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M. Camposa,*, A. Bautistaa, D. Cáceresb, J. Abenojara, J.M. Torralbaa

aDepartamento de Ciencia de Materiales, Universidad Carlos III de Madrid, Adv. de la Universidad 30, E-28911 Leganés, Spain
bDepartamento de Fı́sica, Universidad Carlos III de Madrid, Adv. de la Universidad 30, E-28911 Leganés, Spain
Abstract

Duplex stainless steels produced by powder metallurgy (PM) can be obtained by two different methods. On one hand, a fully pre-
alloyed powder with a duplex designed composition can be used as raw material; on the other hand, by mixing ferritic and auste-

nitic powders into the desired proportion it is possible to achieve the required duplex microstructure. Through this second method,
when austenite is <50 wt.%, materials show net duplex microstructures. But when the austenite percentage is higher than ferrite, a
diffusion interface appears at grain boundaries, which modifies all the properties. The objective of this work is to characterize this

interface in order to identify its nature and predict the behaviour of the duplex stainless steel. For this purpose, a duplex stainless
steel has been produced by mixing ferritic–austenitic stainless steel grade powders, compacting at 700 MPa and sintering in vacuum
at 1250 �C for 30 min. The mentioned interface has been studied by SEM and light optical microscopy (LOM) and characterized by

nanoindentation in order to determine the hardness and Young’s modulus of each phase. Testing mechanical properties completes
the study.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The duplex stainless steels (DSS) are an intermediate
class between ferritic and austenitic stainless steels. Thus,
these steels have the combined characteristic of both
families. DSS are more resistant to stress corrosion but
not quite as resistant as the ferritic ones; toughness is bet-
ter than that of the ferritic steels but not as good as that of
the austenitic. However, the strength of DSS is greater
than that of austenitic ones. DSS were developed in the
1940s, but were not commercially produced until 1970s.1

Due to the optimum compromise between mechanical
properties, corrosion resistance and economical advan-
tages compared with austenitic stainless steels, DSS
have increased their applications. The automotive
industry is moving towards PM stainless steels for a
wide range of applications, because by controlling the
porosity it can achieve the requirements for exhaust
systems, for example.2

Several authors have investigated the mechanical and
corrosion behaviour ofDSS obtained frommixed powders
from ferritic, austenitic and even martensitic powder
grades.3�7 In the present work, the influence of the
amount of ferrite–austenite on mechanical properties,
due to the nickel and chromium diffusion, which pro-
motes an interface on grain boundaries, has been
investigated.
2. Experimental procedure

2.1. Involved raw materials

Water atomized 316L (austenitic) and 434 (ferritic)
powders have been used as raw materials to prepare the
different mixtures (Fig. 1). All of them were pressed at
700 MPa as tensile bars, and sintered at 1250 �C for 30
min with a cooling rate of 0.08 �C/s, in low vacuum
(P<10�2 atm) to prevent chromium losses.8 Composi-
tions and properties of powders are shown in Table 1.

2.2. Assessed properties

These samples have been used to measure the density,
porosity features, microstructures, and mechanical prop-
erties following ASTM standards. The microstructural
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study has been developed through light optical micro-
scopy (LOM) and scanning electron microscopy (SEM);
EDS has been used to evaluate the distribution of
alloying elements on the different phases in the materials.
Nanoindentation has been performed in order to
characterize the inter-diffusion zone between ferrite and
austenite grains. This test has been performed at room
temperature with a Nanoindenter IIs (Nano Instrument,
Inc, Knoxville, TN). Detailed nanoindentation experi-
ments used in this characterization comprise of the
following steps: approach indenter to sample surface at
10 nm/s; loading step until the total indenter displace-
ment has reached 1000 nm; then, load is kept for 10 s to
stabilize the measurement. The Oliver and Pharr method9

has been followed to analyse the obtained load–displace-
ment data, and hence hardness and elastic modulus are
determined as a function of the indenter displacement.
The corrosion resistance of stainless steels and the

potential microstructural complexity makes the best
etchant selection a difficult problem. By adding glycerol
as solvent a better wetting of the surface and a more
uniform etching is provided. Methanolic aqua regia has
been used to outline ferrite and reveal �-phase if it is
present. Beraha etchant (0.7 K2S2O5 20 ml HCl in 100
ml solution) has been used to develop duplex micro-
structures, as well as secondary phases.10 Colour
obtained after etching depends on composition, phase
grain orientation, etching time and temperature.
3. Results and discussion

3.1. Microstructure features

Even though several authors had suggested Schaef-
fler’s diagram to describe DSS microstructures,6,11 due
to the low cooling rate followed during sintering stage,
it will be more convenient to considerer isothermal
projected phase diagrams of ternary systems. These are
more useful than even TTT diagrams for a DSS to
determine secondary phases precipitation developed in
Ref. 12, because no variation either of Cr or Mo is
noticeable. Besides, in general, rapid cooling is neces-
sary to prevent the precipitation of other phases.13

The self-diffusivity of iron into ferrite is approxi-
mately 100 times higher than in austenite, which pro-
motes the higher densification level.14,15 Due to this fact,
to which sintering activity can be correlated, pores
decrease as austenite decrease as well as sintered den-
sities.16,17 Higher pores are located at particle bound-
aries that coincide with interdiffusion area.
During the sintering process not only does iron diffu-

sion take place, but also diffusion of nickel and chro-
mium (see diagram of Fig. 2). The surrounding contact
surface of austenitic and ferritic particles leads to diffu-
sion of alloying elements and during the cooling stage
leads to different phase transformations depending on
composition.
The 75Ferrite–25Austenite DSS (Fig. 3) is first stud-

ied. In this case, the composition gradient is responsible
for austenite transformation. During cooling from
1250 �C, the area surrounding particle boundaries fol-
lows the phase diagram proposed in Fig. 3 by Refs. 18
and 19. Some secondary austenite precipitates, leaving
the core of the grain with the initial austenite phase.
Some of the secondary austenite has an acicular or nee-
dle-like morphology, which can be seen clearly in Fig. 3.
This kind of morphology can be achieved under slow
cooling rates.20,21

When the percentage of austenitic powders is higher
than ferrite, others phases can precipitate (shown in
Table 1

Chemical composition of the base powders
Powder

Grade
Composition
 Flow

(s/50 g)
Apparent density

(g/cm3)
Cr
 Ni
 Mo
 Si
316L
 16.40
 13.2
 2.50
 0.90
 27
 2.93
434
 16.73
 –
 1.09
 0.80
 26
 2.89
Fig. 1. Up: 434 powders. Down: 316L, the rapid cooling rate during

atomized process promotes a-phase as matrix.
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Fig. 4). Some authors identify this constituent as a
mixture of ferrite, austenite and martensite on the basis
of Schaefller’s diagram.6 Although the phase morphol-
ogy looks like a martensite phase, it has to be kept in
mind that the carbon level is very low as well as an
extremely slow cooling rate. Both facts must prevent the
presence of martensite. Whenever austenite is in a
higher proportion than ferrite, this interdiffusion zone
always appears. Mixtures from 60Austenite–40Ferrite
to 90Austenite–10Ferrite have been studied. The phase
formation in the diffusion area might be caused by
nickel diffusion from austenite to ferrite, by the energy
excess on grain boundary, and the higher concentration
of chromium in this area. This intermediate micro-
structure grows as subgrains, as can be seen in Fig. 5.
This intermediate phase, between ferritic and austeni-

tic particles, has been also studied using SEM and EDS
to show how there are differences in Ni and Cr con-
centrations. By line scanning it is detected that Cr
decreases until austenite phase is reached, whereas Ni is
present on ferrite grains. Hence, Ni and Cr composition
shows a gradient from ferrite to austenite phases (see
EDS results in Fig. 8). Following consecutive isothermal
projections of Fe–Cr–Ni diagram,22 this distribution of
elements will lead to some �-phase transformations but
more importantly, to some mixture of a–g that is very
Fig. 3. Microstructure of 25Austenite–75Ferrite with Beraha etchant, upper in detail. Vertical section at 68 wt.%Fe of the Fe–Cr–Ni ternary system.18
Fig. 2. Microstructural evolution during sintering process of mixed DSS.
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thin and sharp and constitutes a DSS microstructure.
Moreover, Mehara et al.23 have shown how Ni con-
tributes to accelerate �-phase precipitation.
Microhardness follows Ni and Cr content and

depends on DSS mixture, i.e. final composition and
phase balance. Therefore, in the intermediate area of
diffusion, microhardness has shown the biggest
deviation (Fig. 6). Images of micro indentations mea-
surements that show phases properties are presented in
Fig. 7. Microhardness values are intermediate between
ferrite and austenite, thus confirming its intermediate
microstructure and the absence of martensite.
EDS results (Fig. 8) have revealed the composition

evolution of the involved phases. Ni has enriched ferrite
zones at the same time that austenite has lost it, and the
inter-diffusion zone has reached a combination of ele-
ment typically of DSS.

3.2. Nanoindentation

Nanohardness test provides mechanical properties of
involved phases, as displayed in Table 2. This provides a
better characterization of the inter diffusion zone. In
monophase steels, values have shown a narrower
Fig. 5. Interface detail in DSS from 60Austenite–40Ferrite showing

the Cr and Ni concentration, and 75A–25F detailing grain micro-

structure of precipitates.
Fig. 4. DSS obtained from 85Aust–15Ferrite powder mixture. Up: austenite matrix. Down: inter-diffusion area between ferrite and austenite

particles. Isothermal phase Fe–Ni–Cr diagram at 650 �C, showing the risk of �-phase precipitation depending on local composition.22
2816 M. Campos et al. / Journal of the European Ceramic Society 23 (2003) 2813–2819



deviation, whereas in mixed DSS the results strongly
depend on compositions differences. The intermediate
phase is closer to ferrite behaviour than to austenite,
due to the high Cr and Ni content. By comparing both
displayed DSS mixtures, it is shown how by decreasing
Cr concentration (see EDS data) the hardness and
Young’s modulus also decrease. Harder and tougher
behaviour have been found in the middle of diffusion
zone, where Cr and Ni offer the higher composition
balance. In other words, when austenite is increased,
hardness of inter diffusion area is decreased.
In order to show differences between phases beha-

viour due to elastic recovery, nanoindentations have
been imaged by SEM (Fig. 9).

3.3. Mechanical properties

The hardness and strength level of the DSS processed
from mixed powders, increases with increasing content
of ferrite as in Ref. 24 due to enhancement of sintering
mechanisms. The solid solution hardening of Ni and
Mo of the ferrite phase, the internal strain hardening
between ferrite and austenite due to different coefficient
of thermal expansion, and the new inter-diffusion at
particles boundary might be a few explanations for why
Fig. 7. Microhardness on 60Austenite–40Ferrite mixture.
Fig. 8. EDS Analysis of 60 Austenite–40Ferrite DSS sintered mixtures. Precision of measured elements: Cr<5%, Fe<2%, Ni in ferrite<8%, Ni in
the rest <3%. Because presence of Mo and Si is minority their precision is <25%.
Table 2

Nanohardness depending on stainless steel class

100%Austenite
H (GPa)
 E(GPa)
2.2�0.2
 200�20
100% Ferrite
H (GPa)
 E(GPa)
2.43�0.10
 232�6
60Austenite–40Ferrite DSS
Austenite
 Intermediate Face
 Ferrite
H (GPa)
 E(GPa)
 H (GPa)
 E(GPa)
 H (GPa)
 E(GPa)
2.6�0.3
 182�14
 3.8�0.2
 187�13
 3.8�0.2
 204�7
80Austenite–20Ferrite DSS
Austenite
 Intermediate Face
 Ferrite
H (GPa)
 E(GPa)
 H (GPa)
 E(GPa)
 H (GPa)
 E(GPa)
2.0�0.6
 182�14
 2.8�0.9
 140�30
 2.9�0.1
 196�11
Fig. 6. Microhardness values on 85Austenite–15Ferrite DSS sintered

mixture.
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the mechanical properties of DSS increase as compared
with a monophase austenitic stainless steel (Figs. 10 and
11).
4. Conclusions

Duplex stainless steels obtained from ferritic and
austenitic powders mixtures achieved a sintered micro-
structure that strongly depends on the balance of initial
powders. Although a diphase-sintered microstructure is
attainable, a real duplex microstructure is achieved
during the cooling stage, surrounding the ferrite–auste-
nite particle contacts where elemental diffusion leads to
different Cr and Ni distributions.
When austenite is in lesser proportion than ferrite,

secondary austenite precipitates on particle boundary.
However, when austenite presence is the majority, a Ni
concentration gradient develops from austenite to fer-
rite particle and leads to an interdiffusion zone that
gives a local DSS with a sharp and thin microstructure.
The alloying system displays an enhancement of

mechanical properties as a consequence of the solid
solution hardening of Ni and Mo in the ferrite phase,
the internal strain hardening between ferrite and auste-
nite due to different coefficients of thermal expansion,
and the new inter-diffusion area at particles boundary.
All help to explain the mechanical properties improve-
ment of DSS as compared with a monophase austenitic
or ferritic stainless steel
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