal alloys in 25-40 gram quantitics is as follows, Predetermined quantitics
of rare carth and transition metals are placed in the same depression of the
copper hearth,  We prepare only one alloy at a time because of the danger of
fragmentation of the sample either during heating up or cooling down of the
alloy after the initial melting. The furnace chamber is evacuated to approxi-
mately 0.1 man Hg and then (lushed with an inert gas mixture composed of
75% argon and 25%helium.  The evacuation and flushing procedure is
repeated three times,  The furnace chamber is then Lrough! to a final pressure
of 300 mmiig. Before melting the rare earth-transition metal alloy, a

titanium button is held molten for approsimately 2 minutes to remove any

10



reactive gases that may remain in the melting chamber. Finally, the rare
earth and transition metals are co-melted. The arc is first directed to the
lower melting rare earth point and then the higher melting transition metal
is slowly added so that the overall melting temperature of the melt is kept as
low as possible to prevent excessive vaporization. A swirling action of the
arc around the button gives a stirring action to the melt. After the alloy has
been molten for approximately 1 minute, the arc is turned off, the alloy
button inverted,and the melting procedure repeated. The total procedure of

melting and inversion is repeated 3 to 4 times to insure compliete mixing.

5. PROCEDURES FOR THE PREPARATION OF SINGLE PHASE ALLOYS
OF R2C°l7' RZFe”, AND RZ(Col-xFex)l7
a. R2C°l7 Phases
The RZC°17 phases with R = Ce, Pr, Nd, Sm, Y, and MM can be

prepared in 20-40 gram quantities by arc melting followed by a homogenization
heat treatment below the peritectic temperature. Component metals are
co-melted using a predetermined excess of rare earth to correct for nonrare
carth impurities. The amount of excess required ranges from 1 to 3 percent
by weight of the rare earth metal. The alloys are inverted and remelted three
te four times to enhance homogeneity, After the initial melting, precautions
must be taken to prevent the alloys from cooling below red heat during the
inversion and remelting procedure. There is a strong tendency for the alloy
buttons to shatter on cooling below red heat (750-800°C). The strong tihermal
stresses causing the alloy buttons to fragment may be associated with the
Curie transformation. The fact that the buttons seldom shatter after the first
melting is probably due to incomplete mixing of the components. By the same
token, fragmentation on cooling is generally indicative of adequate mixing. |
Because of the tendency to fragment, it is not advisable to attempt to prepare

more than one alloy button at a time.

11



The appearance of several as arc melted rare earth-cobalt alloys

with approximately RZCO stoichiometry are illustrated in Figures 7-9.

17
The differences in these microstructures result from the temperature range

betwe=n liquidus and peritectic temperature and the composition range between
that of the peritectic phase (89. 5 at. % Co) and the composition at the intersection
of the peritectic line with the liquidus. The latter determines what fraction of
the alloy can solidify as free cobalt before the peritectic temperature is
reached, while the former determine:- how long, and thus how thick, the cobalt
dendrites can grow before the peritectic reaction begins, The wider either of
these ranges, the further the as-cast alloy will be from equilibrium. These
temperature and composition ranges narrow from 105°C and 5. 5 at. % for
Ce-Co, to 40°C and 2 at. % for Pr-Co, to less than 10°C and 1 at. % for Nd-Co.
The Ce-Co alloy, Figure 7, is far from equilibrium, showing cobalt dendrites

surrounded by CeZCo The dark phase surrounding the CeZCo is mostly

17° 17

CeCos. The Pr-Co alloy, Figure 8, is much closer to equilibrium, with just

detectable amounts of free cobalt (1-2%) within the large PrZCo17 grains and

some PrCo5 in the grain boundaries. The as arc melted Nd-Co alloy, Figure 9,

is entirely single phase NdZC 071 in spite of the fact that NdZC 2r

peritectic reaction. The microstructure shows that the original cobalt dendrites

forms by

were narrow enough for the peritectic reaction to go to completion even

at the extremely rapid cooling rate.

The arc melted RZCO alloys are homogenized by wrapping the

17
alloys in tantalum foil and heating them for 24-48 hours at 1100°C either in
vacuum or an inert atmosphere. The appearance of some homogenized

RZCO 7 phases are shown in Figures 10-14, Figure 10 shows a Ce-Co alloy

The

1

whose composition is slightly to the cobalt-rich side of CeZC 017.

dendritic structure of the excess cobalt has persisted through the homogeni-
zation trcatment. In contrast, a Ce-Co alloy, slightly cerium-rich from

CeZC 04
CeCo5 has spheroidized during homogenization. Figures 12 and 13 show

stoichiometry, is shown in Figure 11. In this case, the lowes melting

12



Figure 7.

Arc melted Ce-89.5 at. % Co
alloy. Cobalt dendrites

peritectically surrounded by
Ce Co17 The dark phase is
Ceéos. 250 X

A
L vV, \

Arc me
alloy.

Figure 9.

Figure 8.

single phase Nd_Co

though NdZC o

peritectic reaction.

13

Arc melted Pr-89 at. %Co
alloy. This alloy is pri-
marily Pr_Co._ with some
PrCo andzjusVdetectable
amounts of free cobalt.
250 X

ed Nd-89 at. %Co
This alloy is essentially

even
forms by
250 X
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Figure 10,

o 'g_yd)_o\"n &

PRARN f

Ce-89. 5 at. %Coohomogemzed
32 hours at 1100 C. Ce_Co
with excess cobalt as dendrites.,
250 X

Figure 11,

Ce-89 at. %Co h%mogenized
50 hours at 1100 C. Ce Co17

with excess cerium as CeCo5
250 X
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Figure 12,

o i*M’ | o8N
Pr-89 at. % Co homogenized

“\.

e “~

Nd-89 at. %Co homogca
nized 50 hours at 1100 C.
Single phase Nd, Co,..
250 X. e

-

0! Figure 13,
50 hours at 1100 C. Single
phase Pr_Co,., light and
217 .
dark regions are annealing
twins., 250 X
RN
\; i A | > .
Sy 5 ="
".~ \ '\...?‘:" .-~ — . . :,. - A
. - \w..-. : . . »
. . ® \\ .
. ..“,'.’ i . -\.:.
- ’ \.\ \.'\ 'do. "
- . e . Na
Ly \ .,
\\ ]
‘ N
N
.. .\0 L]
Figure 14,

Y-89 at. % Co homogenized 50 hours

at 1100°C. YzCo plus an unidenti-

fied phase segregated to the grain

boundaries.

It is suspected this

second phase material was carried
over from the yttrium used for alloying.

250 X
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hemogenized, single phase PrzCo” and NdzCo” alloys, respectively. The
light and dark contrasting areas are anncaling twing {ormed by these phases
during homogenization. X-Ray diffraction patterns of the Y-Co alloy,

Figure 14, shows only YZCO 2 present. The dark phase in the grain boundary

is probably an impurity phaslc.

Most of the rare carth metals are purified to a certain extent during
arc melting. A slag, presumably a rare earth oxide, (loats on top of the
alloy button during melting where it remains on solidification., Slagging is not
obsvrved for yttrium or yttrium alloyer. The impurity, probably yttrium oxide,
segregates at the grain boundaries of the alloy. The apparent pinning of the
grain boundaries by the impurity phase iaskes it very difficuit to break down

the as-cast microstructure of yttrium alloys by homogenization.

b. R_.Fe Phases

2 17

Our first attempts to prepare R. F‘e” phascs with R = Ce, Pr, or

2
Nd by arc melting, or any other method, were frustrated by gross segregation

of the alloys during solidification. An as arc melted Ce-89 at, % Fec {s shown
in Figure 15. The button is divided into two distinct layers. The bottom

portion of the button contains thick iron dendrites surrounded by Ccchl.r

At the center of the micrograph, the microstructure changes sharply to very

fine iron dendrites surrounded by a thick layer of Cezrc” plus a dark phase.

Although the magnification is not sufficiently large to show the detail, the

Cczl’v” is surrounded by a thin shell of Cchz

Ce-Fe cutectic. On homogenization for 8 hours at 875°C. a similar Ce-Fe

and the dark phasc is the

alloy has the microstructure shown in Figure 16. The top portion of the

button is cssentially single phase Cczl-‘c » while the bottom portion is about

17
507, iron dendrites in a matrix of c°zF°17' Similar behavior is obscrved

for Pr-Fe and Nd-Fe alloys.

The sources of the gross segregation are prabably liquid misci-

bility gaps cxisting above the RZF‘c compositions. The volume of iron-rich

17
portion can be varicd by shifting the overall alloy composition, but the

16



Figure 15.

Arc melted Ce-89 at. % Fe
showing gross segregation which
develops on solidification. The
average composition of the
bottom portion (thick dendrites)
is about 95 at. % Fe, the top
portion about 87.5 at. %Fe. 50 X

at 8750(’:, showing how the gross
segregation developed on solidification
(Figure 15) persists after homogeni-
zation, The top portion of alloy is
essentially single phase Ce,Fe,,, while
the bottom portion is iron in a matrix

of CcZFc”. 50 X
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composition within cither segregated area appears to remain constant. [t

in estimated that the iron-rich material contains 95-96 at. % Fe while the rare
carth-rich volume contains about 87. 5 at. % Fe. In order to complotely
climinate the gross segregation of the Ce-Fe, Pr-Fe, and Nd-Fe alloys, the
overail alloy composition must contain less than 87. 5 at. %o Fe. Since RZFc”
stoichiometry is 8.5 at. % Fe, an alloy containing less than 87. 5 at. § Fe will
conmtain excess rare earth.  An example of a Pr- 87 at. h Fe alloy homogenized
8 hours at 1000°C is shown in Figure 17, Large, twinned grains of Pr_ Fe

2" 117
arce observed along with dark voids which were originally filled with the Pr-Fe

2Feigh
polishing and etching and the eutectic material has fallen out.)

cutectic {Pr ¢+ Pr {The prascodymium oxidizes readily during

Since any (ree iron present would interfere with the evaluation of
the R,Pcl.’. alloys, it is necessary that these alloys be prepared on the rare

carth-rich side of Rch”

is nt a serious problem because Przl-‘c” and Nszen are the only inter-

mediate phases in the respective systems, and the excess rarc earth can be

stoichiometry. For Pr-Fe and Nd-Fc alloys this

oxidized away., Excess cerium in Ce-Fe alloys, however, will be present
as C«,-Fcz. Cel-‘cz is ferromagnetic and a possible source of interference
during magnetic measurements.

sz“c” with R = Ce, Pr, and Nd are prepared by arc melting
alloys containing from 87 to 87. 5 rather than 89.5 at. %W Fe. The orc melted
alloys are then wrapped in tantaium foil and homogenized at 800-900°C for

4 to 24 hours. Alloys prepared in this manner are slightly rare earth-rich,

The fiquid miscibility gap problem apparently does not exist for
Rsz” phasces with R = Sm, Y, or MM, and these alloys can be prepared as
the R ,Co” phases.

Ce. Rz(Col‘chx)n Phascs

Single phase alloys of the type Rz(Col.chx)” can be prepared

by cesentially the same manner as described for the chol‘? phases for all

18



Figure 17, Pr-B? at. %F% homcgenized 8
hours at 1000 C. Large grains
of Pr Fe 4+ Some heavily twinned,
with &uk voids which originally
contained Pr + Przl-‘c" eutectic.
250 X

: L0

Flgure 18. MMZ(CO 75?0 25) alloy
homogenized 50 hours at 1100 °c.
250 X
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values from x = 0 to x = 1 for alloys withR = Sm, Y, and MM and for R = Ce,

- 'Y A - . 'k i
Pr, Nd for x £ 0.5, A single phase alloy with the composition MMFOJSF?ZS’W
is shown in Figure 18. This alloy was prepared by co-arc melting stoichio-
metric quantitics of MM, Co, and Fe plus a predetermined excess of MM (in
this case 2.5 weight percent over the stoichiometric amount). The arc melted

alloy was then homogenized in vacuum at 1200°C for 48 hours.

We have not successfully prepared single phase alloys of

R ,(Co xﬁ‘ox)” for R = Ce, Pr, or Nd with x > 0. 5. Such alloys could probably

2 l-
be prepared by mixing single phase RzCo” and Rch” powders and hot
pressing the mixture in a vacuum or {nert atmosphere. This technique would
avoid the liquid immiscibility problem by eliminating the need to melt the

component elements,
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SECTION I
DIFFERENTIAL THERMAL ANALYSIS APPARATUS
1. INTRODUCTION

Differcential Thermal Analysis or DTA is one of the most important
tools in the siudy of structural changes in metals and alloys, since it permits
the detection of any process which involves evolution or adsorption of latent
hecat. The present cquipment has detected changes in the magnetic state of
metals and alloys between 300°C and 900°C. and also allotropic transformations
and peritectic deccmposition reactions up to 1550°C. Current trends to higher
temperatures have necessitated sensors which vil] withstand high temperature
attack of recactive metal vapors for custained periods of time. The thermo-
couple combination W 25% Re vs doped W 3% Re (Engelhard Industrics) has
been found to withstand such exposures successfully despite embrittlement.

Maximum temperatures of 1650°-1700°C have been reached.

Endothermic or exaothermic reactions occurring within the specimen are
reflected in a lower or higher temperature of the specimen junction relative

to the inert reference material (Pt) junction.

The following conditions provide reproducibility and high sensitivity in

recording DTA events.

a. Existence of a smooth temperature gradient from heat source
to heating block to specimen and within the specimen {tsell,
(Specimen temperature and referezice temperature are measurcd
on the axis of cylindrical samples and which are symmetrically
located with heating block. )

b. A smooth linear rate of change of furnace temperature by a
controller-programmer.

c. Excellent thermal insulation on top and on the bottom of the heater

block so as to maintain the smooth gradicent across the block.
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d. Calibration tests were conducted on selected materials which
undergo reproducible crystallographic transformations. Iron
has well-known transition and fusion temperatures covering a
range from approximately 1550°C.

Table [11 shows the calibration tests made to date,
2. COMPONENTS

a. Thin Film Evaporator

The DTA module is housed inside the belljar of a Veeco High
Vacuum Thin Film Evaporaicr, Model VE-770, This apraratus provides the
necessary vacuum requirements prior to inert gas backfilling. It consists of

7 to 10'9 mm Hg pressure.

standard components capable ef providing 10°
A special 20 inch diameter baseplate accomodates the power entry to the
resistance heater from the bottom and also to accommodate the Stupakoff

scals for water, inert gas,and thermocouple lecds.

A water-cooled baffle i2 located between the 10 inch diffusion
pump and the liquid nitrogen cold trap. Backstreaming diffusion pump oil
is condensed on the internal water-cooled baffle surfacee and returned to

the diffusion pump.

b. DTA Module

The module consists of the following components (refer to Figure 19).

() Three legs support a water-cooled copper enclosure on the
baseplate. The enclosure is situated between the terminal
posts which transfer power to the resistance heater.

(2) The single phase tungsten resistance elementis 1-1/2 inches ID by
3inches high. The totallength of electrodes withbody is 7-1/4 inches.
The heater is tungsten mesh, fabricated by Sylvania Electric
Products. The mesh consists of interlocking wire coils
which provide flexibility after recrystallization of the metal,

thus preventing breakage.
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(3) The heat shield assembly is situated between the heater and
the copper enclosure. The shields are made of tantalum
and consist of six concentric cylinders, held together by
tantalum pins. Top and bottom heat shields are also made
of six-layered tantalum sheet., They were also fabricated
by Sylvania. The two inner heat shields are removable,
providing a means for varying the thermal gradient.

(4) The tungsten heating block and its tantalum-boron nitride
pedestal were made in this laboratory. The cavities were
machined to accommodate standard-sized high purity A1203
(or MgO) crucibles. A boron nitride sleeve was introduced to
maintain a 75°C thermal differential between the specimen
and heater. Insulators around thermocouple leads and on
top of the block provide further controls for proper heat flow

across the block.

c. Solid State Temperature Controller

The THERMAC Solid State Temperature Controller, Model TC 5192
provides the means for establishing and automatically maintaining the tempera-
ture of a workpiece at any selected setpoint level within the operating range
of the system, which is between 400°C and 1800°C limited by the thermocouple
combination W-Re. An alternate operating mode in addition to setpoint
control is used in the DTA setup. The workpiece temperature is programmed
into the system whereby the heater voltage is dictated by automatic time-
temperature programming through the DATA-TRAK Programmer output

potentiometer which provides the command signal.

The controller thermocouple in Figure 19 is connected to the

temperature controller,
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d. Programmer

The DATA-TRAK Curve-Following Programmer, Model FGE 5110
employs an electrostatic curve following system which provides positioning
of the shaft of a rotary output potentiometer in accordance with variations in
a preplotted program, attached to a rotating drum. A desired program
curve is etched in the metallized surface of a program chart. The chart is
then mounted on the outer surface of the program drum, which is installed in
the DATA-TRAK. The two isolated planes on the surface of the chart are
separately energized by oppositely phased a-c voltages applied through insulated
hubs of the progran: drum. These voltages established an electrostatic voltage
gradient across the gap onthe chart created by the program curve. As the
drum rotates the chart past the curve following probe to seek the zero potential
existing at the center of the program curve, the shaft of an output potentiometer,
mechanically coupled to the probe through pulleys, is turned. The potentiom-

eter transfers the command signal to the solid state controller,

Various program charts have been prepared allowing heating
and cooling rates from 0. SOC/minute to 7 SOOC/minute. The DATA-TRAK

is made by Research, Inc.

e. Saturable Core Reactor

The Fincor Self-Saturating Reactor, Leeds & Northrup Catalog No.
FCGQGl provides the advantages of proportional, reset, and rate actions for

stepless regulation of the electric power which is directed to the transformers.

Any deviation from a selected setpoint is determined at the same
time as an error signal., Depending upon the error direction, magnitude,and
duration, the output is corrected by a current adjusting type unit which drives
a saturable core reactor through a magnetic amplifier., The correct power

input is supplied to the load.

f. Transformers

Two Hevi Duty Electric Company transiormers are used with the

following specifications: 5.0 KVA, 60 Cycle, 120/240 V, single phase.
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Transformer output is directed to the W resistance heater through

heavy water-cooled copper wire cables.

g. X-Y Recorder

Graphic reproduction of the thermocouple signals is accomplished

with a Honeywell 560 X-Y recorder.

The specimen temperature is recorded on the X-axis while the
differential temperature between reference and specimen is recorded on the
Y-axis (AT). Details of the circuits are shown in Figure 20, The use of
a differential thermocouple, rather than simply measuring the temperature
change in the specimen alone, provides the advantage of an increase in sensi-
tivity derived from the large expansion of the temperature scale in a difference
measurement. To obtain very high sensitivity, the differential thermocouple
output must be magnified with a high gain, low noise amplifier which is free
from drift, In our measurements, we utilized the 50 uV/inch sensitivity scale
on the Y-axis. The specimen temperature was recorded at2 mv/inch sensitivity.
Further improvements in shielding will be made to overcome stray signals at

high sensitivity Y-settings.

h. Inert Gas Purification Train

The 75% Ar-25%He (AIRCO 75) inert gas mixture used for back-
filling of the belljar is led over titanium chips heated to 800°C then through
a liquid nitrogen trap filled with glass beads to obtain adequate surface area

for condensation of impurities in the inert gas. (See Figure 21).
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SECTION LI

DIFFERENTIAL THERMAL ANALYSIS OF SOME RzCo”

PHASES
Liquidus, peritectic, and Curic temperatures of the RZCco17 phases

preparcd in this study werce measurcd with the differential thermal analysis

apparatus described in Section II.  The values obtained are compared with

previously reported data in Table 1V,

It is encouraging that the Curiec temperature of MM_Z(CO 75F° ZS)
is 7€)IOC. only 50°C lower than MMzCo”.
MMZFQ has not been measured, but it is probably not higher than 0°c.

The Curie temperature of

17
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SECTION 1V
DESIGN AND CONSTRUCTION OF A
HIGH TEMPERATURE-HIGH VACUUM TUBULAR FURNACE
1. INTRODUCTION
In the development of rare carth-cobalt magnets and in related research

on the RZ-(. n.‘,. RC“S' RZC o”

necessary to pursue several areas of experimental investigation which require

sand similar intermetallic compounds, it is

closely controltled heating of samples to high temperatures. Examples of
suclt tasks are the anncaling of the alloys, sintering processes, single crystal
growing, thermomagnetic analysis (e, g., Curice point measurements}, and
investigations of the tempoerature depeandence of other physical propertics,
such as the electrical resistivity, With a view toward the tasks listed above
we have designed and fabricated a suitable high temperature-high vacuum
tubular furnace syst:m preciscly controllable and adaptable for cach of these

functions.
2. GENERAL DESCRIPTION

The furnace system described herein is illustrated in Figure 22 and
can be represented by the simplified block diagram of Figure 23. A compatibie
arrangement of the various functions of the system relating to power and
temperature controls, [urnace movement, and vacuum pumping was developed
in line with the intended applications, The functional components of the system

arce described individually in the following.
a. Furnacce

The tubular furnace sclected for the system (Marshall Model 1448)
has an inside bore of 2-1/2 inches and a heated tength of 28 inches., Overall
dimensions of the furnace are 12 inches outside diameter by 36 inches in
length, Tle heating element is made from a multiple-strand platinum-40 9%

q q q . Y q
rhodium alloy wire rated for continuous operation at 1540 C. A series of
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Core Load T.C. Fore
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Figure 23. Block diagram, high temperature-high vacuum furnace sy.tem.
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10 taps are spaced on the element for adjusting the axial temperature distribution
in the furnace for a uniform heating field or a specified temperature gradient

by means of external shunts. In anticipation of initial applications for homo-
genization annealing and sintering, the shunts w=re optimized for a long uniform
tempcrature profile. The temperature over the central 16 inches of the heating

zone has been adjusted to be within # 2°C of a set temperature level near 1000°C.

b. Electrical Temperature Control System

In order to achieve the flexibility and precision of control desired
for the time dependence of the furnace temperature - while satisfactorily
protecting the furnace during operation - an integrated system of high quality
commercial countrol and monitoring equipment was assembled in a standard

enclosure.

The primary control device in the system is the temperature
controller (Research Incorporated, 5192 THERMAC). A shieclded platinum/
platinum-13% rhodium control thermocouple located midpoint in the furnace
near the heating element is used to develop a feedback signal representative
of the furnace temperature. Depending on the mode of controller operation -
either manual, setpoint, ©r remote command - a power controller (Leeds &
Northrup Saturable Core Reaxtor) will respond to a demand for more or less
power with respect to a set temperature level. In the manual position, heating
element voltage can be varied from the control console independcat of the
temperature of the furnace. In the setpoint mode, automatic control of the
power required to maintain a setpoint level can be achieved., In the manual
or the setpoint modes the control accuracy is ¢quivalent to £ 0. 25%full scale

(1500°C) with a repeatability of 0. 1%.

In the remote command mode, automatic programming of the
power controller is achieved by means of a preplotted chart representing the
temperature profile features desired as a function of time., The programmer

(Research Incorporated DATA-TRAK Model FGE 5110) has a repeatability of
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). 05%with a dead band of 0.01% if a chart range covering 1500°C is used.

This of coursc is with respect to the control centour plotted on the charts.

Extended operation at a given point, i.e., a temporary suspension
of the precharted program, can be achieved by a '""hold" feature, and the
desired holding time can be controlled by an auxiliary timing unit built into the

control system.

Regardless of the mode of operation, the saturable core reactor
controller responds to the magnitude of the positive control signal by applying
a proportional voltage to the heating element of the furnace. To match the
reactor output (187 volts) to the furnace (154 volts maximum), a step down
lead transformer (..iarchall fabricated, turns ratio 1:0. 825, 6 KVA is incorporated

to limit the maximum controlled power that can be supplied to the furnace,

Sample temneratures inside the evacuated Mullite tube are measured
b means of Pt/Pt-13%Rh thermocouples (8 or 10 mil wire diameter) brought
out through a vacuum seal at the supported end. Temperature monitoring is
performed with a strip chart recorder {Leeds & Northrup, Speedomax W) with

a full-scale range of 1600°C and chart speeds of 1/2 and 6 inches per hour.

c. Vacuum System

The vacuum system, also illustrated in Figure 22, consists of a
roughing pump (Leiman IPC-6, 6 ft3/min), and a high vacuum system (Vactronic
"Compact Line!). The vacuum console is plumbed to the furnace stand through
2 inch I. D. copper tubing. "O"-ring-sealed flanges are used to connect the
pumping system to the Mullite tube. Graded metal-to-glass seals join the
flanges to the tubing., The furnace tube terminates in a matching flange
connected to the Mullite with a glass-to-ceramic graded seal. The water-
cooled diffusion pump achieves a vacuum of 1 x 10-5 Torr in relatively short
pumping periods (15-20 minutes with the empty furnace tube at room tem-
perature or at 137 SOC)- The pumping speed of the system has proven adequate

to rapidly eliminate vapors produced in the outgassing during initiai sintering
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stages of pressed powder magnets of several cubic centiineters total sample
-6 .

volume. Better ultiinate vacua, down to 10 Torr, may be achieved when

use is made of a liquid nitrogen vapor trap incorporated in the diffusion pump

stand.

High and low vacuum pressure transducers permit monitoring of
the system pressures at critical points during operational procedures. The
forepump pressure and relatively poor system vacua are monitored with two
standard thermocouple gauges (Vactronic T6-Gc), and the high vacuum with

an icn gauge (Bayard-Alpert).

d. Furnace Drive System

Utilizing the furnace system for experimental work in single crystal
grow.ing or solid state refining tasks requires that a precise temperature
gradient be established in the sample and maintained while the mean sample
temperature is slowly lowered through an interval. To permit such experi-
ments with our furnace, an electromechanical drive system has been incorpora-
ted which can be used to move the furnace along its axis at very slow speeds,
thereby withdrawing it from the Mullite tube containing a test sample. To make
the slowest speeds meaningful, jerky motion of the furnace, mechanical
vibrations causing a relative motion between sample and furnace, and time
fluctuations of the temperature must be kept at a minimum., To this end, the
forepump and the furnace rack were separated and uncoupled, and the tempera-
ture control and mechanical drive components were carefully selected for

their consistency with these demands.

The drive system as shown in Figure 24 consists of a constant-torque
electronic speed controller (Bodine Model 905) which furnishes powecr to a
d. c. motor (Bodine, NSH-34 RH). The speed range of the motor output shaft
can be varied from 1, 5 to 56 rpm. The motor drive is coupled through a
variable ratio speed reducer (Geartronics Model 2601, reduction range 1-1000)

to a standard precision lead screw (Wedin Corp. No. 510-D36).
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Rates of linear furnace movement of 1-50 mia per hour had initially
been set as the design limits for any expected slow speed applications. The
system components utilized have as the extreme limits the capability of driving
the furnace 1/4-8400 mm per hour. Thus, the drive can also be used to remove
the furnace from the tube, or to push it over it, at controlled speeds if samples
have to be heated or cooled faster than the large heat capacity of the massive
furnace would permit if the latter were kept stationary. If very rapid heating
or cooling (''quenching!) of a sample is desired, the furnace can be decoupled
from the drive mechanism and moved manually., The furnace is mounted on
a wheel base which runs on tracks long enough (6 feet) to allow its complete

removal from the Mullite tube.
3. OPERATIONAL PERFORMANCE

Upon final assembly and installation of the total system, initial perform-
ance checks were conducted on each phase. Minor discrepancies which one
normally expects in vacuum system check-out were rectified. The operational
performance of the various electrical controls was checked out prior to

establishing a uniform temperature gradient in the furnace.

Upon achieving satisfactory performance of each individual function of
the system, several tests of the entire system, using representative cycles of
high temperature-high vacuum programming,were performed. Controlled
temperatures as high as 1425°C (limit of Mullite tube) with vacua reaching
2 x 10-5 Torr have been achieved and operational routines were established.
High temperatures to the limit of the control system (1500°C) for an extended
interval of time would necessitate the use of a more expensive alumina

furnace tube in the place of the Mullite tube.

In the practical use of the furnace to date, several RE Z(Co, Fe)17
alloy samples have been annealed in order to homogenize them, and a
number of powder compacts have been successfully vacuum sintered in
experiments with the liquid phase sintering of magnets. For this, a fixture

was built which employs an alumina boat to support the samples and allows

easy loading of the Mullite furnace tube through the brass flange end port.
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As future applications require, different fube chamber inserts will
be devised which have specialized sample and temperature monitoring fixtures

and the necessary electirical connections to the sample.
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