SPECI FI CATI ON Secondary Cool i ng Apparatus and Casting Apparatus TECHN CAL
FIELD 5 The present invention relates to a cooling apparatus and cooling

nmet hod for cast thin pieces in a strip casting nmethod as a nethod for
producing a raw material alloy for a neodym umiron-boron based sintered
magnet. More particularly, the invention relates to the cooling apparatus 10
and the cooling nethod in which a value of cooling velocity in a high
tenperature regi on can be changed. BACKGROUND ART Wt h high performance and
m niaturization in electronics 15 devices including personal conputers and
peri pheral devices thereof, defBBEATFIGATR@Ndyni um iron-boron based sintered
magnets (hereinafter referred to as neodym um based magnets) having high

per f or mance $evandresn CaclkiTid Apparaaass rnd (astitey Apprxatdes to reduce power
consunptions in home 20 el ectronics (such as, air conditioners, refrigerators
or the like) , or for electric cars of a hybrid type or the like, notors
havi ng hi gher efficiency have been in demand. A demand for the neodym um
based nagfeiRIBAE RIgApbeen increasing in these fields. 25 On the other

hand, characteristics of the neodym um based 1 nagnets have i nproved.

Technpl ogi esp{ O 1 dBURAViNE,di8 on relates to a cooling apparatus and

cooling method for cast thin pieces in a strip casting method
as a method for producing a raw material alloy for a
neodymium-iron-boron based sintered magnet. More
particularly, the invention relates to the coocling apparatus
10 and the cooling method in which a value of cooling velocity in

a high temperature region can be changed.

BACKGROUND ART
With high performance and miniaturization in electronics
15 devices including personal computers and peripheral devices
thereof, demands for neodymium-iron-boron based sintered
magnets (hereinafter referred to as neodymium based magnets)
having high performance have been recently increasing.
Further, in order to reduce power consumptions in home
20 electronics (such as, air conditioners, refrigerators or the
like), or for electric cars of a hybrid type or the like, motors
having higher efficiency have been in demand. A demand for the
neodymium based magnets has alsoc been increasing in these
fields.

25 On the other hand, characteristics of the neodymium based



characteristics have been broadly classified into two. One of themrelates
to a tissue control for the raw naterial alloys. The other relates to

i nprovenent in a technology for the 5 production of nagnets. In order to

i nprove the characteristics of the magnet, the production steps of the
magnets are not only to be inproved, but also techniques for producing
magnet alloys as raw naterials are inportant considerations. 10 For exanpl e,
in the case of the neodym um based magnets of which the production anount is
t he hi ghest anbng rare earth nagnets, an Nd2Fel 4B phase as a supporter of a
magnet i cmpgppbst yhave pimateess f r offechnelogiehadehy iapgeninget Eber eact i on
in a Nd-Fe-B ternary systemequilibriumdiagram For this reason, 15 as the
magnet akthayaapproaches vt beehn breadly camxisiiiddinab twhe NaiFef4B phase
havi ng particul arly higher performance, primary crystals of -(Fe are nore
easi |y pthducesl ates heo 6 fEssQk o8htol fod tastHiavdmabetdalt Blsoyske phase is
produced in a dendrite norphology, 20 and join in three dinensions, it

conspi cupHs! yrdrrages dthes ebUShpRichicmenthal RCheltletttino 1@fgyanfbAJehesO t hat
the powder obtained in the crushing step in the steps for producing a nmagnet

exhibit g, diigtHEBEA8railndignmeter distribution or a deviated conposition.
25 In order to avoig sucﬁ a problem a strip casting nethod 2
In order to improve the characteristics of the magnet, the
production steps of the magnets are not only to be improved,
but also techniques for producing magnet alloys as rawmaterials
are important considerations.

10 For example, in the case of the neodymium based magnets of
which the production amount is the highest among rare earth
magnets, an Nd,Fe,;B phase as a supporter of a magnetic property
is produced from a liquid phase by a peritectic reaction in a
Nd-Fe-B ternary system equilibrium diagram. For this reason,

15 as the magnet alloy approaches a stoichiometric composition of
the Nd,Fe;4uB phase having particularly higher performance,
primary crystals of 7 Fe are more easily produced at the time
of melting and casting.

Since this 7 Fe phase is produced in a dendrite morphology,

20 and join in three dimensions, it conspicuously damages the
crushability characteristic of an inget so that the powder
obtained in the crushing step in the steps for producing a magnet
exhibit a disturbed grain diameter distribution or a deviated

composition.

25 In order to avoid such a problem, a strip casting method



(hereinafter referred to as SC nethod) which can speed up the solidification
rate on casting has been recently adopted, wherein a raw material nelted in
a crucible is cooled by a cooling roller, and a cast thin piece having a

t hi ckness of about 0. 3mm 5 is obtained. After the cast thin piece is finely
crushed with a crusher, crushed pieces are placed in a receiving vessel, and
taken out froma casting apparatus after cooling. Wien the cooling on the
cooling roller is classified into a primary cooling and the cooling of the
cast thin piece released 10 fromthe cooling roller is classified into a
secondar yheseinagterheefarved dfo gsolSCnyetbPbdei vhich can grdadmp sbeondary
cooling is regulated by cooling with an inert gas (such as, an Ar gas or

t he |i kepobétinEénathencasaltiengenm otést ingdhblke st peeert lyeadopited,box,
alternatively cooling during the carriage with 15 a conveyer or belt, or

further fieeedhiagawmaterialimeltedan a tpsciplélie casle@byce chHeteng ng
vessel. In addition, a nethod in which the cast pieces are cooled by being

sandw chedineth 4@ aPSdES tofin918ké MRl § tHilckhdBY BethbdutMai. 8hnt hey are
put directly into liquid Ar, and other nethods are carried out. 20
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When the cooling on the cooling roller is classified into
a primary cooling and the cooling of the cast thin piece released
10 - from the cooling roller is classified into a secondary cooling,
the value of cooling velocity in an ordinary secondary cooling
is regulated by cooling with an inert gas (such as, an Ar gas
or the like) between the cooling roller and the cast piece
receiving box, alternatively cooling during the carriage with
15 a conveyer or belt, or further by cooling with the inert gas
inside the cast piece receiving vessel. In addition, a method
in which the cast pieces are cooled by being sandwiched with
two pairs of rotating belts, or a method in which they are put
directly into liquid Ar, and other methods are carried out.
20 Combinations of these methods may suffice.

However, when the value of cooling velocity in the high
temperature range is controlled, cooling becomes slower as a
temperature difference decreases if cooling is down to a low
temperature range by the same method, so that even when the cast

25 thin pieces are taken out from a chamber, the time for them to



3 go down to such a tenperature and causi ng no oxidation problem becones

|l ong. A concrete solution for such a problemhas not been known. On the

ot her hand, a nethod is proposed in which intervals 5 between Rare earths
rich phases (R rich phases) are widened to 3 to 154m by setting the average
val ue of cooling velocity between 800 to 600 degrees Celsius at 1.0 degrees
Cel sius/second or below For exanple, a nelt of a rare earth

el enent-containing alloy is made to flow onto a cooled rotary 10 roller
inside a chanber in a vacuumor in an inert gas anbience; and inmediately
after it 9% dewn §pfseeh iah teMPEBBEHTShaReé TS ubiongX1dRE198I PHPPI@A thin

ri bbon is crushed into pieces, the crushed alloy pieces being received in a
recei vi ngpeeyest lgraredA tanchetehswbet ionantby mackalbuproblemehasaidhg
velocity of the 15 crushed alloy pieces is controlled with a cooling medium
As a spediderc kmdwrod, cooling partition plates are provided inside the
recei ving vessel, and the value of cooling velocity of the crushed all oy

pi eces is comn ehkedthyr tHahd,| awnethadgos prpddeduiich wheeni inesrveaTool i ng
medi um 20 However, when the gas is used as the cooling nediumin this

et hod, therhead R%as@aehwhgfriélegﬂﬁ%e@er(Rvewﬁﬁpﬂés@g)t eEkY defBBl to SO that
a |l arge anount of the gas needs to be introduced. |In case that the inert gas

5 used a5 160600 100 4S5 W Wreddgf AnLlld &  dod1 Sty DERYRN PO the
between 800 to 600 degrees Celsius at 1.0 degrees Celsius/second
or below. For example, a wmelt of a rare earth
element-containing alloy is made to flow onto a cooled rotary

10 roller inside a chamber in a vacuum or in an inert gas ambience;
and immediately after it is solidified in a ribbon shape by
cooling, the solidified thin ribbon is crushed into pieces, the
crushed alloy pieces being received in a receiving vessel placed
in the chamber; and the value of the cooling velocity of the

15 crushed alloy pieces is controlled with a cooling medium.

As a specific method, cooling partition plates are provided
inside the receiving vessel, and the value of cooling velocity
of the crushed alloy pieces is controlled by the flow of a gas
or liquid therein as a cooling medium.

20 However, when the gas is used as the cooling medium in this
method, the heat capacity of the gas per volume is extremely
small, so that a large amount of the gas needs to be introduced.
In case that the inert gas is used as the cooling gas, although
it candirectly flow through among the stacked cast thin pieces,

25 large diameter pipes are placed around, and a heat exchanger



25 |l arge dianeter pipes are placed around, and a heat exchanger 4 having a
sufficiently wi de heat conduction area, which recovers the heated gas and
cools and returns it, is necessary; thereby naking the equi pnent becones
bul ky. Furthernore, the time required for cooling longer. 5 Although an
exanple of using air as a gas is shown, partition plates with a seal ed
structure need to be provided in this case. However, since the heat capacity
per volunme of air is small, partition plates having an extrenely | arge heat
conduction area through which a |arge anount of air is introduced are

requi r edhaging asyéficeentdvensdte hratepndudiiewereag witldeiregovend t he cast
thin pieces are placed in gaps thereof. Therefore, the receiving vessel
beconmes tbesheztablgad angecpalsiand adtyrins tthe isppraregasyof themedy
production scale. Furthernore, in order that the vessel may be taken in and
out of thakiast itig cdaubetiedtS becbhas bdkgastFudtihemeees thel itigef romthe

cooling roller nmay be placed evenly in the vessel, the vessel

a struct weguézRabkerotobeing mewgdr Thus, it is difficult to

needs to have
pl ace the | arge

di anet er pi'pes around such a receiving vessel and feed a |arge anount of

air, grom thg kSRl aho 70 JEGhs ARy blikYad B éa&leli‘%oéﬂm

bar¥ik8 on

n
particularly, sincé the rare earth containing alloy is chéemcally extrenely

active. paraanaral us.ubich handiesd Neea3% pb AR GRPS TS ehsauch an

active a aving a large spécific sur at” a

However, since the heat capacity per volume of air is small,

partition plates having an extremely large heat conduction area

through which a large amount of air is introduced are required

10 in order to increase the value of cooling velecity, and the cast

thin pieces are placed in gaps thereof. Therefore, the

receiving vessel becomes considerably large particularly in the

apparatus of a mass production scale. Furthermore, in order

that the vessel may be taken in and out of the casting chamber

15 or that the cast thin pieces falling from the cooling roller

may be placed evenly in the vessel, the vessel needs to have

a structure capable of being moved. Thus, it is difficult to

place the large diameter pipes around such a receiving vessel

and feed a large amount of air, from the standpoint of

20 reliability in the equipment. More particularly, since the

rare earth containing alloy is chemically extremely active, an

apparatus which handles the cast thin pieces made of such an

active alloy and having a large specific surface at a high

temperature also faces a large problem from the standpoint of

25 safety.
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tenperature also faces a large problemfromthe standpoint of 25 safety. 5
Mor eover, when water is used as the cooling nedium if water is introduced
after casting, water directly flows into the partition plates at a high
tenperature state, which causes a rapid boiling phenonenon and poses a
safety problem 5 Furthernore, heat inpact upon the partition plates is too

| ar ge, whi ch causes cracking and deformation due to heat strain and poses a
drawback in the durability of the partition plate. Specifically, if the
partition plate is broken, the | eaked water and the cast thin pieces at a

hi gh t enper aforeovenciwhen gaher discusd€d madtbgemohitnigehedausesi i wageirous safety
problem If water is introduced prior to starting the casting so as to avoid
such a psohhnerodulredc adtelg qeameimd,s wotdmrderédalyi flossdihtbcithie to
attain a slow cooling condition ained at the high tenperature range. 15 A

met hod | Ea@h&ﬁ&_@ﬁeﬁlhﬂewéﬁhaahi@@&ié&ﬁzﬂgradﬂﬁs@'sﬁwdé,nglhiiaﬁfcaﬁl@ié% R eces
pl aced therein is noved to another chanber, and cooled by using an inert gas

or the |i (3SeR . u 5 r ¢l this nmethod, the
cool i ng F%ﬁﬁﬁeﬁﬁﬁé%ngtgﬁgggggﬁﬁg ?gﬁgggggsgéngﬁgﬁﬁg gkg%}hﬁdmever, this
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al so slow_.in a |l.ow.tenperature range, . .
\f/arge, which ¢auses cracklng andsgeformatlon due to heat strain

and poses a drawback in the durability of the partition plate.
Specifically, if the partitionplate is broken, the leaked water
and the cast thin pieces at a high temperature react to generate

10 hydrogen, which causes a serious safety problem. If water is
introduced prior to starting the casting so as to avoid such
a problem, the cooling power is so large that it is difficult
toattain a slow cocling condition aimed at the high temperature
range.

15 A method is disclosed in which a receiving vessel having
cast thin pieces placed therein is moved to another chamber,
and cooled by using an inert gas or the like (see, e.g., Patent
Document 5). According to this method, the cooling in the high
temperature range is generally slow. However, this cooling

20 method is not aimed at controlling the tissue of the alloy, so
that the wvalue of cooling velocity cannot be regulated.
Moreover, coocling is also slow in a low temperature range, So
that a long time period is required to lower the cast thinpieces
to such a temperature as to allow them to be open to the

25 atmosphere. Therefore, a large number of receiving vessels are
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that a long tinme period is required to | ower the cast thin pieces to such a
tenperature as to allow themto be open to the 25 atnosphere. Therefore, a

| ar ge nunber of receiving vessels are 6 required. Patent Docunment 1. JP-A
63-317643 Patent Docunment 2: JP-A 8-269643 Patent Docunent 3: JP-A 9-155507
5 Patent Docunent 4: JP-A 10-36949 Patent Docunent 5: JP-A 2002-266006

Pat ent Document 6: JP-A 2005-193295 DI SCLOSURE OF THE | NVENTI ON 10 PROBLEMS
TO BE SCOLVED BY THE | NVENTI ON As expl ai ned above, in the SC nethod for the
all oy of the neodym um based nmagnet, it is inportant to control the val ue

of cool i mpauelmedty on the cooling roller as well as the value of cooling
vel ocity after the cast thin piece is released from 15 the cooing roller, and
parti cul arl yrhhentaboeuntneoal:i 0g-AveBegcilzg4Bn a tenperature range in which
R-rich phases are dissolved imediately after the cast thin pieceis rel eased

from the coehktBgtr ebk@mentn20r gerat g-regghate the value of cooling velocity
in such a tenperature range that may be appropriately 20 snall and the tissue

of the aIonnggnQeDgggﬁéﬂklgd be_Regl tBggrequired characteristics of the
nmagnet, an apparatus an hod are required to arbitrarily regulate the
val uegof coobLPdne pocument 4: JP-A 10-36949

Patent Document 5: JP-A 2002-266006

Patent Document 6: JP-A 2005-193295

DISCLOSURE OF THE INVENTION
10 PROBLEMS TO BE SOLVED BY THE INVENTION
As explained above, in the SC method for the alloy of the
neodymium based magnet, it is important to control the value
of cooling velocity on the cooling roller as well as the value
of cooling velocity after the cast thin piece is released from
15 the cooing roller, and particularly the value of cooling
velocity in a temperature range in which R-rich phases are
dissclved immediately after the cast thinpiece is released from
the cooling roller. In order to regulate the value of cooling
velocity in such a temperature range that may be appropriately
20 small and the tissue of the alloy may be controlled to meet the
required characteristics of the magnet, an apparatus and a
method are required to arbitrarily regulate the value of cooling
velocity and thereafter to cool the cast thin pieces in a short
time period so as to enhance productivity. In addition, the

25 apparatus is to handle the rare earth alloy being extremely
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velocity and thereafter to cool the cast thin pieces in a short time period
so as to enhance productivity. In addition, the 25 apparatus is to handle the
rare earth alloy being extrenmely 7 active and having a |large specific area,
and it needs to be an equipnment which fully considers the heat stress,
strain, corrosion, etc. not only fromthe standpoint of the tissue control
but also fromthe standpoint of safety. Such a highly 5 reliable apparatus
has not been known yet. The present invention is ained to provide a conpact
cooling apparatus and a cooling nethod. which have high safety features and
can freehytivnatand hdweirgpel ilanggeospedibiciargeer faordritgneads opt ibeuamnt | ssue
control for a raw material alloy of a neodym um 10 based sintered nmagnet
havi ng aelu@pmpacf avtnimicefehayacicerdisidre tMEANSatO SGhabs THetPROBLEM | n
order to solve the above problem the present invention is directed to a

secondar ¥og@eki g, apRar. ands, drG Uidig the/ ess&hdpo 18t acEobhet @aklzughaped
device in which a plurality of plate-like cooling teeth are provided upright

at a predgherBh Nseh IAMLS ¥abm the RESH 'rﬁ:e\éjfc@a@@\f%rr.‘g Sudh W Bhighyyo!f
pressing teeth to be i1nserted between the cooling teeth, and cooling pipes

s1 ng e | ol g {eeth, “and ‘cdol Tng pi pes
< ot FoUtPRuE FRPrraruETRad AOC hEeR Bl BoT i Mocted to The Secondary
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apparatus and a cooling method. which have high safety features
and can freely control the cooling condition in performing an
optimum tissue control for a raw material alloy of a neodymium

10 based sintered magnet havinga high performance characteristic.

MEANS TO SOLVE THE PROBLEM

In order to solve the above problem, the present invention

is directed to a secondary cooling apparatus, including a vessel,
15 a comb tooth-shaped device in which a plurality of plate-like

cooling teeth are provided upright at a predetermined interval,

a pressing device having a plurality of pressing teeth to be

inserted between the cooling teeth, and ccoling pipes provided

on the cooling teeth and through which a liquid cooling medium
20 is made to flow.

Further, the present invention is directed to the secondary
cooling apparatus, wherein the vessel is formed in a bottomed
cylindrical shape, and the cooling teeth are each formed in a
ring-like shape and concentrically arranged.

25 Furthermore, the present invention is directed to a casting



cylindrical shape, and the cooling teeth are each formed in a ring-1like
shape and concentrically arranged. 25 Furthernore, the present invention is
directed to a casting S apparatus, which includes a crucible in which a nelt
of araw material is placed, a primary cooling apparatus for cooling the
melt fed fromthe crucible and formng plate-like cast thin pieces, and any
of the secondary apparatuses as di scussed above, 5 wherein the cast thin

pi eces are fed into the secondary cooling device. Furthernore, the present

i nvention relates to the casing apparatus, which further includes a crushing
devi ce f @ppayratsis, nghtibd dasiutibena preoeisb badif ediiicohg acmadhedf ssmatdw pi eces,
10 wherein both the cast thin piece and the crushed small pieces can be fed

to the sex@rdd) €8qliddpRasBinsry kbolhagCanyerd t @adorappal dhystss the SC
material is too rapidly cooled after being released fromthe roller, and

there ampilarf@d HIMidHNS AN & 1SEIMRield Yiudelsaeedddomife 15
roller. In the present invention, since the value of cooling velocity of the

cast thi iR 2Ad a6 UShefe Bl AP 8Bph?aBBEL 2 g S ALSEHIYON state of

Nd-rich phases change“and Is converted 0 a state in whic so-cal_bd
anneal) "AREAREER (o vrAlta PO AN AP SANERLELISAA LIS N g Phaces
device.

Furthermore, the present invention relates to the casing
apparatus, which further includes a crushing device for
crushing the cast thin pieces and forming crushed small pieces,

10 wherein both the cast thin piece and the crushed small pieces
can be fed toc the secondary cooling apparatus.

In the conventional apparatuses, the SC material is too
rapidly cooled after being released from the roller, and there
are large variations among the SC materials released from the

15 roller.

In the present invention, since the value of cooling
velocity of the cast thin piece and crushed small pieces is small,
the distribution state of Nd-rich phases change and is converted
to a state in which so-called annealing proceeds (i.e., the

20 average distance between the Nd-rich phases becomes longer).

In the state such that the cast thin piece or the crushed
small pieces reach a predetermined temperature, the pressing
member is pressed thereinto from above the cast thin piece or
the crushed small pieces, so that the cast thin piece is crushed

25 in order to drop the crushed small pieces between the cooling



smal | pieces reach a predeterm ned tenperature, the pressing nenber is
pressed thereinto from above the cast thin piece or the crushed snal

pi eces, so that the cast thin piece is crushed 25 in order to drop the
crushed smal | pieces between the cooling 9 conbs. The crushed snall pieces
need to be cooled to 150 degrees Celsius or |ower at which the oxidation
thereof will not proceed even when taken out to the atnosphere. Since the
value of 5 cooling velocity of the crushed snall pieces falling between the
cooling teeth becomes |arger, they can be cooled to a tenperature of 150
degrees Celbisus or below in a short time period, so that the productivity
can be inproved. In addition, the tissues of the crushed snmall pieces can 10

be control | ethéycahangd randlne ghiiede spaceddt duUpé goaded td hey degrekkel d on the
cooling teeth. EFFECTS OF THE I NVENTION After the nelt is rapidly cooled with

the cool teashokl&¥ 1ckeradwhiencasd okitAtRoBCEhFed NG iGN USHEDrEMRldg pi eces
are formed, they can be cooled in the state such that they are put on the

Secondarxv%ﬁowm%gl ARPRIALY S J&'Ul?h%tgﬁm?@fvﬂgrgf cophEagrn¥elagiky gghen the

nelt is solidified is large; and the value of cooling velocity at the tinme
becorbs SoaHEndsaefat EOTRE che s ARHER St S e ALY BREEE L e
COﬂtro"%gé cooling teeth becomes larger, they can be cooled to a
temperature of 150 degrees Celsius or below in a short time
pericd, so that the productivity can be improved.
In additicn, the tissues of the crushed small pieces can
10 be contreclled by changing the time period during which they are

held on the cooling teeth.

EFFECTS OF THE INVENTION
After the melt is rapidly cooled with the cooling roller
15 and the cast thin piece or the crushed small pieces are formed,
they can be cocled in the state such that they are put on the
secondary cooling apparatus. Thus, the value of cooling
velocity when the melt is solidified is large; and the value
of cooling velocity at the time when they are cooled from 800
20 degrees Celsius to 600 degrees Celsius becomes small, so that
the distributed state of the R-rich phases can be controeolled.
Moreover, when the temperature is lower than 600 degrees
Celsius, the cast thin piece or the crushed small pieces can
be rapidly cooled with the secondary cocoling apparatus, so that

25 they can be taken out to the air atmosphere at a temperature

10



Mor eover, when the tenperature is |ower than 600 degrees Cel sius, the cast
thin piece or the crushed small pieces can be rapidly cooled with the
secondary cooling apparatus, so that 25 they can be taken out to the air

at nosphere at a tenperature 10 of 150 degrees Celsius or |ower within short
time period and the crushed small pieces will not be oxidized. BRI EF

DESCRI PTION OF THE DRAWNGS 5 Fig. 1 is a first figure for illustrating a
casting apparatus of the present invention. Fig. 2 is a second figure for
illustrating the casting apparatus of the present invention. Fig. 3 (a) and
3 (b) il bfisibat degreesseéelsfug.of layer sviklplrarshddx \tiee gpetikidarm®(b) is a
sectional view thereof cut along an A-Aline in Fig. 3(a). Fig. 4(a) and
4(b) il galer ereshedormallaopieskaped 1devibtebe bixdddzed). i s a plan view and
Fig. 4 (b) is a sectional viewcut along a B-Bline in Fig. 4(a). 15 Fig.
5(a) and Fig. 5(b) illustrate a secondary cooling apparatus; Fig. 5 (a) is a
plan view and Fig. 5 (b) is a sectional viewcut along aline CGCin Fig.

5(a)"F!QRIﬁFi5E@g§&@&&0&i6§rQH?Othh&Hﬁbrating a gradual ly cooling step. 20
Fig. 7 is a second figure for 1llustrating a gradually cooling step.

5 Fig. lisa first figure for illustratinga casting apparatus
of the present invention.

Fig. 2 is a second figure for illustrating the casting
apparatus of the present invention.
Fig. 3(a) and 3(b) illustrate a vessel; Fig. 3(a) is a plan

10 view and Fig. 3(b) is a sectional view thereof cut along an
A-A line in Fig. 3(a).

Fig. 4(a) and 4 (b) illustrate a comb tooth-shaped device;
Fig 4(a) is a plan view and Fig. 4(b) is a sectional view cut
along a B-B line in Fig. 4(a).

15 Fig. 5(a) and Fig. 5(b) illustrate a secondary cooling
apparatus; Fig. 5(a) is a plan view and Fig. 5(b) is a sectional
view cut along a line C-C in Fig. 5(a).

Fig. 6 isa first figure for illustratinga gradually cocling
step.

20 Fig. 7 is a second figure for illustrating a gradually
cocling step.

Fig. 8 is a third figure for illustrating a gradually cooling
step.
Fig. 9 is a first figure for illustrating a step to transfer

25 from the gradual cooling to the rapid cooling.

11



Fig. 8is athird figure for illustrating a gradually cooling step. Fig. 9
iIs a first figure for illustrating a step to transfer 25 fromthe gradual
cooling to the rapid cooling. 11 Fig. 10 is a second figure for illustrating
a step to transfer fromthe gradual cooling to the rapid cooling. Fig. 11 is
athird figure for illustrating a step to transfer fromthe gradual cooling
to the rapid cooling. 5 Fig. 12 is a figure for illustrating a rapidly
cooling step. Fig. 13 is a figure for illustrating a state in which the
crushed smal| pieces are taken out of the casting apparatus. EXPLANATI ON OF
REFERENCE NURMERALS01Gslh -sec@adt fhguappdpat udludtrating i btep23o- - -

primary cooling apparatus 26 --- crushing device 40 --- vessel 15 45, 55 ---
cool i ng prpesb@r- fromonhet gohliuahapedldeayi €ee thé, rapiBlcoolingool ing teeth 60
--- pressing device 61, to 61,E --- pressing teeth 20 BEST MODE TO CARRY QUT

THE I NVENTI QN g. 11 is a third figure for illustrating a step to transfer
from the gradual cooling to the rapid cooling.

b5 Fig. 12 is a figure for illustrating a rapidly cooling step.

Fig. 13 is a figure for illustrating a state in which the

crushed small pieces are taken out of the casting apparatus.

EXPLANATION OF REFERENCE NUMERALS

10 11 --- Casting apparatus
21 --- crucible
23 --- primary cooling apparatus
26 --- crushing device
40 --- vessel
15 45, 55 --- cooling pipe
50 --- comb tooth-shaped device
51, to 51, --- cooling teeth
60 --- pressing device
61, to 61, --- pressing teeth
20

BEST MODE TO CARRY OUT THE INVENTION

In Fig. 1, a reference numeral 11 denotes one embodiment
of the casting apparatus of the present inventicon, which
includes a melting chamber 12, a collection chamber 13 and a

25 cooling chamber 14.

12



In Fig. 1, a reference nuneral 11 denotes one enbodi ment of the casting
apparatus of the present invention, which includes a nelting chanber 12, a
col l ection chanber 13 and a 25 cooling chanber 14. 12 A vacuum evacuati on
system 35 and a gas introduction system 36 are connected to the casting
apparatus 11. After the interior of each of the chanbers 12 to 14 is vacuum
evacuated by the vacuum evacuation system 35, an inert gas (here, argon) 5
is introduced fromthe gas introduction system 36, so that the interior of
each of the chanbers 12 to 14 is set in an inert gas anbience. The

col | ecti on chamsaunmgviacugbhanciywst e 3chandel ghag ntredhelidR systeém he
cooling chanber 14 is connected to the 10 collection chanber 13. Transfer
roll ers 38 are acoangededntbhetzot tast iwad | apphrahes cal | ecafvarchdeer 13 and
the cooling chanber 14; and a secondary cooling apparatus 22 is placed on

the transheeriolkl 8£SeadR oM tike ctabeski 0n ebarders ddculim Avalcuailed cool i ng
apparatus 23 is arranged at a position above the secondary cooling apparatus

22 i nsi dgyt bge GAIhRGE QA cuGhaEReEydBem S SRl thavaNg3d 1Rt §F aRgRf)bet ween
the melting chanber 12 and the collection chanber 13, bridgingthe interior

of the 2Q MRLELAI-CHFMNG che §39 NErdUS I stldhf 380! LERHAN c¢faamber

interior of each of the chambers 12 to 14 is set in an inert
gas ambience.

The collection chamber 13 is connected to the melting
chamber 12, and the cooling chamber 14 is connected to the

10 collection chamber 13.

Transfer rollers 32 are arranged on the bottom walls of the
collection chamber 13 and the cocling chamber 14; and a
secondary cooling apparatus 22 is placedon the transfer rollers
32 in the collection chamber 13.

15 A primary cooling apparatus 23 is arranged at a position
above the secondary cooling apparatus 22 inside the collection
chamber 13.

A melt trough 31 is arranged between the melting chamber
12 and the collection chamber 13, bridging the interior of the

20 melting chamber 12 and the interior of the collection chamber
13.

A crucible 21 is arranged inside the melting chamber 12,
raw materials of a neodymium-iron-boron based sintered magnet
being charged into the crucible 21 at predetermined compounding

25 rates.

13




13. A cr

of a neodym unmtiron-boron based sintered magnet
cruci ble 21 at predeterm ned conmpoundi ng 25 rates.

IS provi

raw material s placed inside

Cel si us

t rough

ucible 21 is arranged inside the nelting chanber 12, raw materials

being charged into the
13 The nelting chanber 12

ded with a heater; and a nelt is fornmed by heating and nelting the

the crucible 21 to be around 1400 degrees

inthe inert gas anbience. 5 Next, when the nelt is poured into the
melt trough 31 by tilting the crucible 21, the nelt flows inside the nelt

31, and is poured into a receiving tray 33 (tundish) of the

primry

cool i ng appartst melf3ngdteanirermaryi € palovigieappatAtaubedBerncindesmaltool i ng
10 25 and a crushing device 26. The cooling roller 25 has water
passage i# faltimld 69 tldaitd rispded med tiasselle rERem&0eti Us aldwyd irbids rot ated
in the state such that it is cooled with water. The nelt poured into the
recei vi nghé rédudib10nhaehshd iRl 1880 88518Es 251 8Nk i1 RhaceHdepp the
roller 25 through the 15 rotation thereof, and carried to a pl ace
where t er i device 26 is arranged, while being cooled. At such tineg,
hg?s %@?%%???éd by cooling to forma cast thin piece in a thin

roller

cool i ng

the nelt
shee%wi
t hr ough

10

15

20

25

ke for
t he l\fe& dtion

tilting the crucible 21, the melt flows inside the melt trough
31, and is poured into a receiving tray 33 (tundish) of the
primary cooling apparatus 23.

The primary cooling apparatus 23 includes a cooling roller
25 and a crushing device 26. The cooling roller 25 has water
passage in which cooling water is passed. The cooling roller
25 is rotated in the state such that it is cooled with water.
The melt poured into the receiving tray 33 contacts the cooling
roller 25, and is placed on the cooling roller 25 through the
rotation thereof, and carried to a place where the crushing
device 26 is arranged, while being cooled.

At such time, the melt is solidified by cooling to form a
cast thin piece in a thin sheet-1like form. The cast thin piece
is released from the cooling roller 25 through the rotation
thereof, and drops into the interior of the crushing device 26.
The thickness of the cast thin piece is around 0.3mm.

Two crushing rollers 27 are arranged inside the crushing
device 26.

A moving device is connected to the crushing rollers 27 so

that the position of one or both of the crushing rollers 27 can

14
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20 thereof, and drops into the interior of the crushing device 26. The

t hi ckness of the cast thin piece is around 0.3mm Two crushing rollers 27 are
arranged inside the crushing device 26. A noving device is connected to the
crushing rollers 27 so 25 that the position of one or both of the crushing

rollers 27 can
cl osely contact

14 be noved. When the two crushing rollers 27 are nmade to

and the cast thin piece is dropped onto the crushing rollers

27 while the crushing rollers 27 are being rotated, the cast 5 thin piece is
crushed to crushed small pieces near to powder form which drop under the
pri mary keohdwegdapparatus 23. Wien the crushing rollers 27 are spaced apart
or the crushing rollers 27 are noved fromthe position where the cast thin
pi ece drop$hdrhehedsto tirushpngas dreaypped dromateet c @dlased yr obheacf5 10
drops under the primary cooling apparatus 23 w thout being crushed.

Meanwhi | gndi théreyadie tHial pikee dsdareppelds ohebmeHeasdushifg réheeeast thin
pi ece dropped fromthe cooling roller 25 passes the detour, the cast thin

pi ece dr ppsyifi pin e diidRg GR0lIG L7 apRabatde 23raded, tBRecagkethin piece

passes the crushing device

6 w thout passing the detour, and then, the

crushed éﬂfﬁ!%igé’éécfé TRYsHE PR o PItRY shidhd BigeesAAdatheoChynbed smal |

pi eces droppi

form, which drop under the primary cooling apparatus 23.

When the crushing rollers 27 are spaced apart or the crushing

rollers 27 are moved from the pesition where the cast thin piece

drops, the cast thin piece dropped from the cooling roller 25

10 drops under the primary cooling apparatus 23 without being

crushed.

Meanwhile, it may be that when a detour is formed and after

the cast thin piece dropped from the cooling roller 25 passes

the detour, the cast thin piece drops from the primary cooling

15 apparatus 23, and the cast thin piece passes the crushing device

26 without passing the detour, and then, the crushed small

pieces may drop.

The cast thin piece and the crushed small pieces dropping

and fed from the primary cooling apparatus 23 drop into the

20 secondary cooling apparatus 22.

Figs.

5{a) and (b) are figures for illustrating the

secondary cooling apparatus 22, and Fig. 5{(a) is a plan view

thereof, and Fig. 5(b) is a sectional view cut along a C-C line

in Fig. 5(a). The secondary cooling apparatus 22 includes a

25 vessel 40 and a comb tooth-shaped device 50.
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and fed fromthe primary cooling apparatus 23 drop into the 20 secondary
cooling apparatus 22. Figs. 5(a) and (b) are figures for illustrating the
secondary cooling apparatus 22, and Fig. 5(a) is a plan view thereof, and
Fig. 5(b) is a sectional viewcut along a CGCline in Fig. 5(a). The
secondary cooling apparatus 22 includes a 25 vessel 40 and a conb

t oot h-shaped device 50. 15 Figs. 3(a) and (b) are figures for illustrating
the vessel 40, Fig. 3(a) is a plane view thereof, and Fig. 3(b) is a
sectional view cut along an A-Aline in Fig. 3 (a) . The vessel 40 has a
bottomed cylFigli Gdla)shnge{bhrdd ficbudes foxryilllndtice ity pével phesall wal | 41,
a bottomwall 42 closing one end of the peripheral wall 41, and a guide rod
43 is provjdedgupri(ght iad a apramé raeiewocakiredfof atlde mieft a3nwal is43. Fi gs.
4(a) and (b) are figures for illustrating the conb tooth-shaped device 50,

Fig. 4 (3¢ctSohabl@dewi®tiV aabégFal.A4a (he 18 FSga SEOLI ondle VegWesUt along a
B-Blinein Fig. 4 (a) . The conb tooth-shaped device 50 has a plurality of

gg?llng L6eldy éji;ot%ape cggéndﬁﬂzalE@? ApOf a&lfaelﬁeﬁaegée aéﬂcaﬁﬂ

Inaring s ey are concentrically arra bei ng

e oM D TR it oot
circle I8 Selntal o8t e LY 861 4L3BE S5 Us IR IYR up3gnt at
a central location of the bottom wall 42.
Figs. 4(a) and (b) are figures for illustrating the comb
tooth-shaped device 50, Fig. 4(a) is a plan view, and Fig. 4 (b)
10 is a sectional view cut along a B-B line in Fig. 4(a). The comb
tooth-shaped device 50 has a plurality of ccoling teeth 51,,
51, ---, 51,. Each of the cooling teeth 51,, 51, ---, 51, is
in a ring shape, and they are concentrically arranged, while
being spaced at a predetermined interval, and mutually fixed
15 by connecting plates 52.
The inner diameter of the cooling tooth 51, at the innermost
circle is set larger than the outer diameter of the guide rod
43, whereas the outer diameter of the cooling tooth 51, at the
outermost circle is set smaller than the inner diameter of the
20 peripheral wall 41 of the vessel 40. The comb tooth-shaped
device 50 is disposed inside the vessel 40 in the state such
that the comb tooth-shaped device is inserted through the guide
rod 43. In the state such that the comb tooth-shaped device

50 is disposed inside the vessel 40, each of the cooling teeth

25 51,, 51,, ---, 51, does not contact the bottom wall 42 of the
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43, whereas the outer dianmeter of the cooling tooth 51" at the outernost
circle is set smaller than the inner dianeter of the 20 peripheral wall 41 of
t he vessel 40. The conb tooth-shaped device 50 is disposed inside the vessel
40 in the state such that the conb tooth-shaped device is inserted through
the guide rod 43. In the state such that the conb tooth-shaped device 50 is
di sposed inside the vessel 40, each of the cooling teeth 25 511, 512, ---,
51" does not contact the bottomwall 42 of the 16 vessel 40, while a space
is formed therebetween. Further, in _ this state, the cooling teeth 511, 512,
---, 5lnv@sSaled( cahileoat sRABR i RoRNad sherehelvers neFErFherdein he
crucible 21 is introduced into the 5 primary cooling apparatus 23 and the
cast thi thiieetate f dheegoolimg ceeshi Rgir Bleors-27 aite d¥e stembpieal as

di scussed above, and the cast thin piece is dropped to the secondary cooling
appar at ux 2z he thoottonberailgl ctushed. The interval of the cooling teeth 511,
512, ---, 51nis set 10 nore closely (30 to 100mm nore desirably 50 to

70m) than tWBenstEe nfld hasgdast thdicruydiede 2aniks tike reasicediintpi€ige dr opped
i nside the secondary cooling apparatus 22 is placed on the <cooling teeth

511, 512:pr1mary5éBo§Qn§5a§19a§QH@é z%péﬁéstﬂ@‘%:\é{%%nthiﬁ%l@l@ heordardd, 511, 512,
---, 51n. 15 1n Fig. 6, a reference nuneral 71 denotés the cast thin pi ece

pl aced O’I:HJ‘SrEQBHhBQrE,PPéPs 5171aré1£21rst mov%ginas discussed above, and

the cast thin piece is dropped to the secondary cooling
apparatus 22 without being crushed.

The interval of the cooling teeth 51;, 51,, ---, 51, is set

10 more closely (30 to 100mm, more desirably 50 to 70mm) than the
size of the cast thin piece, and the cast thin piece dropped
inside the secondary cooling apparatus 22 is placed on the
cooling teeth 51,, 51,, ---, 51, S0 as to cover spaces between
the cooling teeth 51;, 51;, ---, 51;,.

15 In Fig. 6, a reference numeral 71 denotes the cast thin piece
placed on the cooling teeth 51, 51, ---, 51,.

A motor is connected to the vessel 40 in which the comb
tooth-shaped device 50 is arranged; and the vessel 40 is rotated
while the cast thin pieces 71 are being dropped from the primary

20 cooling apparatus 23. The comb tooth-shaped device 50 is also
rotated following the rotation of the vessel 40, and the cast
thin pieces 71 are placed all over the entire peripheries of
the cooling teeth 51;, 51;, ~---, 51,. Accordingly, as shown in
Fig. 6, the upper sides of the cooling teeth 51;, 51;, ---

r

25 51, are covered with the cast thin pieces 71 without a gap.
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A nmotor is connected to the vessel 40 in which the conb tooth-shaped device
50 is arranged; and the vessel 40 is rotated while the cast thin pieces 71
are being dropped fromthe primary 20 cool i ng apparatus 23. The conb

t oot h- shaped device 50 is also rotated following the rotation of the vessel
40, and the cast thin pieces 71 are placed all over the entire peripheries
of the cooling teeth 511, 512, ---, 51n. Accordingly, as shown in Fig. 6,

t he upper sides of the cooling teeth 511, 512, ---, 25 51n are covered with
the cast thin pieces 71 without a gap. 17 Next, the crushing device 26 is
set to a staNextorthe gshishgngt feviast2 Risnset doz abgt anerbew myudieirint er val
between the two crushing rollers 27; the cast thin piece 71 is fed fromthe
cool i ng rttlel ersP5thon tinee o Ushnagrderinget A6 intervadhbetgyeemd e tdwe cr ushed
smal | pieces are dropped into the secondary cooling apparatus 22. The

crushed simishipioesed 1are dt7gckee edsthenhdashpieda mipiiecged/ Erdnh tHeg. 8, a
reference nuneral 72 denotes the crushed snmall pieces stacked on the cast

thin pieegs1ihg 1814655t vA brusii g 8B ieEUSE b or Zhrish &Y | I8ly noved
into the secondary cooling apparatus 2Z as the cast thin pieces 71 and the

crushgd gl ér&éﬁ&&%mﬁ%ﬁbEécést%ﬁ:‘eédé!{c)SPP%g'i'rgﬁ% %@%ﬁ‘é%&%ﬁa dop1myed from

the coll ection chanber into coo rotatingthe
f)][ a{‘f]feer apPar 85322 . L GrREREY O Y620 ke AL ANAPY ! Mhantpper side
thin pieces 71.
In Fig. 8, a reference numeral 72 denotes the crushed small
pieces stacked on the cast thin pieces 71.
10 After the melt inside the crucible 21 is entirely moved into
the secondary cooling apparatus 22 as the cast thin pieces 71
and the crushed small pieces 72, the secondary cooling apparatus
22 is moved from the collection chamber 13 into the cooling
chamber 14 by rotating the transfer rollers 32.
15 The pressing device 60 is arranged in an upper side of the
cooling chamber 14.
The secondary cooling apparatus 22 is stopped under the
pressing device 60.
The cast thin pieces 71 are placed on the upper ends of the
20 cooling teeth 51,, 51,, ---, 51,, and since a contact area between
the cast thin pieces and the cooling teeth 51, 51, ----, 51,
is small, the cast thin pieces 71 and the crushed small grains
72 thereon are gradually cocled inside the cooling chamber
having the inert gas filled therein (gradual cooling). At this

25 time, a cooling medium is introduced through a cooling pipe 45,
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cool ing chanber 14. The secondary cooling apparatus 22 is stopped under the
pressing device 60. The cast thin pieces 71 are placed on the upper ends of
the 20 cooling teeth 511, 512, ---, 51n, and since a contact area between
the cast thin pieces and the cooling teeth 511, 512, ----, 51n is small, the
cast thin pieces 71 and the crushed small grains 72 thereon are gradually
cool ed inside the cooling chanber having the inert gas filled therein
(gradual cooling) . At this 25 tinme, a cooling nediumis introduced through a
cooling pipe 45 18 as discussed |ater. The pressing device 60 has a
pluralitgsodispuesedntpteet ITHE bre6Eing deyvi6ént0 dsastowlurnalbity. o¥. The
interval of the pressing teeth 611, 612, ---, 61lmis set to the sane

i nt erval paestongt hbee€nokilng ¢t K -511,61512as- shown5ihlRigand.t he respective
pressing teeth 611, 612, ---, 6lmare arranged above the positions of the
spaces bet wege tihe czaelll 68 the@teszlihg Bédth-61,,58m, aAnd the160dd iseg teeth
511, 512, ---, 51n. After the cast thin pieces 71 and the crushed smal

pi eces 7€anﬁe099h€dlﬁQeﬁv9ieQEt9691BHQ é@BPfﬁ&tHéétht@E pressing_ 10 device
60 is lowered so as to contact the ends of the pressing ‘teeth 611, 612, ---,

gémavgr ggﬁﬁhe %Zéts o%%s%%qﬁsvg%f%ﬁag%ss%mng%ée? 9’61imd6f1 tggr | g\i\ﬁ{ :(rje
ICg:f:r ted 9%2&\{1\828 algct]\?e oeI ngg E%g%g o5gjt’he5%123aces betweéan-le! %o%rllism ng the
teeth 51,, 51;, --, 51, and the cooling teeth 51,, 512, ---, 51;.
After the cast thin pieces 71 and the crushed small pieces
72 are cooled to a predetermined temperature, the pressing
10 device 60 is lowered so as to contact the ends of the pressing
teeth 61,, 61;, ---, 61, with the cast thin pieces 71, as shown
in Fig. 10, and further lowered. As a result, as shown in Fig.
11, the pressing teeth 61,, 61, ---, 61, are inserted between

the cooling teeth 51,, 51, ---, 51,, while crushing the cast

15 thin pieces 71 positioned on the cooling teeth 51,, 51;, ---,

51, (here, m = n-1, and the pressing teeth 61,, 61;, ---, 61,
are inserted between the cooling teeth 51,, 51;, ---, 51, one
by cne) .

Since the cast thin pieces 71 are crushed so as to become

20 crushed small pieces 72, which are smaller than the gaps between
the cooling teeth 51;, 51,, ---, 51,, they are pushed in between

the ccoling teeth 51,, 51,, ---, 51, together with the crushed
small pieces 72 stacked on the cast thin pieces 71, so that they
fill up the gap between the lower ends of the cooling teeth 51,,

25 51,, ---, 51, and the bottom wall 42, and between the cooling
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15 thin pieces 71 positioned on the cooling teeth 511, 512, ---, 51n (here,
m= n-1, and the pressing teeth 611, 612, ---, 61lm are inserted between the
cooling teeth 511, 512, ---, 51n one by one). Since the cast thin pieces 71
are crushed so as to becone 20 crushed small pieces 72, which are smaller
than the gaps between the cooling teeth 511, 512, ---, 51n, they are pushed
in between the cooling teeth 511, 512, ---, 51n together with the crushed
smal | pieces 72 stacked on the cast thin pieces 71, so that they fill up the
gap between the | ower ends of the cooling teeth 511, 25 512, ---, 51n and the
bott om wakketh251andshet ween tHg.cooling 19 teeth 511, 512, ---, 51n. The
pressing teeth 611, 612, ---, 61lmare noved up and down and the pressing
teeth 611, 6fke pressifigntaeehr epeateadl y-+ nsesti.cdrei mboednip raaded f rom t he
gaps between the cooling teeth 511, 5 512, ---, 51n so that the cast thin

pi eces 7énaasmeegiébbs{ngrw&§ﬂ51§,n@199rltm,t ed, Wrthrdiheathedi phesahtaces of the
cooling teeth 11, 512, ---, 51n and the surface of the bottomwall 42. Fig.

12 showsgrstahg WARSGLY £:5n F%rlfesﬁja?% He¥kEeenOPnl ScHDYESy by 4y, ,and pul | ed
out fromthe secondary cooling apparatus 10 22. In this state, the crushed

e Bt SR Lo b0 GO 2 £ATSNOS SV vy B2 A BB
cooling tegth 2 %Ctgézﬂvit_:fl_the51pneripheral faces of the cooling teeth
51,, 51,, ---, 51, and the surface of the bottom wall 42.
Fig. 12 shows a state whereby the pressing device 60 is moved
upwardly and pulled out from the secondary cooling apparatus
10 22. In this state, the crushed small pieces 72 are in contact
with the bottom wall 42 and the peripheral faces of the cooling
teeth 51;, 51,, ---, 51,.
The bottom wall 42 and the cooling teeth 51,, 51,, ---, 51,
are provided with cooling pipes 45 and 55, respectively. The
15 cooling pipes 45, 55 are connected to a cooler so that a liquid
cooling medium can be introduced therein. In this embodiment,
water is used as the cooling medium.
The cast thin pieces 71 and the crushed small pieces 72 are
not rapidly cooled in such a state that the cast thin pieces
20 71 and the crushed small pieces 72 are placed on the cooling
teeth 51,, 51,, ---, 51,.
When the crushed small pieces 72 are cooled in such a state
that the crushed small pieces 72 are in contact with the bottom

wall 42 and the peripheral faces of the cooling teeth 51;, 51,,

25 ---, 51, after the pressing teeth 61,, 61;,---, 61, are inserted

20



are provided wth cooling pipes 45 and 55, respectively. The 15 cooling

pi pes 45, 55 are connected to a cooler so that a |iquid cooling nediumcan be
i ntroduced therein. In this enbodinment, water is used as the cooling medi um
The cast thin pieces 71 and the crushed small pieces 72 are not rapidly
cooled in such a state that the cast thin pieces 20 71 and the crushed snal |
pi eces 72 are placed on the cooling teeth 511, 512, ---, 51n. Wen the
crushed smal | pieces 72 are cooled in such a state that the crushed small
pieces 72 are in contact with the bottom wall 42 and the peripheral faces of
t he cool bagweert bhéldoobildg tdeth -531,51A1af ter- t HELpr sl bgtteowmt wadll, 612
---, 6lmare inserted 20 between the cooling teeth 511, 512, ---, 51n, the

bot t om wap | andZ e dcddicirepaldett Bael 6 611--51251; are Tholaide seoehad se t hat
the crushed small pieces 72, which are in contact with them are rapidly

cool ed. Bhdhergseéa NsmPl P& Hfcds 0Md dehidh e Geokbhgakeetwithlinedl2, 5ln is
positioned at |ower ends of the cooling teeth 511, 512, ---, 51n, and since

the crushed $aphhipi 866842 pushed in between the cooling teeth 511, 512,
---, 51n by the préssing device 60 are in contact with the peripheral faces

(Ca)]]: f Eagstei LgmrT%eg&%e%giﬁgﬁgrgu%%ggogﬂa ﬁ%e%?egé%tp?i%neg 33&@55? ' Esﬁ‘gys?;'?e such
---, 51, is positioned at lower ends of the cooling teeth 51,,
51,, ---, 51,, and since the crushed small pieces 72 pushed in
between the cooling teeth 51, 51, ---, 51, by the pressing
device 60 are in contact with the peripheral faces of the lower
10 ends of the cooling teeth 51,, 51;, ---, 51,, they are effectively
cooled.

The crushed small pieces 72 are cooled in the state such
that the pressing device 60 is pulled out from the secondary
cooling apparatus 22, and when the crushed small pieces 72 are

15 cooled to around 150 degrees Celsius, the comb tooth-shaped
device 50 is taken out from the interior of the vessel 40, as
shown in Fig. 13. Thereafter, when the vessel 40 in which the
crushed small pieces 72 are placed is taken out from the casting
apparatus 11, a rawmaterial for the neodymium-iron-boron based

20 sintered magnet is obtained.

Meanwhile, in the above embodiment, the cooling teeth 51,,
51, ---, 51, are ring shapes, and a plurality of the cooling
teeth 51,, 51;, ---, 51, are arranged concentrically. However,
the present invention is not limited thereto, and it may be that

25 a plurality of cooling teeth are arranged spaced apart and the
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that the pressing device 60 is pulled out fromthe secondary

co

oling

apparatus 22, and when the crushed small pieces 72 are 15 cooled to around
150 degrees Cel sius, the conb tooth-shaped device 50 is taken out fromthe

interior of the vessel 40, as shown in Fig. 13. Thereafter,

whe

n the vessel

40 in which the <crushed small pieces 72 are placed is taken out fromthe
casting apparatus 11, a raw material for the neodym um iron-boron based 20
sintered magnet is obtained. Meanwhile, in the above enbodi nent,
teeth 511, 512, ---, 51n are ring shapes, and a plurality of the cooling
teeth 51¢asslfhin-piesdnaare aryaorddrchgyewdudldat lopo llddvene thent, hgopr esent

i nvention is not limted thereto, and it may be that 25 a plurality of

cool i ng tkatlhtlay eaat Arigepispas adegpashednic héteweedl thastodhimg peethds are

pl aced and gradually cooled on them so that the cast thin pieces are pushed
i n bet \Negﬂttabetﬁ@ogirmage@cbblﬂﬁg,eraﬂdla_»aq;i&ﬂualcd&@d.ngFoa_cndxaauE

For exanple, a plurality of flat plate-like cooling teeth can
upright Lnoparaiiel &0 Pnee hers ; FrdanmRy @.edth 36 Beepebi ikByention, a
spraying device 1S arranged above the secondary cooling device 22, and the

cast 5thhﬂrﬁgﬁﬁe§n7 aggglgmeggrgﬁge%nggﬁhk.pieces 72 are sprayed onto the

secondar y~ cool’ I ng "appar at us so that t

t he cooling

nely cool ed.
e provided 5

ey can be arranged 10 uniformy.

Since the thickiessSfe ! N Y JUdLR 958elt i3 Aedrhling device

is arranged above the secondary cooling device 22, and the cast

thin pieces 71 and the crushed small pieces 72 are sprayed onto

the secondary cooling apparatus 22 so that they can be arranged

10 uniformly.

Since the thickness of the cast thin piece 71 obtained in

the present invention is thin, the value of cecooling velocity

near the solidification point is around 1000 degrees Celsius

/s or more, so that the Nd,Fe,;;B phases as magnetic phases are

15 produced directly from the liquid phase without 7Y Fe as the

primary crystals being formed, and an ingot free from & Fe phases

can be obtained. Furthermore, the value of the cooling velocity

of the cast thin pieces 71 released from the cooling roller 25

(that is, the secondary value of the cooling velocity) can be

20 retarded, and since the distributed state of the R-rich phases

can be controlled by regulating the time period in which the

cast thin pieces 71 are pushed in between the cooling teeth 51,,

51,, ---, 51, byusing the pushing teeth 61,, 61,, ---, 61,, alloys

for highly magnetized type magnets to highly magnetic coercive

25 force type magnets can be widely produced. Moreover, since the
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the present invention is thin, the value of cooling velocity near the
solidification point is around 1000 degrees Celsius |Is or nore, so that the
Nd2Fel4B phases as magnetic phases are 15 produced directly fromthe liquid
phase without ;Fe as the primary crystals being fornmed, and an ingot free
froma Fe phases can be obtained. Furthernore, the value of the cooling
velocity of the cast thin pieces 71 released fromthe cooling roller 25
(that is, the secondary value of the cooling velocity) can be 20 retarded,
and since the distributed state of the R-rich phases can be controlled by
regul at i agolhrgt e g & showbieokdt a8 a odwle hitheppeodsicrivity peshed in
between the cooling teeth 511, 512, ---, 51n by using the pushing teeth 611,
612, ---imptoyedal l oys for highly nmagnetized type nagnets to highly magnetic
coercive 25 force type nagnets can be w dely produced. Moreover, since the
22 cooling tgifc€amebgoshai Fenedias spadd®lies hibBepr 2dusdmpated it ahnproved.
Since the solidification speed is higher as conpared to an ingot having a
thi cknessngbt ah vy 39 iR Ohtad 418 th 1) Rt MM bt il byCcaskiBgens carried
out by using a conventionally ordinary nold, the Nd-rich phasesS included in

the opstihhigychl %ﬁﬁri}%haip‘sﬂ thereeashed wldsigiggcgsczavaheighawof

distributed. This ase becones a I'i qui hase at the tine

sintering Lo, Lhe FBYAC REONMCLDONPERSESS: sKDLGACR" OAPLRS LBt thin

10

pieces 71 and the crushed small pieces 72 are finely
distributed.
This Nd-rich phase becomes a liquid phase at the time of

10 sintering in the magnet producing process, which promotes the
increase in the density owing to a so-called liquid phase
sintering. Further, in the sintered magnet, the Nd-rich phase
contributes to the increase in the magnetic coercive force by
magnetically shielding the Nd,Fe;,B magnetic phases. For this

15 reason, when the Nd-rich phases are more finely and uniformly
spaced in the raw material alloy, the dispersed distribution
state is also improved even in the state of the fine powder
crushed in the producing step of the magnet, which serves to
improve the magnetic characteristics.

20 Furthermore, in the neodymium based magnet which can be used
in the present invention, heat resistance and economic
efficiency can be improved by adding Dy or Pr besides Nd to the
raw materials so as to partially replace Nd.

Furthermore, a part of Fe can be replaced by Co or another

25 transition metal element which has the effects of increasing

23



increase in the density owing to a so-called liquid phase sintering.
Further, in the sintered magnet, the Nd-rich phase contributes to the
increase in the nagnetic coercive force by nmagnetically shielding the
Nd2Fel4B magneti c phases. For this 15 reason, when the Nd-rich phases are
nore finely and uniformly spaced in the raw material alloy, the dispersed
distribution state is also inproved even in the state of the fine powder
crushed in the producing step of the magnet, which serves to inprove the
magneti c characteristics. 20 Furthernore, in the neodym um based magnet which
can be uséd Cunie¢hipresed: impyveningnheeatrrogdiost ans £sbance com M@y
efficiency can be i nproved by adding Dy or Pr besides Nd to the raw

mat eri al g#agesas to partially replace Nd. Furthernore, a part of Fe can be
repl aced by Co or another 25 transition netal el enment which has the effects

of increasingn ZfHitiorUR BaRObd R i hEREAW BE NdIE a6 TOSARNE FHed ance in
many cases. In addition, R can be used instead of Nd, and T can be used

i nst ead qffeadl ArlRes AsEnidIEaMl2FeRdBanas Blﬁh&éﬁ@refcbﬁaﬁlae%%ﬁﬂm

phase, and the rich phase can expressed 4s anR-r The

o e g @eﬁa%c%sfd;@%g?’d pihpass ik BiBEes ﬁgﬁﬁi%éfﬁ%r%@%xciﬁ' h
fron1so|5%gggeatlon

The behavior of the R-rich phases in the cast thin piece
71 during the casting will be explained in more detail. That
is, the R-rich phases are expelled from sclidification

10 interfaces together with the growth of the R;T,4B phases as the
main phases at the time of cooling on the cooling roller 25,
and the R-rich phases are produced in a lamellar form inside
crystal grains of the R,;T:,B phases, partially formed in grain
boundaries.

15 The melting point of the R-rich phase is around 660 degrees
Celsius in an Nd-Fe-B ternary equilibrium diagram, for example,
and it 1is considerably lower as compared to the surface
temperature of the 1liquid phase of the magnet constitutingalloy.
On the other hand, in the casting condition of the SC methcd

20 like the present invention, the average temperature of the cast
thin piece 71 is 700 degrees Celsius or more at the time when
it leaves the cooling roller 25, and the R-rich phase is still
in the liquid phase state.

The diffusion of atoms in the liquid phase or via the liquid

25 phase is generally several orders of magnitude faster as
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10 interfaces together with the growh of the R2T14B phases as the nmain
phases at the tine of cooling on the cooling roller 25, and the R-rich
phases are produced in a lanellar forminside crystal grains of the R2T14B
phases, partially formed in grain boundaries. 15 The nelting point of the
R-rich phase is around 660 degrees Celsius in an Nd-Fe-B ternary equilibrium
diagram for exanple, and it is considerably |ower as conpared to the
surface tenperature of the liquid phase of the magnet constituting all oy.
On the other hand, in the casting condition of the SC nethod 20 |i ke the
present £aWRAredto &ifs ffvsiggephenprercnia aoillhd phase - Avcprpgilagdy?l is 700
degrees Celsius or nore at the tine when it |eaves the cooling roller 25
and t he Bhei doyphasg thkestR{nich nphhsesi dqui dlphasasst attdn Theede f f7asi on of
atonms in the liquid phase or via the liquid 25 phase is generally severa

orders ofiramgbitdleyf atlagigeds Eparaiirss edpdn @&hei ffalsionopheserengn in a
solid phase. Accordingly, the formof the Rrich phases in the cast thin

pi ece 7lyedpaipliseldne 6BaR0ER:in deRANg, HPER tdtcydae HIr&OlkkBe Vel ocity
of the cast thin piece 71 after rel eased thereof from 5 the cooling roller

25. Weniiheughugs0t - ¢9aking velocity is low, the Rrich phases are
slightly rouﬁéeg tﬂroagg shr?hkage of the lanella so as to reduce an

interface e &Y t?l%t\y\gfl?e torfec&{iﬁg v%rl%%%.scyaf'g ltcﬁﬁ, the R-rich phases

are slightly rounded through shrinkage of the lamella so as to
reduce an interface energy between the R-rich phases and the
mother phase. Moreover, with the decrease of temperature, the

10 concentration of R in the R-rich phases increases, and the
volume ratio of the R-rich phases decreases.

On the other hand, in the case where the value of the cooling
velocity 1is large, there 1is a tendency for the higher
temperature state immediately after the release from the roller

15 to becom frozen; that is, the lamella state immediately after
the solidification is kept as it is, and a secondary lamellar
is also clearly recognized in a sectional tissue of the cast
thin pieces 71 in addition to the primary lamellar. In such
a case, the volume ratioc of the R-rich phase is large, and the

20 concentration of R in the R-rich phase decreases.

For example, when a sectional tissue of a cast thin piece
71 is observed based on a reflection electron image with a
scanning electron microscope, the above state can be
guantitatively evaluated by a line segment method in which a

25 line segment of a length of L is drawn on the obtained microscope
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not her phase. Mreover, with the decrease of tenperature, the 10
concentration of Rin the Rrich phases increases, and the volune ratio of
the R-rich phases decreases. On the other hand, in the case where the val ue
of the cooling velocity is large, there is a tendency for the higher
tenperature state inmmediately after the release fromthe roller 15 to becom
frozen; that is, the lanella state imediately after the solidification is
kept as it is, and a secondary lanellar 1is also clearly recognized in a
sectional tissue of the cast thin pieces 71 in addition to the primary

| anel | ar phbhoguaph Gaasesitiwn vobgeR ,rahe auoberhl dF ppbéht phasehiishl ar ge, and
the 20 concentration of Rin the Rrich phase decreases. For exanple, when a
secti onathti segtpet croxasdis NOFBiphesitasdd iisscohaeededabasdtk avregagef | ection
el ectron image with a scanning el ectron m croscope, the above state can be

quant i t alii ¥ehiceaingt athedl - 21 th pRaseENBd HetRirhadeldn: W Edh @iZ3 dinge segnent
of a length of L |s drawn on the obtained m croscope 25 photograph

(conposi Eh@nlé ot%@qrm%r %%Hén@% VRS Bhe WHAR - dite SRMHRAN yef 0SSes

Nd-rich ases is counted, and average distance L/Nof the R rich

phases i fe gg{nsfs'gr@heﬁ% %%gghg'\)glcuengf tfﬂ;ef,co%ri%% be?{) Rngalﬂeer ggament by N

The aboveé-obt ai ne econmes snal e va coollng

;glorh2¥g§ %ggetgg tﬂelgggg éﬁiﬁrgaéégn7fl¥rtmpl%%?c%%l&%%nk% er %llng roller

increases.

In this manner, when the existing state of the R-rich phases

changes, hydrogenation and a finely crushing step in the magnet
10 preducing process are influenced as discussed below, and the
characteristics of the obtained magnet are influenced.

In the production of the sintered magnet, hydrogenation
crushing treatment (HD treatment) is generally performedbefore
crushing is finely performed by using a crusher (such as, a jet

15 mill or the like}. The alloy for the R,T,,B based magnet is
likely to absorb hydrogen, and particularly the R-rich phases
are likely to absorb hydrogen, so that a hydride is produced
so as to cause a volume expansion. Consequently, fine cracks
are formed inside the alloy by a wedge effect of the volume

20 expansion and embrittlement of the hydrogenation.

For this reason, when the value of the cooling velocity after
the release of the cast thin piece from the cocling roller 25
is large and the intervals of the R-rich phases are narrow, it
tends to be finely cracked. Also, if the average grain diameter

25 of the crushed powdery grains is too small, the powder becomes
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In this manner, when the existing state of the R rich phases changes,

hydr ogenation and a finely crushing step in the nagnet 10 produci ng process
are influenced as discussed below, and the characteristics of the obtained
magnet are influenced. In the production of the sintered nagnet,

hydr ogenati on crushing treatnent (HD treatnent) is generally perforned
before crushing is finely performed by using a crusher (such as, a jet 15
mll or the like) The alloy for the R2T14B based magnet is likely to absorb
hydrogen, and particularly the Rrich phases are likely to absorb hydrogen,
so t hat morgdacteves sgr dthaledit sbegomes cxuse flaohabie eipardieonair
Consequently, fine cracks are forned inside the alloy by a wedge effect of
t he vol uemo2thexpansilont ahd emudrttitament obfoxyerhydhbgknat hanmf&Edr t hi s
reason, when the value of the cooling velocity after the release of the cast

thin pi egee tHeomaghetdéeobthagatpblest26s &5 dhad gbtanceldRagnker veésdef the
R-rich phases are narrow, it tends to be finely cracked. Also, if the

aver age @ af o fbA0L!t err2 % pfi dish cratshat RAwHesy WEabhss | Bi40P SPRL! . the
powder beconmes 26 nore active so that it becones nore flamable in the air

at mogpheg e :hé’x'i é@fént&éegx%%’ﬁ%”h[a%' 9§k8i XY Qfébré%é:g)r{ o1 En Lo the

magneti c characteristits o & obtal hedl hagnet, ten to |n rease.

SS3t1 oy i e Aver e gty Ave Sl Al o fpermre

a probleq;&gg%{gﬂ Jharacterlstlcs, particularly the magnetization,
decrease.

For this reason, one generally tends to dislike the alloy

10 rapidly cooled immediately after the release of the cast thin
piece 71 from the cooling roller 25, as the raw material alloy
for the magnets. More particularly, when the wvalue of the
cooling velocity is too large, while the concentrations of R
in the R-rich phases are too low, the hydrogenation reaction

15 is unlikely to occur or occurs too slowly, which may cause a
problem in the production process.

However, when molding in the magnetic field and further
vacuum sintering are carried out by using a powder having a finer
grain diameter distribution, a magnet having a finer grain

20 diameter distribution can be obtained; and a magnet having a
greater magnetic coercive force is more producible. Therefore,
the cast thin piece 71 having small intervals between the R-rich
phases is suitable as a raw material alloy for a magnet having

a high magnetic coercive force to be used in, for example, a

25 motor or the like. As discussed above, however, too large value
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magneti c characteristics, particularly the magnetization, decrease. For this
reason, one generally tends to dislike the alloy 10 rapidly cooled

i mMedi ately after the release of the cast thin piece 71 fromthe cooling
roller 25, as the raw material alloy for the magnets. Mre particularly,
when the value of the cooling velocity is too large, while the
concentrations of R in the Rrich phases are too |ow, the hydrogenation
reaction 15 is unlikely to occur or occurs too slowy, which nmay cause a
problemin the production process. However, when nolding in the nagnetic

fi el d an@ff thehepoling wahosiiied engotrsuiabiedvenm ibytbat mpse pander havi ng
a finer grain dianeter distribution, a nagnet having a finer grain 20

di anet er adicstgti bLtiimnptewe b2lobthavied; tamsbuwearapnevhbaki ag s&copdeatyer
magneti c coercive force is nore produci ble. Therefore, the cast thin piece

71 havi ngameahbri of efiwalrs tiehwpRastBei RnidddratlasessicSbgUudaigy at a raw
material alloy for a nagnet having a high magnetic coercive force to be used

in, for exaapbfophiZbe Pitsa Ol vih@e bkehdedl1SiGlpsed abeyeinhowaer . too
| ar ge val ue 7 of the cooling velocity is not suitable even in that case,

' 7 of the tool Tng Vel ocity is ot hat case,
The Fri eh"BRAccetrC ands: aPErs Phe ShETae gt b ST R (T

val ue of ,the coolin locity in a high 5 tenperature range after the rel ease
from t he EoBPTRg SHarREre”

When the value of the cooling velocity of the cast thin piece

71 after being released from the cocling roller is small, there

is a tendency for the intervals between the R-rich phases to

10 increase and for the average of grain diameter of the crushed

grains after the finely crushing treatment to become greater.

In such a case, the orientation degree is more easily increased

on the orientation in the magnetic field; and thus, the alloys

having such tissues tend to be desired in the production of

15 magnets having large magnetization to be used, for example, in

voice ¢coil motors (VCM) which are head actuators for hard disc

drives (HDD) . As discussed above, according to the SC method,

since the distribution state of the R-rich phases, which has

a serious influence on the magnetic characteristics, needs to

20 be controlled. For this purpose, it is important to control

the cooling condition after the cast thin piece 71 is released

from the cooling roller. More particularly, it is important

to control the temperature in the high temperature range of the
melting point of the R-rich phases and more.

25 In the present invention, when the cooling on the cooling

28



is nore suitable. Wen the value of the cooling velocity of the cast thin
piece 71 after being released fromthe cooling roller is small, there is a
tendency for the intervals between the R-rich phases to 10 increase and for

t he average of grain dianeter of the crushed grains after the finely
crushing treatnent to becone greater. |In such a case, the orientation degree
is nore easily increased on the orientation in the nmagnetic field; and thus,
the alloys having such tissues tend to be desired in the production of 15
magnets having |arge magnetization to be used, for exanple, in_ voice coi

nmot ors (WeMeRh? 2 hl@ridheh Qo et SOsHs fhr Whergad sde gppddsg( AbDFheAs

di scussed above, according to the SC nethod, since the distribution state of
the R-richsphtes, pidde’ hafter $dd agd ciasie dewoetbr thelangneoilder
characteristics, needs to 20 be controlled. For this purpose, it is inportant
to controb id bepataltiely thaddamniaiyt eoctliag;ashetduaopiace valluesofel eased
fromthe cooling roller. Mirre particularly, it is inportant to control the

t enper at the dodbltiiey keybcl eppaiaber contngEled ihhehe iddeid paaht@bnt he R-rich
phases and nore. 25 In the present invention, when the cooling on the cooling
28 rof | eﬁy%éxﬁir@ tHd Fame paek bAdauies aasi ¢ KO aidtd tafint Beeceadst thin
piece 71 after the release fromthe cooling roller 25 is separately the

secondary; CoR4| dAGRES UMAY gialdles oh ahRepaeklingnvehackby1¢ag be

controlled 1n the present invention
teeth 51;, 51;, ---, 51;, and the temperature and the flow rate
of the cooling water that flows in the cooling pipes for the
cooling teeth 51,, 51,, ---, 51;. Thus, cooling can be performed
10 at the value of the cooling velocity in the range of 50 degrees
Celsius /min. to 2x103 degrees Celsius/min., which is lower than
the solidus temperature of the alloy (the sclidification

completion temperature = the ternary eutectic temperature).
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5 by changing the time period during which the cast thin pieces 71 and the

crushed small pieces 72 are placed on the cooling teeth 511, 512, ---, 51n,
and the tenperature and the flowrate of the cooling water that flows in the
cooling pipes for the cooling teeth 511, 512, ---, 51,,. Thus, cooling can

be perforned 10 at the value of the cooling velocity in the range of 50
degrees Celsius /mn.to2x103 degrees Celsius/mn., which is |ower than the
sol idus tenperature of the alloy (the solidification conpletion tenperature
= the ternary eutectic tenperature). 29 SCOPE OF CLAIMS: 1. A secondary

cool i ng §EBB§aPEsFL66H§Fising: a vessel; a conb tooth-shaped device in which
a plurality of 5 plate-like cooling teeth are provided upright at a

pr edet er . ned® isa@NAE LY acquldsy) mppiadtos havdampy issiglairal ity of pressing
teeth to be inserted between the cooling teeth; and cooling pipe provided on
the cooling desddsehd a liquid 10 cooling nediumflows through the cooling
pi pe. 2. The secondary cooling apparatus according to claim1l, wherein the

vessel is foimednb) 8obehtshrgeayldedidealirsha@pechand phuddie tepobifng teeth
are each fornmed in a ring shape and concentrically arranged.
5 plate-like cooling teeth are provided upright at a
predetermined interval;
a pressing device having a plurality of pressing teeth to
be inserted between the cooling teeth; and

cooling pipe provided on the cooling teeth and a liquid

10 cooling medium flows through the cooling pipe.

2. The secondary cooling apparatus according to claim 1,
wherein

the vessel is formed in a bottomed cylindrical shape, and

15 the cooling teeth are each formed in a ring shape and

concentrically arranged.

3. A casting apparatus, comprising:
a crucible in which a melt of a raw material is placed;
20 a primary cooling apparatus for coocling the melt fed from
the crucible and forming a plate-like cast thin piece;
and a secondary apparatus,
wherein the cast thinpiece is fed into the secondary cooling
device,

25 wherein the secondary cooling apparatus includes:
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3. A casting apparatus, conprising: a crucible in which a nelt of a raw
material is placed; 20 a primary cooling apparatus for cooling the nelt fed
from the crucible and form ng a plate-like cast thin piece; and a secondary
apparatus, wherein the cast thin piece is fed into the secondary cooling
device, 25 wherein the secondary cooling apparatus includes: 30 a vessel, a
conb tooth-shaped device in which a plurality of plate-like cooling teeth
are provided upright at a predetermned interval, 5 a pressing device having
a plurality of pressing teeth to be inserted between the cooling teeth, and
cool i ng pi pet pre¥¥%ed on the cooling teeth and a liquid cooling medium flows
t hrough the cooling pipe. 10 4. The casting apparatus according to claim 3,
further compricsimdy: taothushangddeds cecd orircr whhichg @ h@lsustlitty nofi ece and
form ng crushed snmall pieces, wherein both the cast thin piece and the
crushed piratk-pikees cotdicgn beedted taréhepsevdadedr v woalghty agpar at us. 31
predetermined interval,
5 a pressing device having a plurality of pressing teeth to
be inserted between the cooling teeth, and
cooling pipe provided on the cooling teeth and a liquid

cooling medium flows through the cooling pipe.

160 4. The casting apparatus according to claim 3, further
comprising:
a crushing device for crushing the cast thin piece and
forming crushed small pieces,
wherein both the cast thin piece and the crushed small pieces

15 can be fed to the secondary cocling apparatus.
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