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ABSTRACT

An area of current devel opnent for P/ M stainless steel
applications is autonotive exhaust systens. Recent work in this
area has proven the potential application of ferritic stainless
steel PPMmaterials for exhaust flanges to be viable. Lacking in
this work, however, is a sufficient database for P/ M stainless
steels and, in particular, elevated tenperature mechani cal
properties.

A study was undertaken to investigate the effect of service
tenperature on the mechanical properties of several ferritic P/M
stai nl ess steel grades including 410L, 409Cb, 434L and 434Cb. In
particular, tensile properties were generated for these alloys
and conpared wth their wought equivalents. The effect of
process conditions and the subsequent mcrostructure was al so
consi der ed.

| NTRODUCTI ON

The i ncreasing acceptance of P/ M stainless steel solutions for
aut onoti ve exhaust applications has focused a major effort on
establishing the capability and viability of this technol ogy and
the available material options. Thus far, evaluations of standard
and enhanced ferritic P/ M grades have proven the materials to be
nmore than adequate for nost coupling flange and hot exhaust gas
oxygen sensor (HEGOS) boss applications. [1] In fact there are
several vehicles in mass production today that enploy stainless
steel exhaust systens featuring P/ M 434L flanges and oxygen
sensor bosses, including the Ford Contour/Mercury Mystique (since
1996) and the 1997 Chevrolet Corvette. However, the severity of
the operating environnent, with part tenperatures regularly

exceedi ng 1000°F (520°C3, the presence of road salt and noisture,
and the natural wear factor “by-products” of these conditions --
oxi dation and corrosion -- directs one to continue to devel op
performance data on these P/M grades to gain a thorough
understanding of their true capabilities. This report is a
continuation of work that has been ongoing for several years in



an attenpt to establish baseline nmechanical performance data for
the commercially available ferritic stainless steel powders when
processed into parts and/or test specinmens. The grades utilized
in this body of work include the standard | ow carbon materials
such as 410L (Fe + 12 wo C) and 434L (Fe + 17 wWo & + 1 wo

M) -- as well as prealloyed stabilized versions so designated by
the Cb suffix: 409Cb (410L + 0.5 w o Cb) and 434Cb (434L + 0.5
w o Cb).

The chal | enges avail ed by these exhaust applications include
those related to the in-service wear environnment previously
mentioned, along with several secondary operations and assenbly
difficulties. In an effort to establish sufficient data to afford
a capability assessnent on several of these areas of concern, a
study was designed to |learn nore about the effect of alloy grade,
sintering tenperature, sintered density level and the resulting
mechani cal properties. The effect of colunbium added as a
stabilizer to enhance weldability and post-weld corrosion

resi stance, was al so anal yzed.

MATERI ALS AND SAMPLE PREPARATI ON

Several grades of P/Mferritic stainless steel were chosen to
study the effect of processing conditions on nmechani cal
properties at both roomtenperature and el evated tenperatures.
The base powder chem cal conpositions are shown in Table 1. Each
base powder was m xed with 1 w o Acrawax C lubricant prior to
conpacti on.

Base Powder Cr Mo Cb C (@) S N P Si Fe

(wo) | (wWo) [ (wWwo) [ (Wo) | (Wo) [ (Wo) | (Wo) | (Wo) [ (wWo) | (Wo
Ancor 409Cb 11. 2 -- .05 . 0015 0.13 | 0. 0700 0.013 0.02 0. 80 bal .
Ancor 410L 12.7 -- -- 0.018 0. 23 0.008 | 0.021 0.02 0. 80 bal .
Ancor 434L 16.0 0. 80 -- 0. 025 0. 27 0.008 | 0.021 0.02 0. 80 bal .
Ancor 434Cb 16. 2 0. 80 0.5 0.021 0.19 0. 007 | 0. 020 0.02 0. 80 bal .

Tabl e |: Base Powder Chem cal Conpositions

Test specinmens were conpacted at pressures ranging from30 to 50
tsi (415 to 690 MPa) on a hydraulic press in accordance with MPI F
standards. Green strength, dinmensional change, transverse rupture
strength, inpact energy and tensile properties were eval uat ed.

Sintering was performed in a | aboratory “batch” furnace at
tenperatures in the range 2050°F to 2300°F (1120 to 1260°C)
mainly in a pure hydrogen atnosphere. Alimted part of the study
was conpleted using a 75 v/io H, / 25 v/io N, atnosphere. The tine
at sintering tenperature was maintained at thirty m nutes.




Sel ected speci nens al so were prepared for netall ographic
exam nation. QOptical and advanced m croscopy techni ques were used
where appropri ate.

RESULTS AND DI SCUSSI ON

Green and sintered properties, as a function of density, were
devel oped for 409Cb, 410L and 434L sintered at 2050°F (1120°C)
and 2300°F (1260°C) in pure hydrogen.

GREEN STRENGTH

Figure 1 shows the strong influence of green density on the green
strength for all three grades. The 410L and the 434L grades each
show sim |l ar green strengths for a given density, whereas the
409Cbh grade exhibited | ower green strength.
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Figure 1: The Effect of Geen Density on Geen Strength

Recent devel opnents in prem x technol ogy have denonstrated the
capability of producing green strengths in excess of 5000 psi (35
MPa) in 400-series powder grades. Laboratory data, summarized in
Figure 2, shows the green strength for a 434L material conparing
a new ANCORM X™prem x with a traditional lithium stearate
prem x. The green strength can be increased in excess of 7000 psi
(47 MPa) with the use of Ancor® GS-6000 (the first in the
ANCORM X fam ly) versus a maxi num | evel of only 2000 psi (14 MPa)
for the conventional premx. [2] The difference in green strength
with this new systemis consistent across the entire green



density range. This new prem x technol ogy offers significant
advantages in the processing of P/Mstainless steel parts where
| ow green strength remains a chal |l enge.
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Figure 2: Green Strength Levels for Two 434L Prem xes

SI NTERED PROPERTI ES

The i nfluence of high tenperature (2300°F/1260°C3 sintering can
be seen in the sintered properties generated for the three
grades. Significantly higher density levels are achieved for a
gi ven conpaction pressure whil e nechanical properties are

i ncreased dramatically.

In terns of sintered density, the materials sintered at
2300°F(1260°C3 show significantly higher density |levels than
those sintered at 2050°F(1120°C) [Figure 3]. The 409Cb materi al
produced the hi ghest density val ues, achieving a density of 7.26
g/cmt at a conpaction pressure of 50 tsi (690 MPa). The 434L
material had a sintered density of 7.15 g/cn? and the 410L
density was 7.03g/cn?. In general terns, increasing the sintering
temperature from 2050°F (1120°C) to 2300°F (1260°C), produced an
increase in sintered density of about 0.4g/cnt.
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Figure 3. The Effect of Sintering Tenperature and Conpaction
Pressure on Sintered Density of the Three Materials

The di mensi onal change (fromdie) results also are evidence that
a significant change occurs between the two sintering

temperatures (Figure 4). At 2050°F (1120°C) all three grades show
bet ween 0.5% and 1. 0% shrinkage. Increasing the tenperature to

2300°F (1260°C) increases the shrinkage to between 2 and 4% The
409Ch material exhibited the | owest anmount of shrinkage when

sintered at 2050 F (1120°C) but shows the | argest amount of
shri nkage when sintered at 2300°F (1260°C).
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Figure 4. The Effect of Density and Sintering Tenperature on
D nensi onal Change of the Three Materials

Transverse rupture strength data, summarized in Figure 5, show
that the 434L material has the highest strength of the three
materials for a given density and sintering tenperature. It is
inportant to note that when the higher density materials are

sintered at 2300°F (1260°C), a significant amount of deflection
occurs during testing of these specinens due to the increased
ductility of the material. These results are of questionable
validity and it is recommended that tensile properties be used to
understand the true differences between the materi al s.
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Figure 5. The Effect of Density and Sintering Tenperature on the
Transverse Rupture Strength of the Three Materials

The ultinmate tensile strength results (Figure 6) for each of the
three materials indicate a relationship with density. The 434L
mat eri al achi eves the highest tensile strength for a given
density and processing condition. The strength gain from
sintering the 434L at the higher tenperature follows the density
i ncrease. The 410L exhibits only slight inprovenent for a given
density level with increased sintering tenperature. On the other
hand, the 409Cb material showed a significant inprovenent in

strength for a given density | evel when sintered at 2300°F
(1260°C) versus 2050°F (1120°C).
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Figure 6: The Effect of Density and Sintering Tenperature on the
Utimate Tensile Strength of the Three Materials

Tensil e el ongation properties (Figure 7) show significant
i nprovenent as a result of high tenperature sintering. Wen

sintered at 2050°F (1120°C), none of the materials exhibit
significant elongation values. In the case of both sintering

t enperatures, 410L shows hi gher elongation values than the 434L
material. For the 409Cb material, the elongation values are the

| onest of the three materials when sintered at 2050°F (1120°C)
but result in the single highest value when sintered at 2300°F
(1260°C).
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Figure 7: The Effect of Density and Sintering Tenperature on the
El ongation of the Three Materials

The i npact properties (Figure 8) follow nearly an identical trend
as found above with elongation. Inpact properties are
significantly inproved by using high tenperature sintering. \Wen

the three materials are sintered at 2050°F (1120°C), even the
effect of density is limted and the best result is |ess than 20

ft-1bf (27 J). Sintering at 2300°F (1260°C) dranatically inproves
the i npact resistance. The inprovenent realized is nmuch higher

t han can be expl ained by the density increase alone, indicating
that the elevated tenperature significantly effects inter-
particle bonding and pore structure. The 409Cb material shows the
strongest reaction to the higher sintering tenperature, with

i npact energies ranging from42 ft-l1bs (57 J) at a density of
7.26 glcnt
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Figure 8 The Effect of Density and Sintering Tenperature on the
| npact Properties of the Three Materials

7The results found during this study are generally as expected.
The strength and hardness val ues were typically higher at a given
processing condition for the 434L material than the 410L or the
409Cb materials. Elongation and inpact properties are both | ower
for the 434L material than the other grades tested here. These
results can be explained to sonme degree by the higher alloy
content found in the 434L which provides a stronger, |ess ductile
material. O her published information indicates that higher

el ongation and inpact values for 434L can be attained than those
generated in this study. [3,4] In all cases, increased sintering
tenperature |leads to inproved properties. This is particularly
the case with the 409Cb materi al

The significant increases seen wwth the 409Cb material in terns
of di nensi onal change, inpact, ultimate tensile strength and

el ongation, indicate the inportance of sintering the col unbi um
bearing materials at elevated tenperature to obtain optinal
performance. A further detailed study was perforned to

i nvestigate the processing of Cb bearing material s.

COLUMBI UM ADDI TI ONS TO FERRI TI C STAI NLESS STEEL

As nentioned above, Cb is added as a stabilizing elenment to
ferritic PIMstainless steels. Stabilizing el enments such as Cb
and Ti are added to stainless steels to reduce sensitization,
typically as a result of a welding operation. A stainless steel
mat eri al becones sensitized as a result of the O being tied up
inthe formof Cr-carbides. If the “free” C content available to



forman oxide coating is reduced significantly, corrosion

resi stance al so can be reduced. The Cb “ties up” interstitial

el ements such as carbon and nitrogen during the welding
operation, leaving the Cr to forma surface oxide film and
provi de corrosion resistance. Figure 9 shows a scanning el ectron
phot om crograph of Cb precipitates in a sintered PPMsteel. If
colunbiumis to be added to P/Mstainless materials, it is
inportant to understand any effects the addition may have on
processing or sintered properties.
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Figure 9: Scanning El ectron Photom crograph of 409Cb show ng
Presence of Col unmbium (White Particles) within Gains and at
Grain Boundaries (Oiginal Mgnification-1200X)

A study was perfornmed where dinensional change, inpact energy and
ultimate tensile strength were eval uated by conparing 410L with
409Ch and 434L with 434Cb. Test specinens were prepared to the
same green density (6.6 g/cn? for 409Ch/410L and 6.5 g/cn? for
434Cb/ 434L) and sintered at 2050°F (1120°C), 2100°F (1150°C) and
2300°F (1260°C) in hydrogen for 30 minutes at temperature. Table
Il lists the results of the testing.

In ternms of dinensional change, both of the Cb-bearing materials
show | ess shrinkage when sintered at either 2050°F (1120°C) or
2100°F (1150°C) conpared with the non-Cb materi al s.

Interestingly, increasing the tenperature to 2300°F (1260°C)
results in higher shrinkage values for the stabilized grades. It
appears that at the two |lower sintering tenperatures, the Cb,



nost likely, remains tied to carbon and nitrogen at grain
boundari es whi ch causes a reduction in sintering. At 2300°F

(1260°C), however, the stabilized grades sinter at an even faster
rate than the non-Cb material s.

For the 410L/409Cb conparison, the inpact results indicate that
sintering tenperature has a simlar effect as seen for

di mensi onal change. The 410L exhi bits higher performance at the
two lower sintering tenperatures, but at the highest tenperature,
the 409Cb obtains the best results. For the 434 grades, the
stabilized material (434Cb) exhibits better inpact properties at
all three sintering tenperatures.

Mat eri al Sintering Dim Chg. | npact urs
Tenper at ure From Di e Ener gy (10%psi / MPa)
(°F/°Q (% (ft-1bs/J)

410L 2050/ 1120 -0.78 12/ 16 37/ 256

2100/ 1150 -1.21 40/ 55 48/ 328

2300/ 1260 -2.55 77/ 105 55/ 376

409Ch 2050/ 1120 -0. 39 5/'7 27/ 183

2100/ 1150 -0. 67 17/ 23 20/ 206

2300/ 1260 -2.81 82/ 111 49/ 340

434L 2050/ 1120 -0.63 4/ 6 44/ 306

2100/ 1150 -0. 88 7/ 10 51/ 348

2300/ 1260 -2.69 39/ 52 67/ 463

434Cb 2050/ 1120 -0.10 7/ 10 29/ 201

2100/ 1150 -0. 38 17/ 24 34/ 234

2300/ 1260 -2.81 64/ 87 53/ 363
Table I'l: Sintered Properties of Cb and Non-Cb Bearing Materials

Lower ultimate tensile strengths were seen for both stabilized
grades at all three sintering tenperatures. The | ower strengths
may not be unexpected, as col unmbiumwould tend to tie up the
remai ni ng carbon and nitrogen that would typically help to
strengthen the sintered materials. The rel ati ve anount of

difference is mninized at the 2300°F (1260°C) sintering
tenperature. This may be in part due to the | ower nitrogen | evels
seen at the higher sintering tenperatures (Table I11).

Table 111 also shows an increase in carbon content at 2100°F

(1150°C) that may be due to a hi gher carbon potential in the
furnace at the tine of sintering. This higher carbon content
woul d tend to strengthen the materials sonmewhat but degrade
ductility neasurenents such as inpact energy. It is also
interesting to note that, for a given processing condition, the
anount of carbon and nitrogen in the Cb-bearing materials is

hi gher than that found in the non-Cb materials. In the case of
nitrogen, the difference is largest at the |lowest sintering
tenperature and becones nmuch smaller as the sintering tenperature
i ncreases. This indicates that the control of nitrogen in Cb-




bearing materials is of particular inportance.

Sintering

G ade Tenper at ure Car bon Ni trogen Oxygen
(°F/°Q (w 0) (w 0) (w 0)
410L 2050°F (1120°Q) 0. 026 0. 004 0. 26
2100°F (1150°Q) 0. 031 0. 004 0.24
2300°F (1260°CQ) 0. 021 0. 001 0.14
409Ch 2050°F (1120°Q) 0. 032 0. 015 0. 20
2100°F (1150°Q) 0. 069 0.014 0. 16
2300°F (1260°CQ) 0. 020 0. 002 0.18
434L 2050°F (1120°Q) 0. 032 0.012 0. 23
2100°F (1150°Q) 0. 052 0. 009 0. 23
2300°F (1260°CQ) 0. 025 0. 002 0.19
434Cb 2050°F (1120°Q) 0. 038 0. 025 0. 28
2100°F (1150°Q) 0. 056 0. 025 0. 29
2300°F (1260°CQ) 0. 028 0. 007 0. 25

Table I11: Chem cal Analysis for Stainless Steel Grades Sintered

i n Hydrogen

Hubbard et al have recommended that for stainless steel P/M
conponents which require weldability, good corrosion resistance,
and good nechani cal properties, nitrogen and carbon | evels should
be no higher than 0.03% each [4].

ELEVATED TEMPERATURE TENSI LE PROPERTI ES

Machi ned round tensil e speci nens were prepared fromthe 409Ch,
434Cb and 434L grades followi ng conpaction at 50 tsi (690 MPa)

and sintering at either 2050°F (1120°C) or 2300°F (1260°C) in
pure hydrogen or a 75 v/io H, / 25 v/o N, gas m xture atnosphere.
Tensile testing in air was carried out at roomtenperature,

1200°F (650°C) and 1600°F (870°C). The results for ultinate
tensile strength and el ongation are shown in Figures 10 and 11
for materials sintered at 2300°F (1260°C) in hydrogen.

The high sintered strength and | ow el ongati on seen previously
with the 434L grade is confirmed with the roomtenperature

results fromthe el evated tenperature study. At 1200°F(650°F),
the strength falls to about 25 x10°® psi from about 80 x 10° psi
(at roomtenperature), with a further 15 x 10% psi drop at 1600°F
(870°C3. The two stabilized grades (409Cb and 434Cb) show sim | ar

strength to each other at all three test tenperatures, whereas
the 409Cb material exhibits higher el ongation values, especially

at 1600°F (870°C).

In order to evaluate the effect of sintering atnosphere and
tenperature on the elevated tenperature tensile properties of




ferritic stainless steels, two additional studies were conpleted.

The 409Cb material was conpacted at 50 tsi (690 MPa) and sintered

at 2300°F (1260°C) in both hydrogen and 75 vio H, / 25 v/o N,

at nospheres. Figures 12 and 13 show the tensile strength and

el ongation results. The data indicate that sintering atnosphere
appears to have a mninmal effect on tensile strength, but a major
i nfluence on el ongation. The presence of nitrogen in the

at nosphere may be having two related effects on the resulting
properties. The presence of nitrogen |leads to the creation of
martensite at the grain boundaries of the materials. This can

i ncrease the strength considerably but reduce ductility
significantly. The presence of this phase also tends to reduce
corrosion resistance of the material. The presence of nitrogen

al so reduces sintering and thus sintered density. As noted above,
reduction in density generally |leads to deterioration of al

mechani cal properties.
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An exanple of how the sintered density can be affected by a
ni trogen containing atnosphere is showm in Figure 14 for the
409Cb material. The unetched mcrostructure (a) for the materi al

sintered at 2300°F (1260°C) in hydrogen is evidence of a good
degree of sinter with pore rounding. The second m crostructure

(b) is the sane material sintered at 2300°F (1260°C) but in 75
vio b / 25 v/o N, atnosphere. The structure still shows evi dence
of prior powder particle boundaries. This structure is very

simlar to the structure obtained froma 2050°F (1120°C) sinter
in hydrogen (c). The negative influence of high interstitial

| evel s of nitrogen and/or carbon in stainless steels has been
docunented in nunerous reports. [4,5] The results generated from
this study agree with previous findings.
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Fi gure 14: Phot om crographs Indicating the Unetched Sintered

Structure of 409Cb Material Sintered in Hydrogen and 75 v/io H, /
25 v/io N, Atnospheres (Original Magnification 200X)

The influence of sintering tenperature on el evated tenperature
tensile properties was eval uated by conparing 434L sintered in

hydrogen at both 2050°F (1120°C) and 2300°F (1260°C). Tensile
strength and el ongation results are shown in Figures 15 and 16.
The data confirmthe roomtenperature results seen previously in
Figures 7 and 8, and show the trend in strength and ductility

i nprovenent with increasing sintering tenperature. At el evated
testing tenperatures, the influence of sintering tenperature
appears less for strength than for elongation. In all instances

the 2300°F (1260°C) sinter produces better properti es.
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Fi gure 16: The Effect of Sintering Tenperature on El ongation

Tested at Several Tenperatures

In order to assess the P/Mgrades as potential materials in
aut onoti ve exhaust applications, a conparison was made for 409Cb,
434Cb and 434L with cl ose equival ent wought chem stry



counterparts. Published values for 409, 439 and 18Cr-Cb wr ought
grades were used and conpared with P/ M 409Ch, 434Cb and 434L,
respectively, follow ng conpaction at 50 tsi (690 MPa) and

sintering at 2300°F(1260°C) in hydrogen. [6]

The results for 0.2%offset yield strength (Figures 17,18 and 19)
denonstrate that the P/ M grades performfavorably to the w ought
materials particularly at the higher test tenperatures. The 409Cb
and 434L P/ M grades exceed the yield strength of the w ought
counterparts at all of the test tenperatures. The 434Cb | ags

behi nd the wought 18Cr-Cb material at roomtenperature but

perforns equivalently at 1200°F (650°C) and exceeds the
performance of the w ought material at 1600°F (870°C).

60 So—

W 70°F/20°C

50 | _ . [O1200°F/650°C
@ m 1600°F/870°C
ﬂD 5 L L ORI, |
; 246 MPa 234 MPa
o _
Z 30 b
Lu L
% . 150 MPa
a 20}
el
o [
>~ L

10 |

ot

P/M 409Cb Wrought 409
Figure 17: A Conparison of 0.2% O fset Yield Strength Val ues

for PFM 409Cb and Wought 409 Tested at Several Tenperatures
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CONCLUSI ONS



Thi s paper reviewed several inportant points in the processing
and use of ferritic P/Mstainless steels, including the follow ng
maj or itens:

Ef fect of base nmaterial and processing on basic nechani cal
properties.

- Optimal processing of colunmbium stabilized grades.

Ef fect of service tenperature on tensile properties and how t he
properties are affected by processing route.

Comparison of PPMmaterials wth wought counterparts.
The foll ow ng can be concluded fromthe study:

1. Elevated sintering tenperatures result in both increased
densification and increased nechanical properties. This is
particularly the case with col unbium stabilized grades where
processing at lower sintering tenperatures resulted in poor
properties, with large inprovenents observed at hi gher sintering
tenperatures. Information presented here suggests that sintering

temperatures of at |east 2300°F(1260°C) are called for to
optim ze the properties and performance of these all oys.

2. For the materials in this study, the 434L material indicated
t he hi ghest strength but the | owest ductility. Wien sintered at

2300°F(1260°C), the 410L and 409Cb materials both indicated good
strength levels with very high el ongation and inpact properties.
The presence of Cb in these materials nmay reduce the strength and
increase the ductility as a result of tying up of interstitial

el ements such as carbon and nitrogen.

3. The presence of colunbiumas a stabilizing elenent during a
wel di ng operation helps to tie up carbon and nitrogen that would
ot herwi se conbine with the chrom um present in the alloy and
potentially reduce corrosion resistance. It is inportant to

m nimze nitrogen when processing parts to allow the colunmbiumto
be freed up to scavenge carbon and nitrogen during the wel ding
operation. For the stabilized grades of materials, hydrogen
sintering is essential.

4. The el evated tenperature tensile properties of these ferritic
P/ M al | oys were excellent and, in nost cases, actually exceeded
results published for wought materials. The processing route for
t hese grades al so plays an inportant role in the el evated
tenperature tensile properties. The use of |ower sintering
tenperatures and a nitrogen bearing atnosphere resulted in nuch
reduced ductility. The degree of sinter was shown to be severely
i npacted by the presence of nitrogen in the material.
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