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Abstract. The production of ferrite transformation in duplex stainless steel phase is responsible for the embrittlement
of duplex stainless steels. A small amount of sigma phase, for example, is enough to produces unfavorable mechanical
and corrosion properties due its brittle nature. In this work, a new affordable approach to detect and follow-up the
kinetic of the ferrite phase transformation, based on the measurement of an induced magnetic field generated due to
the interaction between an external magnetic field and the microstructure under study is evaluated. To validate the
proposed approach, induced magnetic field values are compared to the values of the Charpy impact energy, optical
microscopy analysis and X-ray diffraction. The results obtained with the 2205 duplex stainless steel show that thereis
a relationship between the impact energy, and induced magnetic field, and thus the successfully follow-up of the
material embrittlement is possible.
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1. INTRODUCTION

Duplex stainless steel have outstanding propesies) as good mechanical, corrosion and fatigustagses, good
toughness and fair impact resistance. These redsres led to its use in high reliability enginegriapplications,
where failures can cause environmental damage, iwsma money losses. Due to the above mentionedexup
stainless steel has been used and studied insrelass naval, nuclear, oils and gas, and in coemsrsuch as reactor,
pipes, pressures vessels and pumps. However whee theels are submitted to thermal cycling at ézatpres above
300°C, it appears brittle phases such as ghiaf)d chromium nitrate (g¥), c anda’. These phases appear due to
ferrite decomposition (SILVA 2009, TAVARES 2010,L$A 2016, FREITAS 2011).

The austenite and ferrite phases form the dupkrlsss steels, but when heat treated, only déderhase suffers
decomposition. The ferrite phase is ferromagnetitile the austenite phase and the embrittlememhaighases are
paramagnetic. Two phases are responsible for theitlement of the duplex stainless steel, the sigrhase and the
alpha line phase called that is a ferrite phase rich in chromium. Thensigphase is formed above 5%D and the
alpha line phaseol) below this temperature. Therefore, the ferriecaimposition leads to changes in the magnetic
properties of the material and so magnetic-basegeiction methods seem to be adequate for testisp thteels
(MOHAPATRA 2013, LO 2007, LO 2010)it is also known that the magnetic propertie® liboercivity and
remanence are affected by microstructural modificat and that the remanence measurement of thenatiag
hysteresis loop is able to follow the formationtloé sigma phase even when in low volume fractd@HAPATRA
2011 and 2013).

The presence of paramagnetic phases in heat trehipbkx stainless steel changes the material miagnet
permeability and therefore also the magnetic sugiibly. Hence, magnetic susceptibility based sebave been
applied to material samples with different amowftshese phases, and decreased susceptibility dexs found when
the thermal aging times are high due to the foromatif the sigma phase. These tests have been atedly to detect
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the sigma phase but also to identify the alphapihase ¢) and the same trend has been observed (LO ZWIN).
Additionally, the magnetic permeability assessedebaon the interaction between a DC magnetic faid the
microstructure was used in (SILVA 2016) to follohetferrite decomposition into alpha line phas® ih a duplex
stainless steel. The authors showed that altholpdia dine phase had nanostructure, the presenitegsgbhase could be
successfully detected.

In this work, it is proposed a new test for deteing the ferrite phase. It is based on the deteatiin of an
induced magnetic field which appears due to intevadetween an external field and the materiak Wagnetic filed
is generated by direct current and in a regioreeérsibility of magnetic domains..

2. EXPERIMENTAL PROCEDURE

Samples of a SAF 2205 duplex stainless steel wernamially aged in an electric resistance furnacg0ét °C for
times of 0.25, 1 and 2 hours, and at 900 °C foo@sin order to obtain different amounts of fergithase that were
quantified through optical microscopy (FX 35XD NIKOOptic Microscopy, Germany). In these temperatules
ferrite phase decomposes to form the sigma one. difference between the amount of ferrite in therexeived
material and the sigma phase of the treated saroptesspond to percentage of ferrite in each camditThe samples
were prepared by mechanical polishing and eledtoogich in a 10% KOH solution, being the voltagel &me applied
equal to 3 V and 15 s, respectively. The electiolgtching with 10 % KOH solution reveals mainlgmsia phase. The
amount (% volumetric fraction) of sigma phase pnése in each sample was determined using a conipugiatool,
which is based on techniques of image processimgguke threshold filter. Forty images were acaqiiifeom each
material sample and the volume fraction was detethiadopting a confidence interval of 95%. All sésmphad
dimension equal to 10x10x5 mnThe microstructure of the as received conditias attacked by the Behara solution.
The Charpy impact test was performed on the sampldgected to the same thermal treatments, and the
microstructures of the fracture surfaces were alslyzed trough scanning electron microscopy (SUREARN SSX-
550 SEM, Shimadzu Corporation, Japan). To study the formadiosigma phase, X-ray diffraction test was perfed
using an X-ray Diffractometer from Shimadzu Corpimma (Japan), model XRD-6000 vertical type, with &
radiation. The scanning angle adopted varied fram IR0 with steps of 0.02°.

For the application of the induced magnetic fiedatsl acquisition of their values, the experimenglis shown in
Figure 1 was used. In this setup, a solenoid ipomsible for generating the external magnetic §ielthe generated
magnetic flux density is determined by a Hall Effsensor (SS495A modeHoneywell S&C, USA). An external
magnetic field of 211.5 A/m was applied in the expents. In order to assure statistical signifiegndifty
measurements of five hundred signals each werdraddgintom each material sample under study.

—~——

Data acquisition board

| *

Figure 1. Setup experimental: (1) Power supply S@lenoid, (3) Hall sensor, (4) Sample, (5) Datguasition
board, (6) Computer, (7) Bentbst and (8) Potentiometer.
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3. RESULTS AND DISCUSSION

Figure 2 shows the microstructure of the as receivaterial and at 96G for 2 hours, as well as, theiX-ray

diffractions It can be note from Figures 2a and 2b the presehéerrite §) and austenite phase)(The ferrite phase
decomposes to form the sigma when the duplex esEnbteel is heated above 6@ (TAVARES 2010). The
microstructure of sample aged at 80(Figure 2c) reveal the presence of the sigmaeptieat is the production of the
ferrite decomposition. The specimen was attacheld MOH reagent which revels sigma phase. The amoufarrite
was obtained by the difference of ferrite of thereseived material and the values of sigma. Thaéiffraction of
Figure 2c confirm of the discussed phases.

110 4 5(110)

Intensity (a.u.)
(2] ~ 2] 0 8
3 3 8 8 8
1 I I I h

53
=}
L

'S
t=)
L

42 44 46 48 50 52
20 (degree)

b)X-ray of the as received material.

80+

7(200)
704
; ¥(111)
= 60
2
]
€ 50 o(331)
+
410 G G
G (410) 5 @0 @i 7(332)
(420)
40
a2 44 a6 48 50 52
- :" 33 26(degree)
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Figure 2. Microstructure of the as received mat€¢Rmure 2a) and at 96G for 2 hours (Figure 2c), as well as, their

X-ray diffractions. Figure 2 X-ray of diffraction of the as received mateadald Figure 2d of sample aged at 90
2 hours.

Figure 3 shows the varying induced magnetic figld ¢he Charpy energy as a function of the amourfewite
phase. It can be seen a clear relationship betttremeasurements, indicating that this techniqablis to identify the
embrittlement of the steel by comparing the inducednetic field and the amount of ferrite. The deposition of the
ferrite phase in duplex stainless steels at ®0auses the formation of the paramagnetic sigraaelSince ferrite is
ferromagnetic, then if the sample has less fethiéemagnetic permeability of the material drops.¥&\ 2016). Small
contents of the sigma phase promote considerablealse of toughness; for example, 3% of contergesaa reduction
of 78% in the absorption of the impact energy. Tberelation between this phase and the impact gnieag been
reported (FARGAS 2009, MARTINS 20080. As alreadstest, the sigma phase presents high hardness ¢aefn
HV) (MOURA 2008, ZOU 2010). The reduction of feeriphase from 47% to 44% is enough to producesiatied of
40% in the absorbed impact energy leading to thieriéhement of the material. This is due to thenfiation of 3 % of
sigma phase. The technic discussed can be a tigefub monitor structures in service, since it catect the presence
of the sigma phase even when in low amounts. Q#obmiques like the ones based on eddy currentsiltnadound are
not so precise for short aging times of around 0.25 temperatures of 800 and SG(NORMANDO 2010,[8, 26].
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Based on the experimental findings, the measurewfeinduced magnetic fields can be used to detectervice,
material embrittlement due to the sigma phase.example, welded joints can be tested by perforraimgysis before
the welding, or in regions distance from the weldegions, and after the welding; and, if the reurcin the induced
magnetic field corresponds to a content of 4 %igina phase, then it should be interpreted as #sslt is a strong
indication that the structure under analysis néed repaired.
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Figure 3.Induced magnetic field and the Charpygynas a function of the amount of ferrite phase.
4. CONCLUSIONS

The present work introduced a new technique fdo¥ghg the formation fo ferrite phase in a dupléxiisless steel,
reaching the following conclusions:

The ferromagnetic phase is decomposed in sigmarayaentic phase in duplex stainless steels. Thaagrhenon
lower the magnetic permeability fo the materialeTiheasuments of the induced magnetic field arectefieby this
phase transformation. This technique is albe tealéhe quantity of ferrite phase as well as maimnigpthe embrittlenet
of the material.
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