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Abstract
As the sintered parts are to be machined after sintering the MnS powder is usually added to
improve the machinability. Eﬀect of the MnS powder content on the corrosion resistance of
the sintered 303LSC alloys was investigated. Experimental results show that the addition of
MnS powder decreases the green density of the 303LSC compacts. The sintered density of the
admixed powder compacts slightly increase with increasing MnS content. The weight loss rate
of the sintered specimens being immersed in the 10% FeCl3 corrosion test solution increases
with increasing MnS content. The corrosion resistance is improved with increasing sintering
temperature. The metallographic evolution of the corroded surface was studied.
Ó 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Most of the sintered structural parts have near-net shape, the secondary operation
is generally not necessary. But the holes perpendicular to the compacting direction,
thread and undercut can only be ﬁnished by machining. Recently the secondary
operation like machining is fast becoming an essential step in the production of a large
variety of powder metallurgy components. It is estimated that about 30% of all sintered automotive parts required some machining operation. However, the machinability of the sintered structural parts is inherently inferior to that of the conventional
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cast-wrought materials. The pores in the sintered parts result in a non-continuous
contact between the workpiece and the cutting edge of the tool, causing an interrupted cut and subsequent tool wear. Also, the pores contribute toward a reduced
thermal conductivity, resulting in a slower dissipation of heat. This can induce high
temperature at the tool–workpiece interface and cause a rapid tool failure.
The factors aﬀecting the machinability of powder metallurgy materials include:
material porosity, manufacturing process, alloy chemistry, machining variable, and
the alloy microstructure [1]. Sintering practices can inﬂuence the pore structure,
surface chemistry, and the microstructure of the sintered alloy. As an example,
surface oxide and the presence of certain inclusions can degrade the machinability
[2,3]. It is possible to improve the machinability of P/M parts by modifying their
microstructure. Some works have been reported that the use of heat treatment cycles
can modify the microstructure and inﬂuence their machinability [4,5]. However, the
popular and convenient technique to improve the machinability involves the addition of machining aid.
Addition of various machining aids to improve the machinability of the ferrous P/
M parts has been investigated by a number of authors [2–4,6–12]. Machining aids
investigated include, MnS, Pb, Bi, Te, Se, and MoS2 powders. These additives are
either incorporated into the melt before powder production or mixed-in during the
mixing stage. Manganese sulﬁde (MnS) powder is the most widely used and probably
the most eﬀective additive to improve the machinability of ferrous alloys. Addition
of manganese sulﬁde powder has been reported to improve the machinability of
various P/M alloys, including: carbon steels, copper steels, nickel steels, low-alloy
steels, stainless steels, and soft magnetic steels [2,7,8,10–17]. During the machining
operation, the malleable MnS particles deform easily and coat the tool surface. Thus,
the presence of MnS on the tool surface helps to reduce the friction between the tool
surface and the workpiece. This in turn results in reduced tool wear, lower machining
temperature and longer tool life. Further, it was demonstrated that the addition of
small quantities of MnS has minimal eﬀect on the mechanical and physical properties
of these alloys. However, these published works did not deal with the eﬀect of MnS
powder addition on the corrosion resistance of various sintered steels.
Most stainless steels available for powder metallurgy are copies of wrought alloys.
While the wrought compositions have been optimized with respect to their fabrication schedules and corrosion resistance. Thus it is not surprising to see that
sintered alloys often exhibit inferior corrosion resistance. The inferior corrosion
properties are resulted from compound formation, precipitation, and reaction with
the atmosphere during sintering, as well as a higher surface area due to porosity [18–
28]. Vacuum sintering or using a pure hydrogen with a dew point below )40 °C can
avoid reaction between the compacts and the sintering atmosphere. There is no
chromium depletion through the formation of oxides and nitrides. Consequently the
corrosion problem is partly reduced [29].
The corrosion resistance of the alloys containing two phases or more is always
inferior to that of the simple solid solution. In addition to the inherent porosity, the
introducing of MnS powder may further decrease the corrosion resistance of the
sintered stainless steels. The present investigation was carried out to study the eﬀect
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of MnS powder addition on the compactability and sinterability of the 303LSC
stainless steel powder. How the corrosion resistance of the sintered 303LSC alloys
varied with the MnS content and the metallographic evolution of the eroded surface
during the corrosive immersion test were studied. Interaction between the MnS
particles and the 303LSC matrix during sintering was also examined.
2. Experimental
The 303LSC stainless steel powder used was water-atomized with a particle size of
)100 mesh, its chemical composition is Cr 18.9 wt.%, Ni 12.8 wt.%, C 0.03 wt.%, Sn
0.8 wt.%, and Cu 2.0 wt.%. The matrix powder has been admixed with the compacting lubricant that is composed of 0.3 wt.% lithium stearate and 0.7 wt.%
Acrawax. The particle size of the MnS powder is )325 mesh. The MnS powder was
added with 0, 0.2, 0.4, 0.6, 0.8, 1.0 and 1.2 wt.%, respectively. After mixing, the
mixed powder was consolidated into cylindrical compacts at a pressure of 490 MPa.
The compacts were then sintered at 1100, 1150, 1200 and 1250 °C for 40 min in
bottled hydrogen (with a dew point of )40 °C). The diameter, thickness and weight
of the specimens before and after sintering were measured. The green density, dimensional change and sintered density were calculated to investigate the eﬀect of
MnS content on the compactability and sinterability of the 303LSC stainless steel
powder.
Eﬀect of the MnS powder addition on the corrosion resistance of sintered 303LSC
stainless steels was studied by the immersion test. The sintered specimens were immersed in the 10% FeCl3 solution for 24 h, then water-rinsed, dried, and the weight
loss was measured. The erosion solution was slowly stirred. The lab was air-conditioned to keep the room temperature at 25 °C when the experiment was conducted.
During immersion the rust did not accumulated on the specimen surface, but dissolved in the solution. The immersion test was carried out ﬁve times. The sum of
weight loss was divided by ﬁve to obtain the weight loss rate (mg/cm2 day). To study
the metallographic evolution of the corroding surface the sintered specimens were
ground, polishing and immersed in the FeCl3 solution for some time interval, then
washed, dried and examined with an optical microscope.
The sintered specimens were examined with a scanning electron microscope. Interaction between the MnS particles and the 303LSC matrix during sintering was
investigated by the X-ray mapping. The intensity of the composition elements in
both phases was measured by point counting. The acceleration voltage was 15 kV.
3. Experimental results and discussion
3.1. Eﬀect of the MnS content on the compactability and sinterability of the 303LSC
powder
Fig. 1 shows the variation of green and sintered densities with the MnS content
and the sintering temperature. The green density decreases monotonously with
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Fig. 1. Variation of the green and sintered densities with the MnS content and the sintering temperature.

increasing MnS content owing to the low speciﬁc gravity of the MnS powder. The
sintered density increases with increasing temperature. Addition of the MnS powder
does not degrade the sinterability of the 303LSC powder. The sintered density
slightly increases with increasing MnS content for the group of specimens sintered
at the same temperature. However, the diﬀerence in density is always less than
0.1 g/cm3 .
3.2. Eﬀect of the MnS content and sintering temperature on the corrosion resistance of
the sintered 303LSC stainless steels
After being immersed in the 10% FeCl3 corrosion test solution for ﬁve days, the
variation of the weight loss rate of sintered 303LSC stainless steels with the MnS
content and the sintering temperature is shown in Fig. 2. The weight loss rate
increases with increasing MnS content. The corrosion resistance of the sintered
303LSC stainless steels is reduced by the addition of the MnS powder. The contact
area between the MnS particle and the 303LSC matrix is property-discontinuous,
these two phases are pressed together by the mechanical force. As being immersed
in the corrosive medium crevice corrosion is apt to initiate on the contact region.
Therefore, adding more MnS powder provides more sites to induce the crevice
corrosion.
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Fig. 2. Variation of weight loss rate with the MnS content and the sintering temperature after being
immersed in the 10% FeCl3 solution for 120 h.

The corrosion resistance of the sintered alloys is improved with increasing sintering temperature. As the sintering temperature raises from 1100 to 1150 °C, the
weight loss rate is signiﬁcantly reduced. Higher sintered density and lower volume
content of the interconnected pores will be resulted as the compacts are sintered at
higher temperature. The surface area exposed to the corrosive medium is eﬀectively
reduced. When the sintering temperature is further increased from 1150 to 1200 °C,
the upgrading of the corrosion resistance slightly decreases. Being sintered at 1200
°C, most of the open interconnected pores may be closed in the initial stage of
sintering, and during densiﬁcation the further density increment is mainly resulted
from variation of the morphology of the isolated pores, such as pore spheroidization.
As a result, the corrosion resistance of the sintered alloys is no longer closely related
with the sintered density.
For the alloys sintered at 1250 °C and containing the MnS powder more than 0.6
wt.%, the corrosion resistance is degraded markedly in spite of their high sintered
density. The weight loss rate of specimens containing 0.6, 0.8, 1.0, and 1.2 wt.% MnS
becomes higher than that of the alloys sintered at 1150 °C. Here, the sintered density
is no longer the dominant factor aﬀecting the corrosion resistance of the sintered
stainless steels.
Fig. 3 is the X-ray map of chromium, iron and sulfur of the MnS-added 303LSC
alloy sintered at 1250 °C. The dark area on the left-hand side of Fig. 3a is the MnS
particle, and the right gray zone is the 303LSC matrix. Fig. 3b is the X-ray map of
sulfur, there shows that some sulfur atoms migrated across the phase boundary and
diﬀused into the 303LSC matrix. Fig. 3c is the X-ray map of chromium, it can be
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Fig. 3. SEM image and X-ray maps of 303LSC þ 1:2% MnS, sintered at 1250 °C to a density of 7.1 g/cm3 .

seen that the Cr atoms fairly uniformly distributed in both phases. Upon carefully
examining, it is found that the point intensity of chromium in the MnS region is a
little higher than that in the 303LSC matrix. Fig. 3d shows the distribution of the Fe
element, a few iron atoms diﬀused from the matrix into the MnS particle.
The results of X-ray mapping show that an intensive reaction occurred between
the MnS particle and the alloy matrix during sintering at 1250 °C. This ﬁnding is in
contrast with that of MadanÕs work [2] which stated that the MnS powder was stable
at the sintering temperature and did not interact with the matrix material. The
chromium atoms are more active and exhibit a higher diﬀusion rate in the MnS
compound. Line scanning and point counting have also been performed on the
specimen shown in Fig. 3a. The measured results of point counting indicate that the
chemical composition of the MnS particle is S 35–36 wt.%, Mn 30–32 wt.%, Fe 2–4
wt.%, Ni 2–3 wt.%, and Cr 26–30 wt.%, and that of the 303LSC matrix within a
distance of 6 lm from the phase boundary is S 1.5–2 wt.%, Mn 0.25–0.3 wt.%, Ni
12.5–13 wt.% and the Cr content decreases from the original 18.7–19 wt.% to a value
of about 17 wt.%. A marked chromium-loss occurred in this area. Examining other
three groups of specimens sintered below 1200 °C chromium enrichment in the MnS
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particles has also been detected, however, the Cr-loss in the 303LSC matrix was not
found. Therefore, a marked chromium diminution of the 303LSC matrix in the area
neighboring the phase boundary may be the main reason that the corrosion resistance of the MnS-added 303LSC alloys sintered at 1250 °C degrades abnormally.
A similar situation has been found as the stainless steel powder compacts were
sintered in the dissociated ammonia, the corrosion resistance of the sintered alloys
was signiﬁcantly reduced owing to the chromium decreasing. During sintering the
nitrogen in the dissociated ammonia reacted with the chromium atoms to form the
chromium nitride and caused chromium depletion at the surface of the sintered alloy
[18,25,26,30].
3.3. Corrosion metallography
The specimens containing 1.2 wt.% MnS and respectively sintered at 1150 and
1250 °C were ground and polished, then immersed in the 10% FeCl3 solution for
some intervals. The washed and dried specimens were carefully observed with an
optical microscope to study the metallographic evolution of the corroded surface.
The eﬀect of sintering temperature on the corrosion rate of these two groups of
specimens was studied through the metallographic observation.
Fig. 4a is the MnS-containing 303LSC alloys before immersion. The particle
shape of the MnS powder is irregular. The ﬁne MnS particles uniformly distributed
on the particle boundary of the 303LSC powder, and this might induce detrimental
eﬀect on the mechanical properties of the sintered alloy [15,16]. The large ones were
squeezed into the intersection of the 303LSC particles and occupied the pore position
during compacting. Fig. 4b is the 1150 °C-sintered specimen immersed in the FeCl3
solution for 12 h. The contact area of the MnS particle and the 303LSC matrix was
preferentially corroded and became a dark groove. This specimen includes two
phases (MnS and 303LSC), therefore, its corrosion resistance is inferior to that of the
simple 303LSC solid solution. These two phases possess diﬀerent level of corrosion
potential, the micro-anode and micro-cathode will be established. After establishing
of these two poles, the galvanic corrosion will initiate at the contact area of these two
phases.
In the solution including the chloride, the passive ﬁlm of the stainless steels is
unstable and the crevice corrosion is apt to occur. When there is ﬂuid ﬂowing or
existing on the outside of contact area between the MnS particle and the 303LSC
matrix, the ﬂuid in this close contact crevice keeps stagnant. The chloride ions in the
ﬂuid will then induce corrosion. The stainless steel in the contact crevice is active and
acts as the anode; the rest part outside is passive and acts as the cathode. Some
potential diﬀerence exists between these two poles, and corrosion takes place at the
anode. The anode reaction induces large amount of the metal cations that in turn
attract the outside anions (especially the Cl ions) to move into the crevice and react
with the cations to form the metal chloride. Hydrolysis of the metal chloride produces the hydrochloric acid that subsequently decreases the pH value of the solution
in the crevice. Besides, decomposition of the hydrochloric acid gives more chloride
ions to react with the metal cations. Increasing of the solution acidity results in
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Fig. 4. Optical micrographs of sintered and eroded 303LSC þ 1:2% MnS alloys (a) as-sintered at 1150 °C,
(b) sintered at 1150 °C and eroded for 12 h, (c) sintered at 1250 °C and eroded for 12 h, (d) sintered at 1250
°C and eroded for 96 h.

collapse of the surface passive ﬁlm and accelerates dissolving and corroding of the
303LSC alloys.
Fig. 4c is the 1250 °C-sintered specimen being immersion corroded for 12 h. The
corroded groove induced on the phase boundary grew markedly. Carefully examining with the magniﬁcation of 1000 it was found that the corroded groove was wider
at the top shallow part and deepened into the phase boundary in a step-downward
manner. The upper part of the groove was in contact with the corrosive medium for
a longer time and became wider for more mass being eroded away. Fig. 4d is the
surface morphology of the 1250 °C-sintered specimen after being immersion eroded
for 96 h. The small MnS particles disappear. As the crevice corrosion further extended inward along the contact area of the MnS particle and the 303LSC matrix,
the small MnS particles would preferentially detach from the matrix, and black holes
were left. The corroded holes then enlarged markedly.

4. Conclusion
1. The green density of the 303LSC compacts decreases with increasing MnS content. The sinterability of the 303LSC stainless steel powder did not degrade as
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the MnS powder was added. The sintered densities slightly increase with increasing MnS content.
2. The corrosion resistance of the sintered 303LSC alloys decreases with increasing
MnS content. The increasing of the sintering temperature improves the corrosion
resistance of the sintered MnS-added 303LSC alloys, but the alloys containing the
MnS higher than 0.6% and sintered at 1250 °C are exceptional.
3. Metallographic observation of the MnS-added specimens during the immersion
test shows that the detrimental eﬀect of MnS powder addition on the corrosion
property of the sintered stainless steels results from the crevice corrosion that initiates on the contact region of the MnS particle and the 303LSC matrix. During
further immersing the preferential detaching of small MnS particles and the
ensued hole enlargement occur.
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