1 JUN 2005 NMETHOD TO FORM MULTI - MATERI AL COMPONENTS FI ELD OF THE | NVENTI ON

The invention relates to the general field of powder netallurgy and

- conpression nolding with particular reference to form ng conpl ex -1 JUN 2005

structures. BACKGROUND OF THE | NVENTI ON The production of netal or ceramc

.conponents using powder injection nolding (PIM processes is well known.

The powder is mxed with the binder to produce a mixture that can be nol ded

into the desired T i r uj properties to
permt injection '\ﬁ{%og f@ﬁ@@%@%}w@@%&@m@@@ part. The nol ded
part is usually an oversized replica of the final part. It is subjected to
debi ndi ng where the binder is renoved wthout disturbing the powder
orientation. After the binder is renoved, the part is subjected to
sintering process that results in part densification to a desired |level. The

parts produced by PIM maye) P PHEXNVENEORtry. They also tend to be nade
of a single material. For exanple, an orthodontic bracket can be made of

316L stainless steel using PIMtechnology. 1 1 JUN 2005 There is, however,
a need for objects, forned by PIM that contain mul tiple parts, each of

whi ch diff t t wh ff f t h f it
g ot e HeQRUBRECN gl P SFe GEvel) S Y MSSTUBBIRILEN BRITPRSA part

separately and to then conbine themin the finished product using costly
wel di ngnalgimgavitio perticularseiesenasalo formingmymptex Bsdetures.bond t hese different
parts of different materials together.

BACKGROUND OF THE INVENTION

The production of metal or ceramic components using powder injection molding
(PIM) processes is well known. The powder is mixed with the binder to produce a mixture
that can be molded into the desired part. The binder must have suitable flow properties to
permit injection into a tooling cavity and forming of the part. The molded part is usually an
oversized replica of the final part. It is subjected to debinding where the binder is removed
without disturbing the powder orientation. Afterthe binder is remo;/ed, the part is subjected

to sintering process that results in part densification to a desired level.

The parts produced by PIM may be complex in geometry. They also tend to be
made of a single material. For example, an orthodontic bracket can be made of 316L

stainless steel using PIM technology.



The basic approach that the present invention takes to solving this problem
is schematically illustrated in FIGs. 1a and 1b. In FIG 1a, 11 and4l N0
represent two green objects having different physical properties an(} orngéd
by PIM FIG 1 b shows the sane two objects, after sintering, joined to
forma single object. In the prior art, the interface 13 between 11 and 12
was usually a weld (i.e. a different material fromeither 11 or 12).

Al t er nat el y, Sj £t ween Welat i ced so
that the 1 RaFresonofeRing ek o BheRRTck ol P e Rrtsh ABISHAL Tt

over weldin r..sjiml approaches woul d appear. .t o_hav been to sipter 11
and. 1253R0 P THRE S eAer el CBREREL VP TP e W0 HIEF TOTT (GRS e anmEsiHean
approach has usually not succeeded due to a failure of the two parts to

pr oper hgigbbars. Thepringagipnéeticeriips bien torfege machsuehpadrsapesathlysaritbto theobl ens
of this sort can be overcone so that different parts nade of materials

havi ng ceinbfrrtaain iR esiirfisheddfrogedt uskg doally Wbﬁ:lirht?:bggfa@'bﬂg o endcPlaflcal Hitingl e
continuous body. 2 1 JUN 2005 A routine search of the prior art was

per' o st Iy 605 kLN SRl SR Snafctiy hARgSiagl g0 ound: i

"Conposite parts by po I'nj'ection noldin es in powder
nmetal lurgy and particulate materials, vol. 5, pp 19-171 to 19-178, 1996,
Andrea Pest et al. discuss the problens of sintering together parts that
conprise nore than one material. They show that control of shrinkage during
si ntering i 9henpasic aprreash behdie presenbirvantiondekes ¢ sobvétd Bus aipblgneisnot
menti oned. SUVMARY OF THE I NVENTION It has been an object of the present
i nvent isochetmatipalbyilldstrateprinddSs. faantHé. froFi@t 1@ 1 and 12 represent two green
objects having different physical properties and formed by PIM. FIG. 1b shows the same
two objects, after sintering, joined to form a single object. In the prior art, the interface 13
between 11 and 12 was usually a weld (i.e. a different material from either 11 or 12).
Alternately, a simple press fit between the 11 and 12 might have sufficed so that the final

object was not a continuous body.

An obvious improvement over welding or similarAapproaches would appear to have
been to sinter 11 and 12 while they were in contact with one another. In practice, éuch an
approach has usually not succeeded due to; failure of the two parts to properly bond
during sintering. The present invention teaches how problems of this sort can be

overcome so that different parts made of materials having different physical properties can

be integrated to form a single continuous body.




of a continuous body having nmultiple parts, each with different physi cal
properties. This object have been achi eved by using powder injection ml d'& n59
~together with careful control of the relative shrinkage rates of the UN'200
various parts. Additionally, care is taken to ensure that only certain

sel ected physical properties are allowed to differ between the parts while
others may be altered through relatively small changes in the conposition

of the feedstocks used. Another object has been to provide a process for
forning, i nAdostinglseaight @gthatrster aﬁwasmﬁ;@o@gd wivethe fAlpwine mipencetdat is
contained within an enclosure while not being attached to said encl osure.

Thi s objtertst hasnd émumdadhi Soetbolsite meaisshyp hopaed énjectigre otoldimgioAdvargeshier ei n
the shrinkage rate of the object is caused to be substantially greater than

that o 1 i teriaf (&I sShpterd & 7@bj} | und to
have d ?\t'\algﬁléﬁ{é?étﬂgzw g?crj m {(%'éétgﬁgéla ogar e, bémg@ﬂﬂegtot ggﬁggéhggg’uﬁﬁdﬁ%ﬂ ei n.

BRI EF SCRI PTI.ON OF,. T El. iy [ t i guous
par s, PRRe Bf SO TP BT ORGr P e e o an et Ol e b Tropd reA e
respectively. FEIGs. 2a and 2b show st eps iC{1 the process of the present '
i nvent NeRerigl gThey issownthet GRRYPY & $EVeeR 4HIE BN NS SelnRaftEY S84 -24BR% i on
in FIG 2b. FIG 4 is a plan view of an object that has three parts, one
non- madgediscio badistushed telorg @ee nohmgnbared soft magnet. 4

SUMMARY OF THE INVENTION

It has been an object of the present invention to provide a process for the formation

of a continuous body having multiple parts, each with different physical properties.

This object have been achieved by using powder injection molding together with
-careful control of the relative shrinkage rates of the various parts. Additionally, care is

taken to ensure that only certain selected physical properties are allowed to differ between

the parts while others may be altered through relatively small changes in the composition

of the feedstocks used.

Another object has been to provide a process for forming, in a single integrated



1 JUN 2005 FIG 5 is a cross-section taken through the center of FIG 4.
FIGs. 6 to 8 illustrate steps in the process of the second enbodinenq~MN2m5
wherein an object is formed inside an encl osure. DESCRI PTI ON OF THE
PREFERRED EMBODI MENTS Thi s invention describes a novel nethod of

manuf acturing nulti-material conponents using powder injection nolding
processes. Injection nolding of differ- ent-material articles is an
econonpgerktivn abh bejeti et iIsebhrthddawitiman eacibsurenghife noishedg agtathed gssaf
commercial values due to its high production capacity and net shape

capabi Lt ¥ As is well known to those skilled in the art, the basic
procedur e ?or'forning sintered articles is to first provide the required
material in powdered form This powder is then mxed with [ubricants and
binders to forma feedstock. Essentially any organic material which wll
deconpose under el evated tenperatures w thout |eaving an undesired residue
that will béhiscbigatbas heep@chipveghyjaeansee! pwderdnipstian meleingvdieretathiebe
used. Preferred materials are various organic polyners such as stearic

aci ds, shirkegeubicsf theshjeplas abhised towmsubstantialyygrebidr dnen thst eftheeratisdrser ves
as a lubricant while all the other materials may 5 1 JUN 2005 be used as

bi nder ﬁs,aTﬂé%Hﬁ,%PEin?é?ﬂwg?%é} bEjcef isth@%dJid"l@@Je/ detBehé@ntelf hdh the &Q@@ﬁré,o the

powder will determ ne the viscosity of the feedstock and the anpunt o

shri nkgg?]git{?g% gg\?n:?}lgca?(g%m%g&hpg sintering. Once the feedstock .has been

prepar e suitable nmold. The resulting 'green' object
is then ejected fromthe nold. It has sufficient mechanical strength

BRIEF DESCRIPTION OF THE DRAWINGS

FI1Gs. 1a and 1b illustrate two contiguous parts, made of different materials, before

and after sintering, respectively.

FIGs. 2a and 2b show steps in the process of the present invention.

FIG. 3 is an isometric view of the object seen in cross-section in FIG. 2b.

FIG. 4 is a plan view of an object that has three parts, one non-magnetic, one a

hard magnet, and one a soft magnet.



to retain its shape during handling while the binder-is renoved by heating
or. through use of a solvent. The resulting 'skeleton' is then pl acga mﬁ%
0

" sintering furnace and, typically, heated at a tenperature between a

1,200 and 1,350 C for between about 30 and 180 mnutes in hydrogen or
vacuum As already noted, attenpts to formsingle objects containing parts
made of different materials have usually been limted to formng the parts
separately f Qi Qi t g%q.]t re i s, been because green
parts made gW'd%ggrcg%ts %a%?itta S @%ﬁdﬁgtcengée} o:feFIh?'e “upon to al ways bond
properly during the sintering process. The present invention teaches that
failure to bond during sintering cones about because (i) the shrinkage of
the parts differs one fromthe other. by nore than a critical anmount and
(ii) certai FigayGiedlillyteirpiepesn the peicepepibersamed gabedimept whereiargs

t oken, certain other physical properties may be quite different between 6 1
JUN 20@bject hefopaetisnsitié Bnlencidserer no ef fect on bondi ng. Physical properties
that need to be the sane or simlar if good bonding is to occur include
(but are not limted to) coefficient of thermal expansion and nelting point,
while properties that may differ w thout affecting bonding include (but are
not limted to) electrical conductivity, nmagnetic coercivity, dielectric
constant, thermal conductivity, Young's nodulus, hardness, and
reflectivity. In cases that are well suited to the practice of the present
invention it will not be necessary for the conposition of two powders to
vary one from anot her by very nmuch. Typically, the two m xtures woul d
differ in chem cal RBEIQBITION ObyTHEFRRER2RRERDEMBEDIMENTS

This invention describes a novel method of manufacturing multi-material
components using powder injection molding processes. Injection molding of differ-
ent-material articles is an economically attractive method for manufacturing finished

articles of commercial values due to its high production capacity and net shape capability.

As is well known to those skilled in the art, the basic procedure for forming sintered
~articles is to first provide the required material in powdered form. This powder is then
mixed with lubricants and binders to form a feedstock. Essentially any organic materiél
which will decompose under elevated temperatures without leaving an undesired residue
that will be detrimental to the properties of the metal articles, can be used. Preferred
materials are. various organic polymers such as stearic acids, micropulvar wax, paraffin

wax and pdlyethylene. Stearic acid serves as a lubricant while all the other materials may




- | ow car

percent of all ingredients. Additionally, it is inportant that the powders
that were used to formthe feedstocks of the two parts share simlaf Jyn 72005
characteristics such as particle shape, texture, and size distribution. The
tap densities of the two powders should not differ by nore than about 30 %
while the mean particle size for both powders should be in the range of
about 1 to 40 mcrons. As an exanple, if one part needs to be soft materi al

(say |owysad Bemihd&ra) Thargﬂnom@rmﬁatgﬁer bf ihe Blﬂdmu@r@%dhaﬁg%@b RUAR as
hi gh carbon iron, then alloying the | ow carbon JUN 2005 iron with

soec! WA grfﬁ‘%‘?%m'%gf%s“‘{mgd%w%”5‘9“% h“&ﬁﬁ%ﬂ%ﬁ%bg%ﬁ Ui

and have sim | ar shrinkage rates. This will give rise to good bondi ng

bet weeRCEHERE SRICEPPal s while having different properties. Simlarly, if
one material is |ow carbon iron and another is stainless steel, then

bl endi ng the master alloy of the stainless steel with an appropriate anount
of iron powder to formthe required stainless steel conposition can bring

the overal | Opesdee felkasmekdaidssbedn prepdrogeit is tnjeced infohesuithioe msrMie, if
two materials are 316L Stainless Steel and | ow carbon iron Then the .

appr oa?%guuﬁlg' ﬁehe&ge&'??t 'éﬁct@é r%&hﬁhcﬁé' Phagfs Jc@cr{rlg e %P‘gﬁﬁth of

on |r orm-t ctua 316 corrp05|t|on at no
two-material .ar

can, be, achi eve ne.t ool i ng . of_one or raI
b 1 LSratdn S shide BuBAP ParREMTES tha Bigler inSiqar ! *?%%tmgﬂaéhm@ﬁﬂe e
article is transferred to another tooling in another single barrel machine
of anoth@&rsoiandsr iTHE resultippnskeleton’ is then placed in a sintering furnace and, typically,
heated at a temperature between about 1,200 and 1,350 °C for between about 30 and 180

minutes in hydrogen or vacuum.

As already noted, attempts to form single objects containing parts made of different
materials have usually been limited to forming the parts separately and joining them
together later. This has been because green parts made of different materials could not
be relied upon to always bond properly during the sintering process.

The present invention teaches that fa-livl'ure to bond during sintering comes about
because (i) the shrinkagé of the parts differs one from the other by more)than a critical

amount and (ii) certain physical properties differ between the parts.

By the same token; certain other physical properties may be quite different between




the desired article though a manual pick-and-place operation or by using a
robotic arm The nol ding process can also be carried out on a tw n-banguelgns
i njecti-on machine to nold a conplete article with two naterials within a
single tooling. 8 1 JUN 2005 151 enbodinent We will illustrate this

enbodi ment through reference to FIGs. 2a and 2b, but it should be
understood that the process that we disclose is independent of the shape,
form thel g#is witie littlefortriteefbddt wetiorelirighat is fornmed. The first step is the
preparation of a first feedstock. This is acconplished by adding |ubricants
and binders (as discussed earlier) to a mxture of powders. The latter
"consist, by weight, of about 0.05 percent carbon, about 15 percent

per cont i BNUREY BRSSPl o P a2 s Rl 6 pherking Bt ng 2

suitable nold, this first feedstock is conpression nolded to formfirst
green p@iydetbut gse spblimited to) coefligient phitkeRg) sxpgnsien madenealtiay PoiYr whie

shape with 22 representing the hollow center. Then, a second feedstock is

f or medpippestitdithet rhapdiffeawitisout éfe tlinydenslirnginalude Xibutraee nof linpitasttel) &lextrisdlst i ng,
by wei ght, of about 0.05 percent carbon, about 15 percent chrom um about

0.5 pegggAL i ivily 5 tecHshdrf O A '
p Eeﬁa%ctmp,gﬁ@%%mca@&é&wg% dRAGARE ocHshArfO e Udordu iRR) TBbna's ¢ ant

ni obi um about " 14 percent ni ckel, about 70 percent 1ron. is i

that the Iubg‘i cants an(?%l nge.rs are present, in concentrations that ensure
t hat , Q}Cfdé\’ussl fit Sﬁg?n e ?”pf'er ence in the amounts the two feedstocks
shrink is less than about 1% of total shrinkage experienced by either one.

In cases that are well suited to the practice of the present invention it will not be
necessary for the composition of two powders to vary one from another by véry much.
Typically, the two mixtures would differ in chemical composition by less than about 25

percent of all ingredients.

Additionally, it is important that the powders that were used to form the feedstocks
of the two parts share similar characteristics such as particle shape, texture, and size
-distribution. The tap densities of the two powders should not differ by more than about 30

% while the mean particle size for both powders should be in the range of about 1 to 40

microns.

As an example, if one part needs to be soft material (say low carbon iron), and

another part is to be a hard material such as high carbon iron, then alloying the low carbon



9 1 JUN 2005 We note here that although the two feedstocks have the sane
.conposi tion except that 10% of iron has been replaced by an additional, 10%
of- nickel. This relatively small change in chemical conposition | eavesJYHH05
key physical properties associated with successful sintering unchanged but

i ntroduces a significant change in the nmagnetic properties. Next, first
green part 21 is transferred to a second nold intg which is then injected a
suf fi ci énn vlresreciiic ampount©f sadmidwilearanse hardenastiy and et e reayilRee’dthown
inFIG 2b through the placenent of 23 around ring 21. Once the final

' conmpournd highr ezetvoroipgre ¢t stasinige bot!f poweers aklstill shnilaranishévensdieriar anenkage
renoved, in ways discussed earlier, resulting in a powder skel eton which can
then be ogkntiGE Gl §% HBdto §dodBERIRS betwient thBuedsmbteds haridBaliag Rifeaenet i ¢
and non-magnetic parts. Because of the conpositions of the originals
powders from.which the two feedstocks were forned, part 21 of FIG 2b that
derived ¥PBWFRe first feedstock is magnetic while part 23 that derived
fromthe second feedstock is not. In this particular exanple the mgnetic
part has a maxi mum perneability (p max) between about 800 and 1,500. In FIG
3 we show an isonetric view of the object seen in FIG 2b with the addition
of rod 33 whiSimileslyf ifemet matavizd ih ik carlbnf vem endrersiger isosteinkss steek dlers3 i s
magnetic, its position relative to hole 22 could be controlled by neans of
an appl ifgghdiRg il hsstbt SldY of 1k dtaiHidd 2065 wi%‘@@fa@bﬁﬁbr@_s((la l@mo@mt ef e pe@ider ( not

shown). Since part 21 is of a magnetic material, it w
to form the required stainless steel composition can bring the overall powder characteris-
tics closer to each other. For example, if two materials are 316L Stainless Steel and low

carbon iron. Then the approach is to blend one third of master alloy of 316L with two-third

of low carbon iron to form the actual 316L cbmposition.

Note thaf molding of a two-material article can be achieved in one tooling of one or
several cavities in a single barrel machine of one material first. The molded article is
transferred to another tooling in another single barrel machine of another material to form
the desired article though a manual pick-and-place operatibn_ or by using a robotic arm.

The molding process can also be carried out on a twin-barrel injection machine to mold a

complete article with two materials within a single tooling.



act as a core for concentrating this applied field. Rod 33 could be forned
separately or it could be fornmed in situ as part of an integrated "TJUNZU[]S
~ manufacturing process, using the nethod to be described |ater under the
second enbodinent. As already inplied, the formati on of a continuous body
having nultiple parts, each wth different properties, need not be limted

to two such parts. In FIG 4 we show a plan view of an object having three-

parts, each with different propérdmissdimdht parts are concentric rings. At
the center of the structure is opening 44 that is surrounded by inner ring
43. Ring 43 is non-magnetic. It is surrounded by ring 41 that is a soft

magnet. Its inner portion has the sanme thickness as ring 43 Ring 41 al so

has an oute ' NIl ,C i i 2 an
i do o1 eyP RVl SRRk riHB AR B an TR 2 by b BREE. T
FIG 5. Aligned with, and touching, this sidewall is. intermediate ring 42
whi ch iskould @%ﬁ@i thaf Wetmp‘éeségh@té&@ d‘%\ﬁ’é%%‘ﬂﬁ?@@?@%@ém shap®rfemo a
material having a |low coercivity with high nagnetic saturation while the

t er m haizt, ebgéthe sthectard ihahis fomhed.i al having a high coercivity. The
structure seen in FIGs. 4 and 5 is nmade by fitting hard nmagnet 42 (nade
separately) into the integral part after 41 and 43 have been fornmed. The
reason for adding a ring of nagnetically hard material to a structure that

for the Zépfﬁgzpﬁx%%@?ﬁgvé BBl d ey edd, TS Jo BRI B BURRAR o
this enbodl ment we di scl ose a rocess for formn si.ngl e integrated

oper at i W}C%F%ar@ol?lge@rst(ﬁ%lp'SF%SS@H&%g%d 52 Bt ’Rﬂ"fqﬁarﬁ heN§ [Rller SRt not
bei ng attached
? by weight, of about 0.05 percent carbon, about 15 percent chromium, about 0.5 percent

manganese, about 0.5 percent silicon, about 0.3 percent niobium, about 4 percent nickel,
and about 80 percent iron. Using a suitable mold, this first feedstock is compression
molded to form first green part 21, as shown in FIG. 2a. This happens to have a cylindrical

shape with 22 representing the hollow center.

Then, a second feedstock is formed by adding lubricants and binders to a mixture

- of powders consisting, by weight, of about 0.05 percent carbon, about 15 percent

 chromium, about 0.5 percent manganese, a.l;out 0.5 percent silicon, about 0.3 percent
niobium, about 14 percent nickel, and about 70 percent iron. It is important that the

lubricants and binders are present in concentrations that ensure that, after sintering, the

difference in the amounts the two feedstocks shrink is less than about 1% of total

shrinkage experienced by either one.



to the outer object. As for the first enbodiment, the process is illustrated
t hrough an exanple but it will be understood that it is applicable-tiojinng05
- shaped obj ect inside any shaped enclosure. In FIG 6 we show, in schematic
representation, an object that has been formed through PIM As part of the
process for its formation, the quantity and quality of the
bi nders/ |l ubricants were chosen so that, after sintering, the green form of
61 woul d shwehotemeratrralaar\dmgwtrsreIt\aw@edmwhére/me@nhycbmbwmanmept 20
and 50% . Referring nowto FIG 7 we show enclosure 71 that has been forned

Dy T Ul hbtat 4 PHBAIRE RbnobficBRb G rﬂédérﬁé’@%ra‘r 0% ©P Ptk L CARS et Oy é’?@‘érm of

bi nder sl ubrrcants were sen s er sintering, the gre

71 woul d shri.nk b e at|v smal | n t |caII bet ween , a
and"20sense g kel forhet bl Bt et RRI S eEfeesctobmed i o1
and 71, it is a key requirenent of the process that the difference between
the t \A@L@h%sfuhg@termgasmb&@armedl bualsintroduges £ signifigenk ebsng@finghet megnetimval

of all lubricants and binders fromthe object seen in FIG 7, the resulting
powder éﬁ{s rﬁbgn is sintered (between about 1,200 and 1,380 C for between
about 30 and 180 m nutes in vacuumor in hydr ogen for ferrous al l oy steels.
Because of the larger shrinkage rate of 61 relative to 71, the structure
after sintering. has the appearance shown in FIG 8 where part 81

(originally 61) js seen t €eco detachdfro 71eab|rn ittt
freely insi d@e’% Arshgresn eﬂiéé '%ﬁa”%(ﬁ"ggé a{“OIQt'H{?C\P’U'rC IBtherhineq ?fge i s
an el ectrostatic notor ((unfi ni shed at thr S sta e) in which 71 w |l
ul t i mat@syfigienty guastityird tke seeanddredsteclyto eaapiaie de siractrrshpwain &16; 2Buch
structures had to

through the placement of 23 around ring 21.

Once the final ‘compound’ green object has been formed, all lubricants/binders are
removed, in ways discussed earlier, resulting in a powder skeleton which can then be
sintered so that it becomes a continuous body having both magnetic and non-magnetic
parts. Because of the compositions of the originals powders from which the two

- feedstocks were formed, part 21 of FIG. 2b that derived from the first feedstock is rrragnetic
- while part 2’3- that derived from the second feedstock is not. In this particular example the

magnetic part has a maximum permeability (1 max) between about 800 and 1,500.

In FIG. 3 we show an isometric view of the object seen in FIG. 2b with the addition
of rod 33 which is free to move back and forth through hole 22. If rod 33 is magnetic, its

position relative to hole 22 could be controlled by means of an applied magnetic field

10



be made using a sacrificial layer to effect the detachnent of 81 from 71.

~ Wi le the invention has been particularly shown and described with qumﬁﬂﬁe
to the preferred enbodinents thereof, it will be understood by those

skilled in the art that various changes in formand details nmay be nade

Wi t hout departing fromthe spirit and scope of the invention. 13 -1 JUN

2005 What is claimed is 1. A process for manufacturing a conpound sintered

articl Gen&rafay by R SxtePh A (A8t Shdvirl)Sirde i 21 & oPOWHRMEMC FRltSr A1t Svil sai d
m xture having,” after sintering, a first set of physical properties;

provi di a_seco 1 . 0 Rt eyl i ! [ i after
51t er PR 3 2EERR SO R AATIeB T, Bobi S pd B Bty el V8,
first set of physical @ properties with one, and only one, exception: adding
| ubr i chreYldhefoBNerlEysituas rasl of anipisoraierdmeBEErH RO apess, Pémﬂdg%m@thg@ and
second feedstocks such that the anount that said feedstocks will shrink
after & béeesaipedlictdransieottee $eamdtdmebaditnent.by | ess t han about 1% using a
first nold, conpression nolding the first feedstock to forma first green
part; transferring said first green part to a second nold and then
injecting into said second nold a quantity of the second feedstock

Pt oL 8y oL BB R ORI 0 B AR,
sinter qut 1 éif?eererp]towgértigg ,erle%%onnottb% l{rr?i’[erg t%a}t\iN% scu(g:rrrwppoaur{]sc.i l?\i F%filemc/je grrwct)\jvcel Sl'an
view of an object having three parts, each with different properties. All parts are concentric
rings. At the center of the structure is opening 44 that is surrounded by inner ring 43.
Ring 43 is non-magnetic. It is surrounded by ring 41 that is a soft magnet. Its inner portion
has the same thickness as ring"43. Ring 4;1 also has an outer portion that is thicker than
ring 43, causing it to have an inside sidewall 52 which can be seen in the cross-sectional
view shown in FIG. 5. Aligned with, and touching, this sidewall is intermediate ring 42
which }s a hard magnet. In this context, the term soft magnet refers to a material having

a low coercivity with high magnetic saturation while the term hard magnet refers to a

* material having a high coercivity.

The structure seen in FIGs. 4 and 5 is made by fitting hard magnet 42 (made
separately) into the integral part after 41 and 43 have been formed. The reason for adding
a ring of magnetically hard material to a structure that is similar to that seen in FIG. 3is

to be able to provide a permanent bias for the applied external magnetic field.

11




2. The process described in claim1l wherein the set of physical properties
further conprises two or nore properties selected fromthe group consigtimng
- of coefficient of thermal expansion, nelting point, electrical

conductivity, magnetic coercivity, dielectric constant, thernmal
conductivity, Young's nodulus, hardness, and reflectivity. 3. The process
described in claim2 wherein said physical property that is an exception is
sel ected fromthe group consi sgiemebdiglegt ri cal conductivity, nmagnetic
coercivity, dielectric constant, hardness, and reflectivity. 4. The process
described in claim1 wherein the first and second m xtures differ in

chem cal conposition by |ess than about 25 percent of all ingredients. 5.
The process described in claim1 wherein the step of sintering further
conprises heating at a tenperature between about 1,200 and 1,380 C for

bet ween about 30 and 180 mnutes in vacuum or hydrogen. 6. A process for
manuf act uri g taiscentbodimerst Wedygistlasé ray prampsetioc famudngoim magingtd ntegratads,
conprising: formng a first feedstock by adding lubricants and binders to a

M XTUr & atRPVERE BhjcCORS iS nBBselHbyViRicthEr witH thelifinadodjebt KO0RingBaEENED 05
percent carbon, about 15 percent chrom um about 0.5 percent nahganese,

ni cel 0 WROGE kRS, A8on e sy b BFRERE e eldety Ottt Bl A
| ubricants and binders to a m xture of wder s consi sting, by weight, of:
example but it will be understood that it is ap%?lcable to any shapeogobject inside any

shaped enclosure.

In FIG. 6 we show, in schematic representation, an object that has been formed
through PIM. As part of the process for its formation, the quantity and quality of the
binders/lubricants were chosen so that, after sintering, the green form of 61 would shrink

by a relatively large amount (typically between about 20 and 50%).

Referring now to FIG. 7 we show enclosure 71 that has been formed by fully

" surrounding 61 with material from a second feedstock for which binders/lubricants were
chosen so that, after sintering, the green form of 71 would shrink by a relatively small
amount (typically between about 10 and 20%). Regardless of the absolUte'shrinkages

associated with parts 61 and 71, it is a key requirement of the process that the difference

between the two shrinkage rates be at least 10 %.
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about 0.05 percent carbon, about 15 percent chrom um about 0.5 percent
manganese, about 0.5 percent silicon, about 0.3 percent niobium about }ULN
percent nickel, and about 70 percent iron whereby said |ubricants and 1005
bi nders are present in concentrations such that the amount that said
feedstocks will shrink after sintering differs one fromthe other by I|ess
t han about 1% ing a first |.d, ,conpr.ession nolding the firs st ock
to forma fi‘?@qu{éﬁégwoﬁﬁﬁi?f;sa” '55%%@"8@55@“@%{?3’% frig O@P&Qﬁe%ﬂﬁtcfbe/gqgeecond
nol d and then injecting into said second nold a quantity of the second

f eedst dEBUSUTY PoWEaE Skﬁ%ewﬁrlﬁﬁwt%@%ééwtiﬂ 2loptplaz®0 andpedthgCafar balwee®ant s
and binders fromthe conpound green part to forma powder skeleton; and -
si nt er i gigbut B gp@VIBD mirkedeiroraduant or imrsairegerofor favousalbmdsteelserBdoausardf s of
the body that derive fromsaid first feedstock are nagnetic and parts of

t he bochagg fség%gerde%%ryrﬁagy&% gﬁlmﬁgﬁw 6 eﬁdﬁhé%fr&i&e”é‘ﬁ%rgggszﬂﬁghaz thd Ne

process I be aim rern the magnetic parts X1 mum
in claim

perneability between abo 800 and 1,500. 8. .T rocess describe

6 wher PRPEATENGE GhaUT 1 HGr Pighe: PHe b binnaBeb héneeng uavs BREBPSt ur o
bet ween about 1,200 and 1,380 C for between about 30 and 180 mnutes in
vacuum @etaehdd doem.7 19enablngot s moverfreely ifiside imteritsj peacetdiat An exampte af aand
detached from an enclosure, conprising: providing first and second

m Xt ur estr@dtuRovtieie t petit e elbstrostdid netdrufonficianes aafels Bitagg s wiacls @idwifli r st
and second m xtures to formfirst and second feedstocks such that the

amount  { gl §Rislrd ESthd G567 LABKs 1< theSBtdrnkn #hd BFiosaR! &ld bructures had to

be made using a sacrificial layer to effect the detachment of 81 from 71.

While the invention has been particularly shown and described with reference to
the preferred embodiments thereof, it will be understood by those skilled in the art that
various changes in form and details may be made without departing from the spirit and

scope of the invention.
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exceeds the anount that the second feedstock will shrink after sintering by
at least 10% using a first nold, conpression nolding the first feedstpgkggo
formthe object inits green state; transferring the green object to a
second d,and.then injecting into said second nold a quantity of the
second f é@EFégw%gﬁﬁficient to formthe enclosure around the object;
removing all lubricants and binders thereby form ng a powder skel eton; and

15 - 1 JUN 20 sinteri he. powder | et er eby sai.d object becones
det ac hedPT r ongz’é?‘:&s%#?l”ﬁ)@ﬁ?%d%u@ %Ag”%@ﬁ’grsgné%ﬁ\gﬁ%% rﬁ’%4 mSFS'ERr i nkage
under gone by proeidimgjsefirst mik€ure 6h poywdared smtatiate; saidexixiure bdvdngnaBtemdinteeing) t he
step of si.nter. further nprises heating at a tenperature between about
1, 200 an%f'isftggtdﬂ%h?’%?altﬁ)g?%@geﬁ’ about 30 and 180 mnutes in vacuum or
hydr ogen. 11. prvigingucseaoad ouxiprd ofipogdeedanateriale,caatd modyre Haagvignafter first part
possessing, a first set of physical properties; _and a second havi ng a
Second sattanahSegond sebor s dtondti rtareite sdlfie o8 5B e Srtwod "o
physi cal ppepies Withonaj add emgongresceptioy; one, exception. 12. The structure
described in clai 1 wherein the set. of physical properiigs further
Compr i 965 twostdsPAcHRE AR Pindes 48 e Ten B are s B o e e B of
coef fi ci eadondffeedstoksslictethaathel apmountrttat said fepristoicks edlleghrink @ftér shatadnect i vi ty,
magneti c ercivjt dielectric, const , thermal conductivity, Young's
modul us. HBRAsE R oerRoEss Pef Fbous kirhe o ruct ure. descr i bed in cha m 12
wher ei n sai d péipg adiedt nidle® phipresdsivit moldinghe first feedstock to form a first green part;
transferring said first green part to a second mold and then injecting into said
second mold a quantity of the second feedstock sufficient to form a compound green part;
removing all lubricants and binders from the compound green part to form a powder
skeleton; and

sintering the powder skeleton to form said compound sintered article.

2. The process described in claim 1 wherein the set of physical properties further
comprises two or more properties selected from the group consisting of coefficient of
thermal expansion, melting point, electrical conductivity, magnetic coercivity, dielectric

constant, thermal conductivity, Young's modulus, hardness, and reflectivity.

3. The process described in claim 2 wherein said physical property that is an
exception is selected from the group consisting of electrical conductivity, magnetic
coercivity, dielectric constant, hardness, and reflectivity.

4, The process described in claim 1 wherein the first and second mixtures differ in
chemical composition by less than about 25 percent of all ingredients.

5. The process described in claim 1 wherein the step of sintering further comprises
heating at a temperature between about 1,200 and 1,380 °C for between about 30 and 180
minutes in vacuum or hydrogen.

6. A process for manufacturing a continuous body having magnetic and non-magnetic
parts, comprising:

forming a first feedstock by adding lubricants and binders to a mixture of powders
consisting, by weight, of:
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exception is selected fromthe group consisting of electrical conductivity,
magnetic coercivity, dielectric constant, hardness, and reflectivity. g5
The structure descri bed i n cI aim 11 wherein the first and second parts

differ in I n, about 2 al |

Mgr edi ent s, S0t oS HBTERTFaoB Apbet PR Bere e o Hiro AR BOE Bt ttng o 1 1 st
part t haﬂnanganeag nefolut 0. 5quenaang silican, abyut\oed g@tentoﬁoblurabahdut @ pakcepeniclestt

car bon, qou%o }l]go ercet chrom um about 0.5 percent nanganese, about 0.5
percent 197 B@ﬁ[’ '5)"@ percent niobi um about 4 percent nickel, and
about 80 per Ciemhmgracma,coad mmkpaaumh@mbncmtmand bingaestto@ mixtuns bkt i ng, by
wei ght , of Q Sl?}P nt . carbon, about 15 percent chrom um about 0.5
per cent %q?é%ﬁ%%sés ingy) \f.ye'@ 3 Bercent silicon, about 0.3 percent niobium

about 14 per cstdut Om5q1®d:en76aﬂbeh cagolut 15 perceatrgthrovhiane iaboutd. Srpereental s ot her
S kb S B ol €2 oot B S blFeEL e O
800 and and&but ¥6 perckntlichh WhE2by §5|d Iubridarstl afdl bingiery frelpiddengina cent er,
SO R AR SE R R S T T T A
openi ng sh&fBinthe athkey bdiesp @stcabaupoind the center; and
using a first mold, compression molding the first feedstock to form a first green part;
transferring said first green part to a second mold and then injecting into said
second mold a quantity of the second feedstock sufficient to form a compound green part;
removing all lubricants and binders from the compound green part to form a powder
skeleton; and
sintering the powder skeleton to form said continuous body wherein parts of the
body that derive from said first feedstock are magnetic and parts of the body that derive
from said second feedstock are non-magnetic.

7. The process described in claim 6 wherein the magnetic parts have a maximum
permeability between about 800 and 1,500.

8. The process described in claim 6 wherein the step of sintering further comprises
heating at a temperature between about 1,200 and 1,380 °C for between about 30 and 180
minutes in vacuum or hydrogen.

9. A process for forming an object that is within, and detached from, an enclosure,
comprising:

providing first and second mixtures of powdered materials;

adding lubricants and bindelrs to said first and second mixtures to form first and
second feedstocks such that the amount that said first feedstock will shrink after sintering
exceeds the amount that the second feedstock will shrink after sintering by at least 10%);

using a first mold, compression molding the first feedstock to form the object in its
green state;

transferring the green object to a second mold and then injecting into said second
mold a quantity of the second feedstock sufficient to form the enclosure around the object;

removing all lubricants and binders thereby forming a powder skeleton; and
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wherein all three rings forma continuous body, there being no materials
present other than the three rings. 18. The structure described in-qgl AiNT)IE7
further conprising a noveable rod of magnetic naterial disposed so as to

pass through i nin 19.. A praocess _for . facturi.ng a nd

B nter ed arti Snerng BRtiher Seeied BT 32 o I Bbdtfos e ath R pel

mat er i al enclesaraldug totthe grdater amgpunabf ehrinkage emdengpne ly therobjecset of physi cal
properties; providing a second m xture of powdered naterials, said m xture

having, after sintering, a second set of physical properties that are the
sane as $@i d The ptocest desicripdyini at=iin O Wherpiarthe stepwif simtdring fotherzompezesept | ons;

ensuring, that said first and secon 1 xt ur iffer in chemc co ition
by | ess nealih < Betimbratie BReBREROG, 200 MiEhath  Mr el el o A B8 g

bi nder s inutex id vhcuwsh oahytresgsrond mi xtures to formfirst and second

f eedst ocks such that the anpbunt that said feedstocks will shrink after
sintering differs one fromthe other by |ess than about 1% using a first

mol d, conpr esAistroctomd comgrisiiee first feedstock to forma first green part;
transferring said.firs reen part to a second I n hen. injecting into
said second APETEoHS AR FREE X R R Rl A LRel PR RRREG oo m
conpoundagéieen part; renoving all lubricants and binders fromthe conpound
green part to form wder skel et op;. and sinterjng the powder skeleton to
Jorm sord conpoarinCrat B astranes s BheeSnabSelfosame 35 ShE m 10
wher ei n ik sstadf phfsicH pedpettiesitipsie hBS ohlyohBadxcepiompr i ses two or nore
properties selected fromthe group consisting of coefficient of

12. The structure described in claim 11 wherein the set of physical properties further

comprises two or more properties selected from the group consisting of coefficient of

thermal expansion, melting point, electrical conductivity, magnetic coercivity, dielectric

constant, thermal conductivity, Young's modulus, hardness, and reflectivity.

13.  The structure described in claim 12 wherein said physical property that is an
exception is selected from the group consisting of electrical conductivity, magnetic
coercivity, dielectric constant, hardness, and reflectivity.

14.  The structure described in claim 11 wherein the first and second parts differ in
chemical composition by less than about 25 percent of all ingredients.

15. A structure comprising: ,
a continuous body having a first part that is magnetic, consisting, by weight, of:
about 0.05 percent carbon, about 15 percent chromium, about 0.5 percent
manganese, about 0.5 percent silicon, about 0.3 percent niobium, about 4 percent
nickel, and about 80 percent iron;
a second part that is non-magnetic, consistihg, by weight, of:
about 0.05 percént carbon, about 15 percent chromium, about 0.5 percent
manganese, about 0.5 percent silicon, about 0.3 percent niobium, about 14 percent
nickel 70 percent iron; and

wherein no materials other than said first and second parts are present.

16. The structure described in claim 15 wherein the first part has a maximum
permeability between about 800 and 1,500.
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t hermal expansion, nelting point, electrical conductivity, magnetic
coercivity, dielectric constant, thermal conductivity, Young's nodul u

har dness, and reflectivity. 21. The process described in claim20 V\/ﬁériuwn%
sai d physical properties that are exceptions are selected fromthe group
consisting of electrical conductivity, magnetic coercivity, dielectric
const ant 7har gncg%sﬁt apd éef.l ecti Vti ty. 17 -1 JUN 2005 22. The process
described’in EI9KSIHEUR ?\épg]atc%eg,tcgwpgfmgi ntering further conprises

heati ng at a teopter ahg part liedt e sofalmaghetl, 200 and 1, 380 C for between about

30 and 180 mnputes in . vacuum ar hydrogen. 23. A structure conprising: a
conti nuous boag,mtﬂngqdﬁéeang P?@ﬂ’aﬂié%’? F"E)’%ég ?’ng a first set of physical

properties; an$eeoriog parthdt&morgmagiseticond set of physical properties that
are the sane as sai.d firs;.s@ 'Of%% ysSi c Ihgro[ﬁer_ti s with two or nore
exceptions; afAd°R&MAI FYPEEUIGAlY disp af)%H’?]st CPHELFEY i n cheni cal

conposi tion bwhegssall these @iLforn2a cop@iuoRBbody, tikdre belrgeingtetisls plekenilhe
structure degcrnlstggglrl n.claim23 wherein the set of physical properties

further © G089 nore properties selected fromthe group consisting
of coefficient of thermal expansion, nelting point, electrical

conductivity, etic coercivity, dielectric constant, thernal .
conduct i VPt y. TPBSHGotrs Arraroes niimdaduienaapara L nordaple D O maaneli uct ur
descr i beghatéridt dRpo3etBsodietoqia’s #bagHEBIG bpeling)r operties that are exceptions

are selected fromthe group consisting of electrical conductivity, nmagnetic
coercivity, dielectric constant, hardness, and reflectivity.

19. A process for manufacturing a compound sintered article, comprising:

providing a first mixture of powdered materials, said mixture having, after sintering,
a first set of physical properties;

providing a second mixture of powdered materials, said mixture having, after
sintering, a second set of physical properties that are the same as said first set of physical
properties with two or more exceptions;

ensuring that said first and second mixtures differ in chemical composition by less
than about 25 percent of all ingredients;

adding lubricants and binders to said first and second mixtures to form first and
second feedstocks such that the amount that said feedstocks will shrink after sintering
differs one from the other by less than about 1%;

using a first mold, compression molding the first feedstock to form a first green part;

transferring said first green part to a second mold and then injecting into said
second mold a quantity of the second feedstock sufficient to form a compound green part;

removing all lubricants and binders from the compound green part to form a powder

skeleton; and

sintering the powder skeleton to form said compound sintered article.

20. The process described in claim 19 wherein the set of physical properties further
comprises two or more properties selected from the group consisting of coefficient of
thermal expansion, melting point, electrical conductivity, magnetic coercivity, dielectric
constant, thermal conductivity, Young's modulus, hardness, and reflectivity.

21. The process described in claim 20 wherein said physical properties that are
exceptions are selected from the group consisting of electrical conductivity, magnetic

coercivity, dielectric constant, hardness, and reflectivity.
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26. A structure, conprising: a continuous body, having a first part
possessing a first set of physical properties, wherein said first parijyyg@
soft magnet; and a second part having a second set of physical properties
that are the sane as said first set of physical properties with at | east
one exception, wherein said second part is non- nmagnetic; said first and

second papts WAy prgesdyesshiBpeint dialin 1eamhdreinftos s1g df ginderimg| fdittieg copipfisess. 18
heating at a temperature between about 1,200 and 1,380 °C for between about 30 and 180
minutes in vacuum or hydrogen.

23. A structure comprising:
a continuous body, having a first part possessing a first set of physical properties;
a second part having a second set of physical properties that are the same as said
first set of physical properties with two or more exceptions; and

said first and second parts differing in chemical composition by less than about 25
percent of all ingredients.

24.  The structure described in claim 23 wherein the set of physical properties further
comprises two or more properties selected from the group consisting of coefficient of
thermal expansion, melting point, electrical conductivity, magnetic coercivity, dielectric

constant, thermal conductivity, Young's modulus, hardness, and reflectivity.

25.  The structure described in claim 23 wherein said physical properties that are
exceptions are selected from the group consisting of electrical conductivity, magnetic
coercivity, dielectric constant, hardness, and reflectivity.

26. A structure, comprising:

a continuous body, having a first part possessing a first set of physical properties,
wherein said first part is a soft magnet; and

a second part having a second set of physical properties that are the same as said
first set of physical properties with at least one exception, wherein said second part is non-
magnetic;

said first and second parts having any shape that can be formed by a molding
process.
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