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ABSTRACT

The bi nder-1ubricant concept in which the binder acts to

| ubricate as well as to bond is introduced. The bi nder treatnent
effects on prem x properties of an ordinary binder versus one
with lubricating properties are conpared. It is shown that the

| ubricating binder is superior in ternms of its effects on
conpressibility and die ejection forces. Gherwise, it is shown
to be simlar to the ordinary binder in suppressing dusting and
segregation, and inproving powder flow.

| NTRODUCTI ON

Bi nder-treated m xes becane commercially available on a |arge
scale in the United States under the tradenanme, ANCORBOND™, in
1989 [1,2]. Since then, there have been two maj or advances on the
original technology. One, hereafter referred to as the binder-

| ubri cant technol ogy, was quietly introduced in 1992. The ot her,

t he ANCORDENSE™ or war m conpacti on technol ogy, was introduced in
1994 [3]. The subject of the present paper is the earlier of

t hese two advances, the binder-1lubricant technol ogy.

The research that led to the original bonding technol ogy was
initiated in 1984 and was devel oped around the prem x

requi renents of that tinme. However, by the tinme of its
commerci alization and even earlier, it was evident that prem X
requi renents were changing and that changes to the technol ogy
woul d be necessary if it was to remain viable.

The particular difficulty that was foreseen was in the
conpressibility property. The original technol ogy was desi gned
specifically to accommpdate green densities of up to 6.9 g/cn?

w thout significant |oss of conpressibility conpared with the
unbonded conditi on. However, even as early as 1987, there were
two industry trends that suggested that this circunstance would
not be adequate for future needs. One was the willingness of P/ M
fabricators to quote on parts of yet higher and higher sintered
density. The other was a slow but steady drift towards the use of
m xes of higher adm xed all oy content. The latter was potentially
probl emati cal because it indicated the necessity for increased



bi nder contents. The difficulty, of course, being that increased
organic contents of any kind generally lead to | ower
conpressibilities.

Research to deal with what were seen as the potential shortfalls
of the original technology was initiated in 1988. The specific
aimwas to nodify the technolﬁgy to accommodate density
requirenents of up to 7.1 g/cnt as well as m xes of higher

adm xed alloy contents. At the sane tine, it was considered
essential to retain the principal benefits of the original
technology in terns of reduced dusting and segregation, and

i nproved powder flowate characteristics [4].

The Bi nder-Lubricant Concept

The research that was subsequently conducted with the indicated
objectives started froma sinple idea. This was to reduce the

| ubricant content by the anmount of the binder addition. Pore-free
density cal cul ati ons had suggested that, depending on the anount
of the binder addition, this could result in density increases of
as nmuch as 0.10 g/cn? versus the usual nethod of sinply adding
the binder in addition to the lubricant. In due course,
prelimnary studies showed that such increases were indeed
att ai nabl e. However, the studies al so showed that there were
serious drawbacks as well. These included attendant increases in
the die ejection forces and eventual, if not immed ate, crazing
of the part surfaces. In the worse cases, the increase in the

ej ection forces was roughly in proportion to the decrease in the
| ubricant addition. In other words, if the decrease in the

| ubricant was 20% the resultant increase in the ejection forces
correspondi ngly was about 20%

It was evident fromthese findings that the action of the binder

in these cases was essentially [imted to bonding. It was evident
al so that what was needed was a binder that acted to lubricate as
well as to bond. Since nost binders and |lubricants are polyneric

in nature and exhibit many of the sane structural

characteristics, it seened reasonable to expect that such a

mat eri al exi st ed.

The experinental approach that was subsequently pursued was
mai nly enpirical but not entirely so. During the devel opnent of
the original technology, there was one material, in particular,
t hat had di spl ayed both bonding and | ubricating effects. For
reasons that need not be el aborated here, this material was
eventually elimnated fromthe earlier devel opnment. However, it
now seened |ike a good starting point for the present study.

As it turned out, this was a good choice. The first binder-
| ubricant to be discovered was a nenber of the sane polyneric



famly. Subsequently, several other binder-|ubricants were found
by using this material as a nol ecul ar nodel .

Significantly, many of these materials contributed a |ubricating
effect that was beyond the effect of the ordinary |ubricant that
they replaced. There were two notable effects in this regard. One
was that the density increases that were observed were greater

t han what were expl ai nable on the basis of the attendant
decreases in the total organic contents. The other was that the
die ejection forces were | owered conpared with what they would be
wi th an ordinary |ubricant.

The purpose of the present paper is to report selected findings
that exenplify these effects. The results of a relatively sinple
study of one of the nost interesting of the several binder-

| ubricants that were discovered will be presented. Basically, the
study indicates the property inprovenents that are obtainable
with this material as conpared with the original bonding

t echnol ogy and the unbonded condition. The prem x enpl oyed in the
study was a copper-ni ckel -graphite conposition of relatively high
all oy content.

EXPERI MENTAL PROCEDURE

The entire study is based on conpari sons between four m xes. The
general procedure enployed was to prepare the m xes and to
determ ne their powder, green and sintered properties under
simlar conditions. The major differences frommx to mx were
essentially conpositional in nature and had to do with the binder
and the regular lubricant additions. These details are best left
to the presentation of the findings. In all other respects, the
procedure was as foll ows.

Al of the m xes were made fromthe sanme | ot of iron powder
(Ancorsteel 1000) and were lubricated with additions fromthe
sane | ot of Lonza Acrawax C. The graphite used in the m xes was
fromAsbury G aphite MIls and had a nean particle size in the
range of 4 to 6 mcroneters. The copper used was Alcan 301 with a
mean particle size in the range of 20 to 25 mcroneters. The

ni ckel used was Inco 123 with a nean particle size in the range
of 10 to 14 mcroneters. The average m x wei ght was 2 kil ograns
and m xing was by dry mxing for 30 m nutes using standard bottle
m xi ng equi pnent. The m xes that were designated for binder
treatnent were bonded after dry m xing according to procedures

t hat have been described el sewhere [5].

The finished mxes were tested initially for apparent density,
Hal | fl ow and dusting resistance. The dusting tests included
determ nations for each alloying ingredi ent present



Green density and green strength determ nations were conducted
next using standard transverse rupture bars. Three different
conpaction procedures were used in preparing the specinens. The
aimwas to obtain data that would be applicable to presenting as
conpl ete a characterization of the conpaction behavior of the

m xes as was reasonably possible.

In one procedure, the m xes were conpacted to a conmon density of
6.9 g/cnt. In this case, the aimwas to deternmine the effects of
the various mx differences on the conpaction pressure required
to attain this density. These specinens also were |ater used to
determ ne the sintered properties of the mxes. Sintering was at
2050°C for 30 mnutes at tenperature in synthetic DA. Besides the
sintered properties, these determ nations included chem cal

anal yses for each adm xed all oy present and for the sintered
oxygen content.

In the second conpaction procedure used, the m xes were each
conpacted at a common pressure of 550 MPa (40 tsi). In this case,
the aimwas to determne the effects of the m x differences on
the die ejection forces as well as on the green density and green
strength properties. Two values related to the ejection forces
were neasured. One, called the stripping pressure, is a nmeasure
of the static friction that nust be overcone to initiate the
ejection process. It is calculated as the quotient of the | oad
needed to start ejection over the total cross-sectional area of
the part in contact wth the die. The other, called the sliding
pressure, is a neasure of the dynamc friction that nust be
overcone to continue the ejection process once it is started. It
is calculated as the quotient of the average | oad observed as the
part traverses the distance fromthe point of conpaction to the
top of the die over the area of the part in contact with the die.

In the third conpaction procedure used, each of the m xes was
conpacted at a series of pressures using tools that were pre-
heated to a tenperature of ~70°C. The pressures used incl uded
415, 550, and 690 MPa (30, 40, and 50 tsi). The aim in this
case, was to determne the effects of the mx differences under
conditions that were nore |like those net in actual practice. The
use of 70°C, in particular, was based on studies that indicated
it to be typical of the tenperatures that arise fromfrictiona
heati ng under normal production conditions. For exanple, the
steady state values that were observed in the studies were
ordinarily upwards of 60°C but, given reasonabl e operating
condi tions, sel dom exceeded 80°C.

RESULTS AND DI SCUSSI ON

The nom nal adm x alloy contents of the four m xes that conposed
the study were 1 w o graphite, 2 w o copper and 2 w o nickel.



O herwi se, the m xes were each made with various |ubricant and
bi nder contents and different binder types as indicated in the
foll ow ng table.

Table I: Lubricant and Bi nder Contents and Bi nder Types by M x

M x Nunber Acrawax C Bi nder
w o w o Type
1 1.00 - - - -
2 1.00 0. 25 Sinpl e
3 0.75 0. 25 Si npl e
4 0.75 0. 25 Lubricati ng

Mx 1 in the table represents the unbonded condition. Mxes 2, 3,
and 4 are all bonded. M xes 2 and 3 represent the original
bondi ng technol ogy. The difference between the two is that the
lubricant in Mx 3 has been reduced by the anmount of the binder
addition. Notice that the binder type in both of these mxes is
listed as "sinple'. This designation is given to underscore the
fact that this particular binder does little nore than bond.
Finally, Mx 4 represents the binder-Ilubricant technol ogy. Here
again, the lubricant has been reduced by the anount of the binder
addi ti on.

The powder, green and sintered properties of the m xes are
presented in Table Il. A brief review of these data will serve to
i ndi cate both the problemfacing the original bonding technol ogy
and the solution represented by the use of binder-|ubricants.

Table I'l: Properties of Copper-N ckel -G aphite M xes
M x Number
Property 1 2 3 4

Powder Properties

Dust Resistance (%

G aphite 16 98 97 96

Copper 29 98 96 93

Ni ckel 20 96 89 96

Apparent Density (g/cn?) 3.03 31.0 | 3.14 | 3.15

Hal | Fl ow (sec/ SQg) No Flow| 25.8 | 24.7 | 25.3
G een Properties @6.9 g/cnv

Conpacting Pressure (MPa) 515 633 574 516

D nensi onal Change vs Die (% 0.24 0.27 | 0.26 | 0.22
Sintered Properties @6.9 g/cnv

D nensi onal Change vs Die (% 0.18 0.19 | .019 | 0.16

Sintered Density (g/cn?) 6. 82 6.82 | 6.81 | 6.81

Transverse Rupture Strength (M Pa) 1195 1144 | 1180 | 1185




Appar ent Hardness (HRB) 88 86 85 87
Sintered Chem stries

Car bon (w o) 0.94 0.92 | 0.93 | 0.95
Copper (w o) 20.3 2.05 | 2.02 | 2.06
Ni ckel (W o) 1.99 2.00 | 1.97 | 1.99
Oxygen (W o) 0. 05 0.05 | 0.05 | 0.05

Conpaction to 6.9 g/cn?

The data in the Green Properties section of the table show ng the
pressures required to achieve the 6.9 g/cn? density |evel provide
a capsule view of the situation. Accordingly, the pressure
indicated for Mx 2, representing bonding with a sinple binder,
is substantially higher than that of Mx 1, the unbonded
condition. As indicated by the pressure shown for Mx 3, reducing
the regular lubricant content in this case by the anmount of the
bi nder was hel pful but not entirely satisfactory. Only in the
case of Mx 4, the binder lubricant mx, is there reasonable
parity between the pressures required for the bonded and unbonded
condi ti ons.

The bal ance of the data in Table Il is of interest to indicate
that the binder-lubricant technology is basically equivalent to
the original technology in other respects. The data in the Powder
Properties section show that the particul ar binder-|ubricant used
in this study effected essentially the sanme inprovenents in
dusting resistance and powder flowate as are indicated for the
sinple binder. Simlarly, the data in the Sintered Properties
section show that there was little, if any, effect of the new

bi nder on the sintered properties and chem stri es.

Conpaction to 550 MPa

The properties resulting from conpaction of the m xes to a conmon
pressure of 550 MPa, (40 tsi), are shown in Table Il1l. In
addition to density and green strength, these determ nations al so
i ncl uded neasurenents of the attendant ejection forces. As a
point of reference, the tools in this study were at anbient
tenperature, ~20°C (i.e. |l aboratory tenperature).

Table I'll: Conpaction at Anbi ent Tenperature
M x Number
Properties 1 2 3 4

Pressure @550 MPa & Tools @~20°C

G een Density (g/ cn?) 6.93 | 6.82 | 6.88 | 6.93
Green Strength (MPa) 8.3 7.8 8.0 10. 3
Stripping Pressure (MPa) 16.8 | 16.4 | 18.4 | 14.0
Sliding Pressure (MPa) 12.4 | 12.6 | 13.0 8.7




The density data in Table Il show essentially the sane trend as
the pressure data in Table Il. Conpared with the unbonded
condition, the conpressibility was decreased by the use of the
sinple binder and returned to parity by the binder-I|ubricant.
Interestingly, the green strength data show sonewhat the sane
trend. However, in this case, the decreases associated with the
sinple binder are relatively smaller and the increase with the

bi nder -1 ubricant, unexpectedly nmuch |arger. Accordingly, the
green strength shown for the binder-lubricant mx in the table is
about 20% greater than that of the unbonded m x.

The ejection force data in the table show yet another trend. In
the case of the sinple binder, Mx 2 exhibited about the sane

ej ection forces as the unbonded m x. Recall that each of these

m xes had the sane lubricant content. In conparison, Mx 3, with
a reduced | ubricant content, showed sonewhat higher forces. The
increases in this case were | ess proportionately than the
decrease in the lubricant content but neverthel ess were
significant. In contrast, the binder-lubricant m x exhibited the
| owest ejection forces. Conpared with the unbonded m x, the
stripping pressure was ~15% | ower and the sliding pressure, ~30%
| ower. Recall also that this mx had a reduced | ubricant content.
Thus, not only did the binder in this case act to |ubricate but
apparently it was nuch better in this respect than the regul ar
lubricant that it replaced.

Conpaction at an El evated Tenperature

The properties resulting fromconpaction of the m xes at various
pressures using preheated tools at about 70°C are shown in Table
| V. The pressures used included 415, 550 and 690 MPa, (30, 40,
and 50 tsi). The properties determ ned were the sane as in the
previ ous study.

Tabl e I'V: Conpaction at El evated Tenperatures

M x Number
Properties 1 2 3 4

Pressure @415 MPa & Tools @~70°C

G een Density (g/ cn?) 6.77 | 6.73 | 6.75 | 6.78
Green Strength (MPa) 7.9 14.6 | 15.3 | 11.3
Stripping Pressure (MPa) 16.5 | 16.0 | 18.3 | 15.9
Sliding Pressure (MPa) 11.4 | 11.5 | 11.9 | 11.7
Pressure @550 MPa & Tools @~70°C

G een Density (g/ cn?) 6.97 | 6.89 | 6.94 | 7.01
Green Strength (MPa) 10.4 | 14.9 | 16.9 | 13.7
Stripping Pressure (MPa) 17.6 | 16.9 | 18.8 | 17.0
Sliding Pressure (MPa) 12.4 | 11.9 | 14.5 | 10.6




Pressure @690 MPa & Tools @~70°C

G een Density (g/ cn?) 7.06 | 6.99 | 7.05 | 7.11
G een Strength (MPa) 10.6 | 15.6 | 17.4 | 12.6
Stripping Pressure (MPa) 18.4 | 17.7 | 19.5 | 16.5
Sliding Pressure (MPa) 13.5 | 11.6 | 16.9 8.5

Effects of the Tenperature |Increase

The data in Table IV corresponding to conpaction at 550 MPa
initially were conpared to those in Table Ill to indicate the
effects of tenperature on properties. As a review of the data
wll show, the main effect of the tenperature increase was to
i ncrease each of the four properties |isted.

The density increases with tenperature were of primary interest.
Significantly, the greatest relative inprovenent in this regard
was in the binder-lubricant mx. The upshot was that the density
of the binder-|ubricant m x now exceeded that of the unbonded

m x. Moreover, as a cursory review of the balance of the data in
Table IV wll show, this also was true at each of the other
pressures |isted.

The increases in green strength with tenperature also were
significant. Unexpectedly, the greatest relative increases in
this case were in the sinple binder mxes. As inspection of the
appropriate data in the two tables wll show, the val ues
resulting fromconpaction at the el evated tenperature were
roughly tw ce those indicated for conpaction at anbient

t enper at ure.

The green strength increases of the binder-lubricant mx al so
were substantial. Although not as great as for the sinple binder
m xes, they were, in any case, greater than those of the unbonded
m x. Thus, the binder-lubricant m x continued to exhibit the
greater green strength of the two.

Finally, of all of the effects of conpaction tenperature, the
increases in the ejection forces were, perhaps, the nost curious.
Wth the exception of the binder-lubricant mx, they were all
rather smaller than expected; averaging |ess than about 5% In
conparison, the increases in the binder-lubricant mx were
slightly upwards of 20% Yet, the binder-lubricant mx still

i ndi cated the | owest overall values. For exanple, conpared with

t he unbonded m x, its stripping value was a little |less than 5%
| oner while the corresponding sliding value was well over 10%

| owner .

Effects of the Increases in Pressure




The responses of the mxes to the pressure increases generally
were the expected ones. Each of the |isted properties increased
Wi th increasing pressure. However, there was one exception. This
was in the binder-lubricant mx. Amazingly, the ejection forces
in this case decreased with increasing pressure. Thus, as
reference to the data will show, at the highest pressure, the

bi nder-lubricant m x exhibited just about the | owest ejection
force values listed in the entire table. As a matter of general
interest, not all binder-lubricants exhibit this particular
behavi or.

In other respects, the trends in the mx to mx variations in the
data were simlar at each pressure |evel. The binder-1|ubricant

m x exhi bited higher densities, green strengths and | ower

ej ection forces than the unbonded m x. Except for green strength,

it was superior to both of the sinple binder m xes as well. The
si npl e binder m xes, on the other hand, exhibited the highest
green strengths overall. O herw se, generally they were |ess

conpressi ble than the unbonded m x. Interestingly, the
conpressibility of Mx 3 with the reduced | ubricant content
approached that of the unbonded m x at the highest pressure.
However, both at this pressure and ot herwise, Mx 3 exhibited the
hi ghest ejection forces overall. For exanple, conpared with M xes
1 and 2, the average stripping pressure of the mx was ~10%

hi gher and the average sliding pressure, alnost 25% hi gher. Thus,
as indicated at the outset, the percentage increase in the
ejection forces in this case approached the percentage decrease
in the lubricant content.

Application O The Findings - The Bi nder-Lubricant Technol ogy

As is evident fromthe findings, binder-lubricants clearly
offered the possibility to extend the range of applicability of
the original bonding technology. In addition, they offered the
opportunity to inprove upon it. Consequently, the technol ogy that
eventual |y was comercialized incorporated both of these
enhancenent s.

The current technology is applicable to prem xes of higher alloy
content and to densities up to 7.1 g/cnf. The resulting m xes
continue to display the benefits of the original technology in
terms of reduced dusting and segregation, and inproved powder

fl ow characteristics. In addition, conpared with the unbonded
condition, they exhibit significantly higher green strengths and,
gi ven normal pressing conditions, equivalent to higher
conpressibilities. As a practical matter, know edge of the
prospective part geonetry and green density is essential to
provi de the opti numthat the technology has to offer. This is
especially true in the case of conpressibility.



SUMVARY AND CONCLUSI ONS

Conpared with the unbonded condition, the original bonding
technol ogy mainly offered inprovenents in dusting resistance and
powder flow. O herwise, it was |imted by conpressibility
constraints to densities under 6.9 g/cn? and to preni xes of |ow
to noderate alloy content. Industry trends suggested the need to
extend the technology to higher densities, specifically to the
7.1 g/cnt level, and to prem xes of higher alloy content. Thus,
research with this objective was undertaken

The principal indication of the findings of this research was
that the use of binders that act to lubricate as well as to bond
offered the possibility to inprove the original technol ogy as
well as to extend it. Subsequent application of these findings
culmnated in the binder-I|ubricant technol ogy just described.

The research that produced these results was conducted prior to
1992. In fact, many of the findings indicated here were already
avai l able as early as 1989. Apart fromtheir applicability to
solve the problens that were foreseen for the original bonding
technol ogy, they also had inplications that went well beyond this
particul ar objective. It was as a consequence of this that it was
consi dered prudent to withhold themuntil now. There were two
such findings in particular. Each is discussed briefly bel ow

One of the indicated findings was the effect of increased
conpaction tenperatures to increase density. H G Rutz had

i ndependent|ly observed this effect in regular m xes.
Subsequently, Rutz and S. H Luk collaborated to investigate the
effect in binder treated m xes [6]. The upshot, of course, was

t he warm conpacti on technol ogy.

The other finding of interest was the significant increases in
green strength that were observed. These and simlar increases
with other binders that were under study were strongly indicative
of potential new benefits. Upon conpletion of the subject
research, one of the present authors, S. H Luk, went on to

i nvestigate these possibilities. A nunber of new applications now
appear to be on the horizon. One such use is the topic of another
of the current presentations [7].
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