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ABSTRAC

Purpose: The purpose of this paper was to describe the sintered duplex stainless steels manufactured in sinter-
hardening process and its usability in field of stainless steels and moreover using computer software to calculate
the powder mix composition.

Design/methodology/approach: In presented paper duplex stainless steels were obtained through powder
metallurgy starting from austenitic or ferritic base powders by controlled addition of alloying elements powder. In the
studies besides the preparation of powder mixes, computer software based on Schaeftler’s diagram was studied.

Findings: It has been demonstrated that austenitic-ferritic microstructures with regular arrangement of both phases
and absence of precipitates can be obtained with properly designed powder mix composition and sintering cycle.

Research limitations/implications: According to the alloys characteristic applied cooling rate and powder mix
composition seems to be a good compromise to obtain balanced duplex stainless steel microstructures, nevertheless
further tests should be carried out in order to examine different cooling rates and sintering parameters.

Practical implications: Applied producing method of sintered duplex steels and used sintering cycle as well
as developed computer software to calculating powder mix composition proves his advantage in case of obtained
microstructures and additionally it seem to be very promising for obtaining a balanced duplex structure, also
working with cycles easy to be introduced in industries.

Originality/value: The utilization of sinter-hardening process combined with use of elemental powders added
to a stainless steel base powder shows its advantages in terms of good microstructural homogeneity and especially
working with cycles possible to introduce in industrial practice.
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1. Introduction

Stainless steels made by powder metallurgy mainly single-
phase stainless steels, austenitic and ferritic with desired
mechanical properties — ferritic stainless steels and high corrosion
resistance — the austenitic one, for many years have stable
position on market of sintered components [1, 2]. Utilization of
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powder metallurgy for production of complex microstructures
such as biphasic ferritic-austenitic stainless steels created chances
to manufacture duplex stainless steels in one sintering cycle with
no need of the additional heat treatments [3]. Sinter-hardening
process applicable to duplex stainless steels ensures proper
complex Dbiphasic microstructure with controlled mechanical

properties and corrosion resistance [4].



Sintered duplex stainless steels can be made using different
methods. Different approaches can be found in literature where
biphasic microstructure is manufactured by sintering of atomized
duplex powder mixing of fully prealloyed powders or mixing of
prealloyed powders with single alloying elements [5-8]. Proper
duplex stainless steels structure may be obtained in a single
sintering cycle through controlled addition of alloying elements,
promoting formation of austenite or ferrite, to single-phase
powders either ferritic or austenitic trying to predict the final
structure based on Schaffler’s diagram. Alloying element may be
added in the form of single elements or in a combined form. The
sintering cycle is done in vacuum at argon backfilling using
nitrogen under pressure to obtain rapid cooling directly from
sintering temperature [9-12].

The development of computer-aided examinations of materials
applied in powder metallurgy makes possible fastest and more
accurate design of powder mix composition leading to complex
biphasic microstructure of sintered stainless steels. There are few
constitution diagrams such as Schaeffler, Delong and WRC-1992
for prediction of stainless steels microstructure after welding and
diagrams of Pryce and Andrews for microstructure prediction
after plastic forming. The Schaffler’s diagram was taken into
consideration in presented study preparation of powder stainless
steels mixes [13-15].

2. Experimental procedure

In present study the investigations were performed on
stainless steel samples manufactured using the uniaxial die
pressing. Water atomized austenitic stainless steel powder
X2CrNiMo17-12-2 and ferritic stainless steel powders X6Crl7,
X6Cr13 (Table 1) with diameter of <150 um and alloying
elements powders such as Cr (in form of ferrochromium powder),
Ni, Mo and Cu were used. In presented study sintered duplex
stainless steels were obtained through powder metallurgy starting
from austenitic or ferritic base powders by controlled addition of
alloying elements, such as Cr, Ni, Mo and Cu in the quantity
determined using Schaffler diagram.

Table 1.
Average composition of the initial stainless steel powders

Base powder Elements concentration, wt. %

PN-EN10088 AISI Ni Cr Si Mn Mo C Fe

X2CrNiMo17-12-2 316L 13 164 09 02 2.5 0.03 bal
0.04 bal.
0.09 bal.

X6Crl13 410L 0.14 12.2 0.88 0.09 -

X6Crl7 430L - 16 1.14 0.19 -

To make easier calculations of the theoretical chemical
composition of hybride mixes of alloyed stainless steel powders
and elemental powders, computer software was elaborated where
Schaeffler’s diagram was taken into consideration. Chemical
compositions of produced mixtures were placed in austenitic-
ferritic area of the Schaeffler’s diagram with various content of
ferritic phase (Table 2). Although the proper application of

L.A. Dobrzanski, Z. Brytan, M. Actis Grande, M. Rosso

Schaeffler diagram is in welding, it is possible to extend its use to

the field of powder metallurgy. Thus, Crg and Nig equivalents

were obtained using formulas 1, 2 respectively (Table 3).

Cr, =%Cr+1.4%-Mo+1.5-%Si @)

Ni, =%Ni+30-%C+0.5-%Mn 2
Moreover, in order to examine the microstructure derived

after sintering the ferritic stainless steel powder X6Cr17 has been

admixed to austenitic stainless steel powder X2CrNiMo17-12-2 in
equal ratio (composition E).

Table 2.
Chemical compositions of investigated powder mixes
Base ) ; 0
powders Deglg- Elements concentration, wt. %
PN-EN10088 "™ Ni Cr Si Cu Mn Mo C Fe
X2CiNiMo A 10.5226.40 0.80 0.80 - 2.02 0.02 bal.
17-12-2 B 11502133 0.84 2.00 - 2.21 0.03 bal.
C 8.10 22.72 0.70 - 0.06 2.00 0.02 bal.
X6Crl3
D 8.09 26.23 0.65 2.00 0.06 2.00 0.02 bal.
X2CrNiMo
17-12-2, E 6.50 16.20 1.02 0.05 0.10 1.25 0.06 bal.
X6Crl7
Table 3.

Chromium Crg and nickel Nig equivalents of the prepared powder
compositions

Con.lposmon A B C D E
designation
Crg 3044 2568 26.57 30.01 19.86
Nig 11.25 1230 897  8.85 9.57

Acrawax was used as lubricant in a quantity of 0.65 wt.% for
all compositions produced. Samples were obtained using a
hydraulic press applying a pressure of 800 MPa with a floating
die. The dewaxing process was done at 550°C for 60 minutes in a
nitrogen atmosphere. Samples were then sintered in a vacuum
furnace with argon backfilling at temperature 1260°C for 60min.
After sintering the rapid cooling was applied using nitrogen under
pressure of 0.6MPa (4.1°C/s) in argon atmosphere.

Densities were evaluated using the water displacement
method. Microstructure observations were carried out using light
microscope and scanning electron microscope equipped in EDS.
Evaluations of the phase composition were made using ARL
X°TRA 48 X-ray spectrometer, with the filtered copper lamp rays
with 45kV voltage and heater current of 40mA. Metallographic
specimens of all test materials were analyzed in the unetched as
well as etched conditions.

3. Results and discussion

In the powder mixtures preparation computer software was
elaborated (Fig. 1) where the calculations of chemical and phase
compositions are based on mathematical representation of
Schaeffler diagram proposed by Mazurovsky [14]. The main
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feature of the developed software is to establish proper
proportions between the initial single phase stainless steel base
powder and additional alloying elements powders to obtain the
theoretical chemical composition in the well defined austenitic-
ferritic region. This computer program has defined functions:

e Loading of base stainless steel powder and additional powder

compositions,

e Loading of specified individual elements concentrations (Cr,

Ni, Si, Cu, Mn and Mo),

e Calculating of powder mixes using the introduced base
powder and alloying elements powders composition,

e Calculating of phase composition in austenitic-ferritic region
of Schaeffler diagram.

Obtained calculations results of individual powders were then
used to calculate the weight respective powders in grams to
produce final powder mixes. For each composition 1000g of
powder mix was prepared.

Calculating of phase composition in austenitic-ferritic region
of Schaeffler diagram is implemented according to Mazurovsky et
al. [13, 14] and following formulas (3-5) were introduced.

The amount of ferritic phase is dependent of nickel equivalent
Nig and when formula (3) is valid the ferrite content is calculated
according to formula (4), otherwise according to formula (5). The
austenitic phase amount is given as difference of ferritic phase
from total amount.

r,=Ni_ +0.4455Cr, /1-0.1908Cr, < -6.4 3
Q.. =10.142r +85.071. )
Q.. =-13.972r —112.22r —125.38. ()
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Fig. 1. Example on screenshot of developed computer software
used for computer aided powder mix preparation calculations of
mixture C

In present study to produce sintered duplex stainless steel
different compositions have been calculated and then tested, using
austenitic X2CrNiMo17-12-2 and ferritic X6Cr13 as starting base
stainless steel powders. Compositions A and B were based on
austenitic powder with addition of alloying elements powders such
as Cr (in form of ferrochromium powder) and Cu in the right
amount to obtain the chemical composition similar to biphasic one.
Powder mixtures designed as C and D were produced starting from
ferritic powder X6Cr13 in the same manner with addition of Ni, Mo
and Cu powders. Composition E was produced mixing both
austenitic and ferritic X6Cr17 powder in equal amounts.
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Density measurements have revealed that as for the ferritic
based mixtures densities were close to 7.2 g/em’. For the
austenitic based powders, instead, lower values were obtained,
close to 7.0 g/cm”, even though starting with green values similar
to the other compositions. It is remarkable to notice that, in case
of composition B, an approximate dimensional stability was
obtained but after sintering a biphasic microstructure were not
obtained in this case. Composition B shows microstructure with
relatively large island of ferritic grains in austenitic matrix. In this
case a non-homogenous microstructure may be caused by
insufficient portion of alloying powder Fe-Cr in base powder
mixture which activates sintering process and formation of ferrite.

Analyzing the microstructures of prepared compositions in
green state it was confirmed then alloying powders participles
exhibit a uniform arrangement in the matrix of stainless steel
powder what can guarantee a uniform biphasic microstructure
after sintering (Fig. 2).

Fig. 2. Microstructure after debinding process of green compacts -
composition C

According to metallographic examinations of sintered stainless
steels, the presence of a fine microstructure with no recollection of
precipitates could be observed using sintering with rapid cooling
rate. Obtained microstructures were confirmed using X-ray
diffraction thus bi-phase microstructure of manufactured sintered
stainless steels composed of austenite and ferrite with variable
amount of both phases which is in good accordance whit calculated
using elaborated software. In the case of composition A based on
austenitic powder X2CrNil7-12-2 the microstructure is composed
of a + y where austenitic phase is twined and uniformly distributed
with ferritic grains. The microstructure of compositions based on
ferritic powder X6Cr13 is well formed and composed of mixture o
+ v where individual grains are fine and well mixed. In both cases,
the formation of lenticular austenite was revealed. The
microstructure of duplex stainless steel obtained from mix of
austenitic X2CrNiMo17-12-2 and ferritic X6Cr17 powders exhibits
a coarse grained microstructure with characteristic subgrains of
duplex composition identified as an interdiffusion zone - a sharp
and thin microstructure. This intermediate phase, shows chemical
composition and microhardness values between those characteristic
of the surrounding austenite and ferrite as those reported by
Campos in [5].



Element concentrations of respective austenitic and ferritic
region were evaluated too, using EDS analysis (Fig. 3). Basing on
its results the concentration of ferrite former elements like Cr and
Mo in ferrite region is higher wile concentration of Ni is lower
than in austenitic region and the element partitioning between
both phases is consistent with the stabilizing effect of each
element on the respective phase (Table. 4).

Fig. 3. EDS analysis of selected regions in composition C,
a) austenitic, b) ferritic

Table 4.
Results of EDS analysis of selected austenitic and ferritic region
in sintered duplex stainless steel — composition C

Element concentration, wt. %

Si Cr Fe Ni Mo

Phase  Spectrum

Total

austenite Spectrum 1 0.76 24.19 65.68 7.39 1.98 100.00

ferrite Spectrum 5 0.77 29.32 62.28 4.28 3.35 100.00

4. Conclusions

It has been demonstrated that austenitic-ferritic microstructures
with regular arrangement of both phases and no presence of
precipitates can be obtained through a properly designed powder mix
composition and sintering cycle. Main conclusion deriving form
microstructures of manufactured materials is the possibility of
application of the sinter-hardening process with rapid cooling as well
as powder mixtures preparation and utilization of developed computer
aided materials design software to ensure desired balance between
phase concentration and elements partitioning between phases in
sintered duplex stainless steels. The addition of alloying element
powders, promoting formation of either ferritic or austenitic phases to
initial stainless steel alloy powder, makes possible the formation of
microstructures and therefore properties of sintered duplex stainless
steels. The utilization of computer aided materials design in stainless
steels powder metallurgy connected with application of sinter-
hardening process can considerably shorten the time of alloy designs
and guaranty proper bi-phases microstructure and properties.
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