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Abstr act

Density is an predom nant factor in the performance of powder
met al | urgy conmponents. Methods such as doubl e press/doubl e
sinter, copper infiltration and powder forgi ng have been enpl oyed
to provide higher densities than traditional single press and
sinter operations; however, their w despread use is constrained
by cost and geonetry consi derations.

A commercially proven nethod for obtaining single
conpaction/single sinter densities in the 7.25 to 7.55 g/cn?
range by neans of the patented ANCORDENSE™technol ogy is

i ntroduced. Conventional conpaction pressures and sintering
tenperatures, typically not exceeding 50 tsi or 2300°F
respectively, are utilized. Resulting properties for several high
performance materials are presented.

Test results indicate that the ANCORDENSE process is a cost
effective nethod of providing high density parts with outstanding
physi cal properties. The process is showmn to be applicable to a
wi de variety of high performance materials. Additionally,
significant inprovenents in green strength and ejection forces
are realized.

| nt roducti on

The effect of density on a wide variety of powder netallurgy part
properties has been thoroughly docunented [1,2]. Cenerally, as
density is increased alnost all properties, including strength

[ 3,4] and magnetic performance [5], are inproved. Traditionally,
density has been increased by raising conpaction pressures,

el evating sintering tenperatures, sintering enhancenent
addi ti ons, doubl e press/double sinter processing, copper
infiltrating and powder forging. Figure 1 indicates the density
ranges that may be expected fromthese various powder netall urgy
processes and Table |I lists strengths and weaknesses associ at ed
wWth these processes. As illustrated in Figure 2, increasing the
density of powder netallurgy conponents significantly increases
part cost.



Tabl e 1: Strengths and Waknesses of Various Powder Metall urgy

Processes
Process Strengt hs Weaknesses
Convent i onal | nexpensi ve Limted Density
Conpacti on Capability

W de Range of Part
Shapes Possi bl e

Doubl e Press/ Doubl e H gh Density Expensi ve
Sinter

Limted Part Shapes

Doubl e Processi ng

Copper Infiltration | Inproved Perfornmance Expensi ve
Doubl e Processi ng
Powder Forgi ng | Near to Full Density Very Expensive
Conmpl i cat ed

Processi ng

In addition to those processes listed in Figure 1, performance
may be further inproved by the use of sinter hardening all oy
systens coupled with accel erated cooling. These materials obtain
enhanced properties while elimnating a costly heat treating
step. While these materials are capable of obtaining high
hardness values in the as sintered state, the increased hardness
makes secondary machi ning operations difficult if not inpossible.
The usage of sinter hardening systens can be greatly enhanced if
t he probl ens encountered in machi ning are addressed.

The inherent flexibility of the powder netallurgy process has | ed
to significant gromh during the last 10 years [6]. For the
powder netallurgy market to realize full potential and conpete

w th wought products, a cost effective, flexible and robust
manuf acturing nmet hod for obtaining high densities is needed. The
ANCORDENSE process is designed to neet these chall enges.
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Figure 1. Typical Density Ranges for Several Common Powder
Met al | urgy Processes
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Figure 2. The Relative Cost and Density Ranges for Various Powder
Met al | urgy Processes

The ANCORDENSE process is a patent protected technol ogy [2] that
provi des density increases in the range of 0.1 to 0.25 g/cn? over
conventional processing perforned at equival ent conpaction
pressures. The process al so provides increased green strength and
reduced die ejection forces.

The ANCORDENSE process can easily be adapted to utilize existing
powder netallurgy processes and equi pnent and is applicable to
all Ancorsteel ® [ 3] high performance material systens.

Pore Free Density

Bef ore di scussi ng t he ANCORDENSE process in detail, it would be
useful to review the concept of pore free density. Pore free
density is defined as the density of a green conpact in which al
interparticle porosity has been conpletely elimnated. Ootaining
atotally pore free conpact is essentially inpossible in
conventional conpaction. A key factor in limting maxi mum green
density is the elastic nature of the materials involved. The

el asticity results in green expansion after the conpaction |oad
is renmoved and the part is ejected fromthe die. Despite the fact
that it is inpossible to obtain pore free density, the concept



provi des an inportant benchmark to evaluate the effectiveness of
t he conpaction process.

The pore free density of a prem x can be calculated fromthe
specific density and percentage of each of the constituents
present in the prem x. The density of several common ferrous
powder netallurgy base materials and additives were neasured
usi ng pycnonetry and the results are listed in Table Il. The
density of ferrous base materials is approximtely 7.85 g/cnft.

The addition of materials with a specific density higher than the
base iron (copper and nickel) slightly increases the pore free
density while additions of materials with a | ower specific
density than the base iron (lubricants and graphite) |lowers the
pore free density. Figure 3 indicates the effect of several
common prem x additives on pore free density. This figure clearly
illustrates that increasing the percentage of |ubricant or
graphite in the premx will lower the pore free density.

I n previous powder netallurgical systens, approaching the pore
free density was rather difficult. Wth the new ANCORDENSE
process, achieving near pore free density is now possible. The
new | ubri cant system designed for ANCORDENSE is specifically

engi neered to operate successfully at |ower |ubricant |evels than
have been customary which servers to increase the green density
that can be realized. Additionally, to take full advantage of the
ANCORDENSE process, graphite additions can be m nim zed by
utilizing a careful Systens approach to alloy selection to insure
that the best conbination of density and perfornmance is achieved.

Table I1: The Specific Density of Several Conmon Powder
Met al | urgy Base Materials and Additives as Measured by Pycnonetry
Mat eri al Specific Density
(g/ cnt)
Ancor st eel 1000B 7.841
Ancor st eel 4600V 7. 844
Di st al oy 4800A 7.896
-100 mesh Cu 8. 047
Inco NI 123 8. 846
G aphite 2.295
Acr awax 1.003
Zn Stearate 1.139
ANCORDENSE Lube 1. 030

The ANCORDENSE Process

The ANCORDENSE process is shown schematically in Figure 4. The
process utilizes traditional powder netallurgy conpaction




equi pnent but requires that the powder and the die be heated to a
tenperature in the range of 265°F to 310°F. It is reconmended
that the process tenperature be controlled to maxi mum vari ation
of +/-5°F. The ANCORDENSE process is a derivative of the
ANCORBOND® [ 4] technology [7] and a highly engi neered | ubricant
systemto optimze performance within this tenperature range.

Wth the ANCORDENSE process (Figure 4), the press ready powder is
transferred to a storage hopper on the press and then fed into a
heating device prior to transfer into the shuttle. Various
heati ng systens can be used to heat the powder uniformy to the
specified tenperature range. The heated powder is then fed into a
storage contai ner that provides powler to the shuttle. Foll ow ng
heating, the powder is fed into the die and conpacti on conti nues
in the sane manner as for a traditional powder netallurgy part.
The part can then be sintered in a customary fashion to provide a
hi gh density/ hi gh performance powder netal |l urgy part.

Typically, both the container and shuttle are heated and
insulated to prevent heat | oss and to insure uniformtenperature
of the powder. The die is also heated to the specified
tenperature range. The die can be heated using resistance type
heaters with a thernocoupl e enbedded within the die to provide
tenperature control. It is inportant that all tool nenbers be at
a uniformtenperature to avoid a tool collision resulting from
thermal m smatch. Therefore, the top punch assenbly and | arge
core rode assenblies should al so be heated. Bottom punches are
typically not directly heated as the punches remain in contact
with the die and are heated by conduction fromthe die. Care nust
be taken to insure that heat transfer fromthe die into the press
frame is mnimzed to prevent any possible press damage. |f
needed, sinple insulation techniques can be utilized to limt the
heat transfer fromthe die to the platens.
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Several considerations should be made in terns of tool design.
Because the die operates at tenperatures above 265°F, care shoul d
be taken in utilizing a shrink fit carbide insert die. Adequate
shrink must be applied to the die to insure that the insert
remai ns under sufficient conpressive |load. This is not a problem
wth steel dies. Additionally, the ANCORDENSE process provides
much hi gher densities than were before possible. QObtaining these
hi gher densities increases the load on the die and it is
suggested that the die be sufficiently rigid to handle the

i ncreased | oads.

Property Enhancenents
Hi gh Performance Structural Materials

In order to evaluate the technol ogy, two prem xes conposed of

Di stal oy 4800A with 0.6 wt.%graphite were prepared. One sanple
contained 0.6 wt.% Acrawax while the second sanpl e contai ned
0.6Wm. % of the new ANCORDENSE | ubricant. The naterials were
conpacted into standard test speci nens using production
conpaction equi pnent. The Acrawax containing prem x was conpacted
at anbi ent conditions while the ANCORDENSE prem x was conpacted
at 290°F. Green and sintered properties were then anal yzed
according to standard test nethods. G een and sintered (2050°F
for 30 mnutes at tenperature in 25% N,/ 75% H, at nosphere)
densities were neasured on TRS test specinens and are presented
in Figure 5. The data indicates that a density increase of from
0.15 to 0.25 g/cn? is realized in both the green and sintered
state for a given conpaction pressure.

Green strength results are presented in Figure 6. The plot is
made on a density basis rather than conparing conpaction
pressures to indicate the clear superiority of the ANCORDENSE
process. Distal oy 4800A possesses an inherently high green
strength, even utilizing conventional |ubricants and conpaction
t echni ques; however, the ANCORDENSE process still produces a
green strength enhancenent of over 50%to approximately 4000 psi.
In all systens tested to date, the ANCORDENSE process has

mai nt ai ned a green strength | evel of about 3000 to 5000 psi,

i ndependent of the Ancorsteel alloy system This advantage may
al |l ow automated handling of delicate parts while mnim zing the
possibility of green part danmage.

G een expansi on and di nensi onal change characteristics observed
i n the ANCORDENSE and conventional processes are shown in Figure
7. The graph indicates very little difference in di nensional
change characteristics between the two processes up to densities



of around 7.2 g/cnf. Above 7.2 g/cnt, ANCORDENSE processed
sanpl es exhibited greater green and sintered di nensi onal change.
The greater dinmensional change, observed at density l|levels only
obtained with the ANCORDENSE process, is the result of the
greater spring back of the conpact as it approaches pore free
density. As the overall density of the conpact nears the pore
free density, there is nore efficient transfer of conpaction
energy through the conpact and the density distribution within

t he conpact beconmes nore uniform The nore uniformgreen density
should lead to a nore uniform sintered dinensional change wi thin
all sections of the part. Because of the high green densities
achi eved, the tooling design is critical due to of the high
stresses experienced within the die.
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Figure 5 Green and Sintered Density for ANCORDENSE and

Conventional ly Conpacted Prem xes of D stal oy 4800A+0. 6%

Lubricant (Sintered at 2050°F for 30 mnutes in a 75% H/ 25% N,
at nosphere)
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Transverse rupture strength results obtained are shown in Figure
8. As expected, the increase in density as a result of the
ANCCORDENSE process resulted in significantly increased strength.
Experience to date has indicated that at a m ni num equival ent
strengths are obtained fromthe ANCORDENSE process and in a
nunber of cases the strength is higher than normally processed
materials at the sanme sintered density.

Ej ection | oads were neasured for the two processes during
conpaction of a 0.4"X0 4"X2.5" test specinen in a fully

i nstrunment ed nechani cal press. The data for specinens conpacted
at 50 tsi are presented in Figure 9. The highest point on each
curve represents the peak force needed to initiate novenent of
the part fromthe die, while the remaining points are the forces
measured while the part was sliding fromthe die cavity. The
ANCORDENSE process exhibited significantly | ower ejection forces
relative to an Acrawax contai ning prem x. Considering that the
ANCORDENSE sanpl e had a green density inprovenent of over 0.1

g/ cn? over that of the conventionally prepared sanple, the |ower



ejection forces are even nore significant. The | ower ejection
forces should pronote better die life and all ow conpaction of
nmore conpl ex geonetries. However, if the ejection forces obtained
during conventional processing with Acrawax prove to be
acceptable, the possibility exists to run the ANCORDENSE process
at a reduced lubricant |evel. As each reduction in |ubricant

level of 0.1 wt.% allows the pore free density to increase about
0.05 g/cnt, additional increases in green density are possible.

Magnetic Materials

Sanpl es of Ancorsteel 45P were prepared and conpacted
conventionally with 0.6% Acrawax and prepared and conpacted
utilizing the ANCORDENSE process. Both materials were sintered at
2300°F in 100% H, for 30 m nutes. Physical properties were

determ ned on the ANCORDENSE material and are listed in Table
I1l. These data make t he advantages of higher f density

obvi ous The extrenely high ductility values that result from high
density processing are nost noteworthy

Table 111 Physical Properties of ANCORDENSE Processed Ancor steel
45P
Conpacti on G een Sintered TRS 0.2% Yield Utimte El ong. Har d.
Pressure Density Density (psi) Strength Tensi |l e (% ( HRb)
(tsi) (g/ cnt) (g/ cnt) (psi x 10%) Strength
(psi x 10%)
30 7.06 7.25 NB* 33.6 52.3 16. 4 53
40 7.28 7.46 NB* 36.1 57.3 20. 4 61
50 7.39 7.57 NB* 39.0 61.7 25.2 67

*NB = No Break

Toroi ds were al so conpacted and sintered at 2300°F for 30 m nutes
in a hydrogen at nosphere Magnetic hystersis curves were generated
at drive fields of 15 and 30 OCe. The data indicates that the

| arge inprovenents in sintered density obtained with the
ANCCRDENSE enhance magnetic performance significantly.

Addi tional ly, the ANCORDENSE process yields slightly inproved
magneti c properties (Figure 10) for a given density when conpared
wi th conventional processing. The large increase in density
realized fromthe ANCORDENSE process also results in an increase
i n maxi mum i nduction (Bmwmx, Figure 11) indicating an increase in
saturation induction. This inprovenent is especially useful in
applications where powder netallurgy parts are utilized as flux
carriers for a permanent magnet. In many of these cases, the

per mmnent magnet easily saturates the powder netallurgy part and
the increase in density allows smaller conponents to be utilized.
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GREEN STRENGTH AND MACHI NI NG

The inportance of green strength to powder netallurgy parts is
obvi ous. The need to nove green parts fromthe press to sintering
furnaces provides significant opportunity for part chipping and
cracki ng. Automated handling of green parts, although cost
effective and efficient, represents another opportunity for

i nduci ng green cracks. In the worst case, green damage nay go
undetected until sintering and other secondary operations are
conpl eted, thus adding significantly to part production costs.

As nentioned previously, machining of high performance powder
metal lurgy alloys presents significant chall enges. Sinter

har dened systens can provi de excellent physical properties and
apparent hardness in excess of Rockwell Rc 20 but the increased
har dness makes secondary machi ning operations difficult if not

i npossi bl e.

The ANCORDENSE process has been shown to provide extrenely high
green strength. It is interesting to note that inproved green



strength can be obtained even at | ower conpaction pressures and
density levels (Figure 6). Figure 12 indicates the | evel of

i nprovenent that may be expected from several additional
conpositions. This inproved strength should help m nimze green
scrap problens encountered with sone parts.

In order to investigate the possibility of green machining,

bl anks (3.5” long by 0.45”) were prepared from Di stal oy 4800A
with 0.5%graphite and 0.6% | ubricant utilizing the ANCORDENSE
process. These bl anks were then machined in the green state
utilizing standard machine tools. In all cases, the machining was
performed with no |ubricant. Rather than generating traditional
machi ni ng swarf, the operation resulted in powder being renoved
fromthe bar. C anping of the work piece was done at
significantly | ower pressures to prevent cracking in the green
part. Tool |oads were not neasured but are expected to be only a
smal | fraction of what m ght be expected in machining a sintered
part.

The possibilities of drilling and tapping a hole by green
machi ni ng were evaluated. A hole was drilled in the blank
perpendi cular to the pressing direction on a drill press. Threads

were then tapped in the hole wwth a hand tap. The bar was then
sintered at 2050°F for 30 mnutes in a 75% H/ 25% N, at nosphere
for 30 mnutes at tenperature. A bolt was then easily threaded
into the hole without any further operations. The machi ned part
is pictured in Figure 13a.

A second part was chucked in a netal lathe and turned round in
the center utilizing a standard parting tool. The resulting
surface finish of the machi ned section was excellent (Figure
13b). The major difficulty encountered in this trial was
occurrence of chipping at the corner of the bar in the transition
regi on between the round center and the square ends. It was

di scovered that utilizing higher work piece rotational speeds
(>1000 RPM elimnated the chipping.

Finally, a series of grooves were mlled into the blank (Figure
13c). The test blank was clanped in a mlling machi ne and 0.2
grooves were cut 0.2” into the surface of the bar in a single
pass. The resulting machi ned surface appeared to be excellent.
The only probl em encountered was when the end m || broke through
t he opposite side of the part where sonme chipping occurred. This
probl emwas easily rectified by starting the groove from both
sides of the bar and finishing in the m ddle.

Lower Conpaction Pressures

In order to investigate the effect of the ANCORDENSE process at
| ow conpaction pressures, an ANCORDENSE prem x was prepared from



Ancorsteel 1000B P/F with 2% Cu, 0.5% MhS, 0.7% graphite and
0.75% |l ubricant. Geen strength bars were conpacted from 10 tsi
to 40 tsi. The green density and green strength results are
reported in Figure 14. The results indicate that even at
conpaction pressures as low as 20 tsi, green densities greater
than 6.7 g/cn? and green strengths greater than 2500 psi are
obt ai ned. These results suggest two possibilities. If the | ower
densities provide acceptable part performance, significantly

| arger part areas can be conpacted on a given size press. This
enabl es |l arger parts to be manufactured on existing equi pnent

t hus expandi ng the market opportunities for powder netall urgy.
Secondl y, conpacting nuch nore fragile parts to noderate density
may be possible. The conbination of utilizing fairly | ow
conpaction pressures to obtain acceptable density levels with
potentially delicate tooling and the resulting higher part green
strength may provide new part opportunities.

Prelimnary Part Production Experience

Hoeganaes Corporation, in conjunction with G ncinnati

| ncorporated and several parts manufacturers, has eval uated the
potential of the ANCORDENSE process on a series of actual powder
nmet al | urgy conponents. The parts evaluated ranged in size from
about

100 granms to in excess of 1000 grans (Figure 15). Shape
conplexity varied fromsinple, single | evel spur gears to nulti-
I evel internal/external tooth configurations and helical gears.
In all cases, existing powder netallurgy tooling was nodified to
i ncorporate resistance heaters capable of maintaining the tools
at 300°F. Production press rates of 10 parts per m nute and
greater were naintained for these trials.

The results of these actual part trials indicate that the
ANCORDENSE process i s capabl e of produci ng powder netal |l urgy
parts with sintered densities of up to 7.45 g/cnm?. Al parts
tested obtained either an increase in sintered density in the
range of 0.1 g/cn? to 0.25 g/cn? for a given conpacti on pressure
or a decrease of at least 10 tsi to obtain a given density. The
part trials
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Figure 13: Exanples of G een Machi ned ANCORDENSE Sanpl es
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Fi gure 15: Exanples of Powder Metallurgy Parts Produced in Actua
Part Trials w th ANCORDENSE

al so confirmed that the high green strength, nore uniform part
density and reduced ejection forces observed in |aboratory
studi es were successfully translated into a production
environment. Die filling and flow characteristics of the
ANCORDENSE powder net expectations for conventionally bl ended
prem xes.

Concl usi ons

Thi s paper introduces the new ANCORDENSE process. The foll ow ng
can be concl uded about the ANCORDENSE process:

1) The new ANCORDENSE process can provide densities of up to 7.45
g/cm® froma single conpaction process. Density and perfornmance

| evel s previously achieved through costly additional processes
are now easily obtained by single conpaction.

2) H gher density levels can be achieved in parts with conpl ex
shapes that are unsuitable for doubl e pressing/double sintering.

3) The ANCORDENSE process provides significantly higher green
strength than conventionally pressed parts. The increased green



strength will limt green damage during handling.

4) The increased green strength of the parts presents
opportunities to machine green parts. This possibility may be
critical in the use of sinter hardening all oys where machi ni ng
after sintering may prove inpractical.

5) Parts made fromthe ANCORDENSE process show i nproved part
ej ection characteristics.

6) Hi gher densities can be achieved at | ower conpaction
pressures. This may overcone a press capacity limtation.
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NOTES
1. ANCORDENSE is a tradenmark of the Hoeganaes Corporation

2. The information included in this paper is covered by one or
nore of the followng U S Patents:

4090868, 4093449, 4503025, 4126452, 4190441, 4483905,

4676831, 4834820, 5060001, 5080712, 5108493, 5154881,

5198137, 5217683, 5225459, 5256155 and 5268140. Additional U. S
Patents are pending and various foreign patent coverage exists or
i s pendi ng.

3. Ancorsteel is a registered trademark of the Hoeganaes
Cor por ati on.

4. ANCORBOND is a registered trademark of the Hoeganaes
Cor por ati on.



