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Abstract: Experimental studies in various aspects have to be conducted to maintain stable
applications ofsuper duplex stainless ste¢lSDSS becausehe occurrence rate of sigma
phase, variable temperature and growth direction of sigma phase can influence mechanical
performances of SDSS. Tenstksts of precipitated SDSS were performed under various
temperatures to analyze mechanaradl morphological betvior.
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1. Introduction

Duplex stainless steel (DSS) is a family of stainless steels having intermetallic microstructure
consisting of austenite aridrrite phases, which have superior machinability and corrosion resistance,
respectively.lt is well known that DSS has some superior features such as excellent corrosion
resistance and high strength. DSS also has higher pitting resistance equivalestsn#RIEN) than
austenitic stainless steels despite of the lower nickel alloy[fa#.

DSS has been widely being used in gas and olil fields. In particular, the high PREN and strength of
DSS makes it suitable for harsh industrial fie[887]. Super dufex stainless steels (SDSS) are
defined as the subset of duplex stainless steels that have a PREN greater than 40. The attractiv
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combination of mechanical strength and corrosion resistance has led to an increasing number of SDS!
applications in harsh emanments, mainly in the petrochemical and offshore industries such as pipes,
pumps, pressure vessels, separators, and heat exchangers. However, the mechanical and corrosi
performance of SDSS can be degraded by undesired phases such as coarse graiensavel e
precipitation from the melting and rapid solidification in fusion welding processes. In particular,
an inappropriate phase called the sigma phase is fatal to the mechanical performance because |
renders SDSS brittlg8i 10]. SDSScontains a higér alloying element content than DSS and has a
superior corrosion resistance and mechanical performance. However, the sigma phase is more easil
generated as the higher level of alloying elements such as Cr and Mo accelerate the kinetics of
precipitation L1,12]. Hence, many studies related to effect of sigma phase in DSS and SDSS have
been conducted, but most studies of SDSS are focused on only the relationship between the volums
fraction of precipitation and the mechanical or corrosive properiigd4. However, microcracks

have been caused by tensile load in sigma precipitation, it has to be analyzed as the crack has bee
developed to only vertical direction with tensile loading direction. Hence, in this study, the crack
direction and length in the prpdation were compared with the microstructure of SDSS using a
scanning electron microscope (SEM).

DSS and SDSS can also be used in-lemperature regions such as chemical and petrochemical
environments because it includes half of the austenite phatsadisato halt cleavage propagation
dropping the ductikdrittle transient temperature (DBTT). In addition, the austenite phase in DSS or
SDSS can transform into the stramduced martensite phase below temperaturas06fC [15,16)].

In this context, lav-temperature tests are needed for SDSS containing a certain amount of precipitation
because its mechanical behavior can be changed owing teisttaced phase transformation. Hence,

it is observed how low temperature environment effects to mechanigarfies and its microstructure
transition of precipitated SDSS in this study.

In petrochemical and marine applications of SDSS, the foregoing situations can occur when prompt
cooling cannot be properly performed after the welding process or if the coatengs insufficient
during manufacture. Therefore, predictions of the occurrence of phase transformation and its behavior
are of vital importance. Therefore, the tensile tests in this study were performed under various conditions
that could occur iactual use.

Borvik et al. (2010) conducted an experimental study of the mechanical behavior of precipitated
DSS in lowtemperature environmentd. However there have been few investigations on the
low-temperature behavior of precipitated SDSSet al. studied the mechanical properties of SDSS
annealed between 5@D and 1100C K for times ranging between 1 min and 60 niig][ However
this study does not deal with the temperature effect. In this experimental study, heat treatments for
precipitation ad tensile tests under sabro conditions up to50€C were performed.

2. Experimental Procedure
2.1. HeafTreatmentProcess

A UNS S32750 steel was used in this experimental study, and the chemical composition of
the super duplex stainless steel (SDSSpivenin Table 1. The aseceivedhotrolled steel was



Metals2015 5 1734

manufactured in a solution annealed state (at X20®r 20 min with a heating rate of € /s)
followed by quenching with water. The homogenized SDSS plate was subsequently cut into six SDSS
plates, and each of the cut plates were heated at a raté &f tb anisothermal ageingemperature of

850 € . Heat treatment including solution annegliand isothermal ageing was carried out using
muffle furnace.To investigate the effect of thegeingperiod on the microstructure of the SDSS,
including the ratio of precipitation of the si
10 min, 15 min, 30 min, and 60 min after the SDSS reached the setting temperature. One of the cut
plates was not exposed to tkethermal ageingrocess in order to allow for comparison with the other
heattreated plates. After each heating process, the plates gqueenched immediately with water.
Finally, the six types of precipitated plates were manufactured into tepsitémens in accordance

with KS B0801. The dimensions of the tensile specimens are presenkegune 1. Therod-type

tensile test specimensadh a gauge lengthf 50 mm, and 20 tensile specimens under esyging

period were obtained from each cut plate. The heat treatment processes that were applied to the tensi
test specimens are summarizedrigure2.

Table 1.Chemical composition of exparental specimens.

Element (wt %) C Si Mn P S Ni Cr Mo

0.016 0.34

UNS S32750 0017 0.25 0.44 0.027 0.001 6.8 25.1 4.0
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Figure 2. Heat treatment process forecipitationin superduplex stainless steebDSS specimen.
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2.2. Tensile Test

A series of tensile tests were performed on the precipitated SDSS specimens at ambient anc
various low temperatures. Displacement control was applied to the tensile test at all temperatures,
and a quasstatic strain rate of x 10 /s was appliedFigure3 showsthe experimental apparatus for
the series ottensile tests that were conducted in the present study. A universal testing machine
(UH-1000kN, ShimadzuKyoto, Japah was equippedvith a subzero chamber, which enabled the
temperature to be maintained in a range 200 to 100€C for tensile testing at low temperatures.

The schematic of a universal testing machine with azemb chamber is presentedrigure3a, and a
photogragh of the testing machine is presentedrigure3b. Three thermometers were installed in the
subzero chamber to measure the internal temperature of the chamber. In order to maintain the setting
temperature, a digital temperature controller was used jtestathe injection quantity of liquefied
nitrogen gas. A cryogenic extensometer, as presentégjume 3c, was used to measure the strain of

the specimermuring the tensile test. Specially, the knife edges that were produced were equipped with
extensomets, which were embedded on the surface of thetypd specimen, thus allowing the
extensometer to stably hold onto the specimen. The tensile tests for the differently precipitated tensile
specimens were carried out under four temperature conditiors (20 ,7120€C , andi 50 € ) using

the aforementioned lowemperature test apparatus.
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Figure 3. (a) Schematic of custn low temperature test machin@) photography of
universal testing machine; SHIMADZU, UBDOOKNI with cryogenic chamber and
(c) cryogenic extensometer and knife edge (3682M-100-LT).

2.3. Characterization of th®licrostructure

In order to investigate the relationship between the characteristics of the microstructure and the
mechanical behavior of the precipitated SDSS under a tensile load, half of the fractured specimens
were collected as samples. Microstructure analysis was ¢heied out. The analysis procedure,
including the surface treatment of the tested specimepsgsented irrigure4. Thefracture surfaces
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were grinded using #100, #200, #300, #600, #1000, #1200, #1500, and #2000 sandpapers. The grour
surfaces werehen polished to allow for scanning electron microscopy (SEM) characterization.
A chemical etching method was performed using aqua regia (1:3 ratio of nitric acid and hydrochloric
acid). A field emissioft6EM (FESEM, SUPRA40 VP PNUCRF Busa, Koreg was sed to
characterize the microstructure. Energy dispersiv@yXspectroscopic (EDXEDAX, Mahwah,NJ,

USA) analysis was also conducted to determine the chemical composition of the variougl@hases

The fractional ratio of each phase was calculated based on the ASTM E562 sti#flard

Five FESEM images were used to determine the volume fraction of precipitation for each condition.
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Figure 4. Procedure of microstructure analysis for tested SE&#8imen
3. Results andDiscussion
3.1. Effect of thdsothermal Ageingreatment

In order to investigate the effect of tlemthermal ageingeriod on the mechanical behavior of the
SDSS, theelationships between the nominal stresses and strains uffdeznd ageingperiods were
compared Figure5). Most cases that were tested at ambient and low temperature ranges revealed that
the material properties, such as yield strength, tensile strength, and elongation, depend significantly or
theageingperiod. InFigure5, the specimens that did not undeegingtreatment (solution annealed
state) were found to have a tensile strength of over 800 MPa and elongation of over 0.4. The yield
strength and tensile strength of the tensile specimens thattweeted by thasothermalprocess
increased with increasinggeing periods. However, in contrast with the relationship between the
strength andageing period, the elongation of the annealed SDSS dramatically decreased with
increasingageingperiods. At allof the tested temperatures, these phenomena were distinctly observed.
The necking phenomenon was also barely observed in the case where the specimens were treate
within 5 min of theageingperiod Figure6, tested at 2€ ). This phenomenon was similapserved
at other test temperatures. Therefore, quantitative (elongation) and qualitative (fracture shape) test result
revealed that isothermal ageing can lead to embrittlement of SDSS waffemitof testemperature
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Figure 6. Comparison of fracture surface of SDSS tensile specimens according to various
isothermal ageingeriods(tested at 2@ ). (a) 0 miry (b) 5 miry (c) 10 miny (d) 15 min
(e) 30 min; €) 60 min.

In order to investigate the changes in the microstructure of the SDSS according toisatimmal
ageingperiods at 850 , microstructuralanalyses were carried owigure 7 shows representative
SEM results of the strain zone of each fractured spaciwith four differentageingperiods at a test
temperature of 2@ . Figure 8 and Table 2 also show the EDX analysis results that indicate the
chemicalcomposition of each phase on the SDSSnassured using SEM. In the case of-mih
ageingper i od, the 0 phase did Rogure7a.gTheofiew strass df the i e n
tensile test specimen, which wagedf or 5 mi n, i ncreased because t
acted as reinfor ce me nipbaseslhereforegthe teastlerspegimemgedfot h e |
5 min increased the strength more than other cases except for over 30 min in spite of loss in ductility
when compared with the initial solid hetatated state as shownFRigure5.

10um

Figure 7. Precipitation of SDS%ccording varioussothermal ageingperiod (a) 5 mirt
(b) 10 mir (c) 15 minp and @) 30 min.
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Figure 8. EDX analysis of SDSSft p h(B)sec ph@SDSS.and (

After ageingfor more than5 minat850, t he 0 phases precipitated
duration of theageingperiod. As shown irFigure 7a , a, G, and the newly
precipitatedpdrotgiedlheg .t Tdhte wer e situatedtedn 1t h
by nickel enrichment.

Table 2. Chemical composition ofi, ¢ p haadsuper duplex stainless stediSDS9
based orenergy dispersive Xay (EDX) analysis five minutesof isothermal ageing case).

Element (wt. %) C Si Mo Cr Fe Ni Volume Fraction (%)
@0t phas 139 0.53 6.84 28.74 58.41 4.10 3125
(b)e phas 1.72 0.69 18.92 2554  49.65 3.48 11.25
(c) SDSS 2.11 0.42 4.57 2549 61.33 6.09 -

The gr ai ns 2phdsestwérestalile, and te size of those grains increased with increase in
theageingp er i od. {dphheaslesanmderoe bordered by the 6 ani
tensile loading directionHijgure 7). The results of the EDX analysis presenteBigure8 and Table 2
reveal that the 0 and ybdepumars ersominm comentrwbadn aomparee |
with the other phases. The measured contente@ff ybdenum on the 0 and
SDSS based on EDX analysis are 6.84, 18.92,and 4.53%wt r especti vely. The
as the SDSS haw28.74, 25.54, and 25.48t. % chromium content, respectively. In accordance with

o <
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the EDX analysis presented in this studw.%t he
of molybdenum and 29~31 and 17~2% % of chromium, respectively, wla previous research found

that stainless steel contains 22~28 % of chromium and 3~5wt. % of molybdenum[23i 25].
Because the 0 and 6 phases cont aiwhenhbompgareé with mo |
the other phases, the toughness and corrosi on
deteriorated owing to the lack of molybdenum and chromium. In particular, a considerable depletion of
2 was generated when nickde aped from the 6 and 0 phases t

molybdenum 26] . The volume fraction o-fin dgéingpenbod wabh a s e
measured to be¥8 based on ASTM E5GA9].
't is known that t he spsrbgsothepnal ageinbeat meatment occlrein 0 ¢

a short time at high temperature ranges. Therefore, the material degradation of the SDSS that leads t
fracture also occurs prematurely. As presentdeignre 7, the number of microcracks had dramatically
increased with prolongedgeingperiods. In the case of 30 min othermal ageingmicrocracks
were considerably propagated through the G ph
toughness of the SDSS that was induced by the precipitdtionbh e G phase |l ed to
spite of the higher ultimate tensile strength caused by precipitation hardening when compared to the
solid heattreated state. This phenomenon is apparently present isttbiermal ageings performed

for more tharl5 min at 850C . Based on the results of the present study, embrittlement was typically

found to begin after (or before) 5 minageingat 850C .
3.2. Effect ofTestng Temperature

In order to investigate the effect of test temperature on mechanical behavior of the precipitated
SDSS, comparison ofmechanical propertieshanged according to test temperatwere carried
out as presented in tiiégure 9. Reduction rationReiong) presented inFigure 9a can be defined as
Reiong. = (Elongation at Room Temgd. Elongation)/(Elongation at Room TempReiong. Of the
specimenagedfor 30 minis visibly increased at lower temperatures compared with tebow in
Figure 9a). The ultimatetensile stress is synthetically increased by approximately 1BGOMPa by
decreasing the temperature from 20to 1 50 € . However, the specimeregedfor 5 min exhibit
different characteristics, as shown Higure 9b. The tensile strength at ZD is visibly lower than
ot her s. The G phase affect €. Thh subzeretansile test is morg e n
affected by reinforcing effect induced precipi
Straininduced martensite was not observed in any SEM sample. Mopieaa were observed that
would change the stiffening tendency while specimens were strained. The occurrence-wickicaid
martensite in the austenite phase depends on the chemical composition, strain level, temperature, an
strain rate 27,28]. A higher strain rate or lower test temperature are required to observe thénsinaid
martensite in SDSS, whether itisothermally agedr not because the strain rate of the test in the
present study wak x 10 ¥s and the lowestest temperature was0 € .
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Figure 9. Effect of test temperature on mechanical behavior of the precipitated SDSS.:
(a) elongation andh) tensile strength

3.3. Effect ofLength ofthe Mcrocrack

Mi crocracks propagated through the G phases i
the precipitated specimen. The crack passed throughe ent i re G precipitat:i
terminated crack | en gidnisizedigyedO). @The average mitracradk leqmth e ¢ i
of each specimen withgeingperiod is shown irrigure11. The relationship between volume fraction
of the G phase and | engt h FglreliahEhe nelationship betveeenk i
thetensile elongation and length of the microcrack is also showigure 11b. Both of those results
reveal the similar trend pertaining to length of the microcrack. In accordance with those trends, the
tensile elongation of precipitated speci mens
A lower elongation than relte of the tested specimen in this study can be measured if tensile test
specimens are perpendicularly collected to th
isothermally aged peci mens are | ong in the tgewssalohgehel o0 a:
grain boundary in U phase and the initial p ha
Figurel). The fractographies of the specimaggdfor 5 min and 30 min are comparedFRigure6.

The fracture surface of the specimaged for 5 min shows ductility by having a relatively rough
surface compared with the specimagedfor 30 min. Therefore, the fracture surface is flatter for
longer isothermal ageingper i od because occurrence of | onge

reduces the ductile area.
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Figure 10 Measuring |l ength of microcracks througt
of the specimen annealed fa) & miry (b) 10 min (¢) 15 ming and @) 30 min.

Figure 11. Comparison of the relationshigetween length of microcrack anal) (volume
fraction of0 p hamdgpktensile elongation according to various test temperatures

4. Conclusiors

The mechanical characteristics of precipitated super duplex stainless stedleba researched
through tensile tests by various temperatures and SEM characterizations in thi&sguay. % of {
precipitation reduces the tensile elongation by approximately half but enhances the SDSS by
maintaining ductility and increasing tensigrength. It is likely to be more effective at szdro



