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Abstract

An experimental study was carried out at 320 °C in order to determine the damage kinetics of a thermal aged duplex
stainless steel. Compression and tensile tests were performed at 320 °C and at 20 °C for comparison. Typical steps of
damage for this material were found at room temperature. At 320 °C, no bulk damage was observed, but strain and
damage were localized. The experimental mechanical results revealed the existence of dynamic strain aging. The absence
of bulk damage is linked to this phenomenon: as soon as damage appears in ferrite, there is localization and fracture

follows.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Type CF8M duplex stainless steels are used for the
fabrication of cast components for the reactor cooling
system of pressurized water reactor. The ferrite phase of
these materials is known to be susceptible to thermal
aging at about 320 °C which is the operating tempera-
ture [1-6]. Austenite, the major phase, remains ductile
but ferrite hardens and embrittles, inducing a significant
decrease in toughness and tensile ductility [6]. Moreover,
casting defects which can act as crack initiation sites,
have been evidenced in large cast components [7,8].

In support to safety analyses, the possibility of long
crack propagation by ductile tearing was studied [9,10].
The testing standard [11] requires large specimens that
makes tests expensive and difficult to run. So, an effort
was made to predict crack propagation using local ap-
proach as for example the Gurson’s model modified by
Tvergaard and Needleman [12-14]. In this model, the
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effect of the damage evolution on the stress distribution
is taken into account. The behavior and the damage
mechanisms of duplex stainless steels have therefore to
be studied. Such a study was already performed at room
temperature: the damage of the bulk material stems
from voids initiated by cleavage within the ferrite phase
[15]. Joly et al. [15] followed by Besson et al. [16] pro-
posed the void volume fraction driven by the plastic
strain as the physical damage variable. However, the
operating temperature of the cast duplex stainless steel
components is about 320 °C. Previous studies performed
at this temperature showed that the fracture does not
exactly come from the same mechanisms as those ob-
served at room temperature [17,18]. So, further insights
into the damage mechanisms at the operating tempera-
ture are needed in order to suggest a damage mechanical
model predicting the crack propagation strength.

This paper deals with the study of aged duplex
stainless steels behavior, damage and fracture at 320 °C.
Results obtained at 20 °C is reminded here for com-
parison purpose. The paper is divided into three sec-
tions: the first one presents the experimental details, the
second shows the results of mechanical testings as well
as damage observations, and the third section is devoted
to the discussion.
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Nomenclature

F applied load

S specimen section

h specimen height

ho initial specimen height
o ferrite

Y austenite

total strain
strain rate

stress

yield strength
ultimate strength
fracture strain

2

Nz oo
o

2. Experimental details
2.1. Material

The studied duplex stainless steel was statically cast
in the shape of large plates and aged for 2 500 h at 400
°C. Its chemical composition (Wt%) is 0.029 C, 0.046 N,
21.65 Cr, 10.05 Ni, 2.66 Mo, 1.33 Si, 0.83 Mn, 0.025 P,
0.004 S. The ferrite volume fraction is around 32%.
Charpy impact energy is 1.4 and 3.5 daJ/cm? at 20 and
320 °C respectively. These values associated to micro-
hardness measurements on the ferrite phase (about 400
H, 100 ¢ showed that the material is severely embrittled.

Because of the static casting manufacturing process,
the solidification structure is columnar close to the
mould surface and equiaxed in the bulk (Fig. 1).
Columnar grains are oriented along (1 00)a crystallo-
graphic directions. Equiaxed ones reveal no preferential
orientation [19]. Their size is very large: generally
around 2 or 3 mm in diameter. The microstructure
studied by optical microscopy (Fig. 2) confirms the
complex morphology of the ferrite (o) and austenite ()
[19]: the two phases are bipercolated and linked by
crystallographic orientation relationships which are
close to those given by Kurdjumov and Sachs [20],
typically [110](1 T 1)y|[[111](1T0)o.
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Fig. 1. Solidification structure of statically cast duplex stainless
steel and specimens sampling.

Fig. 2. Microstructure of equiaxed grains in statically cast
duplex stainless steel. The ferrite appears in dark grey and the
austenite, in light grey.

2.2. Specimens and experiments

Tensile tests were performed on smooth cylindrical
specimens 6 mm in diameter and 20 mm in gauge length.
Cylindrical specimens (height 18 mm and diameter
12 mm) were loaded in compression in order to detect a
difference in damage mode according to the loading
direction. The tests were performed at 320 °C and at
room temperature for comparison. The influence of the
structure from solidification on the mechanical behavior
and on the fracture mechanisms was investigated: spec-
imens were cut in such a way that the loading direction
during the test was perpendicular to columnar (B) grains
(Fig. 1). Compression specimens were small enough to
be also cut parallel to columnar grains (PB).

Strain rate for tensile and compression tests was
about 3x 10~* s~!. In compression, the displacement u(¢)
was computed in order to keep the strain rate constant
during the test: u(z) = ho(1 — exp(ét)) where hg is the
initial height, ¢ the current loading time and ¢, the strain
rate. The maximum height reduction was about 50%.
Friction between the machine and the specimen surfaces
was reduced by application of a lubricant (boron ni-
tride). In tensile tests, the strain was measured by a
gauge extensometer at room temperature and calculated
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from the machine crosshead displacement before being
corrected by the loading machine stiffness for the tests
carried out at 320 °C. At this temperature, the thermal
gradient along the specimen was checked and was less
than 3 °C. Three specimens were tested for each loading
condition.

After testing, tensile fracture surfaces were observed
by scanning electron microscopy (SEM). Tension and
compression specimens were also cut parallel to the
loading direction in order to observe the damage by
optical microscopy. The sections were polished and
etched with a solution made of 10 g of potassium fer-
ricyanide and of 10 g of NaOH/caustic in 80 ml of water
and heated to 80 °C.

3. Results
3.1. Tensile tests

True stress (¢ = F/S)—true strain (¢ = In(1 + Al/ly))
curves established for equiaxed and columnar materials
at 320 °C are presented in Fig. 3. Tables 1 and 2 sum-
marize the conventional tensile properties at 20 and
320 °C respectively.

At room temperature, the tensile fracture strains were
small and no striction was observed. This is correlated
with the high material embrittlement previously men-
tioned. They showed a wide scatter (2.8-6.6%) due to the
coarse solidification structure. The number of loaded
grains being smaller in columnar specimens (2 or 3
grains) than in equiaxed ones (5 or 6 grains), the scat-
tering is larger for the columnar specimens.
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Fig. 3. True stress—true strain curves established at 320 °C for
equiaxed and columnar grain specimens.

Table 1
Conventional tensile properties for equiaxed (E) and columnar
grain (B) materials tested at 20 °C

Ry (MPa) Ry (MPa) A (%)
E2 390 710 5.7
E3 380 655 2.8
E4 390 660 3.5
Bl 360 660 5.3
B2 350 690 6.6
B3 460 720 4.7

Table 2
Conventional tensile properties for equiaxed (E) and columnar
grain (B) materials tested at 320 °C

Ry» (MPa) R, (MPa) A (%)
E5 340 670 17.1
E6 330 674 16.0
E7 340 660 15.0
B4 330 656 16.1
B5 370 672 12.6
B6 350 663 14.6

At 320 °C, the elongation scatter is less (12.6-17%)
and the mean value is superior to the 20 °C one.
Columnar and equiaxed materials exhibit the same
tensile behavior. Above a strain of 4.5%, stress serra-
tions which are characteristic of dynamic strain aging
were observed (Fig. 3).

The fracture surfaces of the specimens tested at 20
and 320 °C were observed by scanning electron
microscopy (Figs. 4 and 5). In both cases, the austenite
fracture was ductile. At room temperature, the ferrite
fracture occurred mainly by cleavage but sometimes also
by shearing. At 320 °C, the fracture surface was divided
in three areas, each one corresponding to a major ferrite
fracture mechanism: cleavage, shearing or ductile frac-
ture. These areas were 2 or 3 mm in dimensions. Thus
they could correspond to ferrite grains or to some
variants of ferrite/austenite Kurdjumov-Sachs relation-
ships [21].

The damage was studied using polished and etched
sections of equiaxed tensile specimens (Fig. 6).

At room temperature, the fracture occurred in three
steps [15,17,22]: ferrite cleavage initiation, cleavage
crack extension and growth in austenite. Cracks were
gathered in clusters corresponding to cleavage favorable
crystallographic relationships between austenite and
ferrite (Fig. 6(a)) [15,21]. Such clusters were found far
away from the fracture surface. No striction was visible.

By contrast, at 320 °C, the section showed almost no
damage (Fig. 6(b)). Scarce cleavage cracks were ob-
served just under the fracture surface (Fig. 6(c)) but no
cluster of crack was found. Some cavities were also
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Fig. 4. Fracture surfaces of tensile specimens tested at 20 °C (a) and 320 °C (b). The latter surface is divided in three areas corre-
sponding to the ferrite major fracture mechanisms: area 1 — cleavage, area 2 — shearing, area 3 — ductile fracture.
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Fig. 5. Ferrite fracture observation at 320 °C: (a) cleavage, (b) ductile, (c) shearing fracture.

present. They could be initiated from precipitates or 3.2. Compression tests
from micro-porosities. They were elongated in the ten-
sile direction as can be seen in Fig. 6(b). Even at this True stress (o = F/S)-true strain (¢ = In(1 + Ak /hy))

temperature, no significant striction was seen. compression curves established for equiaxed and



206 V. Calonne et al. | Journal of Nuclear Materials 327 (2004) 202-210

Fig. 6. Polished and etched longitudinal sections of equiaxed tensile specimens tested at (a) 20 °C (A% = 5.7%) and (b) 320 °C
(A% = 16%). Details of the polished section of the specimen tested at 320 °C (c): non-opened cleavage cracks just below the fracture
surface and cavities elongated in the loading direction. The ferrite appears in dark grey and the austenite, in light grey.

columnar specimens tested at 320 °C are presented in
Fig. 7. No difference can be noticed between equiaxed
and columnar materials. Moreover, on the common
strain range, the stress levels reached in tension are close
to those reached in compression. At room temperature,
the maximum imposed strain was in the range of 50—
60% and no instability was found. At 320 °C, the first
tested specimen showed instabilities for strains higher
than 25% and a macroscopic crack. The strain level was
thus limited to 20% for the other tests.

Polished and etched sections of the specimens were
observed. On a specimen tested at room temperature
and for a strain level of 52% (Fig. 8), damage in the
ferrite and also some intense shearing could be observed.
Shearing was localized along the specimen diagonal. It
consisted of a band 400 um wide and it could be related
to the macroscopic shearing of the specimen visible in
Figs. 8 and 9. The damage consists of shearing cracks,
cleavage cracks and also small cavities (Fig. 10).
Shearing cracks developed mainly in ferrite and in the
shearing band. Ferrite is less ductile than austenite and
thus it easily fractures under intense strain. Cleavage
cracks, commonly perpendicular to the main loading
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Fig. 7. True stress—true strain compression curves for equiaxed
and columnar grain specimens tested at 320 °C.

direction in tension, were in this case, parallel to the
compression axis. Cavities could result from cleavage
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Fig. 8. Polished and etched longitudinal section of an equiaxed
compression specimen tested at 20 °C. In(1 + Ah/hy) = 52%.

direction

Fig. 9. Shear band along the diagonal of an equiaxed com-
pression specimen tested at 20 °C. Detail of Fig. 8.

=

Fig. 10. Damage in an equiaxed compression specimen tested at 20 °C. Details 1, 2 and 3 of Fig. 8. (1) Shearing in ferrite, (2) cleavage

in ferrite, (3) small cavities in ferrite.

cracks that were crushed and deformed. For lower
strains (around 20%), the damage is assumed not to exist
but this was not checked.

At 320 °C and for strains lower than 25%, the pol-
ished sections of the specimen are damage free (Fig.
11(a)). Nevertheless, for higher strains, a shear band
appears along the specimen diagonal (Fig. 11(b)). The
material flow, leads to the fracture of the specimen
(Fig. 12). This fracture can explain the stress drop ob-

served on the stress—strain curve. Except for the
shear band, no damage in the specimen could be de-
tected.

4. Discussion

Typical steps of damage were observed on polished sec-
tions of the tensile specimens tested at room temperature.
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(a)

(b)

Fig. 11. Polished and etched longitudinal section of an equiaxed compression specimen tested at 320 °C. (a) In(1 + Ah/hy) = 22%, (b)

In(1 + Ah/hy) = 36%.

Fig. 12. Shearing along the diagonal of a columnar compression specimen tested at 320 °C. Details 1 and 2 of Fig. 11.

Nevertheless, after compression tests carried out up to a
strain of 52%, some damage was observed for the first
time ever (as far as the authors know) in these materials.
This damage consists of cleavage cracks parallel to the
loading direction and located in the center of the spec-
imen. Cleavage cracks are commonly perpendicular to
the positive maximum principal stress for metallic
materials in tension. In compressive loading, a local
positive stress usually occurs on the equatorial surface
because of the barreling of the specimen [23]. However,
as can be seen in Fig. 8, the specimen was not barreled,
and cleavage cracks were not found on the equatorial
surface. This kind of damage can be linked to the
material features. First, local crystallographic orienta-
tions in this coarse solidification structure might modify
the stress field and the ferrite can be locally in a state of
tension in the radial direction of the specimen. Next, the
radial direction being the flow direction of the material
during the test, it confirms that, from a macroscopic

viewpoint, the plastic strain drives the damage nucle-
ation in this material [15].

At 320 °C no damage was observed far away from the
fracture surface of the tensile specimen. The compression
specimen presented a macroscopic crack and some in-
tense shearing inside even though the global shape was
not sheared. Mechanical testings revealed a jerky flow in
the tensile test with stress serrations and a sudden large
load drop in compression. All these observations can be
explained by dynamic strain aging. Dynamic strain aging
was already found by other authors when carrying out
tensile tests on similar duplex stainless steels at 320 °C
with strain rates in the range of 107'=10* s~! [24]. The
magnitude of this phenomenon depends on temperature,
strain and strain rate. It is commonly observed in au-
stenitic steels tested in the temperature range of 200-550
°C [25-27] and in ferritic steels tested from 150 to 300 °C
[28]. This raises the question whether dynamic aging is
linked to ferrite or to austenite.



V. Calonne et al. | Journal of Nuclear Materials 327 (2004) 202-210 209

Dynamic strain aging in steel is characterized by an
increase in strain hardening, a decrease in fracture strain
and fracture toughness [28], but also by a decrease in
strain rate sensitivity which can become negative [29].
Negative strain rate sensitivity leads to localized defor-
mation and instability. As a consequence, in tensile tests
at 320 °C, as soon as cleavage cracks occur in ferrite, so
does localization. Thus almost no striction is observed
and no bulk damage appears. In fact, it is difficult to
determine whether damage nucleation leads to strain
localization or whether strain localization induces
damage. Nevertheless one can conclude that damage
nucleation is strongly related to fracture without void
growth step. Furthermore, one can conclude that the
macroscopic strain inducing cleavage at 320 °C is about
15% and is higher than the one at 20 °C: this leads to
higher fracture strain in tension at 320 °C.

In compression tests, the origin of the macroscopic
fracture is questionable. It is well known that the friction
between specimen and machine leads to the shearing of
the specimen. But a compressive test was performed on a
321 stainless steel under the same conditions (same
geometry and lubricant) as those used during the duplex
stainless steel tests and no localization was found even
for a height reduction of 50%. This confirms that the
localization observed in the compressed specimen made
of duplex stainless steel, is mainly associated with the
mechanical behavior of the material, specially to dy-
namic aging, even though it is probably enhanced by the
contact conditions.

Flow stress levels measured in tensile and in com-
pression tests can be linked to damage and to mechani-
cal behavior. At room temperature, the damage modifies
the macroscopic flow stress under tensile stress. As a
consequence the flow stress measured in tension is lower
than the one measured in compression. At 320 °C, dy-
namic strain aging leads to fracture as soon as damage
occurs. The flow stress level in tension and in compres-
sion are thus the same.

Up to now, introducing a negative strain rate sensi-
tivity in a constitutive mechanical behavior law is still a
challenge [30]. Coupling it with damage for the predic-
tion of crack propagation resistance is even more diffi-
cult. To propose a damage model, the localization stage
should be identified: it can occur before any promotion
by damage nucleation, or during the void growth stage,
or still in the post-coalescence process where localization
also occurs at a microscopic scale. Local strain rate and
temperature are essential parameters to bring an answer
to this question. In this material and for the temperature
and strain rate range used in this study, the damage
nucleation can be considered as the major stage of the
damage process since no large crack opening is ob-
served. Moreover no bulk damage is observed at 320 °C
unlike the observation at room temperature. A critical
strain, the strain for damage nucleation, can thus be

proposed as a local fracture criterion. In the case of
localization induced by damage, a phenomenological
way to represent it in the framework of Gurson’s type
model, could be to consider only the damage nucleation
and omit void growth and void coalescence: damage
nucleation leading directly to strain and damage locali-
zation and fracture.

5. Conclusions

At room temperature, typical steps of damage were
observed in tensile loading. Columnar specimens
exhibited a larger scatter of the fracture strain than
equiaxed ones because of the coarser solidification
structure. Cleavage cracks parallel to the material flow
direction were observed on longitudinal sections of the
compressed specimens. This confirms that damage ki-
netic is driven by the plastic strain in this material.

At 320 °C, the damage of the duplex stainless steel in
tension consisted of cleavage, shearing and ductile frac-
ture in ferrite. Cleavage in ferrite at 320 °C occurred at
higher strain than at 20 °C. No difference could be noticed,
in tension or in compression, for equiaxed and columnar
grain specimens. The major feature of aged duplex
stainless steel tested at 320 °C under a strain rate of
3x107* s7! was dynamic strain aging. Because of this
phenomenon, the deformation is unstable and localized.
As a consequence, there was no bulk damage in tension
below the fracture surface. It seems thus not really
appropriate to use local approach models based on the
description of void growth. Since damage nucleation is
controlled by the macroscopic plastic strain and damage
nucleation is closely associated with the final fracture, a
critical strain can be proposed as a local fracture criterion.
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