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ABSTRACT

The addition of fine particles (< 20unm) of high-carbon
ferroall oys to the high conpressible preall oy powders,

Ancor steel ® 85 HP and Ancorsteel 150 HP, has been shown to be a
practical way of producing ferrous |lowalloy steels containing
chrom um and nanganese.

I ncreased sintering tenperatures inproved the nmechanica
properties of the materials and the effect was particularly
noti ceabl e at 2350°F

The ferroalloy additions significantly enhanced the hardenability
of the base |owalloys. Materials based on the | ow all oy powder
cont ai ni ng 1. 5% nol ybdenum were nore hardenabl e than those based
on the 0.85% nol ybdenum al | oy.

These materials are well suited for plasma nitriding and should
find use in gears and cans that require a hard wear-resistant
surface coupled with a strong, tough core.

| NTRODUCTI ON

Chrom um and manganese are used extensively as alloy additions in
wrought steels because they are efficient enhancers of

hardenabi ity and nechani cal properties. A strong affinity for
oxygen has restricted their use in ferrous P/MI|owalloys and
powder netallurgists have devel oped | ow al |l oy powders with

ni ckel , copper, and nol ybdenum as the primary alloying additions.
The latter form oxides during the water atom zation process that
can be reduced during the annealing stage of powder production,
wher eas chrom um and manganese form extrenely stabl e oxi des that
are not reduci ble under standard powder annealing conditions. The
El | i ngham di agram (Figure 1) provides a guide to the equilibrium
t hernodynam ¢ factors associated with oxide reduction (1). In
practice, reaction kinetics also play an inportant role.

The equilibriumconditions for netal oxides and netals in a pure
hydr ogen at nosphere are shown in Figure 2(2,3). The oxi des of

ni ckel , copper, and nol ybdenum are readily reduced in a high dew
poi nt at nosphere at conventional sintering tenperatures ([02100°F



or 1150°C). However, a dew point below m nus 58°F (m nus 50°C) is
required to reduce the oxides of chrom um and nmanganese at these
sintering tenperatures and this is well below the range of
conventional atnosphere sintering furnaces. |If alloy additions
are present as oxides they do not contribute to the hardenability
or strength of the all oy.

A nunber of approaches have been used to devel op ferrous | ow
al I oys contai ni ng chrom um and nmanganese (4-12):

Wat er atom zati on and vacuum anneal i ng
Gl atom zation

Mast er al | oys (MCM
Ferroal |l oy additions

In the water atom zation plus vacuum reducti on process, devel oped
by Kawasaki Steel (7), a controlled anount of carbon contained in
wat er atom zed steel powder reduces oxides during annealing in
vacuum Parts produced from powders nade by this nethod are
still, however, susceptible to oxidation during sintering.

Ol atom zation results in | ower as-atom zed oxygen contents for
chrone/ manganese containing |owalloy steel powders than are
possible with water atom zation (8). However, the powders need to
be anneal ed to reduce their carbon content and consi derable care
must be taken during annealing to balance the conflicting

requi renent to maintain a | ow oxygen content as well as reduce
the carbon | evel (5).

In the masterall oy approach, master alloys based on conpl ex
carbides are added to a high conpressibility iron powder base
(9,10). The MCM al l oy contains 20% M, 20% Cr, 20% Mo, and 7% C.
Zapf, Hoftmann, and Dal al successfully devel oped suitable

mast eral | oys but the techni que has not found w despread

accept ance.

Tengzel ius has presented the results of experinents using
additions of finely ground | ow carbon ferroall oys of chrom um and
manganese to iron powders (11,12). The chem cal activity of
chrom um and nmanganese i s reduced when they are introduced as
ferroall oys rather than as el enental additions. The materials

i nvestigated had chrom um and manganese contents of between 1 and
2% The resulting sanples had good nechani cal properties when
sintered at 2282°F (1250°C) but di nensional change was found to
be particularly sensitive to carbon content and these materials
have also failed to achi eve w despread accept ance.

In the experinmental work summarized bel ow, chrom um and nmanganese
wer e added as finely ground high-carbon ferroall oys. The
ferroall oy additions were nade to highly conpressible, water



atom zed |l ow all oy powders with preall oyed nol ybdenum as their
principal alloying addition. These recently devel oped | ow al |l oy
powders have conpressibilities simlar to those of plain iron
powders (13, 14). The preall oyed nol ybdenum i ncreases the yield
strength of the resulting materials and makes a significant
contribution to hardenability. The binder treatnents currently
used for prem xes (15, 16) were not avail abl e when Tengzel i us
experinmented wth ferroall oy additions. These recently devel oped
bi nder treatnments permt the use of finer ferroalloy particle
sizes in prem xes, and mnimze their tendency for segregation
and dusting during subsequent processing (17).

EXPERI MENTAL PROCEDURE
Mat eri al s

The highly conpressible, water atom zed, prealloyed powder,
Ancorsteel 85 HP was used as a base for the materials

i nvestigated. Ancorsteel 150 HP was al so used as a base in
selected trials in order to evaluate the effect of 1.5% conpared
with 0.85% preal |l oyed nol ybdenum The typical chem ca
conposition of these powders is presented in Table 1 and their
conpressibility and green strength characteristics are sumari zed
in Figures 3 and 4. Hi gh-carbon ferroalloys of chrom um and
manganese were ground to 90% | ess than 20 m croneters and added
to each of the base powders in the appropriate quantities to
result in the chrom um and nmanganese contents shown in the
experinmental matrix of Table 2. The ferroall oys contai ned about
6% car bon and approxi mately 70% of either chrom um or nmanganese.
Particle size characteristics of the ground ferroall oys are
presented in Table 3. A 0.4% addition of Asbury 3203 natural

fl ake graphite was nade to each prem x along with 0.5% Wtco
Lubrazi nc-Wzinc stearate (except where otherw se indicated).

The experinmental matrix was subsequently repeated with an
addition of 1% Inco 123 nickel powder to offset the growh from
di e size experienced with the initial sanples.

Test Speci nen Preparation

Transverse rupture bars (TRS bars) were conpacted i n accordance
with ASTM B 528 and fl at, unmachi ned “dog-bone” tensile bars were
made to the di nensions specified in ASTME 8. The test bars were
conpacted at 45 tsi and sintered using a pusher furnace and a

di ssoci ated ammoni a at nosphere with a dew point of between m nus
4 to mnus 10°F. Sintering tenperatures of 2050°F, 2150°F

2250°F, and 2350°F were used and sanples were naintai ned at the
sintering tenperature for 30 m nutes before being pushed into the
wat er jacketed cooling zone of the furnace. (The sintering
tenperature of 2150°F was omtted for the sanples with 1%



ni ckel ).

In addition to being tested in the “as-sintered” condition,
tensil e specinens were austenitized at 1600°F for 1 hour in a

di ssoci ated ammoni a at nosphere with net hane added to maintain an
appropriate carbon potential. The sanples were quenched into oi
preheated to 150°F. Tenpering was perforned for 1 hour in a

ni trogen atnosphere. Tenpering tenperatures from 300°F to 1040°F
were investigated.

Plasma Nitriding

The TRS and tensile bars that were sintered at 2350°F for 30
mnutes in a dissociated ammoni a at nosphere were subsequently
austenitized at 1650°F for 1 hour. These sanples were quenched
into oil preheated to 150°F. Tenpering was perfornmed for 1 hour
at 950°F in a nitrogen atnosphere. The guench-hardened test bars
were then plasma nitrided by Metal Plasma Technol ogy America
Corporation at their California Service Center.

Mechani cal Property Testing

Tensile testing was perforned on an Instron tester at a crosshead
speed of 0.1 inches/mnute in accordance with ASTM E 8. The
percent age di nensi onal change of the nmaterials with respect to
di e size was neasured on TRS bars followi ng ASTM B 610

gui del i nes.

Jom ny Hardenability

Jom ny hardenability test bars were machined from4 inch

di aneter, 1.25 inch high powder forged conpacts of selected
materials. Hardenability testing was perforned in accordance with
ASTM A 255. The Jomi ny hardenability bars were austenitized at
1600°F for 30 mnutes prior to quenching.

Met al | ogr aphi ¢ Exam nati on

Sanpl e cross-sections were cut from sel ected test specinens and
prepared for netall ographic exam nation. Al netall ographic
preparati on was done on a Struers Abrapol autonmated
grinder/polisher follow ng previously reviewed procedures (18).
RESULTS

Mechani cal Properties

Tensile strength data for the “as-sintered” materials are

summari zed in Tables 4 through 10. These tabl es al so include
i nformati on on percentage di nensi onal change and apparent



hardness of the sanples. The affect of sintering tenperature is
illustrated graphically for selected materials in Figures 5-7.

Tenpering curves for quench-hardened tensil e specinens containing
1% ni ckel , 0.75% chrom um and 0. 75% nmanganese are presented in
Figure 8 (Table 11) and show the affect of the higher prealloyed
nmol ybdenum content in the Ancorsteel 150 HP

Jom ny Hardenability

Jom ny hardenability curves for selected materials are presented
in Figures 9 and 10 which highlight the effect of the various

all oy additions and the influence of the base | ow all oy powder on
har denabi lity.

Met al | ogr aphy

Phot om cr ographs of selected “as-sintered”, and quench-hardened
and plasma nitrided materials are shown in Figures 11-13.

DI SCUSS| ON
“As-Sintered” Materials

The tensile strength of all of the “as-sintered” materials
inproved with increased sintering tenperature (Tables 4-10 and
Figures 5-7). The effect was particularly noticeable for the
sanpl es contai ning chrom um and those with higher |evels of
manganese when sintered at 2350°F. A photom crograph of the
sanpl e based on the 0.85% nol ybdenum preall oy with 1% ni ckel

0. 75% chrom um and 0. 75% nmanganese, sintered at 2350°F i s shown
in Figure 11. The m crostructure consists of a uniform di spersion
of divorced pearlite. The reduced growmh that results fromthe
presence of the 1% nickel in this material is shown in Figure 14.

The effect of compaction pressure was investigated for selected
mat eri al s based on both the 0.85% and the 1.5% nol ybdenum
containing prealloys. Tensile properties for sanples sintered at
2350°F are summarized in Figures 15 and 16. For conpaction
pressures of 40 tsi and above, the beneficial effect of both
chrom um and nmanganese can be seen. Little difference is observed
between the tensile properties of nmaterials made fromthe two
base powders.

Graphite additions of 0.2% and 0.4% were eval uated for sanples,
based on both of the prealloyed powders, to which 1% ni ckel

0. 75% chrom um and 0. 75% manganese had been added. These sanpl es
were conpacted at 30, 40, and 50 tsi and sintered at 2350°F in

di ssoci ated ammoni a. Good tensile properties were obtained even
at the lower level of graphite addition (Figures 17 and 18). No



significant difference was observed between the tensile
properties of materials made fromthe two | ow all oy powders
(Figure 19).

Quench- Hardened and Tenpered Materials

The tenpering response of tensile sanples containing 1% ni ckel,

0. 75% chrom um and 0. 75% manganese is shown in Figure 8. Sanples
based on the prealloy with 1.5% nol ybdenumretain their strength

and hardness at higher tenpering tenperatures conpared with those
based on the preall oy containing 0.85% nol ybdenum

Jom ny Hardenability

The beneficial effect of the added ferroall oys on hardenability
is illustrated in Figures 9 and 10. The greater hardenability of
t he sanpl es based on the prealloy with 1.5% nol ybdenumi s
apparent. Materials with both chrom um and manganese had
particularly good hardenability. The uniform m crostructures
shown in Figures 11-13 and the contribution to strength and
hardenability resulting fromthe ferroalloy additions indicate
the viability of the ferroall oy approach to produci ng ferrous

| ow al | oys contai ni ng chrom um and manganese.

Plasma Nitriding

Plasma nitriding provides the ability to control conpound | ayer

t hi ckness, maintain initial core hardness, and results in |ess
distortion than gas nitriding because it can be perforned at

| ower tenperatures. A mcrohardness profile of the surface region
of the sanple based on the prealloy wth 0.85% nol ybdenumi s
shown in Figure 20. This sanple contained 1% nickel, 0.75%
chromum and 0. 75% manganese along with an addition of 0.4%
graphite. A photom crograph of the core region of this sanple is
shown in Figure |2 and the surface region is illustrated in

Fi gure 13.

CONCLUSI ONS

The addition of fine particles (< 20unm) of high-carbon
ferroalloys to highly conpressible preall oyed powders is a
practical way to produce ferrous | ow alloys containing chrom um
and nmanganese.

The mechani cal properties of the materials inproved with
i ncreased sintering tenperature and the effect was particularly
noti ceabl e at 2350°F

The ferroalloy additions significantly enhanced the hardenability
of the base |lowalloys. Sonme of the resulting materials are



suitable for parts requiring heat treatnent that have ruling
sections of greater than 1.5 inches.

Material s based on the | owalloy powder containing 1.5%
nmol ybdenum wer e nore hardenabl e than those based on the 0.85%
nmol ybdenum al | oy.

These materials are well suited for plasma nitriding and should
find use in gears and cans that require a hard wear-resistant
surface coupled with a strong, tough core.
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Tabl e 1: Chem cal conposition of the base powders

Conposi tion
(Wi ght %

Material | C | Vh | b | ¢}




Ancor st eel <0.01 0.14 0. 85 0. 07
85 HP
Ancor st eel <0.01 0.14 1.5 0. 07
150 HP
Tabl e 2: Experinental Matrix
Chrom um and nmanganese additions nmade to Ancorsteel 85HP and
Ancor st eel 150HP
Cr Vh
0 0.75 1.5
0 X X X
0.75 X X
1.5 X

Table 3. Ferroalloy particle size (Mcrotrac anal ysi s)

% Passi ng FeCr FeMh
(um (pm
90 26. 3 22.0
50 8.3 7.4
10 2.5 2.1
Table 4. “As-sintered” properties - 0.85% M steel (0.4%qgr.)
Test bars conpacted at 45 tsi - sintered at 2050°F in DA
Mat eri al Sintered Yield utrs El ong. D. C Appar ent
Density psi psi % (9% Har dness
(g/ cn) (x10% | (x10% (in1 ( HRB)
i nch)
0. 75% Cr 7.06 46. 4 56. 4 1.2 +0. 25 79
1.5% Cr 7.01 48. 5 64. 1 1.2 +0. 38 85
0. 75% Mh 7.08 47.7 63. 2 2.0 +0. 17 78
1.5% Mh 7.04 53.1 71.8 1.9 +0. 32 84
0. 75% Cr 7.02 54. 4 71.9 1.8 +0. 37 84
+
0. 75% Mh
Table 5: “As-sintered” properties - 0.85% M steel (0.4%qgr.)
Test bars conpacted at 45 tsi - sintered at 2150°F in DA
Mat eri al Sintered Yield utrs El ong. D. C Appar ent
Density psi psi % (9% Har dness
(g/ cnt) (x10% | (x10% (in1 ( HRB)
i nch)
0. 75% Cr 7. 05 46. 4 61. 8 1.5 +0. 28 80
1.5% Cr 7. 00 54.8 76.5 1.6 +0. 42 86




0. 75% Mh 7.09 51.0 65. 3 2.5 +0. 14 77
1.5% Mh 7.03 55.3 73.9 2.4 +0. 31 83
0. 75% Cr 7.02 56. 6 78.9 2.0 +0. 38 85
+
0. 75% Mh
Table 6: “As-sintered” properties - 0.85% M steel (0.4%qgr.)

Test bars conpacted at 45 tsi

sintered at 2250°F in DA

Mat eri al Sintered Yield utrs El ong. D. C Appar ent
Density psi psi % (9% Har dness
(g/ cn?) (x103%) | (x10% (in1 ( HRB)
i nch)
0. 75% Cr 7.06 49.7 67.8 2.1 +0. 26 82
1.5% Cr 6. 99 57.0 81.4 1.8 +0. 48 87
0. 75% Mh 7.10 51.1 66. 2 2.9 +0. 10 78
1.5% Mh 7. 05 52.9 75. 4 2.3 +0. 28 83
0. 75% Cr 7.03 59. 6 79.9 2.3 +0. 34 86
+
0. 75% Mh
Table 7. “As-sintered” properties - 0.85% M steel (0.4%qgr.)
Test bars conpacted at 45 tsi - sintered at 2350°F in DA
Mat eri al Sintered Yield utrs El ong. D. C Appar ent
Density psi psi % (9% Har dness
(g/ cn?) (x103%) | (x10% (in1 ( HRB)
i nch)
0. 75% Cr 7.08 64. 8 79.8 2.3 +0. 29 81
1.5% Cr 7.01 78.9 97.9 1.8 +0. 49 89
0. 75% Mh 7.11 58. 6 74.7 2.8 +0. 11 79
1.5% Mh 7.06 72.6 89.5 2.0 +0. 30 86
0. 75% Cr 7.03 73.5 92.8 2.0 +0. 39 87
+
0. 75% Mh
Table 8. “As-sintered” properties - 0.85% M steel (1% N + 0.4%
gr.) Test bars conpacted at 45 tsi - sintered at 2050°F in DA
Mat eri al Sintered Yield utrs El ong. D. C Appar ent
Density psi psi % (9% Har dness
(g/ cn?) (x103%) | (x10% (in1 ( HRB)
i nch)
0. 75% Cr 7.07 58.1 67.0 1.5 +0. 20 84
1.5% Cr 7. 00 65. 7 76. 6 1.5 +0. 37 90
0. 75% Mh 7.08 61.0 72.1 1.7 +0. 15 84
1.5% Mh 7.03 74. 6 87.7 1.7 +0. 33 92




0. 75% Cr 7.02 69. 6 83.8 1.8 +0. 34 90
+
0. 75% Mh
Table 9: “As-sintered” properties - 0.85% M steel (1% N + 0.4%
gr.) Test bars conpacted at 45 tsi - sintered at 2250°F in DA
Mat eri al Sintered Yield utrs El ong. D. C Appar ent
Density psi psi % (9% Har dness
(g/ cn?) (x10%) | (x10% (in1 ( HRB)
i nch)
0. 75% Cr 7.08 65. 3 80.5 2.3 +0. 11 86
1.5% Cr 7.00 80. 3 100.1 1.7 +0. 35 95
0. 75% Mh 7.11 63. 3 75. 8 2.5 +0. 13 83
1.5% Mh 7.04 75.1 90.2 2.2 +0. 23 89
0. 75% Cr 7.02 77.3 93.6 2.1 +0. 27 90
+
0. 75% Mh
Tabl e 10: “As-sintered” properties - 0.85% M steel (1% N + 0.4%
gr.) Test bars conpacted at 45 tsi - sintered at 2350°F in DA
Mat eri al Sintered Yield utrs El ong. D. C Appar ent
Density psi psi % (9% Har dness
(g/ cnt) (x10% | (x10% (in1 ( HRB)
i nch)
0. 75% Cr 7.12 70.1 88.7 2.4 +0. 13 86
1.5% Cr 7.04 89.8 113.8 1.5 +0. 37 96
0. 75% Mh 7.12 61. 6 76. 2 2.4 +0. 12 81
1.5% Mh 7.06 81.2 103. 8 1.8 +0. 32 93
0. 75% Cr 7. 05 86. 5 106. 7 1.6 +0. 33 92
+
0. 75% Mh
Tabl e 11: Tenpering response of quench-hardened sanpl es
Mat eri al Utinmite Tensile Strength (psi x 10°)
Tenpering Tenperature (°F)
302 572 842 1040
0.75 Cr 0. 85% M 94. 6 139. 4 131.9 129.0
+
0. 75% Mh 1. 5% Mo 98.7 108. 2 104. 2 103. 9
(0.4%qgr.)
0. 75% Cr 0. 85% M 135. 3 139.9 128.5 125.3
+
0. 75% Mnh 1. 5% Mo 118. 8 138. 9 135. 6 138. 8
+




1% Ni
(0.4%qgr.)
Mat eri al Appar ent Hardness (HRC)
Tenpering Tenperature (°F)
302 572 842 1040
0.75 Cr 0. 85% Mo 45 33 32 27
+
0. 75% Mh 1.5% Mo 46 34 33 33
(0.4%qgr.)
0. 75% Cr 0. 85% Mo 44 32 32 28
+
0. 75% Mh 1.5% Mo 46 35 33 35
+
1% Ni
(0.4%qr.)

AG* (kealimole O;)

"2‘80 Il L L 1
0 400 800 1,200 1,600 2,000
Temperature ( “C)

Figure 1: Ellingham di agram (reference 1).




Metal/Chade Equilibria in H,,

4 107

b ioe

F H,0 (iorr)

Déw Pairt {"C)

- 'Io-i

- fﬂ"i

&

<4 10

L

10

Temperature | °C)

Figure 2: Equilibriumconditions for netals and netal oxides in a
pure reduci ng atnosphere (H,) in terns of tenperature and
at nosphere dew point (2,3). Metals which are nore easily reduced
t han t hose shown include copper and nickel.

T [T aoroa 150 |05% zinc stoarete)
< 72 | nmm“ﬂ'*" 4
) 7| V .
g 6.8 .

6.6 /
EER

Compaction Pressure (tsi)






0.85% Mo Prealloy

100

60

UTS (psi x 10%)

0.75% Cr 1.5% Cr
0.75% Cr 1.5% Cr
+ +
1% Ni 1% Ni

Figure 5: Effect of sintering tenperature on UTS (45 tsi).



120

0.85% Mo Prealloy 1

100

80

UTS (psi x 10%)

20

0.75% Mn 1.5% Mn
+ +
1% Ni 1% Ni

Figure 6: Effect of sintering tenperature on UTS (45 tsi).



120

0.85% Mo Preall
100 oy
'g 80
x
g 60
E 40
20
0.75% Cr 0.75% Cr+
+ 0.75% Mn
0.75%Mn +
1% Ni

Figure 7: Effect of sintering tenperature on UTS (45 tsi).



120 } ¢ 28 HRC -

46 HRC —9—0.85% Mo Prealloy
= O =1.5% Mo Prealloy

200 400 600 800 1000 1200
Tempering Temperature (°F)

rrrrrrrrrrneprrfirrrrirrrrrrrnegnennd LI T U U O U AR AR RN

Fi gure 8: Effect of sintering tenperature on UTS and appar ent
hardness (45 tsi).

t
E | 7 32HRC
E




e SR TR ERSNY YR S [ SRS TS
i _H"ouﬂuut-n".fﬂ.‘_.‘_“
st +1.0%Cr+075% Mn

- 0.85% Mo Prealloy + 1% Ni + 0.4% gr.

1“& .

\" v\ +0.75% Mn

1 B I I @ I i I L i

0

0.5 1 18 2 28 8§ 35
Distance from Quenched End (inches)

Figure 9: Jom ny hardenability curves.
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Figure 10: Jom ny hardenability curves.
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Fi gure ot om ror ahs o' the 0.85% pral loy with 0.75%
Cr, 0.75% M, 1% N, and 0.4%graphite - sintered at 2350°F for
30 mnutes in D.A Etched in 2%nital/4% picral.




Fi gure 12: Photom crographs of the core region of the 0.85% M
prealloy with 0.75% Cr, 0.75% Mh, 1% N, and 0.4% graphite -
sintered at 2350°F for 30 mnutes in D.A Quench-hardened and
tenpered, and plasma nitrided. Etched in 2% nital/4% picral.



Fi gure 13: Photom crograph of the surface of the plasma nitrided
sanpl e shown in Figure 12.
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Figure 14: Effect of sintering tenperature on di mensional change
(45 tsi)
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Figure 15: Effect of conpaction pressure on UTS. Sanples sintered
at 2350°F.
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Figure 16: Effect of conpaction pressure on UTS. Sanples sintered
at 2350°F.
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Figure 17: Effect of conpaction pressure and graphite addition on
tensile strength (2350°F).
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Figure 18: Effect of conpaction pressure and graphite addition on
tensile strength (2350°F).



L 0.75% Cr +0.75% Mn
120 0.4% gr. o
1% Ni J
100 — -

7
0.85% Mo Yield (0.2% offs
B 0.85% Mo UTS
3 1.5% Mo Yield (0.2% offset)
7l 15% Mo UTS

Tensile Strength (psi x 107%)

IKK\\\K\K\\W .

30 40 50
Compaction Pressure (tsi)

Figure 19: Effect of conpaction pressure and base | ow all oy
powder on tensile strength (2350°F).
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Figure 20: Vickers m crohardness profile at the surface of the
pl asma nitrided sanple shown in Figure 13.



