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ABSTRACT

The availability of prealloyed steel powders enpl oying nol ybdenum
as the major alloying elenent offers new | evel s of
conpressibility and mechani cal properties.

When the preall oyed powders are conbined with conventional P/ M
addi tives such as copper, nickel and graphite, it is possible to
devel op high strength martensitic mcrostructures directly from
the sintering cycle.

The inpact and tensile properties of copper, nickel, graphite
prem xes based upon the preall oyed nol ybdenum steels are conpared
under controlled cool ed conditions.

The ability to bal ance tensile strength, toughness and hardness
by control of alloy chemstry is illustrated.

| NTRODUCTI ON

Thi s paper presents the results of an investigation into the
effects of copper and nickel additions upon the properties of

| ow-al l oy steel powder prem xes. This investigation is part of a
broader programto develop “Hi gh Performance” P/M materials and
as such conpl enents other recently published papers. (1) The aim
of the work is develop tensile strengths in a single pressed
conpact that match, if not surpass, those previously obtained by
doubl e pressing techniques. If successful, such work offers P/ M
parts’ designers a significantly nore efficient route to high
strengt h/ hi gh performance P/ M conponents.

PRI NCI PLES OF PROGRAM

The strength of a porous P/M naterial depends upon many factors
i ncl udi ng:



The relative density or porosity |evel
The matrix strength
M crostructure

To investigate these factors, test materials were made from
prem xes of nol ybdenum preall oyed | owall oy steel powders that
enpl oyed copper, nickel and graphite as alloying el enents.

Mol ybdenum

Mol ybdenum was tested at two | evel s by using *Ancorsteel ® 85HP

and Ancorsteel 1 50H P, these steel powders contain 0.85 and 1.5%
nmol ybdenum respectively. Ml ybdenum has very little solution
hardening effect in iron, thus, it is possible to obtain high
relative density by single conpaction. However, nolybdenum
significantly increases hardenability once carbon is dissol ved.
Thus, it should be possible to devel op high strength martensitic
or bainitic mcrostructures on cooling fromsintering

t emper at ure.

Copper and Ni ckel

The normal alloying additions in PPMmaterials are copper and

ni ckel. Both tend to reduce conpressibility if preall oyed but
enhance strength and hardenability once dissol ved during
sintering. The program exam ned their conbi ned effects upon final
mat eri al properties.

Accel erated Cooling to Devel op Martensite

Sintered PPMparts are often heat treated to devel op a tenpered
martensitic mcro-structure possessing high tensile strength. The
all oy steel formed by solution of copper and nickel in the
preal |l oyed matri x should inprove the hardenability of the test
materials. Rapidly cooling the conpact fromsintering tenperature
shoul d devel op high strength martensitic or bainitic

m crostructures. As described previously,(2) this may enable a
separate heat treatnent operation to be omtted given favorable
part geonetry. The program attenpted to quantify the effects of
copper and nickel w th nolybdenum upon the m crostructure and
hence the properties developed in the sintered materi al s.

The test materials were produced using the ANCORBOND® ( 3, 4, 5)
process to suppress mcro and macro segregation. Areas deficient
i n adm xed copper, nickel or graphite could reduce strength
conpared to the overall matrix of the materi al

EXPERI MENTAL PROCEDURE

A series of 500-pound test prem xes was prepared using the



ANCORBOND pr ocess. The prem x conpositions, shown in Table |
were designed to assess the influence of alloy steel matrix,
copper and ni ckel contents upon the properties of the final
sintered material.

TABLE |
Prem x Conpositions
Mat eri al Low al | oy Base Copper N ckel G aphite Zi nc
(% (% (% Stearate
(%
A Ancor st eel 85HP 0 2 0.5 0.5
B Ancor st eel 85HP 1 2 0.5 0.5
C Ancor st eel 85HP 0 4 0.5 0.5
D Ancor st eel 85HP 1 4 0.5 0.5
E Ancor st eel 150HP 0 2 0.5 0.5
F Ancor st eel 150HP 1 2 0.5 0.5
G Ancor st eel 150HP 0 4 0.5 0.5
H Ancor st eel 150HP 1 4 0.5 0.5
Not e: Copper: Al can 8081
Ni ckel : | nco 123
G aphi te: Asbury 3203

Zinc Stearate: Mllinckrodt “H Dense”

The sintered chem stry and basic sintered properties, neasured
foll ow ng standard Hoeganaes test procedures, are shown in Tabl es
Il and I1I1.

The copper, nickel and nol ybdenum contents were neasured by
optical em ssion spectroscopy. The sintered carbon content was
determ ned by LECO carbon anal ysis.

These prelimnary QC tests confirnmed that the materi al
conpositions could devel op high strength. There was evi dence of
the favorable interaction of copper and ni ckel upon transverse
rupture strength and di nensi onal change.

TEST PI ECE PREPARATI ON

Fol |l ow ng these standard | aboratory tests, the test pieces for
determ nati on of nechanical properties were pressed and sintered
under industrial conditions at Burgess-Norton Manufacturing
Conpany.

Tensil e properties were neasured using ASTM E 8 “Dog- bone”
tensile test pieces. Charpy inpact testing was perforned using
un-notched test pieces as shown in ASTM E 23. The test pieces
were conpacted at pressures of 30, 40 and 50 tsi to determ ne the
ef fect of density upon nechanical properties. Test piece




densities were neasured by the i mersion technique followng MPIF
Standard 42, 1985-1986 Edition, on inpregnated sections cut from
the inpact and tensile test pieces.

Sintering
The basic sintering cycle is indicated bel ow
Sintering tenperature: 2050° F
At nospher e: Endot herm ¢ w th carbon
potential control
Dewpoi nt : 32-35°F
Equi | i brati on tenperature: 1550°F
Sintering tine: 20 m nutes
TABLE | |
Sintered Chem stry of Test Materials
Prem x Copper (% Ni ckel (% Mol ybdenum Sintered
(9% Carbon (%
A - - 2.26 0. 83 0. 49
B 0.99 2. 17 0. 83 0. 47
C - - 4. 04 0.81 0. 47
D 1.06 4. 44 0.81 0. 46
E - - 2.22 1.41 0. 45
F 1.14 2. 37 1.38 0.52
G - - 4. 44 1.39 0.51
H 1.13 4.10 1.38 0.53
TABLE 11|
Properties of Test Prem xes
Prem x A. D. Fl ow Si nt ered Di men. TRS Har dness
(g/ cn?) (sec/ 50q) Density Change (psi x 103 ( HRB)
(gl cn) (%
A 3.16 26 7.01 -0.07 174. 8 86
B 3.18 27 6. 96 +0. 10 193.5 91
C 3.25 26 7.05 -0.23 213.5 94
D 3.18 26 6. 99 0. 00 216. 9 96
E 3.29 24 7.02 -0.08 178. 6 85
F 3.27 26 6. 96 +0. 14 200. 4 92
G 3.33 25 7.04 -0.20 225.3 96
H 3.30 25 7.00 0. 00 235. 4 98
Not es: 1. Test bars conpacted to 7.0 g/cn? green density.
2. Sintering: 2050°F, 25% N,/ 75% H,, 30 m nutes.
3. D nensi onal change from di e size.

The sintering furnace was equi pped with a controlled cooling zone
such that cooling fromequilibration to roomtenperature could be
accel erated. For the work quoted bel ow, the nean cooling rate




from 1550°F to 930°F was 70°F/ m nut e.

The standard test pieces have |[imted cross section. They
experience very high cooling rates under accel erated cooling
conditions. A series of test pieces was prepared to sinmulate the
effect of increased section size upon nechanical properties. This
was achi eved by placing the test pieces on one-half inch thick
sintered sheets. Al test pieces were tenpered at 450°F for one
hour .

Testing

Tensile testing was perfornmed using an Instron testing nmachine
wWth a cross head speed of 0.1 “/mnute. The Charpy test pieces
were broken on a Baldw n inpact test machi ne. Hardness
measurenents were nmade using a WI son hardness test nachine.

Met al | ogr aphy

Sections for netall ographic exam nation were cut fromthe tensile
and inpact test pieces conpacted at 40 tsi. These were prepared
according to procedures in Reference 6. Quantitative

met al | ography was conducted to estimte the distribution of

m crostructural phases within the test pieces using a “point
count” technique as described in Reference 9.

RESULTS

The properties of the sintered test pieces net the ains of the
research programin that the test materials attained very high
density and, consequently, very high tensile strength |evels.
detailed results are given in Tables IV and V and illustrated
briefly bel ow.

The

Density

The prem x conpositions attained the first objective of the
program They devel oped hi gh green densities (Figure 1) when
conpacted to standard green density test pieces at pressures of
30 to 50 tsi.

TABLE IV
Results of Quantitative Metallography of Test Materials Conpacted
at 40 tsi

Accel erated Cooling Rate

0. 85% Mol ybdenum Preal | oy 1. 5% Mol ybdenum Preal | oy

Phase 2 N, 2 N, 4 N, 4 N, 2 N, 2 N, 4 N, 4 N,

0 Cu 1 Cu 0 Cu 1 Cu 0 Cu 1 Cu 0 Cu 1 Cu

Tenp. 77.0 75.0 75.0 74. 8 82.3 83.0 78. 8 79. 3
Martensite




Ni ckel -Ri ch

5.0 5.8 9.3 13.5 5.8 8.5 12.5 12. 8
Bainite 0 7.3 1.5 3.3 0.3 0 0.5 0.3
Pearlite 9.8 3.5 5.0 0.3 3.0 2.0 1.8 0.8
Porosi ty 8.3 8.5 9.3 8.3 8.8 6.5 6.5 7.0
Reduced Cool i ng Rate
0. 85% Mol ybdenum Pr eal | oy 1. 5% Mol ybdenum Preal | oy
Phase 2 N, 2 N, 4 N, 4 N, 2 N, 2 N, 4 N, 4 N,
0 Cu 1 Cu 0 Cu 1 Cu 0 Cu 1 Cu 0 Cu 1 Cu
Tenp.. 44.8 | 51.5 | 64.5 | 60.5 | 51.8 | 64.0 | 67.5 | 69.0
Martensite
N ckel-Rich | 3.3 1.0 7.5 6.8 5.0 8.3 12.3 10. 8
Bainite 2.0 0 2.5 0 1.5 1.3 1.0 0
Pearlite 43.3 | 39.5 17.0 | 28.3 | 31.5 16.5 11.0 15. 8
Porosity 6.8 8.0 8.5 4.5 10. 3 10.0 8.3 4.5
DENSIT 3/ cm )
5 __.:Q
Lot 7 : == 0.85% Mo 4% N B—
£ g #r | = 0.85% Mo:4% Ni, 1% Cu L
of === 1 5% Mo 4% N
5.8 | - S% Mo 4% Ni, 1% Cu
"RESSURE (1s
Figure 1. Conpressibility of Test Materials

The high green densities translated into high sintered densities,

Figure 2. This was especially noticeable in the case of the
mat eri als that contained only nickel additions.

occurred on sintering to produce sintered densities approaching
7.3 gl/cnt.

Sl i ght shrinkage
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Figure 2: Sintered Density of Test Materials
METALL OGRAPHY

Qualitative Exam nation

The mcrostructures of the test materials were strongly

i nfluenced by cooling rate and conposition. Exanples of the range
of mcrostructures produced are shown for materials based upon

t he 0.85% nol ybdenum preall oy. The material s experiencing

accel erated cooling rates possessed |largely nmartensitic

m crostructures (Figure 3) with smaller amounts of nickel-rich
areas, bainite and pearlite.



"Figure 3: Mcrostructure of naté}iél B folloﬁﬁng accel erat ed
cooling fromthe sintering tenperature. Etched with a conbination
of 2% nital/4%picral. Oiginal magnification 750X

The mcrostructures of the test pieces that experienced reduced
cooling rates (Figures 4 to 7) consisted of tenpered martensite
and pearlite plus quantities of nickel-rich areas and bainite.

Quantitative Exam nation
The qualitative findings were confirned by the quantitative

nmet al | ography with results shown in Table IV and illustrated in
Fi gures 8 and 9.



Fi gu 4: M crostruct 'r'e; A produced at reduced
cooling rate fromthe sintering tenperature. Etched with a
conmbi nation of 2%nital/4% picral. Oiginal magnification 750X



Fi gue 5. Mcrostructure of rrateri al B produced at reduced
cooling rate fromthe sintering tenperature. Etched with a
conmbi nation of 2%nital/4%picral. Oiginal magnification 750X



Figure 6: Mcrostructure of material C produced at reduced
cooling rate fromthe sintering tenperature. Etched with a
conmbi nation of 2%nital/4%picral. Oiginal magnification 750X



'Figure 7: Mcrostructure of material D produced at reduced
cooling rate fromthe sintering tenperature. Etched with a
conmbi nation of 2%nital/4%picral. Oiginal magnification 750X

The results confirmthat the accelerated cooling rate produced
test materials possessing largely martensitic mcrostructures
(Figure 8). The reduced cooling rate, sinulating increased
section size, reduced the martensite content and increased the
amount of pearlite (Figure 9).
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Figure 8 Mcrostructure of Test Materials Experiencing
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Figure 9: Mcrostructure of Test Materials Experiencing Reduced

Cool ing Rate

The quantitative data indicate that the proportion of nickel-rich

areas increases wth increasing nickel content under
conditions. The quantitative data confirmthat the

bot h cooling



m crostructures have very low bainite contents with the exception
of the material containing 2% ni ckel and 1% copper nmade with the
0. 85% nol ybdenum pr eal | oy.

Tensile Strength

The mechani cal properties of the test materials are given in
Tabl e V and di scussed subsequently. The properties of materials
experiencing accelerated cooling are illustrated below to

i ndi cate overall trends.

The materials devel oped high tensile strengths, illustrated in
Figures 10 and 11 for the 0.85% and 1.5% nol ybdenum preal | oys,
respectively.
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Figure 10: Effect of Accelerated Cooling Upon UTS of Test
Materials wth 0.85% Mo Preall oy

TABLE V
Mechani cal Properties of Test Materials with 0.85% Ml ybdenum
Preal | oy Accel erated Cooling

Ni ckel Copper Conpacti on Si nt ered Yield Utimte El ongati on | npact Har dness
(9% (9% Pressure Density Strength Tensil e (9% (ftelbf) (HRC)
(tsi) (g/ cnt) (psi x Strength
10%) (psi x
10%)
2 0 30 6. 92 -- 120. 75| 0.7 7 22.9
40 7.19 -- 143. 9 0.7 10 28.1




50 7.31 - - 164.5 0.9 12 30.7
2 1 30 6. 82 - - 122. 7 0.8 7 24.1
40 7.10 - - 151.1 1.0 10 30. 3
50 7.26 152.2 | 167.5 1.0 13 33.0
4 0 30 6. 96 111.0 | 123.2 0.9 8 23.0
40 7.16 135.0 | 148.2 1.0 11 28. 4
50 7.34 155.9 | 176.1 1.8 14 32.4
4 1 30 6. 86 104.9 | 104.9 0.9 9 24. 4
40 7.08 135.3 | 135.3 1.1 11 28.1
50 7.28 162.0 | 162.0 1.2 13 32.8
TABLE V
Mechani cal Properties of Test Materials with 0.85% Ml ybdenum
Preal | oy Reduced Cool i ng
Ni ckel Copper Conpacti on Si ntered Yi el d Utimte El ongat i on | mpact Har dness
(9% (9% Pressure Density Strength Tensil e (9% (ftelbf) (HRC)
(tsi) (g/ cn?) (psi x Strength
10°) (q%iz)x
2 0 30 6. 92 89.0 105. 3 1.0 7 13.6
40 7.19 101.3 | 121.9 1.3 10 18.8
50 7.31 109.2 | 131.8 1.3 12 18.6
2 1 30 6. 82 96. 8 111.7 1.0 7 19. 4
40 7.10 117.8 | 135.8 1.1 10 22.6
50 7.26 123.0 | 148.0 1.2 14 26. 2
4 0 30 6. 96 102.3 | 114.9 0.9 8 19. 4
40 7.16 111.9 | 141.4 1.4 12 26.1
50 7.34 146. 3 | 162.4 1.1 14 27. 4
4 1 30 6. 86 87.7 104.7 0.9 9 17.1
40 7.08 111.1 | 135.9 1.3 12 20.7
50 7.28 126.4 | 143.9 1.0 15 26.1
TABLE V
Mechani cal Properties of Test Materials with 1.50% Mol ybdenum
Preal | oy Accel erated Cooling
Ni ckel Copper Conpacti on Si ntered Yi el d Utimte El ongati on | npact Har dness
(9% (9% Pressure Density Strength Tensil e (9% (ftelbf) (HRC)
(tsi) (g/ cn?) (psi x Strength
10°) (psi x
10%)
2 0 30 6. 86 -- 110. 6 0.6 6 25.3
40 7.12 - - 145. 8 0.7 9 30. 3
50 7.32 - - 180. 2 1.0 12 35.5
2 1 30 6. 83 108.7 | 118.0 0.8 7 25.2
40 7.10 133.5 | 151.4 1.0 11 30. 2
50 7.25 - - 156. 5 1.1 13 33.8
4 0 30 6. 88 113.0 | 124.1 0.9 7 24. 3
40 7.16 139.6 | 163.4 1.2 11 29.9
50 7.33 165.3 | 187.9 1.5 13 34.9
4 1 30 6. 87 93.8 104.5 0.9 8 23.6




40 7.11 119.7 135.8 1.1 12 29.8
50 7.26 142. 1 166. 4 1.7 13 32. 1
TABLE V
Mechani cal Properties of Test Materials with 1.50% Ml ybdenum
Preal | oy Reduced Cool i ng
Ni ckel Copper Conpacti on Si nt ered Yield Utimte El ongati on | npact Har dness
(% (% Pressure Density Strength Tensil e (% (ftelbf) (HRC)
(tsi) (g/ cnt) (psi x Strength
10%) (psi x
10°)
2 0 30 6. 86 -- 101.0 0.7 6 20.1
40 7.12 116.9 134.8 0.8 10 24. 3
50 7.32 141.9 161.1 1.1 11 29.6
2 1 30 6. 83 103.9 110. 4 0.8 7 20.9
40 7.10 126. 2 143. 6 1.0 8 27.3
50 7.25 128. 4 142. 8 1.1 12 27. 3
4 0 30 6. 88 104.9 118.5 0.9 7 23.3
40 7.16 129. 3 151. 8 1.1 12 27.9
50 7.33 146. 5 174.6 1.6 13 34.7
4 1 30 6. 87 -- 104.0 1.0 8 21.4
40 7.11 112. 7 130.1 1.1 12 25.8
50 7.26 128. 6 154. 6 1.6 14 30. 3
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Figure 11: Effect of Accelerated Cooling Upon UTS of Test




Materials wwth 1.5% Mo Preall oy

For the materials based upon the 0.85% nol ybdenum preal | oy,
tensile strength varied from approximately 110, 000 psi, at
sintered densities of approximately 6.9 g/cn?, to over 160, 000
psi for materials with sintered densities approaching 7.3 g/cnt.
Simlar trends were observed for materials based upon the 1.5%
nol ybdenum preal |l oy where an ultimate tensile strength in excess
of 180,000 psi was obtained in material G containing 4% adm xed
ni ckel .

However, the strength data indicate clear interactions between
copper and ni ckel contents and tensile properties. These are
di scussed in further bel ow

| npact

The i npact energies, follow ng accel erated cooling, are
summarized in Figures 12 and 13 for materials based upon the 0.85
and 1. 5% nol ybdenum preal | oys, respectively. For both systens,

i npact strength increases with increasing density.
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Figure 12: Effect of Accel erated Cooling Upon | npact Energy of
0.85% Mo Test Materials
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Figure 13: Effect of Accel erated Cooling Upon | npact Energy of
1.5% Mo Test Materials

For materials based upon the 0.85% nol ybdenum preal | oy, i npact
ene;gy i ncreased from val ues of seven ftelbf at a density of 6.8
g/cmto approximately 14 ftelbf at a density of 7.3 g/cn.

There was a relatively small effect of copper or nickel content
upon the inpact strength of these materials, but density clearly
dom nates. In the case of the 1.5% nol ybdenum preall oy, i npact
strength tended to increase with increasing density. The val ues
were possibly slightly less than those of the material s based
upon the 0.85% nol ybdenum preal | oy. Changes in copper and ni ckel
content had relatively little effect on the inpact strength of

t hese materi al s.

Har dness

The hardness of the test premxes is illustrated in Figures 14
and 15 for prem xes based upon the 0.85% and 1.5% nol ybdenum
preal | oys, respectively, for materials that experienced

accel erated cooling fromsintering tenperature.
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Figure 14: Effect of Accelerated Cooling Upon Hardness of 0.85%
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Figure 15: Effect of Accelerated Cooling Upon Hardness of 1.5% Mo
Test Materials

The processing produced sone variation in hardness between



tensile and inpact test pieces. For conveni ence, the hardness
plotted is the nmean of 15 to 25 determ nations per test
condition. The materials devel oped rel atively high hardness
levels from 15 to 35 HRC dependi ng on density and conposition.

For those materials based on the 0.85% nol ybdenum preal | oy,

har dness increases with increasing density from approximately 22
HRC at 6.8 g/cnfto high values of 33 HRC at 7.3 g/cn?. The

mat eri al s based upon the 1.5% nol ybdenum preal | oy generally
attai n higher hardnesses than the equivalent materi al based upon
t he 0.85% nol ybdenum preal | oy. Hardness increases from
approximately 23 HRC at a density of 6.8 g/cn? to approxi mately
35 HRC at a density of 7.3 g/cnf. There are clear interactions
between the matrix conpositions, and the relative additions of
copper and ni ckel content upon hardness that are di scussed
further bel ow

DI SCUSSI ON

The results above illustrate that the programattained its goals.
By control of conposition, processing and m crostructure,
materi al s were devel oped that attai ned properties conparable to
t hose of doubl e pressed, double sintered PPM materials but by
singl e conpaction processi ng. Wien conpacted at 50 tsi, the | ow
all oy nickel, graphite materials achieved sintered densities in
excess of 7.3 g/cnfwith ultinmate tensile strengths of 180, 000
psi. The | owalloy copper, nickel, graphite materials possessed
slightly lower sintered densities and ultimate tensile strengths
of 7.25 g/cn? and 185, 000 psi, respectively.

The results confirmed the benefits of enploying conpressible

nmol ybdenum preal | oyed steel powders for the matrix of the test
materials. Very high green and, hence, sintered densities of 7.25
to 7.3 g/cnf were attained by single conpaction in production
presses. In materials containing 2 or 4% nickel, slight shrinkage
occurred on sintering to produce materials with ultinate tensile
strengt hs above 175,000 psi follow ng accel erated cooling. Even
at the reduced cooling rate, simulating increased section size,

it proved possible to develop an ultinmate tensile strength in
excess of 170,000 psi at a sintered density of 7.33 g/cnfin the
1. 5% nol ybdenum preal |l oy with 4% added ni ckel .

Al ternatively, by controlled additions of copper and nickel,
materials were produced that achieved ultimate tensile strength
above 160,000 psi at sintered densities of 7.2 g/cnf, follow ng
accel erated cooling that show | ess size change in sintering.

The results indicate interactions of conposition and processing
in controlling the mcrostructure and hence properties of the
test materials. Certain of these were anticipated, such as the



beneficial effects of nolybdenumin inproving the hardenability
and strength of materials processed at | ower cooling rates.

QO hers were not anticipated, particularly the apparent adverse
i nfluence of copper on the properties of materials wth higher
ni ckel content. These are di scussed below with reference to the
original thenes of:

relative density
m crostructure
matri x

Rel ative Density

The results confirmthat all nmaterials’ properties, UTS, inpact
energy and hardness increased with increasing sintered density.

It appears that increasing the nol ybdenum content of the preall oy
powder slightly reduces green density (Figures 1 and 2),
particularly at |ower conpaction pressures. The effect is nuch

| ess significant at higher conpaction pressures.

It is possible that the higher nol ybdenum content slightly favors
shrinkage on sintering. The sintered densities of test pieces of
equi val ent conposition are alnost identical (Figure 2), although
the green densities of materials made with the 1.5% nol ybdenum
preall oy are | ower than those of their 0.85% nol ybdenum
equi val ent .

As is common in ferrous PPM adding nickel to the test pieces
favored shrinkage on sintering. Adding 1% copper to the test
materials favored growmh fromdie size on sintering. Thus,

di mensi onal change on sintering can be used to increase sintered
density and properties.

M crostructure

The netal | ography indicated that the materials possessed

m crostructures consisting of tenpered nmartensite, pearlite,

ni ckel -rich areas and small quantities of bainite (Figures 3 -
7). Overall, reducing the cooling rate suppressed martensite
formation and i ncreased pearlite contents (Figure 16). The | ower
cooling rate reduced the nean tenpered martensite content of the
test materials from78%to 59%

The tenpered martensite content of the accel erated cool ed
materials was relatively consistent. It varied only from 75%to
83% indicating that the cooling rate was sufficiently rapid to
formmartensite i ndependently of alloy content in the materials
tested. Thus, under accel erated cooling, increasing the

nol ybdenum content of the prealloy fromO0.85%to 1.5% produces a
smal |l increase in the nean tenpered martensite content from 75. 5%



to 81% At the reduced cooling rate, sinulating increased section
si ze, increasing the nol ybdenum content fromO0.85%to 1.5%

i ncreases the nean tenpered nmartensite content of the test
materials nmore significantly from55 to 63%

| ncreasi ng ni ckel content from 2-4% has nmuch | ess consi st ent
effects. Under accel erated cooling, increasing nickel content has
no significant effect upon the tenpered martensite content of the
materials made with the 0.85% nol ybdenum preal |l oy. |ncreased

ni ckel may slightly reduce the tenpered martensite content of
materials made with the 1.5% Mo preall oy. There appears to be an
interaction between the effects of copper and nickel content at
the I ower cooling rate.
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Figure 16: Effect of Cooling Rate Upon Tenpered Martensite
Content of Test Materials

In copper-free materials, increasing nickel content from2 to 4%
i ncreases the tenpered martensite content of slowy cool ed
materials from48%to 66% In the presence of 1% copper,

i ncreasing nickel from2%to 4% increases nean tenpered
martensite content from57%to 66%

Addi ng 1% copper to inprove hardenability at the | ower cooling
rate is only effective at the 2% ni ckel |evel where the nean
tenpered martensite content increased from48%to 58% It is
possible that this is due to formation of a stable copper and
ni ckel -rich phase at higher copper and nickel contents. The



proportion of nickel-rich areas increases significantly in the 4%
ni ckel and 4% ni ckel, 1% copper materials (Table V). Gven the
mutual solid solubility of copper and nickel, it is possible that
t hese areas contain both copper and nickel. The presence of

di ssol ved nickel in copper would raise the nelting point of the
copper to delay solution of copper in the matrix. The all oys,
particularly copper, contained in the nickel-rich areas would
reduce the concentration of alloy dissolved in the iron matrix at
the end of sintering. Hence, the contribution of copper and

ni ckel to strength and hardenability inprovenments would be | ess
than anticipated fromthe chem cal conposition

Mechani cal Properties

The effects of changing mcrostructure are apparent in the
mechani cal properties of the test materials. Wen conpacted at 40
tsi, both ultinate tensile strength (Figure 17) and hardness
(Figure 18) increase with increasing tenpered nartensite content
for all test materials under accel erated and reduced cool i ng
rates. The inpact strength of the test materials is largely

i ndependent of process conditions and mcrostructure but is

dom nated by porosity.
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Figure 17: UTS of Test Materials versus Tenpered Martensite

| ncreasing density inproves the nmechanical properties of the test
materials. Thus, the effects of process conditions and
conposition are discussed using property values estinmated at a



sintered density of 7.1 g/cn? (Table VI) by interpolation from
the curves of sintered properties versus sintered density.

G ven the quantitative |link between nmechanical properties and
tenpered martensite content established by quantitative

met al | ography, the interactions between chem cal conposition,
cooling rate and ultimte tensile strength becones nore
understandable in ternms of basic netallurgical principles.

TABLE VI
Properties of Test Materials at a Sintered Density of 7.1 g/cm?
Accel erated Cooling Rate from Sintering Tenperature

Mat eri al Mat ri x Copper Ni ckel urs | npact Har dness
Addi ti on Addi ti on (psi x (ftelbf) HRC
103)

A Ancor st eel 0 2 136 9 26. 2
85HP

B Ancor st eel 1 2 152 10 30. 3
85HP

C Ancor st eel 0 4 143 10 26. 8
85HP

D Ancor st eel 1 4 138 11 28.5
85HP

E Ancor st eel 0 2 143 9 29.8
150HP

F Ancor st eel 1 2 151 11 30.2
150HP

G Ancor st eel 0 4 152 10 28. 6
150HP

H Ancor st eel 1 4 134 12 29.5
150HP

TABLE VI

Properties of Test Materials at a Sintered Density of 7.1 g/cm?

Reduced Cooling Rate from Sintering Tenperature

Mat eri al Mat ri x Copper Ni ckel urs | npact Har dness
Addi ti on Addi ti on (psi x (ftelbf) HRC
103)

A Ancor st eel 0 2 117 9 17. 1
85HP

B Ancor st eel 1 2 136 10 22.8
85HP

C Ancor st eel 0 4 133 11 24.0
85HP

D Ancor st eel 1 4 137 12 21.0
85HP

E Ancor st eel 0 2 133 10 24.0
150HP

F Ancor st eel 1 2 143 11 27. 2
150HP

G Ancor st eel 0 4 144 11 26. 9
150HP

H Ancor st eel 1 4 129 11 25.6
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Figure 18: Hardness of Test Materials versus Tenpered Martensite

such as accel erated cooling, that increase
increase ultimate tensile strength
such as nickel-rich areas, that
reduce ultimate tensile

Those factors,
tenpered martensite content
and hardness. Those factors,
reduce tenpered nmartensite content
strength and hardness.

Utimate Tensile Strength

The major factor in controlling ultimate tensile strength, except
porosity, is cooling rate. At a sintered density of 7.1 g/cnt,
the mean ultimate tensile strength, 143,800 psi, of accel erated
cooled materials is higher than that, 138,000 psi, of materials
experiencing the lower cooling rate.

The netal | ography indicated that the accel erated cooling rate was
sufficient to pronote al nost conplete martensite formation

i ndependently of conposition. The nean ultimate tensile strength
of materials based on the 0.85 and 1. 5% nol ybdenum pr eal | oy,
142,200 and 145,500 psi, respectively, are alnost identical. The
i ncreased hardenability of the 1.5% nol ybdenum prealloy is nore
apparent at the | ower cooling rate. Increasing nol ybdenum content
increases the nmean ultimate tensile strength of the naterials



experiencing the |ower cooling rate from 130,700 to 137,200 psi.

The effects of increased nickel content upon ultinmate tensile
strength are nore conplex but confirmits interaction with
copper. Overall, increased nickel in the absence of copper tends
to increase nean ultimate tensile strength from 132,400 to
142,900 psi. The increase in nean ultimte tensile strength of
13,500 psi at the lower cooling rate is larger than that of 8,500
psi at the accelerated cooling rate.

At the |lower 2% nickel content, adding 1% copper increases
ultimate tensile strength significantly under both cooling

condi tions. Under accel erated cooling, adding 1% copper increases
the nean ultimate tensile strength of the 2% nickel materials
from 139,800 psi to 151,500 psi. The high strength of the 0.85%
nmol ybdenum preal l oy with 2% ni ckel, 1% copper may be influenced
by the transformation characteristics. It contains a high bainite
rather than pearlite content.

At the reduced cooling rate, sinulating increased section size,
addi ng 1% copper to the 2% nickel materials increases the nean
ultimate tensile strength from 125,000 psi to 139, 400 psi.

In contrast, adding 1% copper to the 4% nickel material tends to
reduce ultimate tensile strength, particularly in the higher

nmol ybdenum materials. The result confirnms the netall ography. The
copper and nickel tend to forma stable solid solution discrete
fromthe matrix such that the strengthening effects of increased
copper and nickel are less than anticipated fromthe chem cal
conposition alone. It is possible that |onger sintering tines or
hi gher sintering tenperatures could increase solution of copper
and nickel in the ferrous matrix as discussed in Reference 1.

Har dness

The effects of processing and conposition upon the hardness of
the test pieces are very simlar to their effects upon ultimte
tensile strength . As indicated by the netall ography and
illustrated in Figure 19, increasing tenpered nartensite content
favors increasing hardness. Thus, those factors that favor

i ncreased martensite content increased cooling rate, increasing
nmol ybdenum i ncreasing nickel in the absence of copper, and
addi ng 1% copper to 2% ni ckel materials increase the hardness of
the test materials. Factors such as reduced cooling rate,

i ncreased section size and the addition of 1% copper to 4% ni ckel
materials that reduce martensite content reduce hardness.

As indicated in Figure 20, cooling rate has the nost significant
effect upon the hardness of the test materials at a sintered
density of 7.1 g/cnf. The nean hardness, 28.7 HRC of the



accel erated cooled materials is higher than that 23.6 HRC of

mat eri al s experiencing |lower cooling rate. The accel erated cool ed
materials have very simlar martensite contents. Thus, their
hardness varies much less, from26.2 HRC to 30.3 HRC at 7.1 g/cn?
than that of the nore slowy cooled materi al s.

The increased hardenability of the 1.5% nol ybdenum preal | oy

i ncreases the hardness of the materials that experienced the
reduced cooling rate. Increasing the nolybdenum content of these
materials fromO0.85 to 1.5% i ncreases the nean hardness from 21.2
HRC to 25.9 HRC at a sintered density of 7.1 g/cnf.

| ncreasing the nickel content, from2%to 4% in the absence of
copper increased the hardness of the test materials. The increase
was nost significant at the reduced cooling rate, where the nean
hardness of the test materials at a density of 7.0 g/cn?
increased from20.5 HRCto 25.5 HRC with increased nickel

content.

There is a simlar interaction between the effects of copper and
ni ckel upon hardness to that observed upon tensile strength. The
effects are nost apparent at the reduced cooling rate where there
is much nore variation in martensite content and hardness. At the
2% ni ckel |evel, adding 1% copper increases the nmean hardness of
the slowy cooled materials from20.5 to 25 HRC. In contrast,

i ntroduci ng 1% copper slightly reduces the nean hardness of the
4% ni ckel materials from25.4 HRCto 23.3 HRC, at a sintered
density of 7.1 g/cnt.

The data show that by conbining these factors correctly, it
shoul d be possible to devel op sinter-hardening conpositions from
the test materials. The 27 HRC hardness of the 1.5% nol ybdenum
preall oy with 2% ni ckel and 1% copper at the reduced cooling rate
conpares favorably with the values of 26 to 30 HRC obtained in
the accel erated cooled materi al s.
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| npact Ener gy

As di scussed above, porosity has the greatest influence upon
i npact energy (Figure 21). The curves of inpact energy versus
sintered density for the materials based upon the 0.85%

nol ybdenum preal | oy show that other factors have al nbst no

i nfl uence on inpact energy.

Wth the exception of material F, that contains 2% nickel and 1%
copper in the 1.5% nol ybdenum preal |l oy, cooling rate has no
significant effect upon inpact energy. It is possible that
increasing alloy content may increase the inpact energy of the
test materials slightly. At a sintered density of 7.1 g/cn?, the
i npact energy of materials containing 4% nickel and 1% copper is
slightly higher than that of the materials that contain only 2%
nickel. This may indicate that the presence of discrete nickel-
rich areas in PPMmaterials tends to i nprove toughness (7, 8)
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Figure 21: Effect of Cooling Rate Upon Inpact of Test Materials,
7.1 g/cm?

COVPARI SON W TH DOUBLE PRESSED MATERI ALS
The aimof this work was to achi eve nechani cal properties

conparabl e to existing double pressed, double sintered (DPDS),
materials by single conpaction. The data indicate that the



sintered density, 7.2 to 7.3 g/cn?, and ultimate tensile strength
of the test materials conpare favorably with published data for
DPDS materials (Figures 22 and 23), such as FN 0405HT publi shed
in MPIF Standard 35, 1990-1991 Edition. The figures show that in
the rapidly cooled condition (Figure 22), the ultimte tensile
strengths of test materials based upon both the 0.85% and 1.5%
nmol ybdenum preal | oys are equi val ent or superior to those of the
heat treated FN-0405HT at densities of 6.8 to 7.2 g/cnt.

However, MPIF Standard 35 indicates that densities above 7.0

g/ cm? were achi eved by doubl e pressing. Thus, the test materials
offer a significantly nore efficient route to high performance
t han conventional alternatives.

The conparison is nore favorable if the properties obtained at
the reduced cooling rate are conpared to those of as-sintered FN
0405.

UTS Cksi)
200 ——————————— - -
| I 1.5% Mo:2% M . 1
180 = o
TR D.E%N MO 2R Wi, 1RCu / /
i S y,
il F
180 FH=0405HT N e r — i

140 —v= oS
il / k- -

20 T
ffﬁf

L1010 — ______-"

1 |- 1 I | L i -

B0 =
6.5 B.B B.7 6.8 6.9 7.0 7.1 s 7.3 ¥4 7.3 7.8

SINTERED DENSITY Cg/cm3)

Fi gure 22: Conparison of Rapidly Cooled Test Materials with FN
0405HT

The ultimate tensile strength of test materials that were single
conpacted to a density of 6.85 g/cnt, then slowy cool ed from
sintering tenperature exceeds that quoted for FN-0405 at a
sintered density of 7.2 g/cn? achi eved by repressing.



UTS Cksi)

204
I i

1 - -
S I s

TR 0, B5% Mo NI, 1% Cu

i —

180

_—— FH-0A0% 5
140 = - - =

e
120 | —ar . T —
e L
-~
-~
100 =
e
- -
80 g
o
—
&0 o et Do0S —
ql:l_,.—ﬁ_... | I— 1 i | i 1
[ [T -1 6.7 6.8 E.8 7.0 4.9 7.2 F | 7.4 1.5 7.6

SINTERED DENSITY (g/cm3)

Figure 23: Conparison of Test Materials with FN 0405
CONCLUSI ON

The experinental results achieved the ains of the research
program The test -materials attained tensile properties typical
of doubl e pressed, double sintered materials by single conpaction
processing and careful materials design.

Utimate tensile strengths above 170,000 psi can be achi eved, at
sintered densities of 7.25 g/cn?, follow ng accel erated cooling
fromsintering tenperature. Strengths in excess of 160, 000 psi
can be devel oped at reduced cooling rates sinulating increased
section size.

The results confirmed the basic principles of the program

The nol ybdenum preal |l oy steel powders offer an attractive basis
for devel opi ng high performance nmaterial s.

| ncreasi ng the nol ybdenum content of the prealloy fromO0.85 to
1. 5% has a beneficial effect on hardenability.

Controlled introduction of copper and nickel into the nol ybdenum
preal | oy powder produces high sintered density and ultinate
tensil e strengths.

Accel erated cooling fromsintering tenperature can be enployed to



devel op martensitic mcrostructures in the test material s.
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