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ABSTRACT

The use of chrom um and manganese as alloying elenments in P/ M
steels offers several potential advantages over copper and nickel
that are used in conventional P/Malloy steels. The paper w ||
illustrate how the principles used to inprove the hardenability
and performance of wought steels can be applied to P/ M chrom um
and manganese all oy steels using a systens approach. The use of
chrom um manganese for P/ M applications was nade possi ble by

bi nder-treated prem x technol ogy of a highly conpressible
preal l oyed | ow all oy base material. The flexibility of alloy
design will be illustrated by exanpl es of through hardening, high
strength I ow all oy steels.

BACKGROUND

The research descri bed was pronpted by recent discussion over the
ability of PPMto produce highly stressed conponents such as
transm ssion gears. Such parts require the devel opnent of P/ M
steels offering inproved conbi nati ons of strength, hardenability,
wear and fatigue resistance over those avail abl e today.

| deal Iy, the properties of such P/Msteels and the conponents
produced fromthem shoul d approach those of the current w ought
systens. This may be attained through the increased part density
of fered by powder forging or double pressing. However, the extra
process steps required by these production routes reduce the
conpetitiveness of PPMsignificantly. A key thene of the research
was to exam ne the properties of alloy systens of high density
achi eved by single conpaction using the patented ANCORDENSE™
process (1,2).

I n wought ferrous netallurgy, the conbination of high strength,
hardness, wear and fatigue resistance is best achieved with a
mcrostructure of tenpered alloy martensite. |Indeed, the benefits
of high tenpered martensite upon the properties of P/ M nickel -

nol ybdenum al | oy steels have been confirned (3). However, copper



and nickel that are widely used in P/ M have | ower hardenability,
the ability to formmartensite, than chrom um or manganese t hat
are used wdely in wought steels. P/M producers have conpensated
for this by enploying high carbon contents to achi eve high
hardness and tensile strength. However, such alloys require high
guench rates to produce fully martensitic mcrostructures. These
hi gh quench rates introduce residual stresses that exaggerate the
natural brittleness of high carbon martensites. The need for high
quench rates also limts the section size that can be hardened
efficiently.

End users of highly stressed parts have expressed a preference
for low alloy steels such as AISI 41XX and 86XX in which the use
of nore efficient alloying elenents enables a fully martensitic
m crostructure to be attained at | ower quench rates and in |arger
section size. The alloy martensites al so devel op high strength at
| oner carbon contents. These factors conbine to reduce the risk
of cracking during part production and service. However, the high
affinity for oxygen of chrom um and nmanganese nmakes it very
difficult to suppress oxide formation during primry powder
production or reduce their oxides during sintering. Mre

w despread use of efficient high tenperature sintering furnaces
with i nproved atnosphere control enables part producers to sinter
chrom um and nmanganese all oy steels effectively. Recently, neans
to introduce chrom um and manganese into P/M steels from high
carbon ferroall oys have been described (4,5) This technique is
nore conpatible with current powder production, and sintering
processes than previous prealloying techniques. The second thene
of the research programwas to exam ne the properties of P/ M

all oy steels of inproved hardenability produced with this

t echnol ogy.

HARDENABI LI TY

The hardenability of a steel is a measure of its ability to form
martensite during cooling. H gher hardenability inplies that a
steel will formnore martensite under given cooling conditions,
or quench rate. A steel's hardenability is controlled by its
carbon content, grain size and all oy conposition. The interaction
of these factors is conplex and subject to debate (6,7). The
hardenability of a steel is generally described in terns of a
critical dianeter, D¢ that will forma mcrostructure
possessi ng 50% martensite under “ideal quench” conditions. The
separate contributions of the various factors is described by
hardenability multipliers, such that:

DC = f1°/6°f2GS°f3°/(Cr°f4%/l‘l°f5%\li

where f,........ mul ti plying factors



oC. . ... ... carbon cont ent
GS........ ASTM grai n size
% r, %h..concentration of alloy el enents

The effects of carbon and grain size are so inportant that
hardenability is usually neasured and reported at a known carbon
content and grain size. The hardenability nmultipliers for common
al l oying el enents, abstracted from ASTM A 255, are shown in Table
| for a nom nal 0.4% carbon content and ASTM 7 grain si ze.

Table I: Hardenability Multipliers of Alloys at 0.5%
Concentration

El ement Mul tiplier
Chrom um 0. 318
Manganese 0.426
Mol ybdenum 0. 398

Ni ckel 0.073
Silicon 0.13

It is apparent that the nultiplier for nickel is |less than those
of chrom um and manganese. The effects of this upon the estinmated
hardenability and critical dianmeter of w dely-used P/M and

wr ought steels of 0.4%carbon content and ASTM 7 grain size are
indicated in Table 11

Table I'l: Conparison of Estimted Hardenability of Steels
Fact or Al SI 4140 Al SI 8640 MPI F FL- 4605
W . Mul tiplier | W. Mul tiplier W . Mul tiplier
% % %
Car bon 0.4 0.33 0.4 0.33 0.4 0.33
G ain Size 7 7 7
Chrom um 0.98 0. 49 0.5 0. 32 0. 05 0. 05
Manganese 0. 88 0.59 0.8 0.59 0. 18 0. 204
8
Mol ybdenum | 0.2 0.2 0.2 0.2 0. 60 0. 447
Ni ckel - - - - 0.5 0.08 1.85 0. 236
5
Sum of - - 1.623 - - 1.526 - - 1.267
Mul tipliers
Dc (i nches) - - 4. 200 - - 3. 360 - - 1.85

Note: Effects of silicon and ot her residual el enents
are omtted.

The estimates show clearly the superior hardenability of the

wr ought steels through use of chrom um and nmanganese as al | oyi ng
el enents. They al so show that the hardenability of steels can be
controlled through adjustnents to alloy conposition.




TEST PROGRAM

The test programwas intended to assess whether the theoretical
benefits of chrom um and manganese, control of hardenability and
thus, mcrostructure and properties, could be translated into P/ M
systens. The program was divided into three phases:

1. To confirmthe effects of chrom um and manganese upon
hardenabi lity.

2. To determne the effects of chrom um nanganese and graphite
upon the sintered properties of nolybdenum preall oy steels.

3. To exam ne the effects of sintered density, achieved by
si ngl e conpacti on ANCORDENSE processi ng upon the nechani cal
properties of specific conpositions.

TEST MATERI ALS

The test materials were designed to investigate the effects of

al l oy conposition upon the conpressibility, dinensional change
and physical properties of PPMalloy steels. The major vari ables
considered are listed bel ow

Mol ybdenum

Mol ybdenum has little sol ution-hardening effect, but inproves
hardenability significantly. Thus, two preall oyed nol ybdenum
steels containing 0.85 and 1.50% nol ybdenum were used as the
matri x of the test materials.

Chrom um and Manganese

Chrom um and manganese were introduced as finely ground high
carbon ferroalloys with particle size below 20 um as described in
Ref erence 4. This techni que reduces the problens of oxide
formati on and poor conpressibility of prealloyed chrom um
manganese steel powders.

Ni ckel

Ni ckel inproves hardenability much | ess than chrom um and
manganese when used as a single alloying elenment in steels.
However, it has proved very effective when conbined with the
preal | oyed nol ybdenum steels (8). It also pronotes shrinkage on
sintering which is very useful for control of dinensional change.
Ni ckel was added as Inco Type 123 powder.

Car bon



Carbon was introduced to the alloy systens as Asbury 3203
gr aphite.

EXPERI MENTAL PROCEDURE

A series of test prem xes was prepared to assess the influence of
the alloying elements, graphite, chrom um nanganese and ni ckel
content, upon the properties of the prealloy matrix. These test
prem xes were conpacted to tests pieces for determ nation of
physi cal properties, mcrostructure and hardenability. Throughout
the test progranms, the test pieces were sintered at 2350°F, in an
at nosphere of 75% hydrogen/ 25% nitrogen for 30 m nutes at
tenperature. The |arger test pieces were equilibrated at 1600°F
for 15 mnutes before entering the hot zone. The sintered test

pi eces were stress-relieved at 400°F for one hour prior to
testing.

Hardenability Testing

The effect of the alloying el enents upon hardenability was
determ ned using 1” dianeter Jomny test pieces (Figure 1) in
accordance with ASTM A 255. The test pieces were nmachined from 4”
di aneter, 1.25" high powder forged conpacts, then austenitized at
1600°F for 30 mnutes prior to quenching.

Mechani cal Properties

Tensile testing was on a Tinius A sen testing systemin
accordance wwth ASTM E 8 using a crosshead speed of 0.025-
inch/ mnute. Testing was conducted using both as-sintered “dog-
bone” and machi ned round test pieces for conventional and
ANCORDENSE- pr ocessed al | oys, respectively. Were quoted, the
transverse rupture stress and di nensional change fromdie size
were nmeasured in accordance with ASTM B 528 and B 610,
respectively.

Met al | ogr aphi ¢ Exam nati on

Cross-sections were cut from selected test pieces and prepared
for metal |l ographi c exam nation follow ng previously published
procedures (9).

Chem cal Anal ysis

The chem cal conposition of the test materials was determ ned by
anal ysis of sections cut fromsintered test pieces. Chrom um
manganese, nol ybdenum and ni ckel contents were determ ned by
optical em ssion spectronetry. Carbon and oxygen contents by LECO
anal yzers.



Ef fects of Chrom um and Manganese Upon Hardenability

The effects of chrom um and manganese upon hardenability were
determ ned using the Jomny test (Figure 1).

Jominy
Bar

Nozzle

Figure 1: Schematic of Jom ny Test.
Jom ny Test Results

The effect of increasing chrom um and manganese upon the Jom ny
test results for a 0.85% nol ybdenum 1% ni ckel, 0.4% graphite
steel is illustrated in Figure 2.

The hardness of the base, 0.85% nol ybdenum 0.4% graphite steel,
is approximately 47 HRC at the quenched end. Its hardness falls
to less than 25 HRC wthin one inch. By introducing 0.75%
chrom um or manganese, a hardness above 40 HRC is maintained to
approximately 1.5 inches. It appears that manganese has a
slightly greater effect than chrom um The 0.75% nmanganese st eel
possesses a slightly higher hardness as distance fromthe
guenched end increases. The multiplying effect of conbinations of
el ements is shown by the curve of the steel with both 0.75%
chrom um and manganese. A hardness in excess of 50 HRC is
mai nt ai ned along the full length of the steel piece.

The hardenability of a 1.5% nol ybdenum 1% ni ckel, 0.2% graphite
steel is shown in Figure 3. This steel has a relatively | ow

maxi mum hardness of 40 HRC because of its |ow carbon content. Its
hardness falls below 20 HRC at one inch fromthe quenched end.

I nt roduci ng 0. 75% chrom um i ncreases hardenability significantly.
The maxi num hardness remains at 40 HRC but hardnesses above 30



HRC are achi eved one inch fromthe quenched end. Manganese has a
| arger effect than chromumas the Jomny curve shows little
decrease in hardness until two inches fromthe quenched end.

I nt roduci ng both chrom um and nmanganese has little effect on
maxi mum hardness but the Jom ny curve becones alnost flat at a
value of 43 to 45 HRC at three inches fromthe quenched end.

Di scussion of Jom ny Test Results

The Jom ny test results showed that chrom um and nanganese
significantly increase the hardenability of powder forged steels.
The results appeared to follow theoretical predictions in that
manganese had a greater effect than chromum The nultiplying
effects of conbinations of elenments was shown. A steel with a
conposition of 0.85% nol ybdenum 1% ni ckel, 0.75% chrom um and

0. 75% manganese is “air hardening”. Its Jom ny curve nakes an
interesting conparison with that of a P/F sinter-hardening steel
(Figure 4).The sinter-hardening 1.8% N, 0.5% M, 2% Cu, 0.9%
graphite steel develops a very high initial hardness due to its
hi gh carbon content. The hardness deceases slowly with increasing
di stance fromthe quenched end. The 0.85% My, 1% N, 0.75% Cr,
0.75% Mh, 0.4% graphite steel has a |lower initial hardness due to
its | ower carbon content. Its hardness is al nost constant and
approaches that of the higher carbon steel with increasing

di stance fromthe quenched end.

Summary of Jom ny Testing

The Jom ny test results confirnmed that chrom um and nanganese
significantly increased the hardenability of the prealloyed

nol ybdenum steels. It was possible to devel op air-hardening
steel s through conbinations of alloying elenents. The ability to
control hardenability and
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Figure 2: Effect of Chrom um and Manganese Upon Jom ny
Har denabil ity of Powder Forged 0.85% Mo, 1% Ni, 0.4% G aphite.

HARDMESS (HRC)
|41 5% Mo ‘

{#07em o
| 0T M
ge | w0 TEN x5 TN n

"Mt%ﬂﬁ"-f* 9 e
e T Mgeetetee, Ay
N M\ et

&5 . '""|_|"-C;:\"|"R"'_'_": P
e

o
E e
et e
\‘ﬂ.h_P'H'--l |\- I
11} I
I
o padselasssasaaloaay ' FETTTETIM FETETETY FPPRTTeey v losassasulasuassl
o ] L1 e | b &0 A =3 =]

RS TANCE FROM QUERNCHED END (115

Figure 3: Effect of Chrom um and Manganese Upon Jom ny
Hardenability of Powder Forged 1.5% Mo, 1% Ni, 0.2% G aphite.
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Figure 4: Conparison of Jom ny Hardenability of Powder Forged
St eel s.

transformati on characteristics was showmn by the addition of
chrom um and nmanganese to the 1.5% nol ybdenum preall oy with 0.2%
graphite. This alloy possessed a uniformrel atively high hardness
| evel despite its |ow carbon content.

EFFECT OF CHROM UM AND MANGANESE UPON SI NTERED PROPERTI ES

Havi ng denonstrated that, when added as high carbon ferroall oys,
chrom um and nmanganese coul d di ssolve in the nol ybdenum preall oys
to increase hardenability, a series of test prem xes was nmade
usi ng the 0.85% nol ybdenum preal l oy to assess their influence
upon sintered properties. Ten all oy conbi nati ons were eval uat ed.
Ni ne were conbi nati ons of chrom um and nanganese added at |evels
of 0, 0.5%and 1% One extra conbination of 0.75% chrom um and

0. 75% manganese was nade.

The properties of the alloy conbinations were exam ned with
0.25% 0.50% O0.75% and 1% graphite additions. The test pieces
were conpacted at 45 tsi to a density of approximately 7 g/cn?
and stress relieved for one hour at 400°F after sintering at
2350°F.



Results of Chrom um and Manganese Upon Sintered Properties

The results showed that the nechanical properties of the 0.85%
nol ybdenum preal |l oy were increased significantly by adding

conbi nati ons of chrom um manganese and graphite. The opti num
conbi nation of properties appeared to be obtained with a total

all oy, chrom um plus manganese, addition of 1.5%at 0.75%
graphite content. D nmensional change increased with increasing
alloy and graphite contents. In analyzing the results, it
appeared that there was an overall relationship between sintered
properties and the total alloy, chrom um plus nmanganese,

addition. The alloy conbi nati ons produce five |levels of total
alloy addition: 0, 0.5,1.0,1.5 and 2% (Table VilIla). Figures 7-10
show the nmean effect of these total additions upon the properties
of the chrom um nmanganese all oy steels. The separate effects of
chrom um and nanganese upon the properties of the chrom um
manganese steels with 0.5% graphite content are illustrated in
Tables 111-VI.

Met al | ogr aphy

The m crostructures of the 0.85% chrom um manganese al |l oys are
illustrated in Figures 5 and 6. Overall, the mcrostructures
change fromalloy ferrite plus carbides to alloy martensite plus
carbides with increasing alloy and graphite content.

The effects of increasing chrom um and nanganese contents upon
m crostructure are illustrated in Figure 5 for an 0.85%

nmol ybdenum 0. 5% graphite alloy. The 0.85% nol ybdenum al | oy
possesses a mcrostructure of ferrite plus carbides (Figure 5c).
The carbi des do not occur in lanellae typical of pearlitic

m crostructures. |ncreasing nanganese content (Figures 5a and 5b)
i ncreases the proportion of carbides and refines the

m crostructure. Increasing chrom umcontent (Figures 5d and 5e)
has a simlar effect, although the 1% chrom um all oy possesses
sone lighter etching possibly martensitic areas. |ncreasing
chrom um content to 1% may have al so accel erated sintering and
por e-roundi ng when conpared to the other alloys.

The effects of increasing graphite content upon mcrostructure
are illustrated in Figure 6 for the 0.85% nol ybdenum 0. 75%
chrom um 0. 75% manganese alloy. At a 0.25% graphite content
(Figure 6a), the mcrostructure consists of ferrite grains
containing carbides. In sonme regions, the carbides tend to be
|amel lar formng pearlite, in others discrete, possibly
indicating bainite. Wth an 0.5% graphite content (Figure 6b),
the structure is finer and contains sonme acicular martensite in a
matri x of very fine pearlite. Increasing the graphite addition to
0.75% (Figure 6¢), increases the martensite content. There may be
sone retained austenite within the martensitic regions. At a 1%



graphite content (Figure 6d), the mcrostructure consists |argely
of martensite with sone grain boundaries defined by |ight-etching
car bi des.

Overall, the qualitative netallography confirnmed that the ferro-

chrom um and ferro-nmanganese are being reduced and dissolved in

t he nol ybdenum preal l oy during sintering. They clearly nodify the
m crostructures forned on cooling. Further study is necessary to
clarify the interaction of conposition, cooling rate and

m crostructure.

D mensi onal Change

As shown in Figure 7, the dinensional change, fromdie size, of

t he 0.85% nol ybdenum preall oy increases wth increasing all oy
content and increasing graphite addition. There is a strong

i nteraction between increasing alloy content and increasing
graphite content, particularly 0.75% and 1% graphite contents.

For exanple, at an 0.5%alloy addition, increasing graphite
content fromO.25%to 1%increases growh fromO0.1%to 0.26% At

a 2%alloy addition, increasing graphite content fromO0.25%to 1%
increases growh from0.55 to 1.05%
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Manganese. Etched with a Conbination of 2% Ntal / 4% Picral.
Oiginal Mgnification 500X

c) 0. 75 aphi te

Figure 6: Mcrostructure of 0.85% of Ml ybdenum 0.75% Chrom um
0. 75% Manganese Plus Graphite. Etched with a conbination of 2%
Nital / 4% Picral. Oiginal Mgnification 500X
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Figure 7: D nensional Change vs Chrom um and Manganese Content of
0.85% Mo Preall oy.

Table I'l1l: Dinmensional Change (%9 of P/MAIloy Steels
G aphite No 0.5% Al | oy 1% Al | oy
(% Addi ti on Cr Vh Cr Vh
0.25 +0. 06 +0. 16 +0. 06 +0. 30 +0. 20
0. 50 +0. 02 +0. 15 +0. 07 +0. 31 +0. 23
0.75 +0. 08 +0. 24 +0. 18 +0. 51 +0. 31
1.00 +0. 06 +0. 35 +0. 16 +0. 70 +0. 33
Conpacti on: At 45 tsi, green density approx. 7 g/cnr
Sintering: 2350°F, 75% H/ 25% N,, 30 m ns.

The relative effect of chromumon growh increases with graphite
content. The data indicate that the effects of chrom um
manganese and graphite are relatively predictable (Table I11).
However, it may be prudent to limt total alloy additions such

t hat di nensi onal change is close to that of current P/ M systens.
Alternatively, the use of nickel to offset sone of the growh may
be desirable.

Yield Strength

In general, the yield strength of the 0.85% nol ybdenum preal | oy




increases with increasing alloy, chrom um plus manganese, content
and increasing graphite content in the range tested (Figure 8).
Typically, increasing graphite by 0.5%increases yield strength
about 20,000 psi. Increasing the alloy content by 1% i ncreases
yield strength by about 15,000 psi. Although, it appears that the
maxi mumyield strength is attained wwth a 1.5%total alloy

addi tion and 0. 75% graphite content.

YIELD STRERGTH (1000 pal)
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Figure 8: Yield Strength vs Chrom um and Manganese Content of
0.85% Mo Preall oy.

The graph indicates that the effects of graphite and total all oy
addition are additive for graphite contents up to 0.75% and al | oy
additions up to 1.5% For the 0.85% nol ybdenum al | oy, increasing
the graphite addition fromO0.25%to 1% increases yield strength
from approxi mately 30,000 psi to approximately 70, 000 psi.

I ncreasing graphite fromO0.25 to 0.75%for a 1.5%total alloy
addition, increases yield strength from 70,000 psi to

approxi mately 100, 000 psi. The 1% chrom um 0.5% nmanganese, 1%
graphite alloy did not show yield. Simlar behavior was observed
at 2% all oy content, where higher graphite contents of 0.75 and
1% did not increase yield strength.

When consi dered separately, the data suggest that chrom um tends
to increase yield strength of the 0.85% nol ybdenum base steels



nore than manganese (Table IV). Manganese seens nost effective as
a 0.5%addition at |lower graphite contents. Chrom um appears to
be nore effective at graphite additions of 0.5% and above.

I ncreasing the chromumaddition fromO0.5 to 1% i ncreases yield
strength significantly.

Table I'V: Yield Strength (1000 psi) of 0.85% Mol ybdenum Al | oy

Steels
Graphite No 0. 5% Addi tion 1% Addi ti on
(% Addi tion Cr Vvh Cr Vh
0. 25 32.2 47. 2 56. 7 62.8 59. 8
0. 50 58. 8 66. 1 63.5 74.2 68. 8
0.75 60. 6 74. 3 69.1 92.7 79.4
1.00 66. 3 83.6 74.6 95.5 82.7
Conpact i on: At 45 tsi, green density approx. 7 g/cnr
Sintering: 2350°F, 75% H,/ 25% N,, 30 m ns.

Utimate Tensile Strength

The ultinmate tensile strength of the 0.85% nol ybdenum preal | oy
base alloys increased with increasing chrom um nanganese and
graphite additions (Figure 9). On average, increasing the
graphite addition by 0.5% increases ultimate tensile strength by
30,000 psi. Increasing alloy content, chrom um plus manganese, by
1% increases ultimate tensile strength by about 25,000 psi. The
data suggest that a 0.75% graphite addition is optimm The
ultimate tensile strength of the 1% graphite steels fell with
al l oy additions above 1% (Table V). Wen added separately,
chromumtends to increase the ultimate tensile strength of the
0. 85% nol ybdenum preal | oy based materials slightly nore than
manganese within the range tested. However, the differences
beconme | ess with increasing graphite content.
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Figure 9: Utimate Tensile Strength vs Chrom um and Manganese
Content of 0.85% M

Table V: Utimte Tensile Strength (1000 psi) of 0.85% Ml ybdenum

Al'l oy Steels
Graphite No 0. 5% Addi tion 1% Addi tion
(% Addi ti on Cr Vvh Cr Vh
0. 25 51.5 67.1 69. 8 83.6 77.5
0. 50 73.9 86.1 7.7 97.5 85.8
0.75 83.1 96. 4 91.0 119.1 101. 4
1.00 91.2 105. 4 99.6 107.5 105. 5
Conpacti on: At 45 tsi, green density approx. 7 g/cnr
Sintering: 2350°F, 75% H/ 25% N,, 30 m ns.

El ongati on

The test results show (Figure 10) that the elongation of the

0. 85% nol ybdenum preal | oy decreases with increasing chrom um
manganese and graphite contents. Generally, increasing the alloy
content by 0.5%reduces el ongation by about 0.5% Increasing the
graphite level by 0.25%reduces el ongation by about 0.5% The

maj or exception is the reduction fromthe 6% el ongation at 0.25%
graphite to 3.5% at 0.5% graphite.
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Figure 10: Elongation vs Chrom um and Manganese Content of 0.85%
Preal | oy.

When consi dered separately, it appears that increasing graphite
content in the presence of chrom umreduces el ongation nore than
in the presence of nmanganese (Table VI).

Tabl e VI: Elongation of 0.85% Mol ybdenum All oy Steels

Graphite No 0. 5% Addi tion 1% Addi tion
(% Addi tion Cr Vvh Cr Vvh
0. 25 6.1 3.4 3.2 2.7 3.2
0. 50 3.5 3.3 3.0 2.6 2.6
0.75 3.4 2.3 2.8 1.9 2.1
1.00 2.7 1. 2.1 0.9 1.8

Conpacti on: At 45 tsi, green density approx. 7 g/cnr

Sintering: 2350°F, 75% H,/ 25% N,, 30 m ns.

For a 0.5% chrom um steel, increasing graphite fromO0.5 to 1%

reduces elongation from3.3 to 1.8% For the 0.5% nanganese
steel, a simlar increase reduces elongation from3.0 to 2.1%

Summary of Results
The results indicate that the P/Msteels consisting of the 0.85%

nmol ybdenum preal | oy plus chrom um manganese and graphite possess
a Wi de range of properties. Their properties are explained by




their alloy contents in a relatively predictable manner. Thus, it
shoul d be possible to design steels to neet specific strength
requirenents.

Hi gher alloy additions at high graphite contents caused
significant growmh on sintering. It may be prudent to limt tota
al l oy additions such that the di nensional change of these
chrom um manganese conpositions is close to that of current
systens. Alternatively, the use of nickel to offset sone of the
grow h may be desirable.

ANCORDENSE PROCESSI NG

The test results showed that chrom um and manganese additions
significantly increased the hardenability and sintered properties
of the 0.85% nol ybdenum prealloy. Alimted study was undertaken
to assess the benefits of ANCORDENSE processing upon the
properties of chrom um manganese alloy steels. It was antici pated
that the high green densities achieved by single conpaction
shoul d produce materials with excellent mechanical properties.
Experi mental Conpositions

Four conpositions, shown in Table VII, were chosen to assess the
possibility of conbining chrom um manganese with 0.85% preal |l oyed
nmol ybdenum to i nprove hardenability and, hence, sintered
strength. It was anticipated that nickel additions would offset
sonme of the growh on sintering caused by chrom um and nmanganese.
Graphite addition was |imted to 0.4% It was considered that

this | evel would produce a good conbination of strength and
ductility.
Tabl e VII: ANCORDENSE Test Conpositions
| dentity Preal |l oyed | Chrom um | Manganese Ni ckel | Graphit
Mo (% (% (% e
(% (%
41AD 0. 85 0. 95 0.50 0. 20 0. 40
43AD 0. 85 0.50 0.55 1.75 0. 40
86AD 0. 85 0.50 0. 80 0.55 0. 40
Ancor st eel 0. 85 0.75 0.90 1.00 0. 40
41AB
Three wi dely used wought steel conpositions: AlSI 4140, 4340,

8640, designated as 41 AD, 43AD and 86AD were chosen for the

experinment.

a hi gher

wr ought Al S

conposi tions.

chrom um manganese all oy steel.

It should be noted that the experinental
nmol ybdenum content and | ower silicon content than the
Ancorsteel ** 41AB is a comrerci al

st eel s have

P/ M




Resul ts

The properties of the experinental conpositions are shown in
Table VII |b. The results proved the principles of the
experinment. The P/Msteels attained high sintered densities of
approxi mately 7.3 g/cn? follow ng single conpacti on ANCORDENSE
processi ng. They possessed growh, fromdie of +0.1%to +0.4% on
sintering, equivalent to current P/M Steels. The experi nmental
conpositions attained high yield and tensile strength. These
results are discussed further bel ow

Met al | ogr aphy

The m crostructures of the ANCORDENSE processed all oys are shown
in Figure 11. They are simlar to those of the chrom um manganese
all oys shown in Figures 5 and 6. The m crostructures consi st of
alloy ferrite and martensite. The carbides may be both | anell ar,
generally considered to be pearlite or discrete, considered to be
bai nite. The proportion of martensite appears to increase either
Wi th increasing nickel content and increasing hardenability from
the 41AD and 86AD (Figures 1la, b) to the 43AD and Ancorstee

41AB conpositions (Figures 1lc, d).

Conmpressibility

The ANCORDENSE processed test prem xes possessed high densities
(Figure 12). Densities increased with conpaction pressure from
about 7 g/cn? at 30 tsi to approximately 7.35 g/cn? at 50 tsi
There was a slight variation in green density between
conpositions. It appears that elenental nickel additions favor
hi gher green density. The 43AD test conposition, with a nickel
content of 1.75% possessed the highest green density; the 41AD,
with a 0.2% ni ckel addition, the | owest.



a) 41AD b} 86AD

c) 43AD d) Ancorsteel 41AB
Figure 11: Mcrostructure of ANCORDENSE Processed Chrom um

Manganese P/ M Steels. Etched with a Conbination of 2% Nital / 4%
Picral. Oiginal Mgnification 500X

Table VIIla: Properties of Chrom um Manganese Test Conpositions




0 0.25 7.12 7.15 +0. 06 103.0 49
0. 50 7.13 7.14 +0. 02 150. 8 76
0.75 7.10 7.14 +0. 08 162. 6 82
1.00 7.09 7.11 +0. 06 176.5 86
0.5 0. 25 7.12 7.13 +0. 11 141. 6 73
0. 50 7.13 7.11 +0. 11 170.5 79
0.75 7.10 7.08 +0. 21 181.5 88
1.00 7.08 7. 05 +0. 26 183. 8 91
1.0 0. 25 7.10 7.07 +0. 31 165.5 78
0. 50 7.12 7.07 +0. 26 191.7 86
0.75 7.08 7.02 +0. 41 201. 3 92
1.00 7.06 6.98 +0. 51 187. 8 95
1.5 0.25 7.10 7.04 +0.52 181.7 84
0. 50 7.11 7.03 +0. 58 215.3 92
0.75 7.08 6. 97 +0. 64 233.7 92
1.00 7.05 6. 92 +0. 77 159.7 98
2.0 0.25 7.09 6. 99 +0. 55 200. 6 88
0. 50 7.10 6. 97 +0. 65 244. 9 23C
0.75 7.07 6. 92 +0. 85 198.5 36C
1.00 7.04 6. 86 +1. 05 103. 1 26C
Tensil e Properties
Tot al G aphite S. D Y. S. utrs El ong. Har dness
( Cr +Mh) (9% (g/cn?) | (1000 (1000 (%9 ( HRB)
(% psi) psi)
0 0.25 7.21 32.2 51.5 6.1 54
0. 50 7.20 58. 8 58. 8 3.5 76
0.75 7.19 60. 6 83.1 3.4 81
1.00 7.18 68. 4 94.7 2.9 86
0.5 0. 25 7.19 52.0 68. 5 3.3 72
0. 50 7.15 64. 8 81.9 3.2 80
0.75 7.17 71.7 93.7 2.6 87
1.00 7.14 79.3 102.0 2.0 91
1.0 0.25 7. 17 61. 2 80. 2 3.0 77
0. 50 7.07 72.2 90. 8 2.7 86
0.75 7.13 88.1 112.5 2.0 92
1.00 7.09 89.9 107.7 1.3 95
1.5 0. 25 7.13 69. 5 91.7 2.4 83
0. 50 7.03 89.7 112.3 2.1 92
0.75 7.09 101.0 129.8 1.5 93
1.00 7.05 95.9 97.3 0.6 97
2.0 0. 25 7.08 79.5 106. 5 2.1 88
0. 50 6. 97 102.7 125.2 1.6 21C
0.75 7. 06 92.9 128. 6 1.2 34C
1.00 7.01 N. Y. 61.0 0.3 28C
Test M x: 0. 85% Mol ybdenum | ow al | oy, graphite, ferroalloys
Conpact i on: At 45 tsi
Sintering: 2350°F, 75% H, / 25% N,, 30 m ns.

Stress Relief:

400°F, one hour




Table VII1b: Properties of ANCORDENSE Test Conpositions

Sintered Properties
M x Cr Vh Ni S. ( Press G D. S. D D. C TRS
I. D (9 | (99 | (9 % (tsi) (g/ cn) (g/ cn) (% (1000
tsi)
41AD 0.95[0.50|0.20 | 0.47 30 7.04 6. 97 +0.30 | 177.0
40 7.26 7.20 +0.42 | 220.7
50 7.35 7.30 +0.46 | 243.4
43AD 0.50 [0.55 [ 1.75 | 0. 45 30 7.05 7.04 +0.04 | 200.7
40 7.28 7.25 +0.18 | 242.9
50 7.36 7.33 +0.23 | 261.4
86AD 0.50 [0.50 | 0.55 | 0.41 30 7.05 7.05 +0.23 | 184.8
40 7.27 7.27 +0.31 | 216.4
50 7.35 7.35 +0.35 | 240.0
Ancorsteel [ 0.75 [ 0.75| 1.00 | 0. 48 30 7.04 6.98 +0.27 | 202.2
41AB 40 7.27 7.19 +0.38 | 240.9
50 7.36 7.29 +0.44 | 271.1
Tensil e Properties
M X Cr Vh Ni S. C Press S. D. Y. S. urs El ong Har dness
|.D. (% [ (% | (% | (%9 | (tsi) | (g/cnf) | (1000 | (1000 (% ( HRB)
psi) psi)
41AD 0.9 [0.5 [0.2 | 0.47 30 7.00 75. 3 101.8 2.5 84
5 0 0 40 7.16 88.3 118. 4 3.0 91
50 7.29 88. 3 112.9 3.6 93
43AD 0.5 (0.5 |[1.7 | 0.45 30 7.07 79.2 110. 7 2.4 89
0 5 5 40 7.25 88.8 124.7 3.2 94
50 7.36 97.1 134.8 3.9 97
86AD 0.5 [0.5 [0.5 | 0.41 30 7.03 70.0 94.6 2.9 82
0 0 5 40 7.24 77.6 106. 1 3.8 87
50 7.33 79.9 122.0 4.1 90
Ancorstee | 0.7 0.7 1.0 0.48 30 7.04 95.8 127.7 1.9 15C
| 5 5 0 40 7.24 105.7 | 146.5 2.7 21C
41AB 50 7.28 104.6 | 148.0 2.5 23C
Test Conposition: 0. 85% Mol ybdenum Pre all oy, 0.4% G aphite

Sintering:
Stress Relief:

Pl us

Al'l oyi ng Additions
2350°F, 75% H, / 25% N,, 30 m ns.
400°F, 60 m nutes




Figure 12: Sintered Density vs Conpaction Pressure for ANCORDENSE
Ni ckel - Chr om um Manganese P/ M St eel s.
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Fi gure 13: D nensional Change VS Conpaction Pressure of
ANCORDENSE N ckel - Chr omi um Manganese P/ M St eel s.

Di mensi onal Change

The test results show that the experinental P/ M steels possessed
di mensi onal change fromdie, typical of commercial P/Malloys
(Figure 13). D nensional change increased with increasing
conpaction pressure. It appears that adding nickel to reduce the
growt h caused by chrom um and manganese was successful and coul d
be used over a range of conpositions. The alloy, 43AD with the
hi ghest nickel content, possessed the | owest grow h. That 41AD,
wi th | owest nickel content, possessed the highest grow h.

Yield Strength

The yield strength of the test conpositions increased from
approxi mately 70,000 psi at a sintered density of 7.0 g/cnfto
approxi mately 105,000 psi at a sintered density of 7.3 g/cn?
(Figure 14).

Ancorsteel 41AB, possessed the highest yield strength that varied
from 95,000 to 105,000 psi with increasing sintered density. Its
yield strength was approxi mately 15,000 psi hi gher than those of
the 41AD and 43AD. The 86AD possessed the | owest yield strength



of the conpositions tested. Its yield strength increased from
70,000 psi to 80,000 psi with increasing sintered density.

Utimate Tensile Strength

The P/ M chrom um nanganese all oy steels showed simlar variation
inultimte tensile strength (Figure 15) to that observed with
yield strength. Overall, ultimate tensile strength increased with
increasing sintered density. In the range tested, an increase of
0.2 g/cnfin sintered density increased ultimate tensile strength
by approxi mately 20,000 psi.

Ancorsteel 41AB possessed the highest ultimate tensile strength
that increased from 125,000 psi at a sintered density of 7.05
g/cmto 150,000 psi at a density of 7.25 g/cnf. The 41AD and 43AD
conposi tions possessed simlar tensile strengths that were
approxi mately 20,000 psi |ower than that of Ancorsteel 41AB at a
gi ven density. The 43AD devel oped a higher ultimate tensile
strength at a given conpaction pressure than the 41AD due to its
superior conpressibility and lower growh fromdie size. The
ultimate tensile strength of the 86AD conposition was the | owest
of those tested, approximately 15,000 psi less, than that of 41AD
at a given sintered density.

El ongati on

The test conpositions possessed relatively high el ongations at
break given their high strength |levels. Elongation increased with
increasing sintered density (Figure 16), such that an increase of
0.2 g/cnin sintered density increased el ongation by 0.75% The
86AD conposi tion possessed the highest el ongation, which was
approxi mately 0.5% hi gher than that of the 41AD and 43AD at
simlar density. These P/ M steels possessed an el ongati on

approxi mately 0.75% hi gher than that of the Ancorsteel 41AB for a
gi ven density.
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Figure 14: Yield Strength vs Sintered Density of ANCORDENSE
Ni ckel - Chr om um Manganese P/ M St eel s.
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Figure 15: Utimate Tensile Strength vs Sintered Density of




ANCORDENSE N ckel - Chr omi um Manganese P/ M St eel s.

§ ELOMCIA T IO (%)

FAETF, Huhr, XD M

[ |[+41A0

S JAATI
o L|wsan —

W dsilenl 11AE e
: '_/i‘:.:"“_‘_,_-;ﬂ_/_'
: =

i
i
]
T 1.00 7.8 7.20 70 740
SMTERED DENSITY (pfom™)

Figure 16: Elongation vs Sintered Density of ANCORDENSE N ckel -
Chr om um Manganese P/ M St eel s.

Summary of ANCORDENSE Processi ng

The results indicate that ANCORDENSE processing of the

nmol ybdenum chr om um manganese al l oy steels achieved its

obj ectives. The test conpositions devel oped high green density.
By conbi ning nickel additions with chrom um and nmanganese,

di mensi onal change typical of commercial P/ M conpositions was
achi eved. The introduction of chrom um and manganese resulted in
hi gh hardenability at relatively | ow carbon contents which

conbi ned wi th ANCORDENSE processing, gave high strengths and

el ongati on

Conparison wwth Existing PIM Steels

The ANCORDENSE- processed test conpositions devel oped very high
conbi nations of sintered density and strength by single
conpaction processing. The test data indicate that the tensile
strengths of the Ancorsteel 41AB conpare well (Figures 17,18)

wi th those previously published for rapidly cooled (3) and high
tenperature sintered P/Msteels (9).



The test program exam ned two principles: ANCORDENSE processing
to attain high density and alloying with chrom um and nanganese
to inprove hardenability and sintered mechanical properties.

The data in Figure 17 show t hat ANCORDENSE processi ng produced
sintered densities in the Ancorsteel 41AB conposition superior to
those attained in a sinter-hardening Ancorsteel 4600V, 2% copper,
0. 9% graphite system processed by doubl e pressing and sintering
(3). The density of the Ancorsteel 41AB is only slightly |ess
than that achi eved when the nore conpressible 0.85% nol ybdenum
prealloy is used as the matri x of the sinter-hardening
conposition. The tensile strength of the ANCORDENSE processed
Ancor steel 41AB exceeds that of the sinter-hardening grades at
simlar density |evel, even when these conpositions are double
pressed and sintered.

The benefits of inproved hardenability are shown by conparing the
properties of the Ancorsteel 41AB with those of high tenperature
sintered 0.85% nol ybdenum base preall oy, 4% ni ckel steels (8)
(Figure 18). The 4% ni ckel steels have excellent conpressibility
and devel op high sintered density through shrinkage at high
sintering tenperatures. They attain sintered densities slightly
hi gher than the ANCORDENSE processed Ancorsteel 41AB. However,
their ultimate tensile strength is significantly | ower than that
of the Ancorsteel 41AB.
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Figure 17: Conparison of Utimte Tensile Strength of P/ M Steels.
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Figure 18: Utimate Tensile Strength of H gh Tenperature Sintered
P/ M Steels.

CONCLUSI ONS

The test results confirmed the principles of the program i.e.
devel oping P/ M steels of high strength by conbining the inproved
hardenability offered by ferro-chrom um and ferro-nmanganese
additions with the high green density offered by ANCORDENSE
processi ng.

ANCORDENSE pr ocessing enabled PFMIow alloy steels to devel op
densities typical of double pressed and sintered materials by
si ngl e conpacti on.

The results showed:

Chromi um and nmanganese additions inproved the
hardenability of P/Malloy steels significantly.

The properties of an 0.85% nol ybdenum preal | oy were

i nproved significantly by additions of chrom um
manganese in the formof fine high carbon ferroall oys
and graphite in a predictabl e manner.

ANCORDENSE processing of P/MIlow alloy steels
cont ai ni ng chrom um and nmanganese resulted in sintered
densities and nechani cal properties superior to those



of conventional sinter-hardening steels produced by
doubl e pressing and sintering.
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