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SYNTHESE:

Les aciers auste"noferritiques biphases contiennent une phase dure et une phase
molle en proportion comparable, les deux phases sont bipercolfes. Ces aciers sont done
susceptibles de d6velopper des contraintes internes importantes quand ils sont
d6form£s. L'6volution et la relaxation de ces contraintes, ainsi que Fendommagement
du mat6riau ont 6t6 caract6rises a l'aide d'essais Bauschinger.

Nous avons compare" le comportement du mate'riau vieilli thenniquement a
celui du non vieilli. Les contraintes internes ont 6x6 efficacement relaxdes par la
d6formation plastique de la phase dure.

(HT-41/96/011/A)



EXECUTIVE SUMMARY:

Austenoferritic duplex steels possess microstructures containing comparable
volume fractions of hard and soft phases which are bipercolated. They are therefore
liable to develop large internal stresses during straining. The evolution and the
relaxation of these stresses and the occurrence of damage are characterized using
Bauschinger tests.

Thermally aged and non-aged material behaviour are compared. Plastic flow in
the hard phase is shown to be significantly efficient in releaving these internal stresses.

9«NBO0143

(HT-41/96/011/A)



47

LTPCM/ENSEEG, Saint Martin d'Heres1) (a) and
EDF, Moret-sur-Loing2) (b)

Internal Stresses
in an Austenoferritic Duplex Stainless Steel

By

B. VERHAEGHE (a), Y. BRECHET (a), R LOUCHET (a), J. P. MASSOUD (b), and
D. Touzeau (b)

1. Introduction

A number of two-phase alloys, like austenoferritic duplex stainless steels, develop internal
long-range stresses when they are plastically deformed [1,2]. Internal stresses have a strong
effect on the mechanical properties of these alloys such as work hardening behaviour of
damage [1, 3]. The origin of polarized internal stresses in such materials are the deforma-
tion incompatibilities between the two phases. Those incompatibilities can be of elastic
nature (if the Young moduli of the two phases are different) or of plastic nature (if the yield
stresses are different). In the case of duplex stainless steels, the austenitic and ferritic
phases have roughly the same Young modulus but very different yield stresses, therefore
the incompatibilities are essentially of plastic origin: one phase plastically deforms while
the other remains elastic. This heterogeneity of plastic deformation leads to polarized inter-
nal stresses which will be labelled ax.

Bauschinger tests are a simple way to measure O\ [4, 5]. The Bauschinger effect is the
difference in yield stress after deformation reversal [6]. It results from the directionality of
O\. Polarized internal stresses oppose the applied stress which was at their origin but help
the deformation when the strain is reversed. Moreover the Bauschinger effect may be sensi-
tive to damage processes [7].

') Domaine Universitaire, F-38402 Saint Martin d'Heres, France.
2) Les Renardieres. Route de Sens, F-77250 Moret-sur-Loing, France.
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It is useful to study the Bauschinger effect in duplex stainless steels for two different
reasons. First the yield stress of the ferrite varies during thermal ageing. Secondly, the
material has a specific microstructure in that the two phases are percolated. Whereas experi-
mental investigation and modelling of internal stresses for particle reinforced materials or
fibrous structures is well developed [6, 8, 9] there is comparatively little work done on
complex structures. Austenoferritic stainless steels are in a way a model system for these
problems as they are bipercolated, the volume fractions are of the same order of magni-
tude, and the ferrite/austenite interface is expected to be strong.

The purpose of this work is to investigate the building up of internal stresses with plastic
straining through quantitative analysis of the Bauschinger effect. The occurrence of damage
or plastic flow in the hard phase and its influence on Bauschinger effect will also be inves-
tigated.

2. Principles of the Method

If a specimen undergoes a strain ex, the flow stress <7p can be written as

= <7o + Of + (1)

where af 4- O\ is the work hardening increment, Of (forest hardening) is the non-directional
contribution to work hardening of the plastic phase, OQ is the intrinsic yield stress of the
matrix, and O\ the long-range stresses due to incompatibilities.

If, after prestraining, the direction of the applied stress is reversed, lie internal stresses
will promote the onset of reversed plastic deformation and the reversed yield stress will be
given by

= <70 + Of — O\ . (2)

!4

o : end of the first loading
Oyi yield stress
oR: reverse yield
Ej: total prestrain
8 p : plastic prestrain

Fis,. 1. Features of the Bauschin?er effect
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Combining (1) and (2) leads to

O\ - 3 {OF - aR) (3)

provided that o-p and <j\ values during forward and reverse straining are stable [5]. This
very simple approach relates internal stresses to the Bauschinger effect

The Bauschinger effect will be large in two-phase alloys containing a large volume frac-
tion of a second phase with a high yield stress.

In the present study the internal stresses were calculated using equation (3). To evaluate
the yield-lowering effect of the Bauschinger effect, we used the Bauschinger stress param-
eter $a [6], with the conventions defined on Fig. 1,

£ (4)
where Aa is the yield stress reduction, ap is the flow stress where the strain is reversed,

is the reverse yield stress. Equation (4) can be written as

In the absence of the Bauschinger effect, aR = ap and fic = 0. If fia exceeds unity, the
Bauschinger effect is extremely large: reverse yielding occurs before the reverse stress is
applied, this is sometimes observed in metal-matrix composites [10]. Generally
0 < & < 1.

3. Materials and Experimental Procedure

The materials studied are two cast austenoferritic duplex stainless steels (CC and EL) with
neighbouring compositions (Table 1). They were solution-treated at 1120°C for 6h and
quenched in water. Then, some of them were aged at 400 °C (Table 2).

Austenoferritic duplex stainless steels are known to embrittle after long-term ageing at
400 °C, which can affect the mechanical properties [11 to 13]. The properties of the auste-
nite are not affected, but conversely the ferrite hardness and its microstructure continuously
evolve during ageing. Below 500 °C, the unmixing by spinodal decomposition of the 6-
Fe-Cr solid solution leads to the formation of a Cr-rich cc'-phase ("475 °C embrittlement")
sometimes accompanied by the precipitation of a Ni, Si, Mo-rich G-phase [14, 15].

Table 1
Chemical composition (wt%) and ferrite content (%) of duplex stainless steels

C P

EL 0.027 0.023
CC 0.038 0.027

Table 2
Ageing treatment

CCO

non-aged

4 phvsicj. (a) 153/1

Si Mn

1.13 1.03
1.20 0.71

of CC and EL

CC7

aged lOOOh

Ni

10.00
10.43

at 400 °C

Cr

21.70
22.11

Mo

2.72
2.75

EL8

aged

N

0.039
0.042

3000 h at

Nb

0.15
0.21

400 CC

ferrite

33
33
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Table 3
Yield stress of ferrite and austenite before and after ageing estimated by ultiamicrohardness

before ageing

feirite

«400MPa

austenite

«200MPa

after ageing

ferrite

w600 MPa

austenite

«200 MPa

The CC7 and EL8 heat treatments have reached the same degree of embrittlement (low-
er-bound values of impact energy with ageing rime). The embrittlement is associated with
an increase of the yield stress of these alloys, due to the increase of the yield stress of the
ferrite phase (Table 3). The yield stresses of each phase were estimated by ultramicrohard-
ness measurements which were performed. The ultramicrohardness technique consists of
multiple indentation cycles at the same location of a polished surface by a spherical inden-
ter (10 um radius ball indenter). Each cycle contains indentation, unload, and reload se-
quences. Automation of the test allows to obtain all values of each .cycle directly in
strength versus penetration depth. When plastic deformation largely overwhelms elastic de-
formation, the results can be converted in stress versus strain curves. The values of the
yield stress can then be deduced by extrapolation.

Another consequence of ageing is the evolution of the fracture mechanisms. The non-
aged samples fail in a ductile way in both phases. The plastic deformation of the two
phases was observed to be homogeneous both by TEM (transmission electron microscopy)
and by "in situ" SEM (scanning electron microscopy). In contrast, in the aged materials
the ferrite fails by cleavage while the austenite remains ductile. In addition to cleavage,
localized glide and perhaps also twinning occur in the ferrite phase.

With different plastic properties between the two phases and a large proportion of hard
ferrite phase, austenoferritic steels and mainly the aged ones are expected to exhibit a high
Bauschinger effect.

The Bauschinger tests were performed at EDF research centre on a Mayes cyclic ma-
chine. The Bauschinger effect was measured using separate samples (to avoid problems
related to work hardening) after a total deformation sT = 035%, 1%, 2%, 3% for CCO,

Table 4
O\ and fio for CCO, CC7, and EL8 at different plastic strains. T-C: first loading in tension,
C-T: first loading in compression

T-C
tests

C-T
tests

CCO

£p

(%)

0.18
0.88
1.76
2.74

(MPa)

234
323
337
350

A,

1.39
1.45
1.42
143

CC7

£p

(%)

0.176
0.252
0.315
0.45
0.86*)

0.188
0.465

(MPa)

233
284
307
385.5
524

246.5
368

A,

1.27
1.36
1.42
1.5
1.67

1.26
1.43

EL8

£p
(%)

0.025
0.272
0.588
1.62
2.64

O\

(MPa)

79
286
490
534.5
587

A,

0.66
1.36
1.54
1.61
1.64

*) Sample already deformed at ep = 0.176%.
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Fig. 2. Bauschinger stress parameter variation with £p for CCl, CCO, and EL8 alloys

£T = 0.35%, 0.45%, 0.55%, 0.73%, 1.2% for CC7, and sT = 0.15%, 0.5%, 1%,2%, 3% for
EL8. The first loading was in tension. For two tests with the CC7 material at ex = 0.35%
and 0.73%, the first loading was in compression.

4. Results

As austenite is the soft phase, it is considered here as the matrix, even if, from a micro-
stnictural genesis point of view, the austenite grew out of the ferrite phase by solid state
transformation. The resulting geometry is in fact bipercolated. The values of a; in the auste-
nite phase and of $a are given in Table 4 for different ep (plastic prestrain). Fig. 2 and 3
represent, respectively, fia = / (%) and oh =/(£p).

5. Discussion

5.1 Internal stresses in austenite

Pre-existing internal stresses (at £p = 0) are of the order of 60 MPa. As expected the
Bauschinger effect is important for all the heat treatments. For sp > 0.15% (EL8 material,
Fig. 2) plastic deformation already occurs during unloading (i.e. fio > 1) which is the sign
of extremely large internal stresses. Austenite internal stresses rapidly increase with increas-
ing £p (Fig. 3) up to a value £p after which they reach a relatively stable stage. The change
in slope is around £p = 0.5% for both CCO and aged materials.

For CCO, as it was not possible to reveal plastic deformation in sections of deformed
samples by etching, "in situ" tensile tests in the scanning electron microscope were per-
formed. Plastic deformation was observed to occur first in the austenite and to begin in
ferrite at about 0.5% of plastic deformation. Ferrite deforms homogeneously before failure
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Fig. 3. Variation of internal stresses with ep in austenite of CC7, CCO, and EL8 alloys

of the sample (Fig. 4). Above this strain, internal stresses are relaxed by plastic homo-
geneous deformation of the ferrite phase.

For aged materials, the relaxation of the ferrite phase can occur in principle by cleav-
age, localized glide, and occasional twinning. Optical micrographs of longitudinal sec-
tions of Bauschinger samples (polished and electrochemically etched with an oxalic acid
solution) show that cleavage cracks occur in the early stages of deformation, before
glide appears in the ferrite (Fig. 5). The sudden change of slope in the internal stress-

Fig. 4. "In situ" SEM tensile test of CCO sample, homogeneous deformation of the two phases
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Fig. 5. Cleavage cracks in the fer-
rite phase, cracks occurring during
tensile loading are perpendicular to
the tensile axis (the tensile axis is
parallel to the horizontal side of
the picture), compression cracks
are parallel. CC7 sample deformed
at £p = 0.25%

100jjm

strain curves corresponds to the generalization of the localized glide in ferrite (Fig. 6).
There is no evidence of twins in these Bauschinger samples. It is surprising to notice
that in spite of early cleavage events, relaxation of internal stresses is essentially due to
this localized glide. However cleavage cannot relax stresses efficiently enough without
interfacia] decohesions. Due to the strength of the austenite-ferrite interphase, the ferrite
skeleton continues to support most of the external load and to participate in stress
accumulation, even if cleavage cracks arise. This is indeed the reason why a same
ferrite island can have multiple cracks (Fig. 7). One can notice in addition that the
slope corresponding to stress accumulation for CCO material after the beginning of
plastic homogeneous deformation is lower than that for localized glide of aged mate-
rials.

Fig. 6. Glide in the ferrite phase of the EL8 sample deformed at e? = 0.59%. The chemical etching
does not reveal the glide in the austenite phase



54

Fig. 7. Multiple cracks in the same fenite islands. EL8 sample deformed at £p = 2.85%

5.2 Theoretical slope of ox =/(ep)

For relatively small values of ep the internal stresses in the matrix can be estimated from
Eshelby-type calculations developed by Brown and Clarke [8],

o\ = 2y#f£p; (6)

pi = (3/8) E « 75 GPa is the common shear modulus of the two phases (the elastic con-
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stants of the matrix and of hard phase are roughly the same), / is the volume fraction of
the hard phase, y is a dimensionless parameter which takes into account the shape of par-
ticles. For this estimation the austenite/ferrite system is considered as a matrix/fibre com-
posite where fibres are parallel to the tensile axis. As the two phases are percolated they
have the same overall deformation. This situation is therefore similar to a parallel loading
of the two phases. In this case one gets y w 0.69 (multiple slip). In the original model the
volume fraction of inclusions is small so that the proportion of matrix is close to unity.
Here, for a volume fraction of ferrite /fen- = 0.33, it is necessary to take into account
1 —Sim- Equation (6) becomes (7)

from which the theoretical slope dGi/dsv is 52 GPa. This value is lower than but of the
same order as the experimental slope which is 95 GPa (Fig. 8). This slight discrepancy can
probably be related to the complex topology of the ferrite/austenite mixture. It is worth
noticing that if instead of Sim = 0.33 we had taken Sim = 0.48, the slope would have been
of 95 GPa: it seems then that the material behaves as if the effective volume fraction of
ferrite was larger than the real volume fraction which could come from the existence of
"constrained austenite" unable to deform plastically.

5.3 Local stresses in ferrite

At the transition point the internal stresses in austenite are of the order of 300 MPa for
CC0 and 500 MPa for aged materials. Local stresses in the ferritic phase are calculated
using a stress equilibrium equation [5],

W f a r + <7i(l- /far)=0. (8)

Estimating Of^r using the effective volume fraction of ferrite Star leads to

325 MPa for CC0 ,
540 MPa for aged states .

These values are comparable to the yield stresses of ferrite in both CC0 and CC7 heat
treatments. When plasticity in ferrite occurs (see Table 3), further deformation is possible
without increasing anymore the internal stresses: this is the reason for the transition in
slope in Fig. 8.

5.4 Internal stresses for ep = 0

The origin of internal stresses pre-existing to any deformation (at ep = 0) can be due to the
difference between the lattice parameters (Opara) and thermal expansion coefficients (<7th) of
the two phases. Some compression-tension tests were carried out in association with ten-
sion-compression tests in order to estimate the importance of these stresses. As noticed in
Table 4, the tension-compression and the compression-tension test experiments at the
same total prestrains (the plastic prestrains are roughly the same) lead to the same value of
internal stresses, Acr, (tension-compression test) «Aa c (compression-tension test). As
tfth ~ °para = (1/4) (Acc — A<7t) [10], the stresses due to the misfit and the difference of
thermal coefficients between the two phases are totally relaxed.
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6. Conclusion

The internal stresses in deformed austenoferritic duplex stainless steels are extremely large.
The homogeneous plastic deformation in the non-aged material and the localized glide in
the aged material allow the internal stresses to be partly relaxed. Cleavage of aged ferrite is
not responsible for this relaxation since ferrite cleaves without decohesion and the interface
still contributes to the load transfer between the two phases.

The comparison between the theoretical calculation of internal stress accumulation for
low plastic strains and experimental results show that the effective proportion of ferrite is
larger than the real ferrite volume fraction. This suggests that a fraction of austenite can be
embedded in ferrite and therefore does not undergo plastic deformation.

The stresses coming from the lattice misfit and the difference of the thermal expansion
coefficients are fully relaxed.
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