METHOD TO FORM MULTI - MATERI AL COMPONENTS Continuation in part of application
nunber 09/ 733,527 which was filed 12/11 /00. FIELD OF THE | NVENTI ON The
invention relates to the general field of powder netallurgy and conpression
nol ding with particular reference to form ng conpl ex structures. BACKGROUND
OF THE | NVENTI ON The production of nmetal or ceram c conponents using powder
injection nolding (PIM processes is well known. The powder is mxed with
the binder to produce a m xture that can be nolded into the desired part.
The bi nder nmust have suitable flow properties to permt injection into a
tooling cavity and formng of the part. The nolded part is usually an
oversized replica of the final part. It is subjected to debinding where the
bi nder is renoved without disturbing the powder orientation. After the

bi nder is renoved, tMETHOD TOFGRMMUOLHMATERHLITEGMPONENTR ess that results
in part densification to a desired |l evel. The parts produced by PIM may be
conplex in geonetry. They also tend to be nade of a single material. For

exanpl e, an ort ke@Midtion i pakef agpibatid rtasker 06733827 whic wastiies328t@el  usi ng
PI M technol ogy. There is, however, a need for objects, formed by PIM that
contain multiple parts,

FIELD OF THE INVENTION

The invention relates to the general field of powder metallurgy and compression

molding with particular reference to forming complex structures.

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 pa;t. The binder must have suitable flow properties to
permit injection into a tooiing cavity and forming of the part. The moided 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. After the binder is removed, the part is subjected

to sintering_proces% that results in part densification to a desired ievel.

The ﬁarts 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
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each of which is a different material whose properties differ fromthose of
its imrediate neighbors. The prior art practice has been to formeach such
part separately and to then conbine themin the finished product using
costly wel ding operations or nmechanical fitting nethods to bond these
different parts of different materials together. The basic approach that the
present invention takes to solving this problemis schematically illustrated
in FIGs. la and 1b. In FIG 1a, 11 and 12 represent two green objects having
di fferent physical properties and formed by PIM FIG 1b 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). Alternately, a sinple press fit between the
11 and 12 stagidssistess usingfRiMaecrswidggat the final object was not a continuous
body. An obvious inprovenent over welding or simlar approaches woul d appear
to have been to sinter 11 and 12 while they were in contact wth one
another. In practice, such an approach his usually not succeeded due to a

failure of the Thure pahbweldr, §hepe fdrvbjeenrdionfied bp @M thaeddntgn mURpiOpaReNt
i nvention teaches how problens of this sort can be overcone so that

di fferent pagf &f WRER A aiffefet initlisridd IbBE pbipbfiiek Rftfer BaMSihese oPitPiRphddifte can 2
be integrated to forma single continuous body.

neighbors. The prior art practice has been to form each such part separately and to then

combine them in the finished product using costly welding operations or mechanical fitting

methods to bond these different parts of different materials together.

The basic approach that the present invention takes to solving this problem is
schematically iilustrated in FIGs. 1a and 1b. In FIG. 1a, 11 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).
Altemately, 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 similar approaches would appear to have
been to sinter 11 and 12 while they were in contact with one another. In practice, such an
approach has usually not succeeded due to a failure of the two parts to properly bond
during sintérjng. '.l‘he present invention teaches how problems of this sort can be

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



A routine search of the prior art was perfornmed with the foll ow ng reference
of interest being found: In "Conposite parts by powder injection nolding",
Advances in powder netallurgy 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 contro
of shrinkage during sintering is inportant but other factors (to be

di scussed bel ow) are not nentioned. SUMVARY OF THE I NVENTION It has been an
obj ect of the present invention to provide a process for the formation of a
continuous body having nultiple parts, each with different -physical
properties and/or different functional properties, there being no connecting
material (such as solder or glue) between any of the parts. This object have
been achi ewednieygrated lofopoudeigld tyntinlowbonyl di ng together with careful

control of the relative shrinkage rates of the various parts. Additionally,
for the case where it is the physical properties that differ between parts,
care is taken to ensure that only certain sel ected physical properties are

al | owed to diffarchfteeadict BEtHRA P aMWaLperdiRE witFPihe REIGHIAE M Rfbréde0sigh

relatively small changes in the conposition of the feedstocks used. Another
obj ect has ;Refdk: il RUhEEIN> TSRS phRé bl YoWdRP inddlioR mbiBBES AdVaR&sahed
powder metallurgy and particulate materiais, vol. 5, pp 19-171 to 19-178, 1996, Andrea
Pest et al. discuss the problems of sintering together parts that comprise more than one

material. They show that control of shrinkage during sintering is important but other

factors (to be discussed below) are not mentioned.

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 and/or
different functional properties, there being no connecting material (such as solder or glue)

between any of the parts.

This object have been achieved by using powder injection molding together with
careful conir_o! of the relative shrinkage rates of the various parts. Additi»onaliy, for the

case vhere it is the physical properties that differ between parts, care is taken to ensure



operation, an object that is contained wthin an encl osure while not being
attached to said enclosure. This object has been achi eved by neans of powder
i njection nolding wherein the shrinkage rate of the object is caused to be
substantially greater than that of the enclosure. As a result, after
sintering, the object is found to have detached itself fromthe enclosure,
being free to nove around therein. BRI EF DESCRI PTION OF THE DRAWNGS FIGs. |a
and Ib illustrate two contiguous parts, nmade of different nmaterials, before
and after sintering,, respectively. FIGs..2a and 2b show steps in the process
of the present invention. 4 FIG 3 is an isonmetric 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. FIG 5 is
a cross- sedhalaminceran seleciedginysierl prpatties aesf aliowed tg differ bgtwegn e Barts Whilst r at e
steps in the process of the second enbodi nent wherein an object is forned
i nsi de an exbérosmep.beFbiBred thhaugh wlativelyi srpalt cbangeasr methet horopregiticmppl theat | on
of the present invention.

feedstocks used.

Ancther object has been to provide a process for forming, in a single integrated
operation, an cbject that is contained within an enclosure while not being attached to said

enclosure.

This object has been achieved by means of powder injection molding wherein the
shrinkage rate of the object is caused to be substantially greater than that of the enciosure.
As a result, after sintering, the object is found to have detached itself from the enclosure,

being free to move around therein.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGs. 1a and 1b illustrate two contiguous parts, made of different materiais, before

and after sintering, respectively.

FiGs. 2a and 2b show steps in the procesé of the present invention.



FIG 10 shows a wire die formed through application of the present invention.
DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS Thi s invention describes a novel
met hod of manufacturing nulti-material conponents using powder injection
nmol di ng processes. Injection nolding of differ- ent-material articles is an
economcally attractive nethod for manufacturing finished articles of
commercial values due to its high production capacity and net shape
capability. 5 As is well known to those skilled in the art, the basic
procedure for formng sintered articles is to first provide the required
material in powdered form This powder is then mxed wth [ubricants and
bi nders to forma feedstock. Essentially any organic material which wll
deconpose under el evated tenperatures w thout |eaving an undesired residue
that will be detrlrrental to the properties of the nmetal artjcl can be
used. PreferredF! q’ra?t‘éﬁ“d?@“%fF‘%V\?&’rqf@L%°Q!?ﬁa?ﬁFE IePs3eetion ir Rl %2 stearic

aci ds, mcropul var wax, paraffin wax and pol yethylene. Stearic acid serves
as a lubricant while all the other materials may be used as binders. The
amount and nature of the binder/lubricant that is added to the powder wll
determine the vFsokistgpigh viewe of arabieeidRathas thiee RafsuARe HPN-SIAINAKS GBS Bhat
wi Il occur during sintering. Once the feedstock has been prepared, it is

i nj ected i Maod magoett abd enerslsdft mMEgeet.

FIG. 5 is a cross-section taken through the center of FIG. 4.

FiGs. 6 to 8 iliustrate steps in the process of the second embodiment wherein an

object is formed inside an enclosure.

FIG. 9 shows a cutting too! formed through application of the present invention.

FIG. 10 shows a wire die formed through application of the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

This invention describes a novel method of manufacturing multi-material
component$ 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 capaci'ty and net shape capability.



resulting 'green' object is then ejected fromthe nold. It has sufficient
mechani cal strength to retain its shape during handling while the binder is
renoved by heating or through use of a solvent. The resulting 'skeleton' is
then placed in a sintering furnace and, typically, heated at a tenperature
bet ween about 1,200 and 1,350 C for between about 30 and 180 mnutes in
hydr ogen or vacuum As already noted, attenpts to form single objects
containing parts made of different naterials have usually been linmted
to'formng the parts separately and joining themtogether later. This has
been because green parts nmade of different materials could not 6 be relied
upon to always bond properly during the sintering process. The present

i nvention teaches that failure to bond during sintering conmes about because

(i) the shrinkafeisoreltknewpie theseisifilfedirtheme, the biesiceocedrie foblprminaesintersd a
critical amount and (ii) certain physical properties differ between the
parts. By ghclesisdo fiok @rovidethegequicachmatefiblyivipemdepadoioant iTos prwdends tant e
different between the parts with little or no effect on bondi ng. Physi cal
properti es miked witke Rithricantd end bandewsite farm & feedbtack.i E£sgemsllpanyl organicanateriaccur
i nclude (but are not limted to) coefficient of thermal expansion and nelting
poi nt, whi Menictpwid gesdrpeRe URadr esvateditérhperaniréswithow idaririg arguriesdedaesiduel ude
(but are not limted to) electrical

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 polyethylene. Stearic acid serves as a lubricant while all the other materials may

be used as binders. The amount and nature of the binder/lubricant that is added to the

powder will determine the viscosity of the feedstock and the amount of shrinkage that will

occur during sintering.

Once the feedstock has been prepared, it is injected intc a suitable mold. The
resulting ‘green’ object is then ejected from the mold. It has sufficient mechanical strength
to retain its shape during handling while the binder is removed by heating or through use
of a solvent. The resulting 'skeleton’ 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 hé_ve usually been limited to “forming ihe parts separately and joining them

together later. This has been because green parts made of different materials could not



conductivity, magnetic coercivity, dielectric constant, thermal conductivity,
Young's nodul us, 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 another by very nuch. Typically,
the two m xtures would differ in chem cal conposition by |ess than about 25
percent of all ingredients. Additionally, it is inportant that the powders
that were used to formthe feedstocks 7 of the two parts share simlar
characteristics such as particle shape, texture, and size distribution. The
tap densities of the two powders should not differ by nore than about 30 %
whil e the nean particle size for both powders should be in the range of about
1to 40 mcrons. As an exanple, if one part needs to be soft material (say

| ow car bonoé féabupdfido afV29% BBfa BRiverly Buirh B8 shidiHerbrbBs! i al such as hi gh

carbon iron, then alloying the [ ow carbon i1ron wth specific anount of
carbon wi Il enhance hardenability and neet the requirenment of high carbon
iron. In so doing, both powders are still simlar and have simlar shrinkage

rates. This w l'theg%?é%eﬁf lﬁg%@gnqg&%ep%mmm?& BERIadNG SfrABEGhLShouni | e

having differe

because (i) the shrinkage of the parts differs one from the other by more than a critical

amount and (i) certain physicai properties differ between the parts.

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

the parts with littie or no effect on bonding.

Physicai properties that need to be the same or similar if good bonding is to occur
include (but are not limited to) coefficient of thermal expansion and melting point, while
properties that may differ without affecting bonding include (but are ndt limited to) electrical
conductivity, magnetic coercivity, dielectric constant, thermal conductivity, Young's

modulus, hardness, and reflectivity.

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 very much.
Typically, the two mixtures would differ in chemical composition by less than about 25

percent of dll ingredients.

Additionally, it is important that the powders that were used to form the feedstocks



Simlarly,

then blending the master alloy of the stainless steel with an appropriate

anount of
bring the

approach i

carbon iron to formthe actual 316L conposition. Note that nolding of a

t wo- mat er i
cavities i

enbodi nent

etc. of the structure that

if one material is low carbon iron and another is stainless steel,

iron powder to formthe required stainless steel conmposition can
overal | powder characteris- tics closer to each other.'For exanpl e,
If two materials are 316L Stainless Steel and |ow carbon iron. Then the

s to blend one third of master alloy of 316L with two-third

ar article can be achieved in one tooling of one or several

of

| ow

n a single barrel machine of one material first. The nolded article
Is atransferred to another tooling in another single barrel machine of
another material to form the desired article though a manual pick-and-pl ace
oper ati on @ thBywaglaRg shateolimiipccharasterishige sHe) a3 AMIBIEcH=9S. texivrey| AW $”e carri ed
out on a twin-barrel injection machine to nold a conplete article with two

mat eri al s Wis¥iRitipna TSR tRA densigies phige twio pewdstsoshepisk napgifier by mare thanraloet 3thi s
through reference to FIGs. 2a and 2b, but it should be understood
that the pYogkitssthe maanparitie size fas bioth powtigse shkuid bein theeangeapfabotibt 1940 si ze,

first feedsiapohs. This is acconplished by addi ng

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

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

iron with specific amount of carbon will enhance hardenability and meet the requirement
of high carbon iron. In sc doing, both powders are still similar and have similar shrinkage
rates. This will give rise to good bonding between the two materials while having different

properties.

Similarly, if one material is low carbon iron and another is stainless steel, then
blending the master alloy of the stainiess steel with an appropriate amount of iron powder
to form the required stainiess steel composition can bring the overall powder characteris-
tics closer to each other."For exampie, if two materials are 316L Stainiess 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 composition.

Note ihat mol.ding of a two-materia 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

Is formed. The first step is the preparation of a



~lubricants and binders (as discussed earlier) to a mxture of powlers. The

| atter consist, 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 nold, this first feedstock is conpression nolded to formfirst
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
addi ng lubricants and binders to a mixture of powders consisting, by weight,
of about 0.05 percent carbon, about 15 percent chromum about 0.5 percent
manganese, about 0.5 percent silicon, about 0.3 percent niobium about 14
percent nickel, and about 70 percent iron. It is inmportant that the

| ubri cant s trangferehi@anather tooknaJa apethersingle Sarel aachinsoftangthes matgral 14fam af t er
sintering, the difference in the amounts the two feedstocks shrink is |ess

t han about thevgesired@rigle thoneh aKBIWabRISEANEMASE APErasion 196 PY HABY aMeDAl & Mher e
that al though the two feedstocks have the sanme conposition except that 10%
of iron hadhgaumidingpbeerssdan plisatrepatied anan arew-paralinggation machinertemsaid gel y
smal|l change in chem cal conposition | eaves the key physical properties
associ at ed ceinplete gricieowtf twio matatials withinunsihg@ladealingut i ntroduces a significant
change in the .nagnetic properties.

1* embodiment

We will illustrate this embodiment through reference to FiGs. 2a and 2b, but it
should be understood that the process that we disclose is independent of the shape, form,

size, etc. of the structure that is formed.

The first step is the preparation of a first feedstock. This is accompiished by adding
lubricants and binders (as discussed earlier) to a mixture of powders. The latter consist,
by weight, of about 0.05 percent carbon, about 15 percent chromium, about 0.5 percént
manganese, about 0.5 percent silicon, about 0.3 percent niobium, about 4 percent nickel,
and about 80 percent iron. Using a suitable moid, 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 Iubricahts and binders to a mixture



Next, first green part 21 is transferred to a second nold into which is then
injected a sufficient quantity of the second feedstock to conplete the
structure shown in FIG 2b through the placenent of 23 around ring 21. Once
the final 'conpound' green object has been formed, all [ubricants/binders are
removed, in ways-discussed earlier, resulting in a powder skel eton which can
then be sintered so that it becones a continuous body having both magnetic
and non-magnetic parts. Because of the conpositions of the originals powders
fromwhich the two 10 feedstocks were forned, part 21 of FIG 2b that derived
fromthe first feedstock is magnetic while part 23 that derived fromthe
second feedstock is not. In this particular exanple the magnetic part has a
maxi mum perneability (p max) between about 800 and 1,500. In FIG 3 we show
an i sonet r Pt PewEersosonskEnabpy veigieaf BRoyt) ©05 nereant Hrarbpn, Apgut 'Brreredtr od 33
which is free to nove back and forth through hole 22. If rod 33 is magnetic,
its positcomeniemagbad 0.9 paiseat mangangsel aheut 8.5t pasced $ilispn.nekaws 08K peaseppl i ed
magnetic field generated by an external coil (not shown). Since part 21 is
of a magneniabiumataaubli4 percerit Inickelh @nd abogdt ¢@perdent irenndieistimaottan) thétitbe appl i ed
field. Rod 33 could be forned separately or it could be fornmed in situ as
part of an libricays ate dinderswdre erasenhig concerdations thiahgnsune thabtafied sintesinhethe
descri bed | ater under the second enbodi nent.

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

shrinkage experienced by either one.

We note here that although the two feedstocks have the same composition except
that 10% of iron has been -replaced by an additional 10% of nickel. This relatively small
¢hange in chémicai composition leaves the key physical properties associated with
successful sintering unchanged but introduces a significant change in the magnetic

properties.

Next, first green part 21 is transferred to a second mold into which is then injected
a sufficient guantity of the second feedstock to complete the structure shown in FIG. 2b

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.t'hat it becomes a continuous body héving both magnetic and non-magnetic

parts. Because of the compositions of the originals powders from which the two

10



As already inplied, the formation of a continuous body having multiple 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 properties. Al 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 nagnet. Its inner
portion has the sane thickness as ring 43. Ring 41 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 wth, and
touching, this sidewall is internediate ring 42 which is a hard nmagnet. In
this context, the termsoft nagnet refers to a material having 11 a | ow

Tt or | o) (RSSPR TR PGSO G T LI, ZPEet PP L e I (SR EPE PNl © s
made by fitting hard magnet 42 (nmade separatel into the integral art
after 41 aMdileRarhad dhalggrivediiamine seerad %ég’é?ﬂ?kf Lalftthisparicyian syapple the

magnetically hard material to a structure that is simlar to that seen in
FIG 3 is Magngic past bag @ MaxeRume BerAaseilibpingnax) beteanditoph@00an 1.880-ext er nal
magnetic field. 2nd enbodinent In this enbodi nent we di scl ose a process for
formng, in a single integrated
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 couid be controlied by means of an applied magnetic field

generated by an external coil (not shown). Since part 21 is of a magnetic material, it will

act as a core for concentrating this applied field. Rod 33 could be formed separately or

it couid be formed in situ as part of an integrated manufacturing process, using the method

to be described later under the second embodiment.

As already implied, the formation of a continuous body having multiple parts, each
with different properties, need not be limited to two such parts. In FIG. 4 we show a plan
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 41 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 is a hard magnet. In this context, the term soft magnet refers to a material having

11



operation, one object that is enclosed by another with the inner object not
being attached to the outer object. As for the first enbodi nent, the process
is illustrated through an exanple but it will be understood that it is
applicable to any shaped object 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 bindersllubrricants were chosen so that, after sintering, the green form
of 61 would shrink by a relatively |arge anount (typically between about 20
and 50% . 12 Referring nowto FIG 7 we show enclosure 71 that has been
formed by fully surrounding 61 with material froma second feedstock for

whi ch binders/lubricants were chosen so that, after sinterin t he green
form of 7B RERESHIY MEhHygh Magnelis satvratiafhile "éﬁr%ﬁﬁﬁtha(fw'ﬂﬁgtﬂ&? rfsferﬁée\ﬁeen
about 10 and 20% . Regardl ess of the absolute shrinkages associated with
parts 61 dnaeral hthng%hlshI@é?CWéi}w rement of the process that the difference
between the two shrinkage rates be at |east 10 % After the renoval of all

| ubricants and binders fromthe object seen in FIG 7, the resulting powder
skeleton is sintered (between about 1,200 and 1,380 C for between about 30
and 180 mi nut eS nensteugburerseen in KFiGs dr ene f i$ onadechy fiting dlardnagnetedd (mBECause of

sepafateiy) into the integral part after 41 and 43 have been formed. The reason for adding
aring of magnetically hard material to a structure that is similar to that seen in FiG. 3 is

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

in this embodiment we disciose a process for forming, in a singie integrated
operation, one object that is enclosed by another with the inner objebt not being attached
to the outer cbject. As for the first embodiment, the process is illustrated through an
example but it will be understood that it is applicable to any shaped object 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/iubricants were chosen so that, after sintering, the green form of 61 would shrink

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

12



the |l arger shrinkage rate of 61 relative to 71, the structure after sintering
has the appearance shown in FIG 8 where part 81 (originally 61) is seen to
have become detached from 71 enabling it to nove freely inside interior
space 82. An exanple of a structure of this type is an electrostatic notor
(unfinished at this stage) in which 71 will ultimately serve as the stator
and 81 as the rotor. In the prior art, such structures had to be nmade using
a sacrificial layer to effect the detachment of 81 from 71. FUNCTI ONAL
PROPERTI ES In the foregoing di scussion we were concerned with conbining, in a
single 13 continuous structure, two or nore parts that had different physical
properties. The sanme principles that are taught there nay also be applied to
structures having tmo or nore parts that differ in their functional

P ot eiuhou%ﬁ@ DOk AGFIET T e Snd cEBRYR TP b pB forfb iy Lot ' O
et Lo qeSUrPREry i B serorniessisef Crotufh e@&?”d thﬁaﬁﬁ‘ﬁéi o
when e o BBpcan, o Bhat et sirterinoe Bl albER S H1 1 wORH SRSy BUBEESlY SGRN s T or
ot I it on cimeeit BEPICG\RRSE SO IO Ane oG, THsgRIcieReft the BBsol 1S shilfkages

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 %.

After the removal of all lubricants and binders from the object seen in FIG. 7, the
resulting powder skejeton is sintered (between about 1,200 and 1,380 °C for between
about 30 and 160 minutes in vacuum or in hydrogen for ferrous alloy 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) is seen to have become
detached from 71 enabling it o move freely inside interior space 82. An exampie of a
structure of this type is an electrostatic motor (unfinished at this stage) in which 71 will
uitimately serve as the stator and 81 as the rotor. In the prior art, such structures had to

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

FUNCTIONAL PROPERTIES

In the foregoing discussion we were concerned with combining, in a single
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W |ist below, as exanples, a series of functional properties that are
pertinent 'to the present invention, together with their definitions. It wll
be realized that this list is not conplete and other functional properties
could al so be given to parts of a continuous structure w thout departing
fromthe spirit of the invention. In nost cases these definitions are
preci se but, occasionally, they nust, of necessity, be of a descriptive
rather than a quantitative nature: magnetic - ferromagnetic corrosion
resistant - As defined in the ASTMGL57-98 Standard CGui de for Eval uating the
Corrosion Properties of Wought Iron and N ckel -Based Corrosion Resistant
Al l oys for the Chem cal Process Industries. Exanples of nmaterials that have
14 good corrosion resistance include (but not limted to) Pure N ckel,

Ni ckel - Coppamtifusmys sivbetede, W00r Mbneqlarts-1tt Gad difiecére iph@ical praparijesy Thecamel 617,
I nconel 625) Nickel-lron- Chromum (eg Incoloy DS, |Incoloy 825), and

Ni ckel - bas egrirgipissiadtlany muge ghére maR iasoBersppiisartt stldtedsparingitivy or moke sarts
mani fests itself as a relative density, with a density 90 - 100% of the

por e-free mabeifat inMwinTongtions iptteeaibsHBYfuRidndlenspdrtiesweimezd profiestpang

consi dered Low high thermal conductivity - greater than about 100 Wm K
are application related. Although functional properties derive from physical and chemical
propérties, -they aré often a subtie blend of the latter and the adjective used to describe
them will depend on the application for which they are intended. Thus, a given electrical
resistivity may be considered to be low when the application is for a resistor and high

when the application is for a conductor. Functional properties are therefore harder to

define but a definition must be provided for them to be meaningful.

We list below, as examples, a series of functional properties that are pertinent to
the present invention, together with their definitions. It will be realized that this list is not
complete and other functional properties could also be given to parts of a continuous
structure without departing from the spirit of the invention. In most cases these definitions
are precise but, occasionally, they rhust, of necessity, be of a descriptive rather than a

gquantitative nature:

magnetic -- ferromagnetic
corrosion resistant — As defined in the ASTMG157-98 Standard Guide for
Evaluating-ghe Corrosion Properties of WrOught fron and Nickel-Based Corrosion

Resistant Alioys for the Chemical Process industries. Examples of materials that have
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Mrgnadensity - greater than about 9,000 kg/m high strength - tensile greater
t han about 900 Moa, yield greater than about 700 MPa. |ow thermal expansion -
| ess than about 12 x 10-5 K-' wear resistant - having a hardness val ue | ess

t han about 50 HRC high elastic nodulus - greater than 200 GPa hi gh danpi ng
capacity - loss of 25%or nore of stored energy per cycle good machinability
- using AISI 1212 as a guide, steel is rated 100%wth a value 1in excess of
50% bei ng consi dered good highly fatigue resistant - able to withstand at

| east 10 cycles of alternating standard and zero | oads higlfhardness -
greater than 50 HRC hi gh toughness - Based on Charpy or |zod testing,
toughness is defined as the energy per unit volune that can be absorbed by a
material up to the point of fracture. H gh 15 toughness inplies a val ue

greater thagog8Qakrosion réflstande irtild8 bR fotlinftedtB] PLRONRREINNicke Ot §5Fef (e han
about 1600C (iron nmelts at 1537 C). oxidation resistant - as for corrosion
resi stant appyai 468! tMAIKISEh) [ RicRENSRBmRS {diBinconel 617, Inconel 625) Nickel-iron-
Chromium {eg Incoloy DS, Incoloy 825), and Nickel-based superalloys (eg Nimonic BOA)
controlied porosity — this manifests itself as a relative density, with a density 90 -
100% of the pore-free material being considered High and densities of 50 - 90% being
considered Low -
high thermal conductivity — greater than about 100 W/m.K
high density — greater than about 9,000 kg/im®
high strength -- tensile greater than about 900 Mpa, yield greater than about 700
MPa. '
low thermal expansion — less than about 12 x 10® K™
wear resistant — having a hardness value less than about 50 HRC
high elastic modulus — greater than 200 GPa
high damping capacity — loss of 25% or more of stored energy per cycle
good machinability — using AISI 1212 as a guide, steel is rated 100% with a value
in excess of 50% being considered good
highiy fatigue resistant — able to withstand at least 10° cycles of alternating
standard and zero loads
high hardness -- greater than 50 HRC
higﬁ .toughr't'ess - Based on Charpy or Izod testing, toughness is defined as the

energy per unit volume that can be absorbed by a material up to the point of fracture. High
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corrosive agent easy joinability - based on experience but includes materials
such as copper, silver, and gold. It follows fromour earlier discussion of
processes for form ng continuous bodies having multiple parts, each of which
has a different set of physical properties, that these sane processes maybe
adapted to form ng continuous bodies having nmultiple parts, each of which
has a different set of functional properties. Wile in the general case these
bodies will conprise nore than two functional parts, we take note here of a
special case in which only two functionally different parts are invol ved,
said two different functions being particularly difficult and/or expensive
to conbine in a single continuous body when processes of the prior art are
used for their manufacture. The foll ow ng |ISt§ xanpl es of functional
pairs of tHPYSHRRSE IMPles|Ryalie OGRS (RANARFUL Hiat! 0ok ?/(erhctl onal pairs could be
added to this list wthout departing fromthe sp|r|t of the_invention:
nmagnet i c- cor r osiNég PEENG paint — Qé?ﬁ‘?rr PN aBoy IPBQ} ¢ {iram meits #IBRAI Ceonduct i vi ty,
hi gh density-high strength, high thermal conductivity-Ilow thermal expansion,
wear resistant - PKigRtiorgesisiaghn@s4or pREIeBIresapicIheye Bt limged & Pyege BS the gh
el asti ¢ nodul us- hi gh danpi ng capaC|ty,

corrosive agent

easy joinability — based on experience but includes materials such as copper, silver,

and gold.

it follows from our earlier discussion of processes for forming continuous bodies
having multiple parts, each of which has a different set of physical properties, that these
same processés may be adapted to forming continuous bodies having multiple parts, each
of which has a different set of functional properties. While in the general case these
bodies will comprise more than two functional parts, we take note here of a special case
in which only two functionaily different parts are involved, said two different functions
being particuiarly difficult and/or expensive to combine in a single continuous body when

processes of the prior art are used for their manufacture.

The following lists some exampies of functional pairs of this type, it being
understood that other functional pairs could be added te this list without departing from the -
spirit of the invention:

magpetic-csrrosion resistant, controlled borosity-high thermal conductivity, high

density-high strength, high thermat conductivity-low thermal expansion, wear resistant-high
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hi gh strength-good machinability, controlled porosity-highly fatigue

resi stant, magnetic- non-magnetic, high hardness-hi gh toughness, wear

resi stant-oxidation resistant, easy joinability-corrosion resistant, and | ow
internal stress-controlled porosity. To further illustrate the application of
the present invention to the manufacture of structures having two parts that
woul d ordinarily be difficult to conbine in a single continuous structure,
we now descri be two additional enbodinents of the present invention. 3rd
enbodi nent In this enbodi nent we disclose a process and structure for formng
a cutting tool As in the first and second enbodi nents, the process of the
third enbodi ment begins with the provision of two m xtures of powdered

e oL, RIS S b 73] SR A Ao BL 7.

T Tk s el o T
. : i nles. | s).

Lo e 8 8 200 ke Y Gl NG AR B T8 S8

materials for th m xture that vvidll beco t he cu}tiln edsqe are all tool
joinability-corrosion resistant, and low intemal stress-controlled porosity.

To further illustrate the application of the present invention to the manufacture of
structures having two parts that would ordinarily be difficult to combine in a singte
continuous structure, we now describe two additional embodiments of the present

invention.

In this embodiment we disclose a process and structure for forming a cutting tool.
As in the first and second embodiments, the process of the third embediment begins with
the provision of two mixtures of powdered materials. One the these mixtures will, after
sintering, be well suited for use as a handle while the other, also after sintering, will have

excellent properties for use as a cutting edge.

The Rixture that is intended to become the handie is setected from materials such
asiron, and all iron-based alloys (such as carbon steels, low-alloyed steels and stainless

steels). See, for example, Metals Handbook, Volume 1, 10th edition 1990.
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steel s, including water-hardening steels (Type W, shock-resisting steels
(Type S), cold- work steels (Type 0, A, D and H), hot-work steels (Type H,

Hi gh speed steels (Type T and M, nold steels (Type P) and tungsten carbi de.
Details an the classification of tool steels may be found in in the Al S|
(American lron and Steel Institute) handbook. Lubricants and binders are
added to each mxture to form feedstocks, a key requirenent being that the
anount that said feedstocks will shrink after sintering differs one fromthe
ot her by less than about "1 % Then, the appropriate feedstock is conpression
nol ded to forma green part having the shape of a handl e (shown schematically
as 92 in FIG 9) which is then transferred to a second nold into which is
injected a sufficient quantity of the other feedstock for form ng an

ext ensi on to t hePefsikim medgrials for theemixhisg dhaywill peeame theFulingeedosrsausl! tool
schematically as 91 in FIG 9). After renoval of all |ubricants and binders
(t her eby f GiSfilhincdinswrier-_Rardering pteelst(hre Wt shock-sesistingsteals (Tyge §).s@lfssed
earlier, to become the cutting tool. 18 4th enbodinent In this enbodi nent we
di scl ose a Warb&tesls divae & AubrandHX bpt-werkriteris BT YRertd. High spasd steglsi (R¥peHT evi ous
enbodi nents, the process of the fourth enbodi nent begins with the provision
of two mi xtanded), gmolpstegisr @uperkl and tingstemrarhite Detailscomingtalgssticalian of teglt er

steels may.be found in in the AIS! (American Iron and Steel Institute) handbook.

Lubricants and binders are added to each mixture to form feedstocks, a key
requirement being that the amount that said feedstocks will shrink after sintering differs
one from the other by less than about 1%. Then, the appropriate feedstock is compression
molded to forrr; a green part having the shape of a handle (shown schematicaily as 92 in
FIG. 9) which is then transferred to a second mold into which is injected a sufficient
guantity of the other feedstock for forming an extension to the green part in the shape of

a cutting edge (shown schematically as 91 in FIG. 9).

After removal of all lubricants and binders (thereby ‘forming a powder skeleton), the

latter is sintered, as dis¢ussed earlier, 10 become the cutting tool.
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sintering, be well suited for use as a handle and is selected fromthe group
consisting of - iron, and all iron-based alloys (such as carbon steels,
| owal | oyed steels and stainless steels) while the other will be well suited
to serve as a die, being selected fromthe group consisting of all tool
steel s, including water-hardening steels (Type W, shock-resisting steels
(Type S), cold-work steels (Type O, A, D and H), hot-work steels (Type H),
High speed steels (Type T and M, nold steels (Type P), and tungsten
carbide. Also as before, lubricants and binders are added to these m xtures
to form feedstocks which, after sintering, will shrink by amounts that
differ one fromone another by |ess than about 1% Additionally, a third
feedstock is provided that has the key property that, after sintering, it
wi |l sbrink an anmpbunt that exceeds tHthembogimenhat the first two feedstocks
shrink by at least 10 % In this case the feedstock can be nmade fromj ust
bi nders, including waxes such as paraffin wax and thernopl astics such as
pol yet hyl ene. 19 The appropriate feedstock is then conpression nolded to form
a green part haviniigs embedismbalvee disclasena piicesy ambstAktura foFlf@minga widealid. oks ng
which it is transferred to a second nold into which is injected a sufficient
quantity of it tre pteviods fezdatslinoerits,t the gulocess df Hise dourthnempaditmeanbeginhse with dine havi ng
a cylindrical pin-cushion shape (see 94 in FIG 10). This

provision -of two mixtures of powdered materials. One the these mixtures will, after

sintering, be well suited for use as a handle and is seiected from the group consisting of
iron, and all iron-based alloys (such as carbon steels, low-alloyed steels and stainless
steels) while the other will be well suited to serve as a die, being selected from the group
consisting of all tool steels, including water-hardening steels (Type W), shock-resisting
steels (Type ‘S), cold-work steels (Type O, A, D and H), hot-work steels (Type H), High

speed steels (Type T and M), mold steels (Type P), and tungsten carbide.

Also as before, lubricants and binders are added to these mixtures to form
feedstocks which, after sintering, will shrink by amounts that differ one from one another

by less than about 1%.

Additionally, a third feedstock is provided that has the key property that, afier
sintering, it will sbrink an amount that exceeds the amount that the first two feedstocks
shrink by__alt least 10 %. In this case the feedstock can be made from just binders,

including waxes such as paraffin wax and thermoplastics such as polyethylene.
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nodi fied green part is then transferred to a third nold into which is
Injected 'a sufficient quantity of the |ast feedstock to surround the
pi n-cushi on shaped extension (see 93 in FIG 10).. Al lubricants and
bi nders are then renoved so that the green part becones a powder skel eton
whi ch can be sintered to becone a solid continuous material. After
sintering, the residue of materials that were originally part of the third
feedst ock can be renoved by mechani cal and/or chem cal neans, resulting in
formation of the die cavity (shown schematically as 94 in FIG 10). Wile
t he invention has been particularly shown and described with reference to
the preferred enbodinents thereof, it will be understood by those skilled in
the art that various changes in formand details may be nmade w t hout
departing from tTHe agproprite %?95105%§ﬁ@”@"@rﬁ551°ﬁm¢¢% forpma gresnwgrt havinga
structure, conprising: a continuous body that further conprises: a first part
possessi ng fefshape of ahandlefege B¢ vkl v 0). dolipmdntwhishrt is essfered trya aeerncond
functional property that is different from said

mold into which is injected a sufficient quantity of the third feedstock to add to the green

part an extension having a cylindrical pin-cushion shape (see 94 in FIG. 10). This
modified green part'is then transferred to a third mold into which is injected a sufficient
quantity of the last feedstock to surround the pin-cushion shaped extension (see 93 in FIG.

10).

All lubricants and binders are then removed so that the green part becomes a
powder skeléton which can be sintered to become a solid continuous material. After
sintering, the residue of materials that were originally part of the third feedstock can be
removed by mechanical and/or chemical means, resulting in formation of the die cavity

(shown schematically as 94 in FIG. 10).

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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first functional property; said first and second parts having any shape that
can be formed by a nolding process; and wherein said first and second
functional properties constitute a pair of functional properties selected
fromthe group of functional property pairs consisting of magnetic- corrosion
resistant, controlled porosity-high thermal conductivity, high density-high
strength, high thermal conductivity-1low thermal expansion; wear

resi stant-hi gh toughness, controlled porosity-high strength, high elastic
nodul us- hi gh danpi ng capacity, high strength-good machinability, controlled
porosity-highly fatigue resistant, magnetic-non- nmagnetic, high hardness-high
t oughness, wear resistant-oxidation resistant, easy joinability-corrosion
resistant, and low internal stress-controlled porosity. zI a A structure,
conprising: a continuous body, having at |east two parts, each such part
being optimzed to performa function other than to serve as an attachnent
medi um said parts having any shape that can be fornmed by a nol di ng process.
5 3 . The gigyMd.ure described in claim2 wherein the function that any given
part is optimzed to performis selected fromthe group consisting of
magneti c, corrosion resistant,

l. A structure, comprising:
| a continuous body that further comprises:

a first part possessing a first functional property,

a second part possessing a second functionai property that is different from said
first functiona.l property; .

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

wherein said first and second functional properties constitute a pair of functional
properties selected from the group of functional property pairs consisting of magnetic-
corrosion resistant, controlled porosity-high thermal conductivity, high density-high
strength, high thermal conductivity-low thermal expansion, wear resistant-high toughness,
contrelied porosity-high strength, high elastic modulus-high damping capacity, high
strength-good machinability, controlled porosity-highly fatigue resistant, magnetic-non-
magnetic,” high hardness-high toughness, wear resistant-oxidation resistant, easy

joinability-'c_orrosioh resistant, and low mternal stress-controlled porosity.
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controll ed porosity, high thermal conductivity, high density, high strength,
| ow t hermal expansion, wear resistant, high elastic nodulus, high danping
capacity, good mnachinability, fatigue resistant, high hardness, high
t oughness, high nelting point, 'O oxidation resistant, easy joinability, and
low internal stress . /}. The structure described in claim2 further
conprising at |east one cavity as part of the structure S A cutting tool,
conprising: 15 in one continuous body, a handle and a cutting edge; said
handl e havi ng a shape and bei ng conposed of a nmaterial whereby it is
optim zed for gripping a cutting edge and for being gripped; said cutting
edge having a shape and bei ng conposed of a material whereby it is optim zed
for cutting; and 29 no other materials being present at any interface between
sai d handl el andAséiudiuctcompgsiegige. 6. The cutting tool described in claimb5
wherein said handle is selected fromthe group consisting of iron, al
i ron-based al | ogsontimudisrbalyerévng bleast two\pads seéandl such mad beingsomimites ®
steel s).

perform a function other than to serve as an attachment medium, said parts having any

shape that can be formed by a molding process.

5 2. The structure described in claim 2 wherein the function that any given part is
opt.imized to perform is selected from the group consisting of magnetic, corrosion resistant,
controlled porosity, high thermal conductivity, high density, high strength, low thermal
expansion, wear fesistant, high elastic modulus, high damping capacity, good
machinability', fatigue resistant, high hardness, high toughness, high melting point,

‘0 oxidation resistant, easy joinability, and low internal stress .

. The structure described in claim 2 further comprising at least one cavity as part

of the structure

5. Acutting tool, comprising:
15 in one continuous bady, a handle and a cutting edge,;
said handle having a shape and being composed of a material whereby it is
optimized for gripping a cutting edge and for being gripped:;
saia'cutting- ‘edge having a shapé and beirig composed of a material whereby it is

optimized for cutting; and



7. The cutting tool described in claim5 wherein said cutting edge is
selected from the group consisting of all tool steels, water-hardening
steels (Type W, shock-resisting steels (Type S), cold-wrk steels (Type O,
A, D and H), hot-wrk steels (Type H), H gh speed steels (Type T and M,
nold steels (Type P), and tungsten carbide. 10 $ A wire draw ng die,
conprising: in one continuous body, a handle and a wire drawing die; said
handl e havi ng a shape and bei ng conposed of a naterial whereby it is

optim zed for gripping awire drawing die and for being gripped; said wire
drawi ng di e having a shape and bei ng conposed of a material whereby 15 it is
optimzed for drawing wire; and no other materials being present at any
interface between said handle and said die. g. The wire drawi ng die described
in clai mg whetePihes HaerainBeag Peesent %‘c‘i'yd“ﬁe?@ﬁ? DeweRa Sgiddigndicodd &9iflng of
iron, all iron-based alloys, carbon steels, |owalloyed steels, and stainless
steels). PONINGREI% re drawing die described in claimg wherein said die is
selected fromthe group consisting of all tool steels, water-hardening
steels (Type W, shock-resisting steels 5 (Type S), cold-work steels (Type O,

A, D and I—z hot -work steels (Type H), H gh speed ‘
. The cutting too! described in claim 5 wherein said handie is selected from the

grodp consisting of iron, all iron-based alloys, carbon steels, low-alioyed steels, and

5 stainiess steels). -

4. The cutting tool described in claim 5 wherein said cutting edge is selected from
the group consisting of all tool steels, water-hardening steels (Type W), shock-resisting
steels (Type 'S). cold-work steels (Type Q, A, D and H), hot-work steels (Type H), High

speed steels (Type T and M), mold steels (Type P), and tungsten carbide.

10 8.  Awire drawing die, comprising:
in one continuous body, a handle and a wire drawing die;
said handle having a shape and being composed of a material whereby it is
optimiied for gripping a-wire drawing die and for being gripped;
said wire drawing die having a shape and being composed of a material whereby
15 it is optimized for drawing wire; and

no other materials being present at any interface between said handie and said die.

CI' The wire drawing die described in claim £ wherein said handle is selected from
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steels (Type T and M, nold steels (Type P), and tungsten carbide. 2Y

the group consisting of iran, ali iron-based alloys, carbon steels, low-alloyed steels, and

stainiess steels).

0. The wire drawing die described in claim § wherein said die is selected from the
groub consisting of all tool steels, water-hardening steels (Type W), shock-resisting steels
5 (Type S), cold-work steels (Type O, A, D and H), hot-work steels (Type H), High speed

steels (Type T and M), mold steels (Type P), and tungsten carbide.
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