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Duplex stainless steel presents special mechanical properties such as, for example, mechanical and cor-
rosion strength, becoming competitive in relation to the other types of stainless steel. One of the great
problems of duplex stainless steel microstructural changes study is related to embrittlement above 300 ◦C,
with the precipitation of the �′ phase occurring over the ferritic microstructure. Aiming to characterise
embrittlement of duplex stainless steel, hardening kinetics, from 425 to 475 ◦C, was analysed through
the speed of sound, Charpy impact energy, X-ray diffraction, hardness and microscopy parameters. The
aterials microstructure
uplex stainless steel
hase transformation
ockweel C hardness
ging time
ondestructive testing
peed of sound

presence of two hardening stages, detected through the speed of sound, was observed, one being of brittle
characteristic and the other ductile. Moreover, the speed of sound showed a direct correlation with the
material’s hardness. Thus, it is concluded that the speed of sound is a promising nondestructive parameter
to follow-up embrittlement in duplex stainless steel.

© 2009 Elsevier B.V. All rights reserved.
-ray diffraction

. Introduction

Materials embrittlement study has been performed through
ltrasonic measurement, sound attenuation analysis, speed of
ound and backscattered signal, as well as spectrum analysis.
icrostructual variations cause the scattering of the sound wave

ausing an increased attenuation of the material. This technique’s
eld of operation depends on the knowledge of the material’s sound
ttenuation coefficient. However, the speed of sound variation is
ensitive to the material’s embrittlement. The application of this
echnique in practical situations depends on the accuracy of the
aterial’s thickness measurement. A way to eliminate the thickness
easurement limitation is to determine a transversal and longitu-

inal relation between speeds, however the determination of this
elation reduces the method’s sensitivity [1].
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Another used technique is spectrum analysis that is caused
by the reflections of sound on the material’s microstructure.
This technique is based on the analysis of the signal’s frequency
domain and its correlation with the microstructure. The stud-
ied interaction can be evaluated by the frequency distribution
alteration of the transmitted or scattered ultrasonic pulse signal
[2].

The propagation of ultrasonic waves in polycrystalline materi-
als are subject to interact with microstructural components such as
specks, inclusions, porosities, microcracks, corrosion, among oth-
ers, causing sound attenuations and variation in the speed of sound
propagation on the material in analysis [3–5].

The wave propagation speed and energy losses through inter-
actions with the microstructure are the fundamental factors of
the material’s ultrasonic characterisation. These parameters may
be used to determine elastic constants, microstructural analysis,
texture, among other mechanical characteristics [6].
The propagation rate of ultrasonic waves in any polycrystalline
material is controlled by the material’s elasticity module and den-
sity, being influenced by the microstructure, the change of the
specks’ elasticity module through the orientation of the specks’
texture and second phase particles [6].
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[13], is the mechanism responsible for this transformation. The �
phase does not suffer transformation in this region [14].

Aimed at establishing a correlation between the Rockewell C
data hardness measurement, energy absorbed by Charpy impact,
and aging time, graphics from these tests were obtained, as shown
E. de Macedo Silva et al. / Materials Sci

Other mechanical tests such as, for example, hardness mea-
urement and Charpy impact testing are also used to evaluate
usceptibility in duplex stainless steel [7].

Badidi et al. [8], have studied the effect of microstructural vari-
tion of martensite to ferrite–perlite for steel with 0.4% of carbon,
imed at correlating the sound speed values with the material’s
ardness. It has obtained a direct correlation between hardness and
ound speed. This relationship between sound speed and hardness
as verified in Tane et al. [9], work, where duplex stainless steel

IS-SCS14A (CF8M) from 400 ◦C with aging of 10 h was used as a
ample.

As well as Badidi et al., [8], Shigeyuki, [10], and Shigeyuki et al.,
11], have studied the same relationship between speed and the

aterial’s hardness using samples of duplex stainless steel aged at
75 ◦C. However, Shigeyuki did not obtain a direct relation between
he sound speed values with the materials’ hardness and with an
nverse correlation being observed.

Palanichamy [12], studied the application of sound speed mea-
urements for determining the speck size of austenitic stainless
teels, since the materials’ speck size influences countless mechan-
cal properties, such as: mechanical, tensile and corrosion strength,
ield point and toughness, among others. It was observed that the
ound speed is affected by the speck size, that is, an increase in speck
ize implies that the ultrasonic waves will take longer to cover the
aterial’s densities, causing the reduction in sound speed.
There are several variables to be analysed concerning the use of

ltrasonic testing such as a microstructural inspection technique. A
tudy of these nondestructive techniques will result in the develop-
ent of procedures to follow-up operating pipes and, consequently,

etermining the best time to halt service for maintenance and the
revention of disasters which cause social and economic problems.

This research work aims at studying the kinetics of the precipita-
ion of the spinodal decomposition �′ phase on the embrittlement
f duplex stainless steel (DSS) UNS S31803 from 425 to 475 ◦C.
hus, it is possible to develop a nondestructive procedure to fore-
ast, when operating, the best time to exchange or maintain duplex
tainless steel piping. To do so, it is necessary to characterise, ini-
ially, the transformations which occur in steel through destructive
esting such as, for example, X-ray diffraction, energy absorbed
hrough Charpy impact and hardness. With the results obtained
hrough these destructive tests, was possible to analyze the poten-
iality and efficiency of the ultrasonic test in the characterization of
hases transformation kinetics of the samples considered.

. Materials and methods

The phase changes from 425 to 475 ◦C for a duplex stainless
teel UNS S31803, whose chemical composition is in Table 1, were
tudied.

To carry out the experimental part of our work, first it was nec-
ssary to apply thermal treatment on the DSS sample, aimed at

valuating the aging kinetics according to the time and tempera-
ure exposure in the oven. In this context, the samples used were
ged in an electric resistance oven from 425 to 475 ◦C. Aging time
sed for each sample was 12, 24, 50, 100 and 200 h.

able 1
uplex stainless steel composition as received.

uplex Stainless Steel UNS S31803

Mn P S Si Cr Ni Co

.018 1.480 0.019 0.001 0.450 22.220 5.590 0.130

u Mo N Nb Al Sn Ce Fe

.280 3.080 0.180 0.021 0.003 0.012 0.020 66.496
nd Engineering A 516 (2009) 126–130 127

After aging the samples, the hardness test, for analysing the
behaviour of the effect of phase transformation, was performed.
After that, Charpy impact testing was accomplished in order to eval-
uate the energy absorbed through DSS impact, as received and in
the aging conditions, and a posterior analysis of each material’s
fracture surface.

To study the formation of �′ phase an X-ray diffraction test was
performed around the peak (2 0 0), the scanning angle (2�) varied
from 63◦ to 65.5◦, for the different treatment types. An XRD-6000
vertical type, Cu �-� radiation, X-ray diffractometer, was used.

Ultrasonic testing was the nondestructive test used, applying the
pulse echo method, with a normal V112-RM, 10.0 MHz longitudinal
wave contact transducer manufactured by OLYMPUS. The tested
samples’ dimensions were 55 mm × 25 mm × 10 mm.

The sound speed was determined by the relation:

v = d

t
,

where d is the thickness of the sample and t is the time the ultra-
sonic signal takes to scan the sample’s thickness and returns to the
transducer. The time is determined through the overlapping of two
consecutive peaks of the diagram tension versus time.

For the microstructural analysis of the received and aged mate-
rial, the samples were prepared, polished and subjected to the
electrolytic attack with oxalic acid. After this preparation, optical
microscopy and scanning electron microscopy (SEM) were used to
evaluate the microstructure of the received material and the frac-
ture surfaces after Charpy impact testing.

3. Results and discussions

In this work the embrittlement kinetics of a duplex stainless
steel UNS S31803, whose microstructure of the received material
was obtained through optical microscopy as shown in Fig. 1, was
evaluated.

3.1. Transformation of the microstructure from 425 to 475 ◦C

The range of temperatures are characterised by the decomposi-
tion of the �initial phase in two phases, an � phase poor in chromium
and another �′ phase rich in chromium. Spinodal decomposition
Fig. 1. Optical microscopy of the DSS as received, electrolytic attack with oxalic acid
(magnification: 1000×).
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ig. 2. Variation of the Rockwell C hardness measurements and the energy absorbed
n the impact, due to the aging time at: (a) 425 ◦C and (b) 475 ◦C.

n Fig. 2a and b, from 425 to 475 ◦C, respectively. Thus, the data
nalysis obtained for the transformations which occurred during
ging become more accurate.

Fig. 2a presents fast hardening for values up to 50 h, followed
y a region of low hardening rate. The occurred hardening kinetics
t 425 ◦C is slow. Fig. 2b, in which hardening kinetics is faster, it is
bserved that the hardness curve may be divided in two hardening
tages, the first up to the aging time of 24 h and the second from
0 h onwards, the mechanism responsible by hardening in each
tage is later analysed through X-ray diffraction. The presence of
wo hardening stages was observed in other works which analysed
he spinodal decomposition, as in Choo et al. [15], and Kratochvil et
l. [16].

In Fig. 2b, hardness increases rapidly in stage I, followed by a
ransition level between 24 and 50 h. After that, stage II begins with
lower hardening rate and tending to a constant value, referring to

he end of � phase formation. According to Choo et al. [15], the two
ardening sources responsible for stages I and II are respectively
he spinodal decomposition and the growth of the particles of the
rdinate phase.

The behaviour of the material due to the energy absorbed by the
harpy impact testing is shown in Fig. 2a and b. The first harden-

ng stage is characterised by predominantly ductile fractures and
icrocavities, which characterise this mechanism, are observed at

◦
25 C, Fig. 3a. Hardening in this stage is due to the process of fer-
ite transformation through spinodal decomposition. The second
ardening stage, which starts at 50 h, showed predominantly brit-
le fractures, in which he presence of its almost cleavage fracture
egions is observed, as indicated, by arrows, in Fig. 3b. These frac-
Fig. 3. Fracture Surface: (a) 50 h, and (b) 100 h of the samples treated at 425 ◦C
(magnifications: 500×).

ture regions are related with the �′ ordinate phases growing, which,
in time, tend to line up throughout the directions {1 0 0} [17].

At 475 ◦C, the two stages are well defined, the first stage is char-
acterised by ductile fracture and the second by brittle fracture. This
was observed at 425 ◦C.

The arrangement of �′ phase was analysed through X-ray
diffraction in the peak (2 0 0). The presence of side strips, resulting
from the arrangement of phases due to the spinodal decomposition
mechanism, has been observed through diffraction of the selected
area through Transmission Electronic Microscopy and X-ray diffrac-
tion [17,18,19].

The peak (2 0 0) intensity variation study reveals that samples
aged at 425 ◦C, Fig. 4, show a peak reduction relative intensity to
values up to 24 h. According to Acselrad et al. [20], this aging band
corresponds to the spinodal decomposition area. However, the first
stage terminates within 50 h, indicating that there are still more
regions in decomposition. When this decomposition concludes,
the second stage, with the growth of these particles begins. These
stages, as already presented, are also observed at 475 ◦C.

The relative intensity reduces due to the peak’s scattering (2 0 0),
as rich and poor chromium regions grow and provoke the appear-
ance of side strips which widen the peak and reduce its relative
intensity [18,21].

The phase transformations were followed-up from 425 to 475 ◦C
through sound speed measurements. At 425 (Fig. 5a) and 475 ◦C
(Fig. 5b), it is observed that there is a direct relationship between
sound speed and hardness. This indicates that the sound speed is
capable of following-up the phase transformations which occurred

in the two hardening stages.

Shigeyeiki et al. [10,11], performed studies at 475 ◦C in duplex
stainless steel samples, and found that sound speed measurements
were promising to follow-up the aging kinetics at this temperature.
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ig. 4. Relation between peak (2 0 0) relative intensity and Rockwell C hardness for
amples aged at 425 ◦C.

The sound speed varies inversely to the behaviour of absorbed
nergy. In Fig. 6a and b, an accented decline of the absorbed energy,
ending to a well-defined level of brittle fracture, is observed at
25 and 475 ◦C, respectively. In these figures, the sound speed for
amples without treatment is 5.743 m/s and it is also observed

hat in the brittle fracture level the speed increases to 5.786 m/s.
his variation also indicates that the sound speed is sensitive to
icrostructures transformations.

ig. 5. Variation of sound speed and Rockwell C hardness according to aging time,
t: (a) 425 ◦C and (b) 475 ◦C.
Fig. 6. Variation of sound speed due to energy absorbed in the impact, with aging
time, at: (a) 425 ◦C and (b) 475 ◦C.

Badidi et al. [22], observed that the microstructure variation
and hardness are correlated with the sound speed and regarding
the thinner steel microstructure, the larger is the contours surface
quantity, increasing the material’s hardness and consequently the
sound speed will be greater.

In materials where the microstructural transformation is caused
by the spinodal decomposition mechanism, during decomposition
of the �′ phase there is a formation of alternate regions rich and
poor in chromium. Regions enriched in chromium are responsible
for the rigidity alteration of the iron matrix, provoking the increase
of sonic speed values. When the first period concluded, the spinodal
decomposition region ends and the �′ phase growth begins, this �′

phase is consolidated at the end of the second hardening stage. With
that, the rigidity becomes constant, and a baseline for sound speed
values is observed.

4. Conclusions

The UNS S31803 duplex stainless steel embrittlement study was
performed in the band of 425 and 475 ◦C. The transformations’
analysis was based on X-ray diffraction measurements, optical
microscopy, scanning electron microscopy, sound speed measure-
ments, Charpy impact and hardness tests.

The observations performed allowed the following conclusions:
(1) The studied duplex stainless steel showed two hardening
stages. The first hardening stage is characterised by the spin-
odal decomposition mechanism and the second by the growth
of the formed phases.
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2) The first hardening stage is characterised by ductile fracture
and the second shows low levels of absorbed energy and pre-
dominance of brittle fracture, characterising an embrittlement
region of the material.

3) The variations of the sound speed measurements are directly
proportional to the variation of the material’s hardness mea-
surements, showing sensitivity to the transformation phases.
Thus, the sound speed is an important nondestructive parame-
ter for following-up the hardening kinetics of duplex stainless
steel.
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