MACHI NABI LI TY OF P/ M STEELS

Robert J. Causton
Hoeganaes Cor poration
Ri verton, NJ 08077

Presented at the 1995 Internati onal Conference on Powder
Metal lurgy and Particul ate Materials
Seattl e, Washi ngton USA

ABSTRACT

This paper will exam ne the potential to inprove the

machi nability of sintered P/Msteels by the addition of free-
machi ni ng agents. Testing will exam ne the effects of free-
machi ni ng agents upon the sintered properties and nmachinability

indrilling of coomercial P/Msteels, including FC-0208 or FN
0205.
| NTRODUCTI ON

Ferrous Powder Metallurgy is considered a net shape manufacturing
process. The aimof many successful P/ M part devel opnent progranms
is to elimnate or significantly reduce secondary machini ng
operations. Despite this, the relatively poor machinability of

P/ M steel s has been of concern to parts producers. Recent

i nprovenents in the properties of P/Msteels appear to further
reduce machinability, such that machining costs can be a
significant proportion of final part costs. This paper exam nes
sone factors that influence the machinability of sintered P/ M
steels and alternative neans of inprovenent.

MACHI NABI LI TY OF P/ M STEELS

The rel atively poor machinability of P/Msteels conpared to
conpeti ng wought products is usually considered to originate
froma conbination of factors, including:

Porosity

M crocl eanl i ness
M crostructure
Know edge

Some understanding of these factors is necessary to distinguish
as to how the machinability of P/Msteels will be inherently
different from w ought steels.

PORCSI TY



The presence of porosity in P/Mconponents significantly changes
the cutting process. The first and probably nost significant
effect is that cutting becones di scontinuous as the tool edge
breaks out of the workpiece into pores. This action of successive
smal | inpacts on the cutting edge causes nore rapid tool failure
t han continuous cutting operations (Figure 1).
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Figure 1: Schematic of the Effect of Porosity on Metal Cutting

Porosity reduces the thermal conductivity of P/Msteels, thus
tenperatures of the cutting zone and cutting edge nay increase
rapidly. This can accelerate tool wear and harden the workpi ece.
Local hardening of the workpi ece may make subsequent fi nishing
cuts nore difficult.

| nt erconnected porosity provides a path for cutting fluids to
escape fromthe cutting area. This reduces their ability to cool
and lubricant the cutting edge. It may also reduce their ability
to wash chips fromthe cutting area. Such behavi or may be
critical to “spade drilling” or “gun drilling” operations that
depend upon control |l ed cool ant fl ow.

The porosity and remmants of prior particle boundaries inherent
in P/Mparts possess much greater surface area than w ought
steels. This probably increases the potential for physical and



chem cal reactions between the tool and workpiece that may
accel erate wear.

M CROCLEANLI NESS

The m crocl eanliness, presence of undesirable non-netallic
inclusions (Figures 2 and 3), of P/Msteels has been quoted as a
cause of poor machinability.

Porosity can contribute to poor mcrocleanliness and nmachi ni ng
probl ens by all ow ng subsurface oxidation or carburization of
pores during and particularly on cooling fromsintering or heat
treatment operations. In extrene cases, networks of oxide or
carbide layers may significantly reduce nmachinability.

Figure 2: “Slag” inclusion in PPMsteel. Oiginal Mgnification
500X.



Figure 3: Coarse sulfide inclusion in P/Msteel. Original
magni fi cati on 500X.

M CROSTRUCTURE - PROPERTI ES

P/ M steels enployed in structural P/ M parts possess sonewhat

di fferent mcrostructure-property rel ationships from w ought
steels. Porosity has a significant effect upon properties. The
nost critical of which is to significantly reduce bul k
properties, such as strength and hardness, fromthose of powder
particles.
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Figure 4. Utimate Tensile Strength of Sintered PM Steel s

The strong effect of density or porosity upon bulk properties is
illustrated in Figures 4 and 5 of ultimate tensile strength and
hardness for three widely used P/Msteels: F-0008, FN 0205 and
FC-0208. Neither the tensile strengths nor apparent hardness of
these steels are exceptional. They should not cause the severe
machi ni ng probl ens associated wth very soft anneal ed steels or
hi gh strength steels.

In practice, the machinability of the P/Msteels may be
represented better by their mcrostructures. The high carbon
contents of P/Msteels (Figure 6) produce as-sintered

m crostructures that possess high volune fractions of pearlite in
ferrite. In sone cases, F-0008, the mcrostructure may be
pearlitic with grain boundary cenentite. Cenentite, Fes; C
possesses a m crohardness of approximately 1150 HK. It is

possi ble to envisage that the cenentite lanellae in the pearlite
can cause significant abrasive wear of cutting surfaces. The
ferrite regions possess nmuch | ower hardness of 100-150 HV. They
may tend to cause adhesive wear.

Frequently, P/ M steels are produced by m xi ng el enent al

addi tives, such as copper and nickel. Under practical sintering
condi tions, sone of these elenents may not dissolve conpletely.
For exanple, FN-0205 (Figure 7) possesses regions of nickel-rich
martensite that will possess different properties to the
pearlitic areas.
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Figure 5: Apparent Hardness of Sintered P/M Steels

For P/ M steels, such as FN-0205 or FC- 0208, a change from m ni mum
t o maxi mum car bon changes the m crostructure and properties
significantly. For FN- 0205, increasing carbon from0.4 to 0.6 wo
appears to increase the pearlite and nmartensite content (Figure
7). For FC-0208, increasing carbon from0.6 to 0.9 w o produces
an al nost conpletely pearlitic mcrostructure (Figure 8). Higher
carbon additions produce a nmuch finer, alnost irresolveable
pearlite. The changes observed in both alloy systens woul d be
expected to reduce machinability.

One recent trend is to use preall oyed powders as the basis of P/ M
steel design rather than pure iron. These steels possess
significantly higher nechanical properties due to significantly
hi gher hardenability. Consequently, they possess bainitic or
partially martensitic mcrostructures in the sintered condition
(Figure 9). Wen sinter-hardened, these alloys devel op high
strengths of 100,000 to 160, 000 psi and a hardness of 25 to 30
HRC but possess mcrostructures of 20 to 70% nmartensite (Figure
10). Thus, although perhaps not as abrasive as the higher carbon
steels, their higher strength and toughness reduce machinability
significantly.

MEANS TO | MPROVE MACHI NABI LI TY

The di scussi on above indicates that machining P/ Msteels presents
probl ens. Several different approaches to inprove machinability



are di scussed bel ow. These i ncl ude:

Cl osure of Porosity

M crocl eanl i ness | nprovenent
Free- Machi ni ng Additives

M crostructure Modification
Tool Materials

The effects of free-machining additives, mcrostructure

nodi fi cation and tool materials are illustrated by controlled
drilling tests conducted under |aboratory conditions. Drilling is
probably the nost frequent machi ning operati on conducted on P/ M
steel s.
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Fi gure 6b: 0.8% G aphite



Figure 6¢c: 1% G aphite

Figure 6: Effect of carbon content upon mcrostructure of F-0008
atom zed powder. Original magnification 500X. Etched 2% nnital /4%
pi cral .

Figure 7a: 0.4% G aphite



Figure 7: Effect of carbon content upon mcrostructure of FN 0205

atom zed powder. Original magnification 500X. Etched with 2%
nital /4% picral.

Figure 7b: 0.6% G aphite

Figure 8a: 0.6% G aphite



Fi gur 8c: 1% G aphite
Figure 8: Effect of carbon content upon m crostructure of FC
0208. Original magnification 500X. Etched with 2% nital/4%
picral.



Figure 9b: O.6% Graphite

Figure 9: Effect of carbon content upon mcrostructure of
Ancorsteel 85HP:2 w o nickel. Oiginal magnification 500X. Etched
with 2%nital /4% picral.
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Fi gure 10b: Hardness of P/ M Ml ybdenum 2 w o N ckel, 0.5 wo
G aphite Steels Versus Tenpered Martensite Content.

CLOSURE OF PCORCSI TY



G osing, or sealing, porosity inproves the machinability of P/ M
steels significantly by changing the cutting process from
intermttent to continuous. The reduction in vibration and
chatter inprove tool |life and surface finish

Copper infiltration and polynmer inpregnation are efficient neans
to close porosity. Both may require an additional process step.
Thus, they are nost efficient when dictated by the end use, such
as fluid power applications. However, the inprovenent in

machi nability may justify their use in severe machi ni ng
operations or when a machining operation is the rate-limting
step in a process sequence.

M CROCLEANLI NESS | MPROVEMENT

The increase in the production and use of atom zed rather than
reduced iron powders has inproved the m crocl eanliness of iron
and low alloy steel powders. Driven |argely by the requirenents
of powder forging, the content of coarse non-netallic inclusions
in atom zed powders has been reduced significantly. For an

atom zed FL-4600 (Figure 11), the nedian frequency of inclusions
greater than 100umin size, F,, has been reduced from
approximately 2.5 to 0.25 per 100 mmf. The maxi mum frequency, of

i nclusions greater than 100um was reduced from9 to 1.3

i ncl usi ons per 100 nmf. These inprovenents suggest that the

i nci dence of edge danmage due to the presence of coarse inclusions
shoul d be reduced significantly. Since powder forging practices
are enployed to produce all low alloy steel powders, P/ M users of
t hese powders have benefit ed.

CUMIUILATIVE FRACTION

LERE

Figure 11: Mcrocl eanliness of Ancorsteel ®* 4600V



FREE MACHI NI NG AGENTS

Free-machi ni ng agents may be added to P/Msteels to inprove
machi nability. These agents

are thought to perform several functions during the cutting
process, including: initiation of

" Ancorsteel is a trademark of Hoeganaes Corporation

Figure 12: Potential Benefits of a Machini ng Agent

m crocracks at the chip/workpiece interface, chip formation,
| ubrication of the tool/chip interface and prevention of adhesion
bet ween the tool and chips (Figure 12).

Several materials including sulfur, nolybdenum disulfide,
manganese sul fide and boron nitride are used as free-nmachining
agents for P/Msteels. They are nost frequently introduced as
fine powder to powder prem xes, but sul fur and manganese sul fide
are al so avail able as

preal | oyed powders

Sul fur and nol ybdenum di sul fi de have strong effects upon the

di mensi onal change and strength of P/Msteels (Figures 13, 14).
Their use should be considered at the part design stage rather
than as a “retrofit” when machining probl ens becone apparent.
Manganese sul fide has smaller effects upon dinensional change and



strength. It may be used to inprove the machinability of existing
prem xes. The effects of manganese sul fide upon the machinability
indrilling of FC-0208 and FN-0205 P/M steels are illustrated

bel ow. They are conpared to those of MX, a new free-machining
system

Test Conditions

The drill test procedure and equi pnment were descri bed previously.
The drill test conditions are shown in the table bel ow
Drill Materi al HSS
D anet er 0.138 in 3.5 mm
Speed (rpm 3285 3285
Feed (per rev.) 0.006 in 0.15 mm
Cool ant None
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Figure 13: Effect of Machining Agents on D nensional Change of

FC- 0280 Atom zed Powder
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Figure 14: Effect of Machining Agents on Transverse Rupture
Strength of FC- 0208 Atom zed Powder

The test pieces were 8" x 2" rectangul ar bl ocks of 0.5-inch
t hi ckness. Test pieces were made with both sponge and atom zed

powders conpacted to a density of 6.8 g/cn? sintered at 2050°F
for 30 mnutes in hydrogen/nitrogen or endotherm c atnosphere.

The nunber of holes drilled prior to drill failure was the
primary index of machinability. The drill cut conpletely through
the test piece on each hole.

Drill Test Results

Drill testing showed that both manganese sul fide and WhX
additions inprove the machinability of the FC 0208 and FN- 0205
significantly. The longest drill life was frequently obtai ned

when both machi ni ng agents were present rather than individually.
Overall, the FN-0205 prem xes possessed better machinability than
the FC-0208 steels. P/Msteels made with atom zed powder
possessed better machinability than those nmade with sponge
powders. However, the effects of individual additives depended
upon prem x conposition, iron base and sintering atnosphere.

FC- 0208

The drill life measured for the FC-0208 prem xes is illustrated



in Table I.

Under the test conditions enployed, all additives increased the
machi nability of FC-0208. For FC-0208 nmade with atom zed powder,
an 0.50 w o manganese sul fide addition produced best drill life
when sintered in endotherm c atnosphere. However, when sintered
in 75%%/ 25%\,, 0.50 w o WnhX produced best performance. Earlier
wor k has shown that 0.5 w o additions of manganese sulfide can
reduce strength and increase growth fromdie size. If this is
unacceptable, then an 0.35 or 0.5 w o addition of MiX increased
drill life significantly.

I ron MhS (W 0) @) 0 0 0.10 | 0.15 | 0.35 | 0.50
MhX (W 0) Ol 0.35 [ 0.50 | 0.25 | 0.35 0 0
Ancor st eel Endo 2| 220 186 91 134 107 312
1000
Ancor st eel H/ N, 2 149 428 153 99 89 49
1000
Ancor 7 Endo 2 23 55 108 157 64 42
MH100
Ancor IVH100 H/ N, 4 30 270 100 584 122 48

Table I: Drill Life for FC 0208

For FC-0208 prem xes nade with sponge powder, the conbi nation of

manganese sul fide and WhX produced | ongest drill |ife under both
sintering atnospheres. The effects of the machi ning additives
upon drill life were sonmewhat greater in H/ N, at nospheres than
endot herm c.

FN- 0205

Drill testing showed that the nmachining agents inproved the

machi nabi ity of FN-0205 significantly. (Table I1).

++Ancor is a registered trademark of Hoeganaes Corporation.

MhS (W 0) O 0 0 0.10 0.15 |0.35|0.5

MhX (w 0) O 0.3510.50 | 0.25 0. 35 0 0

Ancor st eel Endo 9 250 275 1400 473 336 | 498
1000

Ancor st eel H/ N, 8 280 816 1400 1251 331 | 352
1000

Ancor *F Endo 9 62 120 111 416 54 152
VH100

Ancor H/ N, 26 109 172 481 991 136 | 497
VH100




Table I'l: Drill Life for FN 0205

All free-machining agents increased the machinability of the FN
0205 test pieces under the conditions enployed. The conbination
of manganese sul fide plus WMhX produced longer drill life than
either additive alone for both iron bases and both sintering

at nospheres. In prem xes nade with atom zed iron powder, it is
possi ble that an 0.35 w o total addition of the machining agents
produces best results. For test prem xes made with Ancor MH1OO,
an 0.50 w o total addition of MhS plus MiX produces the best tool
life. These | evels of machi ning agent have rel atively m nor

effects upon the sintered properties of FN 0205.
Sunmary

The drill tests show that additions of free-nachining agents

i nprove the machinability of P/Msteels such as FC-0208 and FN-
0205 significantly. In many cases, particularly FN 0205, a

conbi nation of additives produced better results than individual
additives. The results are for |aboratory tests with HSS drills.
They shoul d be used as a basis for initial production trials and
verified by controlled tests.

TOOL MATERI ALS
Drill testing showed that machi ni ng agents inprove the

machi nability of P/Msteels significantly. However, simlar tests
showed that these additives do not always inprove the

machi nabi ity of higher strength materials (Table I11).
MhS (W 0) @] 0 0 0.10 0. 15 0. 35 0. 50
MhX (w 0) @] 0. 35 0. 50 0. 25 0. 35 0 0
Holes to 1 1 2 2 3 4 2
Fai l ure

Table I'll: Drill Life for Ancorsteel 85HP: 2% Ni ckel, 0.5%

G aphite

A series of cutting tests was undertaken to assess whet her
changes to tool material, tool geonetry or coating could inprove
cutting performance in this alloy. The rectangul ar test bl ocks
were conpacted to a green density of 7 g/cn? prior to sintering

at 2050°F, in 75%%/ 25%\, f or
30 m nut es.

The drill test used the conditions described above. However, the
test exam ned hi gher performance “cobalt” high speed steels, the
effects of titaniumnitride coatings and different tool

geonetries. such as parabolic flutes or “split points” (Figure




15) .

Fi gure 15a Fi gure 15b

Fi gure 15c Fi gure 15d

Figure 15: Conparison of three HSS drill profiles used in cutting

tests.
. Macro- phot ograph of flutes

SEM i mage of conventional drill point

SEM i mage of parabolic flute point

SEM i mage of split point

enoe



The results illustrated in Table IV were sonmewhat surprising.

Steel Type Coat i ng Flute Form Poi nt Drill Life
Base HSS None St andard 135° 2
w42 None St andard 135° 2
Base HSS Ti N St andard 135° 1
HSS None Par abol i c 135° 1
Cobal t HSS None Par abol i c 135° 3
M7 HSS Ti N Par abol i ¢ 135° 44
Cobal t HSS Ti N -- Split 85

Table I'V: Effect of Drill Type Upon Drill Life Wien Cutting
Ancor st eel 85HP: 2% Ni ckel , 0.5% G aphite

They i ndicated that individual inprovenents to high speed steel,
flute formor coating, had relatively little effect upon drill
life under the test conditions enployed. However, when conbi ned,

drill life increased significantly.

Attenpts to inprove drill life further by using solid carbide
drills were unsuccessful. The solid carbide drills appeared to be
too brittle for the test conditions and drilling system enpl oyed.
The test results did show clearly that drilling of very high

strength P/ M steels can be inproved using simlar inprovenents in
tool materials and design to those used for high strength w ought
st eel s.

M CROSTRUCTURE MODI FI CATI ON

Wought steels are frequently heat heated by producers to possess
opti mum machi nability. Annealing or normalizing treatnents are
used to produce a relatively coarse pearlitic or spheroidal

m crostructure that possesses good machinability. Hi gher carbon
steels require longer heat treatnent cycles intended to produce
coarse carbides dispersed in ferrite. In contrast, |ow carbon
steels may be partially hardened to produce a mcrostructure that
is less ductile and adhesive than fully anneal ed steels.

Recent work has shown that reducing cooling rates fromsintering
can inprove the machinability of FC-0208. However, the coarser

m crostructure reduces nechani cal properties sonewhat. Alimted
series of experinments was conducted to assess whether tenpering
or sinple annealing treatnents could inprove the machinability of
the 0.85 w o nol ybdenum 2 w o nickel steel

The results were generally disappointing. The sinple tenpering
and anneal i ng cycl es used produced | ess inprovenent in
machi nability than tool inprovenents (Table V)




It was noticeable that the annealing treatment at 1600°F changed
the failure nmode of the HSS drill. The drill appeared to adhere
to the workpi ece and snap rather than overheat.

The treatments changed the mcrostructure and properties of this
hi gh strength steel (Figure 16). The tenpering treatnents had
| ess effect upon the microstructure and properties of the

Figure 16a: Tenpered 1125°

Figure 16b: Anneal ed 1600°



Figure 16: Mcrostructure of heat treated Ancorsteel 85HP: 2 w o
nickel, 0.5 w o graphite. Etched with a conbination of 2%
nital/4%picral. Oiginal magnification 400X

Treat ment | Tenper at ur Ti me Cool Hol es to | Hardness

e (°F) (hrs.) Fai |l ure HRB

Tenper 300 1 Nat ur al 4 78
Tenper 575 1 Nat ur al 8 71
Tenper 850 1 Nat ur al 14 82
Tenper 1125 1 Nat ur al 6 74
Tenper 1600 1 Fur nace 7 57
As- Sintered - - 3 73

Table V: Effect of Heat Treatnent Upon Machi ning of Ancorsteel
85HP: 2 wo N ckel, 0.5 wo Gaphite

Ancorsteel 85HP:2 w o nickel steel than anticipated. The steel

proved to be very tenper resistant. Even when tenpered at 1125°F
its yield strength was close to as-sintered values. Utimte
tensile strength was reduced from 84,000 to 71,500 psi as shown
in Table VI.

The m crohardness results suggest that a formof precipitation
har deni ng may have occurred in the pearlitic or bainitic areas of
the mcrostructure. This may account for the increase in yield
stress and | oss of ductility with increasing tenpering
tenperature. In contrast, the nickel-rich areas show a slight
reduction in mcrohardness on tenpering.

Anneal i ng at 1600°F reduced both apparent and nicrohardness. It

al so changed the mcrostructure froma fine dispersion of
carbides in ferrite (Figure 16a) to nore discrete coarser ferrite
in fine bainite or pearlite (Figure 16b). Annealing did not
produce the desired coarse pearlite. Nor did it increase drill
life. Annealing may have changed the failure node from abrasive

to adhesive. The drill appeared to “stick” to the workpi ece when
cutting the anneal ed test pieces, rather than overheating or
br eaki ng.
Treatnen | Tenp. | Density Yi el d urs El ong | App. M cr oHar dness

t ) . (99 | Hard. ((HVsog)

(°PF) (g/cn) | (10° psi) | (10° psi) HRB |[Pearliti | N-Rch
Cc

As- - - 7.16 56. 8 84.0 2.3 82 245 442
Sintered
Tenper 300 7.17 62.1 84.9 2.4 82 285 442
Tenper 575 7.17 65.1 82.1 1.8 80 277 346
Tenper 850 7.16 66. 4 77.4 1.7 87 285 326
Tenper | 1125 | 7.16 58.5 71.5 1.4 84 245 366
Anneal 1600 | 7.18 21.7 42. 2 6.3 36 251 346




Table VI: Effect of Heat Treatnent Upon Tensile Properties of
Ancorsteel 85HP:2 w o Nickel, 0.5 wo Gaphite

Conpacti on: 0.5 w o ethyl ene bisstearam de, 40 tsi
Sintering: 2050°F, 75%%/ 25%\,, 30 minutes, belt furnace

The experinent indicates that the heat treatnents enployed did
not change the mcrostructure and machinability of P/M steels
sufficiently. The results do not indicate the extra process step
is justified. Further study is necessary to define the optinmm
m crostructure and heat treatnent for machinability. It is
possible that: increasing “tenpering” tenperatures to 1200-

1350°F, sub-criti cal annealing or controlled transformation
annealing after sintering may inprove machinability further.

Since such treatnments add an extra process step, they are
justified only where parts require extensive machining prior to
heat treatnent.

DI SCUSSI ON

The results above illustrate that the machining of P/Msteels can
be i nproved by several techniques including pore closure, free-
machi ni ng agents, tool materials and tool design. Control of

m crostructure by annealing was | ess successful.

The experinmental results indicate that there is no universa
solution to machining problens. Free-machining agents are very
successful in general purpose materials, such as FC-0208 or

FN- 0205 but nuch | ess successful in high strength P/ M nol ybdenum
ni ckel steels. These steels responded better to changes in tool
mat eri al and tool design.

In applications where machining is key to the success of a P/ M
part, evaluation of tool materials, free-machining agents and
conposition should begin at an early stage in part devel opnent.
ldeally, it requires interaction between part producer, tool
supplier and powder supplier.

The test results also illustrated the limtations of accel erated
tests that result in total tool failure Firstly, they destroy the
tool and evidence of wear nodes. They al so produce very limted
tool life. Optimum heat treatnent increased drill life in the

nmol ybdenum ni ckel steel from3 to 14 holes. This does not appear
to be practically significant. However, if a simlar relative
increase from30 to 140 holes is obtained under |ess severe
conditions, it may be of practical benefit

The heat treatment experiments illustrate the |ack of know edge
of the fundanental behavior of P/Msteels conpared to conpeting



wr ought products. There are very few published isothermal or
conti nuous cooling transformati on curves for P/ M steels. Such
curves are necessary to design efficient annealing, sinter-
har deni ng and heat treatnent cycles.

CONCLUSI ONS

The machi nability and machi ni ng response of P/ M steels can be
expl ained partially by their porosity, conposition and
m crostructure.

The | aboratory trials indicate:

1. The machinability of general purpose P/Msteels, FC 0208 and
FN- 0205, can be inproved significantly by free-machining agents
such as manganese sul fide and MhX, particularly when used

t oget her.

2. I ncreasi ng the anount of a free-nachining agent does not
al ways i nprove machinability.

3. Rel atively high additions, 0.5% and above, of sulfur or

sul fide free-machi ning agents increase the di nensional change and
reduce the strength of P/Msteels, particularly FC-0208 made with
atom zed powder.

4. Machi ni ng agents are | ess successful in higher strength P/ M
nmol ybdenum ni ckel steels. Inprovenents to tool materials and tool
design inprove the machining of P/ M steels.

5. Anneal ing or tenpering treatnments may inprove the

machi nability of P/ M steels but reduce nechanical properties.
They may be justified for conplex parts that require heat
treatment to neet performance requirenents.
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