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Sintering 316L stainless steel to near full density with an appropriate sintering additive can ensure high
mechanical properties and corrosion resistance. We present here a sintering approach which exploits the
dissociation of ceramics in steels at high temperatures to activate sintering densification to achieve near
full dense 316L stainless steel materials. MoSi, ceramic powder was used as a sintering additive for pre-
alloyed 316L stainless steel powder. Sintering behavior and microstructure evolution were investigated
at various sintering temperatures and content of MoSi, as sintering additive. The results showed that the

I;%‘;_Vztrgisl;less steel sintering densification was enhanced with temperature and MoSi, content. The distribution of MoSi, was
Sintering characterized by XMAPs. It was found that MoSi; dissociated during sintering and Mo and Si segregated

MoSi, at the grain boundaries. Excess Mo and Si were appeared as separate phases in the microstructure. Above
98% of theoretical density was achieved when the specimens were sintered at 1300 °C for 60 min with
5 wt.% MoSi, content. The stainless steel sintered with 5 wt.% MoSi, exhibited very attractive mechanical

Microstructure
XMAP

Mechanical properties properties.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Dense 316L stainless steel is widely used in automotive, med-
ical and structural applications. Powder metallurgy (P/M) being a
near net shaping process reduces processing cost and is attractive
for production of 316L parts [1]. In order to compete with dense
316L parts, high density P/M 316L parts with high mechanical and
corrosion properties are required. One of the investigated ways to
fabricate high density P/M stainless steel parts is the addition of
sintering additives to stainless steel powder [2]. The sintering addi-
tives lower the sintering temperature and activate densification
mechanisms to eliminate pores. Sintering additives such as FeB,
NiB, FeMoB, Si and CusP have been reported for the enhanced sin-
tering of stainless steels [2-8]. These sintering additives activate the
sintering process of stainless steel powders by the formation of a
liquid phase. The liquid phase forms a network between solid grains
and favors the classical phenomenon of liquid phase sintering [3,7].

Choice of a sintering additive is complex and involves the under-
standing of the complex chemical reactions. Adverse effects like
swelling, porosity and dramatic decrease in mechanical and cor-
rosion properties could be observed [9]. So far, few studies have
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reported the successful incorporation of high volume fraction of
ceramic reinforcements to fabricate stainless steel reinforced com-
posites with high density to improve wear resistance [10-12]. On
the other hand, low volume fraction of ceramics has been used to
enhance sintering densification and to prepare low volume frac-
tion P/M stainless steels particulate composites [13-16]. Sintering
of 316L stainless steel powders with up to 10vol.% YAG addition
showed that the sintering porosity was more homogeneous for
5vol.% YAG containing composite compared to 316L stainless steel
under identical sintering conditions [14]. Addition of SiC and SizNg4
to stainless steel resulted in higher sintered density. Enhanced
sintering with the addition of SiC to 316L was attributed to the
interaction of SiC with 316L stainless steel matrix, resulting in for-
mation of a low melting Fe-SiC phase [15]. Si3N4 dissociated in
the 465 stainless steel in Si and N and resulted in enhanced den-
sification and high mechanical properties [16]. Due to chemical
instability of various ceramics and strong bonding while interacting
with steels, the addition of ceramics can be exploited as sintering
additive and their components could enhance mechanical and cor-
rosion properties. MoSi, is a ceramic material with high melting
point and excellent high temperature oxidation resistance [17,18].
It has been reported theoretically that MoSi, develops strong bonds
with Fe by making Fe-Mo and Fe-Si bonds at the interface [19].
Successful preparation of MoSi, and 316L joints has been recently
reported by so called spark plasma technique. Dissolution of MoSi,
was evidenced during the processing [20]. Hence, it is hypothe-
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Fig. 1. (a) Effect of MoSi, addition on the sintered density at 1250, 1300 and 1350 °C for 60 min. (b) Effect of sintering temperature on the sintered density (sintering time

60 min) with 0-10 wt.% MoSi, addition.

sized that MoSi, can possibly be used as sintering additive due to
its strong interaction and bonding with 316L stainless steel. Mo
addition to austenitic steels could enhance the pitting and crevice
corrosion especially for the steel containing Cr [21-24] and Si can
act as sintering additive to form liquid phase at the sintering tem-
perature to facilitate the densification process [8,25].

The present work investigates the effect of MoSi, addition on
the sintering behavior, microstructure evolution and mechani-
cal properties of P/M 316L stainless steel. The sintering behavior
of 316L stainless steel was studied with varying MoSi, content
and at various sintering temperatures. Metallographic techniques
were employed to investigate the effect of sintering temperature
and MoSi, addition on the microstructure evolution of P/M 316L
stainless steel. The sintering mechanisms will be discussed using
electron microscopy and elemental mapping.

2. Experimental

Pre-alloyed 316L powder (37 wm) was dry milled with MoSi, powder (2 um) for
6h.0, 2,5 and 10 wt.% MoSi, was added as sintering additive. EBS wax was added
as an inner lubricant. The milled powder was poured into cylindrical die of 10 mm
diameter and a tensile specimen die to prepare tensile specimens with 25 mm gauge
length and uniaxially pressed at a pressure of 600 MPa.

Sintering of pressed green compacts was performed in a high temperature vac-
uum furnace with nitrogen back-filling to avoid the evaporation of chromium. The
sintering cycle applied to the specimens was as follows: the specimens were heated
to 1000°C at a rate of 10°C/min and held at 1000°C for 15 min, then the speci-
mens were heated to various sintering temperatures of 1250°C, 1300°C, 1350°C
and 1400 °C at a rate of 5°C/min and held at each temperature for 60 min in vacuum
with nitrogen back-filling. Archimedes water immersion method was employed for
the measurement of density of green and sintered specimens. For metallographic
examination, the specimens were cut and metallographically polished successively
on SiC papers and then fine polished to 0.5 wm diamond finish. The microstructure
of sintered specimens and elemental maps was observed on Kevex LEO-1450 SEM
operating at 15kV.

Tensile tests were performed on an Instron mechanical tester at constant
crosshead speed of 0.5 mm/min (25 mm gauge length). Tensile specimens were pol-
ished successively on SiC papers up to 1000 grit. The hardness test was performed
at HRB scale. At least three tests were conducted under the same conditions for
reliability of results.

Table 1

3. Results and discussions

Liquid phase sintering occurs in the presence of liquid phase
and powder compacts undergo densification due to rapid material’s
transport through the liquid phase. Densification rate can increase
further with the increase in the liquid volume fraction and decrease
in the liquid viscosity, when sintering temperature is increased
[26]. The influence of MoSi; content and sintering temperature on
the densification behavior during sintering of 316L stainless steel
is summarized in Fig. 1. It can be seen that % theoretical density of
316L stainless steel compacts increases with the addition of MoSiy.
With out MoSi, addition 316L shows high sintered density, 94% of
the theoretical, when sintered at 1250 °C. A slight increase in den-
sity is observed with increase in sintering temperature to 1350°C.
The effect of MoSi, addition to 316L stainless steel at various sinter-
ing temperatures (Fig. 1) shows that the sintered density increases
to 95.6% when 1wt.% of MoSi, is added. Highest density, 98.2%
of theoretical, is obtained for the specimens sintered at 1300°C
with 5wt.% MoSi, addition. Further increase in the density is not
observed with increase in temperature and MoSi; content. Increase
in sintered density from 94% to 98.2% of the theoretical is due to the
enhanced sintering of specimens with the addition of MoSi,. Hence,
it is possible to sinter 316L stainless steel to a high density above
98% of the theoretical with the addition of MoSi, as high as 5wt.%
at 1300°C. The effect of MoSi, addition to 316L stainless steel on
the green, ideal and sintered density is summarized in Table 1.

The microstructure of MoSi, free sintered 316L stainless steel
alloy in Fig. 2(a) shows sintered grains and pores inside, similar
findings are reported in literature [8,25]. The microstructure of
316L stainless steel with 1 wt.% addition of MoSij in Fig. 2(b) shows
sintered grains with comparatively (Fig. 2(a)) lower porosity. Con-
siderable reduction in the porosity is visible with the addition of
1 wt.% MoSi,. Further increase in MoSi, content to 5wt.% dramat-
ically reduces the porosity and favors grain growth (Fig. 2(c)). The
dramatic decrease in the porosity and considerable grain growth
clearly evidence the presence of liquid phase during the sintering
cycle which facilitates the annihilation of porosity and grain growth
by fast mass transport [2,8,25,26]. MoSi; addition to 316L stainless

Effect of MoSi, addition to 316L stainless steel on the green, theoretical and sintered density (1300°C).

Theoretical density (g/cm?3)

Sintered density (g/cm?3)

% relative density

No. 316L steel (wt.%) MoSi, (wt.%) Green density (g/cm?)
1 100.0 0.0 6.41 £+ 0.03
2 99.0 1.0 6.42 + 0.03
3 95.0 5.0 6.32 £+ 0.02
4 90.0 10.0 6.27 £ 0.04

7.98 7.52 + 0.02 94.3
7.97 7.62 + 0.03 95.6
7.89 7.75 + 0.02 98.2
7.81 7.64 + 0.05 98.0
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Fig. 2. Microstructures of sintered 316 stainless steel (a) with 0 wt.% MoSi, addition sintered at 1300°C for 60 min; (b) with 1 wt.% MoSi, addition sintered at 1300 °C for
60 min; (c) with 5wt.% MoSi, addition sintered at 1300 °C for 60 min; (d) with 10 wt.% MoSi, sintered at 1300°C for 60 min.

steel activates the sintering process of steel powders by formation
of liquid phase. The liquid phase has low solubility in the stainless
steel powder and hence favors the classical phenomenon of liquid
phase sintering.

The microstructure of the 316L stainless steel with 10 wt.%
MoSi, addition sintered at 1300°C in Fig. 2(d) shows the dense
sintered structure with the presence of round particles (inset in
Fig. 2(d)). The microstructure could be evolved by the dissocia-
tion of MoSi, in to its constituents, Mo and Si. Excessive insoluble
molybdenum and silicon can precipitate out from the matrix as a
separate phase (inset in Fig. 2(d)). To understand further the sinter-
ing mechanisms and evolution of microstructure XMAPs of Mo and
Si were obtained from the specimens containing 5 wt.% and 10 wt.%
MoSi,. XMAPs of Mo and Si from 316L sintered specimens with
5 wt.% MoSi; in Fig. 3(a)-(c) shows that MoSi, has been dissociated
in to its constituents Mo and Si during sintering at 1300 °C. Mo seg-
regates along the grain boundaries and Si goes to grain boundaries
and matrix. Additions of Si to austenitic stainless steels have been
reported to enhance densification during sintering cycle [8,25]. On
the other hand, Mo reduces the solubility of C in steels, forms car-
bides and can effect the corrosion properties at high temperatures
[27]. In our case the carbon content is very low in 316L stainless
steel (<0.03%), hence we can assume the presence of nearly pure Mo
phase in the microstructure. The presence of dispersed Mo phase
is beneficial for the mechanical (Table 2) and corrosion properties
of sintered stainless steel [23,24,28].

MoSi, dissociates in 316 stainless steel alloys and Mo appears
as a separate phase shows the low solubility of Mo in 316L stainless

Table 2
Effect of MoSi, addition to 316L stainless steel sintered at 1300 °C on the mechanical
properties.

Specimen Tensile strength (MPa) Elongation (%) Hardness (HRB)
316L 335 £ 15 14 +2 66 + 2
316L+1wt.% 382 + 15 14+2 69 £+ 2
316L+5wt.% 486 + 15 2242 79+£2
316L+10wt% 471+ 15 16 £ 2 93 +2

steel and Si dissolves in 316L and form liquid phase responsible for
the densification of the powder compact. Mo addition to austenitic
stainless steels has been reported to enhance the mechanical and
corrosion properties of the stainless steels [23,24]. Si as sintering
additive to stainless steel achieves high sintered density to ensure
mechanical and corrosion properties [8,25]. Si form liquid phase at
sintering temperatures above 1200 °C, which favors the densifica-
tion of 316L stainless steel. High density (98.2%) is achieved for 316L
P/M specimens containing 5 wt.% MoSi, content, when sintered at
a sintering temperature of 1300 °C.

XMAPs in Fig. 3(d)-(f) shows that increasing MoSi, content to
10wt.% clearly increases the Mo phase in the microstructure and
Si phase appears in the microstructure in form of round particles.
Since Si has low solubility in austenite phase [29,30], it precipi-
tates out as a separate phase in the microstructure (Fig. 3(d)—(f)).
The large additions of Si to steels can cause brittleness and hence
adversely affect mechanical properties [29]. In our case, the exces-
sive Si precipitated out as separate pure silicon phase. On the other
hand, the sintering is carried out in a high vacuum furnace at a
vacuum of 1 x 1072 Pa, it is very less likely to form SiO,. Hence,
the sintered specimens show high tensile strength and ductility
(Table 2).

The overview of the mechanical properties of sintered 316L
stainless steel with the addition of MoSij is given in Table 2. With-
out MoSi, addition, the steel sintered at 1300 °C showed hardness
as high as 66 HRB. Increase in hardness is observed with increase
in MoSi; addition. This high hardness is due to the increased densi-
fication and presence of molybdenum phase in the steel. Hardness
value reaches to 93 HRB with 10 wt.% addition of MoSi, to steel.
Table 2 shows the variation of the strength of 316L stainless steel
alloy with MoSi, content. The maximum ultimate tensile strength
of 486 MPa and elongation above 20% are achieved with 5wt.%
MosSi,. This high strength and ductility are shown at 98.2% of theo-
retical density. MoSi, addition, homogeneous microstructure and
less residual porosity have contributed for such high strength and
ductility. Ultimate tensile strength and % elongation of 316L stain-
less steel reduces with increase in MoSi, addition to 10 wt.%. This is
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(c)

Fig. 3. Microstructure and corresponding XMAPs of Mo and Si of 316L stainless steel sintered at 1300°C for 60 min (a) with 5 wt.% MoSi,; (b) XMAP of Mo; (c) XMAP of Si;

(d) with 10 wt.% MoSi; at 1300 °C for 60 min; (e) XMAP of Mo; (f) XMAP of Si.

reasonably ascribed to presence of excessive Si in the alloy [8,29].
A clear trend in mechanical properties enhancement with MoSi,
addition is observed. The optimum conditions to achieve a better
combination of mechanical properties and high density are 5wt.%
additions of MoSi, and sintering temperature of 1300°C.

4. Conclusions

The effect of MoSi, addition to 316L stainless steel on the sinter-
ing behavior, microstructural evolution and mechanical properties
was investigated. MoSi, dissociated into its constituents Mo and
Si at the sintering temperature, when added to 316L stainless
steel. With increasing MoSi, content, the sintered density of
316L stainless steel increased and a maximum sintered density
of 98.2% of theoretical was achieved with 5wt.% MoSi, addition.
The microstructure of 316L stainless steel with 10 wt.% MoSi; con-
tent showed precipitates of insoluble Mo and Si phases. Addition
of MoSi, to 316L stainless steel enhanced the sintered density,
hardness and ultimate tensile strength of the sintered alloy. Ulti-
mate tensile strength and hardness of sintered 316L stainless steel
as high as 486 MPa and 93 HRB were obtained, respectively. The
best combination of mechanical properties was achieved with
addition of 5wt.% MoSi, addition after sintering at 1300°C for
60 min.
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