ABSTRACT

UPADHAYAY , SWATHI. TensileProperties ofAdvanced Austenitic Stainless Steel, Alloy
709, using InSitu Heating and LoadingUnder the direction ddr. Afsaneh Rabigi

The next generation nuclear power plants will need structural materialswpiénior
tensile strength, creep strength and corrosion resistance, while maintaining cost efficiency.
This study deals with ksitu testing of a FR0Cr25Ni alloy called Alloy 709, a primary
candidate. The Hsitu setup includes a loading and heatingetaounted within the vacuum
chamber of a Scanning Electron MicroscdB&M), equipped with artlectron Backscatter
Diffraction (EBSD) detector. Tensile tests, creep and ciiigue experiments were
conducted on small degone samples. Mechanical propestsuch as Yield Strength, Ultimate
Strength and maximum elongation at rupture were established at different temperatures.
Surface deformation observations were made during all the experira&3B analysis was
performed on the sample before and durilhg txperiments to observe changes in
microstructure and grain morphology. Crack propagation and fracture surfaces were observed
by performing fractographic analysis. The experiments indicated that the material primarily
accommodated deformation by slipi@iver temperatures. Void formation and coalescence at
grain boundaries preceded slip at higher temperatures. Although, the sequence of deformation
mechanisms observed varied with the conditions, crack propagation in all cases was
transgranular ductile. Samntergranular crack initiation sites were observed but none of them
developed into final crack fronts leading to failure. This indicated that Alloy 709 is ideal for
high temperature application due to its ability to avoid intergranular fracture. Fenelegrand

creepfatigue experiments are scheduled to be performed.
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INTRODUCTION

Power generation cycles are thermodynamic cycles that revolve around the generation
of electricity though combustion or nuclear fissidrhe convention thermal power plant
generates heat from burniogfossil fuels, which is thenonverted to mechanical energy by
using steam to rotate turbinés.case of a nuclear power platite heat generated as a result
of the nuclear fission process heats the reactor coolant to generate Stremtoral material
usal in these power plants need to performdtical function of containing the heat generated
and ensuring the continuous production of the endgg.efficiency of thermodynamic cycle
is controlled by the peak operating temperatut@ich in turnis limited by the ability of the
structural material to withstand extreme operating conditions and retain its sta¢hgih
temperatures. Currently, the maximum operating temperature in a supercritical boiler or a
nuclear reactor pressure vessel is about 680°C. To further increase the efficiency and meet
the growing energy demands, structural matecatsmble ofvithstandng temperatures greater
than 650° are required.

For a material to be used in a commercial power generation setting, its mechanical
strength must be complemented with feasibilifyhis includes factors such as ease of
fabrication of the material, cost, weldability and formability. A material with superior high
temperature properties may not be the best candidate if it is expensiveufactane oiis not
easily weldable. In addition to the need for high temperature performance, the materials used
in power plants must have excellent corrosion resistance. Interacitvoctiral material with
steam in case of most conventional power tglamd molten metals or salts in case of the next

generation nuclear power plants will result in significant corrosion.



During service conditions of a power plant, the structure is under time variant thermal
and mechanical stress. For example, during p@veand power Off sequences the structure
is under cyclic loading due to their variation in temperature and pressures. On the other hand,
during operation the structure experiences constant thermal and mechanical stress. Each of
these conditions is simukd to investigate the response of a candidate structural material.
Fatigue and creefatigue tests are conducted to understand the response of the material under
cyclic loading and creep testes are performed to investigate their time dependent response t
constant stress at high temperatures. As suelgr parameters to consider when choosing a
structural material for high temperature application in areas such as a power plaenare
strength, creep resistance, oxidation resistance, -tatigpe resistance, weldability and
thermal stability.

Steels have been used extensively as structural materials in power plants. This is
because steels are inexpensive, easy to manufacture, extremely weldable and formable and
versatile. Steels with specific mestical and microstructural properties can be developed
simply by varyingthe chemistry mechanical or heat treatment industBtainlesssteels
especially possess good mechanical strength and corrosion resistance. This has resulted in
different grades ofteels finding applications in various aspects of a power{fiamh process
piping to nuclear reactor pressure vessel.

This project deals with a novel stainless steel called AM@Y. Tensile experiments at
different temperatures from room temperator830°C were performed on Allg¥09 samples

to establish its mechanical properties at these temperatures. Different orientations of the sample



and sample witlind withoufprecrackvere also tested to study crack initiation and propagation

mechanism.

I. STEELS

l ron (Fe) comprises 34.6% of 'lBaburtdénées c he
on earth, and versatility in terms of different allotropic forms and alloying possibilities has
made it one of the most invaluable elements today.

Pure iron idifficult to manufacture since it is naturally found combined with several
elemental impurities such as S, O and P. These impurities reduce the strength of the pure iron,
making it unsuitable for structural applications in this form. In bulk form, Fe has three
allotropes- theUHerrite, 2-austenite antsteel? The U-ferrite has a body centeredhiic (BCC)

Structure, thei austenite steel has a face centered ofiC) structure and thEsteel has a
hexagonal closed pack structdr€here is also &-ferrite which is a high temperature variant
of the Uferrite and has the same microstructure. The phase diagram of the pure iron is shown

in Figure1.®
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Figure 1.Phase diagram of purigon. ?

Majority of Steels have an austeniteferrite matrixat room temperaturé he ferrite
and austenite iron, as mentioned previously have BCC and FCC struaspestively. These
crystal structures have vacancies which accommodate interstitial atoms like.Carbo

The phase diagram of a4&esolid solution is shown ifigure2.* There are different
phases of the F€ solid solution dependent on the Carbon content and temperature. Based on
the carbon contensteels can be dasified as Low Carbon SteelMediumCarbon Steels and
Hi gh Carbon steel s. The American |l ron and
without minimum specifications for additional alloying elements such as Cr ahdidbngst
these the Low Carbon Steels are defined as &@ &lloys with C content <0.3%. The low
carbon content in these alloys make them soft, ductile and weldablenddiam Carbon
Steels may have carbon content of up to 0.5%. These steels often contain thpdarliie
microstructure. The pearlite isnaixture of alternating pdises of ferrite and cementiiedn
carbide. The pearlite is showa pin grain and improvenechanicaproperties in case of the

carbon steel$ Larger quantities of pearlite in carbon steels reduced the elongation at rupture

4



but improved the tensile and ultimate strés$he High Carbon Steels contajgneater than

0.5% C. The increased carbon content increases the hardness and brittleness. These alloys are

hard to weld and form.
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Figure 2. The FeC phase diagram

Steels are claffied based on the stable-Eematrix As per the F& phase diagram,
the Udferrite is stable until 900°C. Beyond this point the ferrite undergoes a phase
transformation to the-austenite phase. The austenite phase f estable ina wide range
of high temperatures. The austenite is staplentil 1394°C. Thaiferrite follows the austenite
until the melting point is reached. These types of steels will be discussed at length in the
upcomingsections.

Apart from the austenite and ferrite phase, tfase exists a third metastatiteC
phase called nartensite phaseThe metastable martensite phase is produced by rapid

5



guenching of the austenite phase. The rapid quenching does not allow sufficieot Grie
diffuse out of the austenite. Insteduk C stays in solution while there is a change in the ghase.
The martensite phase can be defined as the super saturated solid solution of C in ferrite iron. It

has a body centered tetrago(BCT) structure(Figure3)

{1 Fe atoms
@ C atams

& octahedral
imtershces

i Ly =

Figure 3. Body CenteredTetragonal structure of Brtensite Steel.

The change in crystal structure is accommodated by a physical change in shape and
defects in the material. These result in significant residual stresses in the martensite. Although
some of the stresses in a martensite steel can be relieved biirapriea martensitic steels
possesshigh hardness and low fracture toughness. These steels are subject to temper
embrittlement and therefore should not be used at temperatures above #0@s@ad,
martensite steels are used where hardness, fatigngtsti@nd resistance to shock is desired

such as fasteners, springs, blades®etc.



Figure 4. TEM imaye showing high density of dislocations in
Martensite.’

Materials for structural applications, especially high temperature structural application
as in the case of power plants are required to have ductility, strengthetmig@rature stability
and weldability. Although the low carbon steels, ferritic steels and austenitic steels are
promising in this aspect simple FeC alloy does not have the properties for use in say, a
Sodium Cooled Fast Reactor. The operating conditigithin these reactors are extreme in
terms of temperature and pressure. Very high temperature conditions also enhance corrosion
in the material. Fe in steels form oxides o
oxidation is detrimental singeis not protective in nature. The iron oxide formed on the surface
of the steel does not prevent further oxidation of the alloy underneath. Instead, the porous
oxides formed continues to allow interaction between the alloy and the atmosphere. To combat
this and improve corrosion resistance, passive oxide forming elements must be added to the
steel. Chromium addeto the steels, forms passivareamium oxide. This dramatically
improves the corrosion resistance of steels. Since steels with added Cr tirevfennation

of rust and have a shiny suréac¢hey are known as stainlegsets. In addition to the corrosion



resistanceCr causes a change in the stability of differenspbaf the alloy, by extendirige

stability of the ferrite phase. The pkagiagram of a F€r-C phase ishown inFigures.°
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Figure 5. Fe-Cr-C wt% phase diagrand, d; and d; for cementite, MCs and M,Cs respectively®
The theta phases in the diagram indicate the carbide precipitates forsteadlesssteels. Of
these,d1 or M23Cg is the most common. Ihe austenite phase is desirdtk dtainless steels
must contain some alloying elements that will stabilizeothlease. Nickel and amganese are
added to steels when a stable austenite phase is desired. The addition of Cr in Ni containing
steel, retards the kinetics ofto U transformation'® More complex alloys contain other
metallic or nonmetallic alloying elements to impart specific properties. Each of these alloying
elements such Ti, V, B, Nlend tofavoreitherthe alpha phase or the gamma phase. Teetsff
of the alloying elements can be represented in terms -@gdivalent and Nequivalent.,

calculate as shown below. The stable phases of steel with varying Cr and Ni equivalents is

represented in the Scheaffler Diagramgyre6 ).
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There are many grades of austenitic and fersit@inless steels available today. Small
variations in the chemistry of the alloy can bring about drastic changes in its properties.
Depending on the applications, ferritic or austenitic stainless stesisbm preferred. The
ferritic stainless steels are a clas86fC Fe-Cr-C steels. These steels are magnetic, corrosion
resistance and pssss good mechanical strenglihe hardness of ferritic stainless steels
cannot be improved by heat treatmertd coldworking can onlyimprove the hardness by a
small amount. Ferritistainless steels also have a lower thermal expansion and higher thermal
conductivity than austenitic stainless &eEigure7). These steels are inexpensive tiuéow
Ni content. Ferritic stainless steelbave becomelesirable for applicatiorcross various

industries, where cheap and moderately corrosion resistant materials are required.
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stainlesssteel®

In terms of mechanical propertieBetferritic steels have good yiedlength but since they do
not haveconsiderable work hardenimgpability, theypossess relately low tensile stress and
ductility. Ferritic steels also exhibit significant grain growth with increasesmperature
which is cause foconcernwhen consideng weldments? The rapid graircoarseningould
result in a weak Heatffected ZongHAZ). This has been mitigated to an extent by addition
of Nb and Ti to the ferritic steels. Ferritic steels also possess low creep resistance at higher
temperature. This because of the embrittlement caused bykinemium rich carbides. The
0 phase which is FEr intermetallic precipitate is observed in ferrite steels at temperatures
below 600°C.

Therefore for high temperature applications, steels with more ductdimd high
temperature creep resistanare required. The AustenititaBllesssteels addressostof the

downfalls of ferritic stainless steels.
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a. Austenitic Stainless Steels.

The termfaustenitic stainless steelsefers to FeNi-Cr alloys. Austenitic stailess
steek, unlike ferritic seels show marked improvement in strength with cold worklngy
can exhibit yield stresses of up to 1379 MPa (depending on composition and amount of cold
work).!® The effect of cold working on the two grades of austenigel$t 304 and 310 are
shown inFigure8. This shows that col@vorking can dramatically improve the mechanical
strength, albeit at the expense of ductility. The 301 grade is@8{Calloy whereas the 310 is
a 26Cr20Ni alloy!® The early austenite grades varied only their Ni, Cr and C content. Ni and
Cr contentwereincreased for high temperature applications and C content was loteered
improve the weld properties. Grades with added Mo for bettergpcorrosion, Mn to replace
Ni as austenite stabilizer wer®r lowering the costs, wekeveloped. The newer gradefs
austeniticstainlesssteels, like the 316Hare much more complex than the 301 and 310. They
rely on a numbenf interstitial or sibstitutional elements for strength. It is important to

understand the effects of sowiethe common alloying elements on steels.
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Figure 8. Effect of Cold working on mechanical properties. (Left) 301 Grade auste
steel and (Right) 310 Grade gtenitic Steetl?

Alloying elements such as Nb, Ti, V, Mn anddBe added in addition tbe Ni, Cr and
C.The C and N in steelacreasdahe srength by solidsolutionstrengtheningThey also form
precipitates with the other alloyirgjementqTi, V andNb) for precipitation strengthening.

The strengthenings because opinning of dislocation movement. Pinning dislocations

results ina deng networkof dislocationswhich impedes the motion of newer dislocation,
resulting in hardening of the materiad an experimental 15€¥5Ni austenitic alloy, excellent

creep properties were attributiex] in part the fine Nrich carbonitride precipitaseformed on

the dislocations? It was observed that the N rich precipitates were more thermally stable and
delayed the onset of creep failure. It was also observed that the sample which was quenched
three time performed better in a creep rupture test wberpared to the one that was aged
continuouslyt* This isbecaus@uenching process creates dislocation which act as nucleation

sites for these fine Mch precipitates*

12



In addition to he passive oxide layerr@ the alloy forms MsCs precipitates, where
M stands for CrThe Me3Csis a Cr rich Cebide, which nay also contain traces of Mo, Ni and
Fe. This precipitaibn is found in all austenitic steels and forms primarily at the grain
boundariesand sometimes on dislocations within the gramgine discontinuous grain
boundary(GB) precipitates 0M23Ce can resist grain boundary sliding and noye the creep
strength. But there are concerns regarding these precipitates ad s@dlprecipitates coarsen
much faster than the MX precipitatésThe X stands for C or N, while the M stands for any
carbide and nitride forming alloying element such as Ti an@h¥s could be detrimental to
the mechanicatrength at higher temperatures, bystag embrittlement and crack initiation.
Mo, which is added to improve pitting corrosi@sistancechanges the lattice parameters of
the precipitatedecreasing the interfaciahergy'’ '8 Lattice parameters and interfacial energy
of the grain boundary B4Cs play an import role in the tesile properties of the materid.
Lower interfacial energy in22Cr25Ni-Mo-Nb-N alloy compared to a 25€20Ni-Nb-N alloy
resulted in better tensile propertieg(re9), although both alloys showed intergranular crack
after aging for 500h at 700°€. Addition of B in the alloyis found to have an effect on the
microstructural evolution of th®123Cs. Boronreduced the coarsenimgte of these carbides

improving the creep resistance at higher temperattres.
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Figure 9. Grain boundary MsCs and Tensile Stress with aging time at 700C.

The formation ofthe M3Cs carbide depletes the @earthe grain boundaries, leaving the
material susceptible tocorrosion in this regiorf®, resulting in a phenomenon called
sensitization.At higher temperatures sensitization can become more pmoaduwith the
coarsening of thentergranular Cr rich carbides. In case of 316 stainless steels, it was found
that the sensitization was dependamthe%Cr equivalent in th alloy, extent of cold working,
N and C conter® Sensitizatbn can be alleviated bgducing the C content of the alléhhe
Carbon is replaced by Nitrogen which forms fine MX precipitates rather thagréie
boundary MzCs. Sensitization typically occurs withinrange of temperature and increasing
the %Cr equivalent delayed the onset of sensitizati@uld working of up to 15% accelerate
the sensitization kineticglue to the rapid carbidermation as a result of the dislocations
createcf’ Sensitization can also be reduced by inducing twin boundaries in the mates@J. M
precipitates form on the twin boundary as well, but the twin boundaries are ngitgsde

intergranular corrosion as they are coheredthave low grain boundary enerdgy
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Ni is primarily added to the austenitic stainless steelsas g Istabdizer.Increasing
Ni content in the alloy increases the stability of the austenitic pataselarger range of
temperaturebut increases the cost of the alloy, as well. Mn is therefore added in the steels to
compliment the austenite stabihg action while reducing the cost. Increased quantities of Mn
in the alloy can decrease the pitting corrosiesistance of the alloy sinceanmganessulfides
and oxides on the surface act as pitting initiators>

Titanium,NiobiumandVanadiumform cabides, nitrides or carbonitrides (MX) which
are dispersed throughout the matrix for precipitation strengtheAuhdjtion of Ti and Nb
improves the tensile strength of the matettahddition of Ti in a 15C+15Ni stainless steel
showed improvements in thegh temperature creep resistaftd@he ratio of Ti to C is
essential for the improvement of properties. It was observed thaitbeTi to C ratio resulted
in lessimprovement in the creep propertf@g.his is becauséne excess carbon not tied imp
the form ofTi carbides forms the B4Cs at grain boundariethe coarsening afhichdecreases
the creep resistane high temperatureS The carbide and carbonitride formaticeduces
sersitization in the alloy, as wel”t higher Ti to C ratio, the Ti forms primary TiC during the
solidification of the steewhichdo not contribute to the creep resistarfé@he creep curves

for the 15C¥15Ni alloys withdifferent amounts of the Ti are shownRigure10.
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Figure 10. A, B and C. @ep curves of 14Ct5Ni alloy in different conditions. 0.23%
Ti content corresponds to highest volume fraction of Ti carbides in the Bllgy TEM
image showing TiC precipitates formed on dislocati®ns.

The Nb precipitates(carbides, nitrides and cadmitrides) act as pinning agents,
preventing coarsening of grains. The small 220 nm)of Nb precipitate and slow
coarsening contribute to the high temperature mechanical stré€dgeivanadium rich MX
precipitates which are smaller in size than the Nb precipitates are present in fine uniform
distribution through the alloy. The presence of V in the alldyaenes the formation of a
complex carbonitride Z phase precipitat€s (Nb, V) N). These precipitates are formed by
the diffusion of Cr into the Mich MX.?° TheseZ-phase precipitates were detrimental to the

creep dueo their larger size at the cost it fine MX precipitateqFigure11)
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Figure 11.Conversion of V rich MX precipitates to Z phase by Cr diffuion.

Other elerents likeBoron, copper andCeriumare also added to these steels. In the
case of a 19N14Cr austenitic steel with varying quantities of B, it was found that increasing
the quanties of B resulted in large coalesced dendritic Nb carbide precipitates instead of
separate dispersed particfdn 304 and 316 austenitic stainless steel, an improved creep
rupture life and a delay in on set of creep cavitation was reptriéus is notonly due to
increased precipitation in the alloy with added B, but also due to the high melting point of
elementalBoron B segregates on cavity surfaces and reduced the diffusivity of the cavity,
thereby increasing the creep strengtithe amount of S in the alloy must be controlled to
avoid embrittlement of steels and ensure long creep rupture life. This is done by adding trace
amounts of Ce. The Ce forms an esgffide in the alloy, tying up the Sulphur and preventing
it from segregating on cavity surfacgdt was found that the steels (347 Steel) with Ce had
suppressed creep cavitation when compared to the one withdafT8e suppressed creep

cavitationincreased the creep rupture styth and ductility of the alloy.
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316L

There are several classes of austenitic stainless steels, each with a set of chemical and
mechanical characteristics that define their applications. The mositnesiin grades include
AISI 304, 316 and 347, which wain their composition. The effect of the various alloying
elements on the alloy have been discussed in the previous section. gra@8f stainless
st eel ar e -8Hiaustentiastainlest &layr304 and 316 stainless steel are similar in
conmposition except the addition of Mo in 316 steels. This makes the 316 resistant to pitting
corrosion and suitable for application in chemical plants. Thes&ifiless steel has various
Asywlh ades o0 ewlodifiedralloying element¥he 316L, for examp, is a low carbon
variant of the 316 alloys, to reduce sensitization. The reduced carbon content and ability to
retain its excellent mechanical properties at higher temperatures makes 316L suitable for use
in chemical industries, liquid metal cooled fdseeder reactors and even as biomedical

implants. Hong and Lee (200¥)studied the tensile properties of 316L in a temperature range

of 20°C1 750°C using different strain ratesigure12).
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These experiments show that the tensile strength reduces with increase in temperature.

Between 250°C 650 °C, striations on the stressain curve in the plastic zone are obserifed.

As observed in thBigurel12, the serrations start to appear at temperatures greater than 250°C,

and these serrations vary at different temperature and at different stages of th&trairess

curve. Serrations in plastic flow was first observed and characterized tgviRceind Le

Chatelier in Aluminum in 1923. This effect is therefore also known as the Petievin

Chatelier Effect or the PLC effect. Later, the serrations were classified into five distinct types

by Rodriguez. Figure13) 34
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The types indicate the mechanism of work hardening.

1. Type A serrations result from nucl eat:
subsequent propagation along the gauge | en
2. Type B serfatiqoestaonscill ations about
a result of discontinuous band propagati on

3. Type C serrations are drops that occur
to be due to dibBéweaseonatundtwmeskang. t ypi cal
|l ow strain rates.

4. Type D serration are plateaus in the ¢

5. The type E serrations are the type tha

strains, but do ndb* result in any hardenin

In 316L, type A, B and E&t higher temperatures atype Dat lower temperatures were

observedSerrated plastic region in the strestgain curve oDynamic Strain AgindDSA) is
20



associated with negative strain rate sensitivity witbpect to the ultimate tensile strength,
between 200600°C33 At temperatures greater than 600°C, serrations were also seen with
Strain Ratesensitivitygreater tha®. (Figure14B)33 In 316L DSA manifestedn the form of
plateau in the mechanical property variation with temperature. As shdwguire14, the yield
strength and ultimate tensile strengthctesd a plateau. DSA also affected the fracture surface

of the material.
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Figure 14. Plateau in mechanical properties variation viemperature due to Dynamic Strain ac
in 316L. SRSStrain Rate Sensitivity®

In non DSA regimes, the fibrous central zone of the classid agne fracture surface, is
larger than in case of DSA regimé$.The fibrous zonés the fracture initiation zone with
dimples, characterizing the ductile nature of the fracture. This means that DSA results in a

decrease in ductility of th@aterial. Figure15) 32
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Figure 15. (A) Fracture surface after Tensile test showing larger inner fibrous fracture swuatac
200°C in 316L, where no DSA observed and smaller fibrous zone in (B). at 550°C with DS

Nitrogen was added for improved creep strength in the 316L steels. This variant is termed as
the 316LN.This steelfinds extensive application in the nuclear power plamttiding fast
breeder reactorg\lloys with increased N showed improved thaiyjo g 6 s  neeeepuife,u s ,
reduced thsteady statereep ratéFigure16). 3° The addition of N also reduced the formation

of intergranular creep crack®.The addition of N to thalloy, participates in solid solution
strengthening and as previously discusses inhibits the coarsening ofz:epkécipitates at

the grain boundaries and forms finerish precipitates. Mathew et &lexplained thatddition

of Nitrogen allowed easier dislocation glide in the alloy without breaking intermetallic bonds,
attributing to the high strength and fracture toughness. Nitrogen also does not have affinity to

grain boundary segregation, unlike carp@uucinggrain boundary weakening.
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Figure 16. Improvement in the A. Young's modulus, B. Creep rupture time at 140 MPa; StehGy
state creep rate with addition of N in 316L.

Additionally, Cu is added to stainless steels to improve the Creep resistance. The addition of
Cu in conjunction with N to 316L forms fine Cu precipitates. These precipitates are effective
at pinning dislocation and delayingaxk initiation at creep under lower stresses{36MPa

at 650°C)28

316H is the heatesistant grade of th&l6-austeniticstainless steel. This alloy has a
higher C and Ni conterthan the 316&teels 316H is used in petrochemical industries and in
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super critical boilers where the operating conditions involve high temperatures and pressures,

due to its improved heat resistance and creep strength. This alloy therefore has been extensively

studied ands oftenusedas a standartb compare the performae of newer alloys. The

precipitates observed in this alloy ares¥ and intermetallics such Mo, X-F e Cr Mo

and

phase. The addition of Mo in the alloy leads to formation of these intermetallic phases. A

temperature time precipitation graph showseahalution of these precipitations in the alloy at

shorter and longer aging tim&sThe TTP char{Figure17A) shows that the Fe2Mo (Laves

Phase) precedes tligphase(Fe-Cr) at lower temperaturedt. is seen irFigure 178

t hat

t

phase precipitaterefound at triple point whilehe Mx3Cs form at grain boundaries as well as

in the matrix®”

'Boo|- 1299 %
(&) M,4Cg X
e +FegMo -
w750 X~ & & & & &
%: M,;C5+Fe,Mo+ X+ o
: -
o 700}
Ll
o
&
— 650
1 IRl | 1 [l r ol L I
102 103 104

AGING TIME , h

Figure 17. A. Temperaturdime Precipitation plot for 316H, B. Precipitates in 316H with:G4 at

grain boundaries and LavgEe;:Mo) at the trple point 7

Small amounts of these intermetallic precipitates are desirable in austtaiitiess

he

steels to improve their creep resistance, despite their brittle nature. In case of Nb rich alloys,

laves phase can have the composikaeiNb. Fine FeeNb Lavesphase precipitates at the grain

boundaries have been shown to improve the creeepiepin case of 20€30Ni alloy3® The

creep rupture life of two alloys, one with B and one without, were compane@orondoped
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alloy performed much better in credfiqure 18)%8. Boronis added to enhance the formation

of Grain Boundary Laves phase.
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Figure 18.Creep ratetime curve of the Bloped vs base 20€30Ni alloy demonstratin
the superior creep performance in the alloy with GB Lavese precipitation3®

To evaluate the creep performance of the 316H steel, acceldratetesm creep tests
of 316H steel at temperaturange of 800C i 1300T have been performef Secondary and

tertiary stages of creep in the alloy were studiéavas observed that secondary creep stage

foll ows the Nor £dhe tediarybreepstagelings shift toward décreasing

true stress with increasing tematres Figurel9).
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At temperaturesabove D00°C, a decrease in the nominal stries816H led to an
accelerated tertiary creep rate. At 800°C, the tertiary creepaaaadependerdf the true
stress.The fracture surface indicated a shift from dimple failure at 800°C to large voids
originating at the grain boundaries at 1008°@t 800°C, there is not enough thermal energy
to result in significant creep deformation. Instegihin elongation is observédAt higher
temperatures, creep mechanisms of vacancy diffusion and distocktnds become dominant,
resultingin void formation at the grain boundaries and subsequent drop in effectige cros

section leading to shorter |ifé (Figure20)
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Figure 20. Grain boundary void formation at 1000°C in 316H.

Microstructural aspects pertaining to the grain boundaries are alasterdst with
regards to the creep resistance of an alloyaddition to grain boundary precipitation, small
amounts of BCC ferrite may be present in an austenitic staisiesds During the
manufacturing othesesteels, a certain amount bfferrite at the grain boundariesan be
retained at room temperatuffeFurthermore, at high temperaturesaustenite tol-ferrite
transformation may occufhe role of this ferrite in the creep cavitation in case of asegxice
bar of 316H has been studied by Warren &} &esidual ferite was observed on the austenite
- austenite grain boundary. Although the preservice 316H sample also showed ferrite at the
boundaries, austenite tdferrite transformation takes place during service increasing the
guantity of ferrite (0.1%0.2% aftet65000h of service at 49860°C).Greater than 50% creep
cavitieswereassociated witlferrite at the grain boundarié§Figure21). The Ferrite related
creep cavitation were widegpaced and the chances of these coalescing to form microcracks
and eventual failure is quite lof® This means that these ferrite related creep cavities would

significantly impact the creep properties at much higher ptages of ferrite.

27



Figure21. A. EBSD phase map showing creep cavities around leegdéte precipitate and B.
Schematic Representation of Vacancy atom flow surrounding ferrite precipitate. Austenite n
indicated in red and Ferrite is indicated in Gre€n.

Fabrication pocesses such as forging, rolling, welding can induce residual stresses,
work hardening and alter the microstructure of the alloy. Effects of welding on the material
and strength of the Heat Affected Zone are of speaiatést since most structural materials
have welded joints. In case of 316H, qm@mpressed and heat effected zone samples were
tested and compared to as received matérihe precompressed and HAZ weldment
specimens havdéittle plasticity, in case of eep testé! They also exhibited lower creep
ductility than the as received matefialThis shows that the weldability of an alloy and the
properties of the weldment are critical factersleciding appropriate structural material for an

application.
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b. Advanced Austenitic Stainless Steels.

HT-UPS

To improve the weldability and mechanical propertifAustenitic stainlessteelsfor
applications in Sodium Cooled Fast Reactors, new advancgénitic stainless steels were
developed. HIUPS (High Temperature Ultrafine Precipitation Strengthened) Steels were
developed with reduced Cr content and increased Ni content than the 316H. The increased Ni
content provides improved austenite st#piliNanesized Ti, Nb and FeTiP precipitates
formed in the alloy are responsible for its superior creep resistarié&hese precipitates are
very effective pinning dislocation movement in the alloy. A combination b MeC and
MC precipitates improved the ductility and rupture resistance of the makégiate22 shows
the microstructure and different precipitates in-HFPS alloy. The fine MX precipitates
nucleate ordislocatons. Cold working processes resulting in increased dislocation density in
the material provide increased number of nucleation sitestefore, dislocation cresd by
cold working processes can be expectedhftuencethe properties of the alloyn sampes
without coldworking, almost no MC precipitates were observed, which resulted in poor creep
resistancé® After cold working and aging for 1h and 800°C, MC precipitates nucleating at
dislocations sites werebserved resulting in slower creep rates atwhger creegupture

lives*3
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Figure 22. A. TEM showing nansized FeTiP and MX precipitates in modified 14®Ni alloy? B. As
received microstructure of HOPS alloy with TiN and MCs precipitates®

The HT-UPS alloy performsmuch better than the 33dainless steel in terms of
creep* The creep rupture time of these 14IBNi alloysis at least 500 times that of the 316
stainless teel, as indicated by the Creep Strain vs time ploFigure 23. The fine uniform
distribution of precipitates and the lack of embrittling intermetatictdusionsarethe reason

for the superior creeesistance and dtile fracture of the HIUPS alloy.
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Figure 23. CreepStrain vs Time plots of various Steels tested to rupture. The C
AX indicate different hedteated versions of the HUPS.*

In another study by Carroll and Carf8]during the60-min hold time of a creefatigue
experimentgreater extent of intergranular corrosion was seetage of the HIUPS alloy
than in the case of 316HFiQure 24). This oxidation behavior is a major cause for concern
despite the improved creep behavior. The advanced version of this alloy, simply referred to as

the advanced HUPS was created with added Aluminum, for addailavxidation resistance.

) stress
< specimen N i RN S
surface ik HT-UPS

~
e

Figure2d. An oxi de 6 0 pfited Sudaceregiorg thdt forms i HUIPIIvéhen
held at temperature during cyclic loading. 68)%min hold®
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Advanced HTUPS

Al, like Cr forms apassiveoxide film on the surfacé.o improve oxidation resistance
in the HTFUPS steels, small amounts of Al were added. Alumina performs better than
chromium oxides, especially in water vagmvironments. This makéise advancetT-UPS
able to demonstrate corrosion and oxidation resistance in extreme conditions. In case of 20Cr
15Ni and 15Ni20Cr base alloys Yamamoto et al., observed that alloys with Al performed
better in terms of oxidatioresistance when compared to the version without Al, and exhibited
continuous protective scales of28%.% In Figure25A, we see that the alloys with 5 and 8%
Al showed less mass change in air at 800°C, than thevithout. In an environment with 10%
watervaporat 800°C, alloys with Al show negligible mass chaffyélass change is used as
an indication of the rate of oxidation in the alloy. The incrgassitive)in mass change
represents the increase in mass due to formation of the protatitivéna or Chromiumoxide
layers?® In the case of alloys relying on Cr for corrosion resistance, it was seen that there is an
increase in the mass due to tmemation of chromia scale. This is then followed by a
significant declingdnegative mass changajie to the subsequent consumption of the layer in
presence of water vapotf.The Chromium oxide reacts with the water vapeo form
Chromium hydroxide. In another study, Yamamoto et mlvestigatedthe creep rupture
performance of 4 variations of the HIPS alloy?’ The versions different in the Ti, V and Al
content. Internal oxidation of Al was observed in the variant witivTand Al*’ This was
attributed to the increased oxygen permeability because of the high thermodynamic stability

of Ti and V oxides. HIUPS 4, with Al but no Ti and V outperformed all the other versions,
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in terms of crep life. This proved the HTJPS alloy coulddemonstrate excellent creep

resistance and better oxidatimsistance without Ti and V, witdditional N&*’
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Figure 25. A. Specific mass change of-E8Cr-15Ni alloy with 0, 5 and 8% Al in (left) ail
and (right) air and 10% water vapor. B. SEM images oPBEr-15No with no Al after
1000h at 800°C in air; and C. Same alloy with 5%Al after 100h at 800°C in air +180%6¥
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Figure 26. Creep Strain vs time for the different variants ofBFS. A. HFUPS2 (2.4 Al,
0.31Ti and 0.5V), showing internal oxidation. B.-dPS4 (2.48Al,0Ti and 0V) with bette
creep rupture fie. HFUPS2 and HIUPS1 tests were interrupted due to poor oxidation
resistance?’

Alumina Forming Austenitic Stainless Ste€¢fA) have since becoes a class of their
own with unique microstructural and mechanical propelti&s.the advanced HUPS steels,
the AFA steels have Nano sized MC precipitates. But the addition of Al in the AFAs results in
formation of Al rich precipitates with Ni, Mo ardb. NiAl-type B2 pecipitate and Laves
phaseare the primary precipitation in these sté@Bhe B2 precipitates contribute to strength
at room temperature but undergo ductile to brittle transition at 750°C, having little effect on
the strengttat this tenperature® This transition was shown to have an impact on the fracture
surface too-brittle fracture was observed in areas surrounding the Brittle B2 precigftates.
These alloys promis@tcombine the strength of the advance austenitic stainless steels with

superior corrosion resistandee tothe Aluminascales instead of t@hromiumoxides.
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ALLOY 709

From the bare 30 steelsto the advanced HUPS, variatiors in chemistry have
tremerously improved the performance of thesteels Recently aothernovel advanced
austenitic stainless steel was developed for use in Sodium Cooled Fast Reahigls at
temperaturesAlloy 709 is a 20G25Ni advanced austenitic stainless steel developeah as
improvement over already existing advadcaustenitic stainless steelShis alloy is
compositionally close to the commercially available advanced austenitic stainless NF709
(Nippon Steél The high Ni content provides increased austenitic stabilityhayher
temperature®’ T. Sourmaif®has studied the effects of high temperature on the microstructure
and secondary phases in the NF 709 alldne NF709 alloy studied has 0.05 wt.% Ti while
the Alloy 709 studied in this project contains <0.01 wt.% ToarseundissolvedTiN and
NbN precipitates were observed in the as received sfatee NF709 In case of theariant
with higher Cr contentNF709R) Zphase precipitated were also observed in theeagived
state After short term aging,of 200h at1023K, grain boundaries were decorated with
precipitates. M23C6 were found at grain boundaries, orincoherenttwins and twin
boundaries® The morphology of these precipitates at eatlhe locations also varieddm
globuar to platelike. Z-phase was found on dislocatioishe Z-phase formeduring aging
were 2050 nm in sizeTiN ad (Nb,Ti) C were seen in all conditions until a very higging
time (10000h), Z phadeeginsto form at he expense of the MX precipitates, which undergoes
little coarsening. At these aging times, theeimetallic precipitate§ phase and GNi2SiN

were alsseerr’ The microstructuraevolution of NF70%has beesummarizeghown inFigure
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28. This precipitate evolution waalso simulatedby Shim et al!, which agreeswith the

findings of Sourmail.
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Figure 28. Different phases after aging at 1023K. + indicates pha:
forming during aging; indicates phase disappearing during agiffy.
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Figure 27. Numerical simulation of (a) Phase fraction and gb¢cipitation size in NF70%.

The material possesses highest creep rupture strength amongst the austeni€Cseegds.
performance of the badéF709alloy and welded joints of the same are shawRigure29. °2
Weld joints with NF709 as the weld material performed similar to the weld joints with
Alloy625 as the weld material? Alloy 625 or Inconel 625 is a commonly used consumable in

arc welding.Preliminary tests on weld joints with NF709 were performed. The weld showed
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no cracks after 90° face or root befid.ike the aistenitic steels already discusstt novel

Alloy 709 relies on Mo for solution hardening. Nb in the alloy promotes the precipitation of

transgranular MX precipitates that improve the strength by causing interlocking of the

dislocations within the matriddditionally, M23Cs and Zphase precipitates also contribute to

the mechanical performance via precipitation strengthening. Preliminary studies performed

indicated that this alloy is superior to the {/PS alloys in tensile strength, thermal stability,

creepfatigue, sodium compatibility, weldability-{gure 30)
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Figure 29. Creep Rupture oh. NF709 base metd#l- Different shapes show the experimental while
solid line indicates the fandB. Welded joints The white shapes are experimental data for the Allo
as the weld materiakhereas the dark shapes are the experimental data corresponding to the NF

the weld material??
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The excellent creep resistance and corrosion resistance of these alloy has made them the
ideal candidate for next generation nuclear power plants feans that the effect of
irradiation must also be considered. The effects of irradiation on different austenitic stainless
steels have been studigtusteniticstainlesssteels are susceptible to swelling under nuclear
irradiation along with irradiatio induced creep anembrittlemen®? This means that there is
an increase in the yield strength of the materidlaadecrease in the elongation. In 316 stainless
steels, the fatigue performance also decreased due taiimadnduced precipitatiotf. These
changes in mechanical properties and microstructure are critical factors in predicting the
lifetime of the material. Preliminary results of a study investigating the effects of neutron
irradiatian on NF709 found that thereasly a small change in the microstructuséth respect
to the vacancy defeétsA study of microstructural evolution of this alloy as a result of
irradiation was performed by B.Kim et al.>® The Mx3Cs andNb(C, N) precipitates decreased
in the irradiated samplehile Ti rich precipitates increased Additionally, nanoscale Nb rich

precipitates were observed. There precipitates combined witthigloeationcreated due to
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bombardmenincreased the hardness by 78%d hese studies indicate that the NF709 steel is
resistant to the detrimental effects of the irradiation.

The structural materials in a power plant setting are under significant thermal and
mechanical. The behavior of the alloy in such cases must be completely understood to predict
lifetime of the structures, mitigate failure and design improvements to improve efficiency of
the systems. Tensile experiments are conducted on materials lskstachanical behavior
at different temperatures. Yield stress, Ultimate Tensile Stress, maximum elongation of rupture
are measures of the strength and ductility of the material. These properties therefore act as
basic design guidelines. Moreover, thesgeriments provide insight into the dominant
deformation mechanisms at different temperatures. In case of power on and off sequences the
material undergoes thermomechanical stresses in a cyclic fashion, and during the operation the
stresses have a timemmndent response from the material. Experiments are conducted, to test
these behaviors in laboratories, in both air and vacuum to also include the effect of the
environment on the alloy. Fatigue is performed at room temperature and at elevated
temperatureso understand the power on and off situations and any changes in operating
conditions, while creep tests are performed to understand the long term and short implications
of load and temperature on the structures. To understand the behavior of ausaémigiess
steels, some of the commercial grades and their tensile and creep properties will be discussed.

In-situ Scanning Electron Microscop8EM) tensile tests were conducted on Alltg9 to
establish the yield and ultimate tensile stress. Furthermorsjtui experimentation
complemented witlElectron Backscatter DiffractionEBSD) allowed the observation of

surface deformation regimes and changes in the microstructure during loading and heating.
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This proves invaluable in understanding the behavior ef sample with changes in
temperature and strain rates. The mateuslsd,and InSitu Experimental setup are now

discussed.

. EXPERIMENTAL APPROACH

This research required extensive mechanical teahidgnsitu observation ahe Alloy

709 samplesThe Insitu setup comprised of Hitachi SU 3500 Scanning Electron Microscope,
a Kammrath & Weiss GmbH Heating and Loading Stage and Oxford Instruments Nordlys
EBSD (Electron Backscatter Diffraction) detector.

A 400-pound ingotof Alloy 709was fabricated usingacuuminduction melting (VIM)
and electreslag remelting (ESR) processes by Carpenter Technologies. The pieces were hot
forged, hot rolled and annealed at 1100°C, followed by water quenching. The composition of
the alloy is as shown ihable 1 Preliminaryobservationdy the manufacturandicated that
the microstructure consists of uniform equiaxed grain structure with the ASTM GS# 4 to 6.
Vickers hardness is found to b@6 = 7.Bulk pieces of the ingotere received from the Oak
Ridge National Laboratgr(Plate 01150H6, 0115941 and 011593-B). Plate 011593-B

is known to have ofpec microstructure and is assigned for preliminary study

Tablel. Composition of the as received alloy, post Electro Slag Remelting (ESR).
TP310MoCbN | C Mn | Si P S Cr Ni Mo | N Ti Cb/Nb) | B

Composition 0.063 | 0.88| 0.28 | <0.005| <0.001| 19.69| 25.00| 1.46 | 0.14 | <0.01| 0.23 0.0022
wit%
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Dog bone samples were cut out of these pieces, along the rolling direction and along
the transverse direction, using Electras&iarge Machining. The dimensions of the samples
designed for irsitu SEM experimentation had to adhere to the constraints imposed by the in
situ heating and loading stage (Kammrath & Weiss GmbH). Schematic representation and
digital image of the stage & shown irFigure32. In addition to this, dimensions would need
to follow the ASTM EB8 standard. Using the ratios of the sample dimension recommended in
ASTM E8 and considering the constraints of the stage, therdiions of the sample were
decided to be thustotal length of the sample is 50 mm, gauge length is 21.34 mm, thickness
of the reduced area is 1 mm prior to grinding and polishing and the width of the reduced area

iS5 mm.

|- =0 -

Figure 31 In-situ sample dimensions before polishing

EBSD analysis was performedsing Oxford Instruments Nordlys detector. This
analysiscan reveal changes in grain morphologurface textureand help in identifying
formation of subgrains, twin bands etc. EBSD analysis requires that the samples be prepared
to perfect surface finish.#Asuch, several methods of sample preparation techniques were tried

on the Alloy 709 samples. The samples were first ground using Buehler Automet @vght32
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640 grit, 800 grit, and 1200 grit Si C paper
6em and 3em diamond paste f Aluhimapastd intvater.ra p ol

The resulted surface was not good enough for complete EBSD tests.

Specimen Clamps
("Micro Vises”)
Load Cell Specimen __Elongation Gauge
T
[
Load Cell Holder ) Drive Shaft
o
Worm Gear
Connector Block (%
Front Yoke | Leadscrew | | Motor Rear Yoke

Figure 32top: Schematic representation of the Kammrath & Weiss GmbH loadir
heating stage for isitu SEM observatiofKammrath& Weiss). Below: Image of tt
actual setup

The next alternative was to use colloidal silica surface preparationrgauiSEM with
heating and loading and EBSD observation. Colloidal silica is a suspension of micron scale
silica-0(058mgmparticles held i H(98)sg@gudon.f ect
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Colloidal silica polishes the surface using a combination of chemical and mechanical polishing.
The high pH suspension aids the mechanical polishing caused by the abrasive silica particles.
There are concerns regarding the implicatiohshemicd interaction between the Alloy09
surface and the suspensions. The samples prepared with colloidal silica as the last step
appeared to have better surface finish than the previous stets of polished samples. Still, no
EBSD results could be achied. This can be attributed to the fact that silica particles in the
suspension tend to crystallize if the water on the suspension dries out. These crystals could
further damage the surface and lodge themselves in the indentations. Few more samples using
larger quantities of water running at the grinding interface were used but it did not appear to
improve the finish of the sample surface. This step was therefore discontinued. The next step
would be considering chemical polishing or ion milling techniques.

lon-Milling is popular methodf sample preparation for microanalysis techniques such
as EBSD and (Transmission Electron Microscopy) TEM, stheseanalysesequire very
high-quality surface finishAn additional step of grinding with 2400grit per wasntroduced
to improve the samples in the ground but unpolished state. This would reduce the time that
subsequent steps would need, to achieve desirable surfaceTimesie samples were thendon
Milled by Hitachi High Technologies AmericA sample was atsetched with a solution of
30mL HNGs + 10mL HCI. Although under Optical Microscope, faint grain boundaries were
apparent, the EBSD analysis suffered in hit rate due to the effect of the etchant on the surface
finish of the sample. No further etching watempted.

It was initially decided that EBSD analysis would be performed at temperature for short

periods of time, during the experiments. Longer EBSD analysis would not be feasible as

43



temperature withstanding capabilities of EBSD phosphor screepeesgatlyunknown. 60°C

was assumed to be the limit and it taR&@&25mi nut es at sampl e temper
thermocouple near the EBSD screen to read this temperature. Another challenge was that since
there is no cooling apparatus associated with the[EB&een, the detector even when
retracted completely stayed at around 40°C. This reduced time available for subsequent EBSD
mapping. Therefore, higher binning number was used to speed the EBSD mapping while
compromising resolution to a certain extent.

Notch and precrack were introducedy room temperature fatigu€he length of the
complete starter prerack with notch varied with each sample but was always in the range of
approximately 1.2 to 1.5mm.

The heating and loading stage mounted in the SEM eaum chamber, and can
uniaxially load the sample while heating it. The stage is fitted with a load cell with maximum
load specification of 10,000N. Samples are loaded by the means of the leadscrews. The front
and the rear yoke move along the leadscrewlsameously upon loading, ensuring both sides
of the samples are loaded equally to keep the same position in SEM view during loading.
Elongation of the sample is measured using the gauge mounted on one side of the stage. The
elongation gauge is a lineamable differential transformer (LVDT) and the output is recorded
live and displayed on the DDS software. The heater is a ceramic plate right underneath the
center of the tensile specimefRidure 33a) that can beantrolled via the Heater Controller
either manually or via the DDS softwar@&.Mo heater cover is used to protect the heater and
provide good contact between the heater and the sample during the expdiimsevio cover

also provides a port for a thernouple to monitor the temperature of the healerensure
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complete contact with the heater at all times, Pt foil folded over several times and placed
between the sample and the Mo heater cover. In addition, another clamp is placed over the
samples, when laing is required. This clamp has ceramic rollers which slide over the sample,
allowing it to expand or contract unrestrictétlis heagris capable of heating the sample to a
maximum temperature of 300°C under atmospheric pressure and a maximum taepératu
1000°Cunderhigh vacuumThe displacement ratd the loadingcan be adjusted on the motor
control settings in the DDS software and car
significant source of vibration. This vibration is especially grant when sample is observed

at greater than 1000x magnification. Tpreventapturing of high resolution SEM imaging.
Therefore, at certain intervals the loading is interrupted by turning the motor off, to allow

image capturing and EBSD mapping.

Figure 33.The experimental setup. A) Sampled clamped witheéatehunderneath. B)
Experimental setup with stage tilted at 70° for EBSD analysis
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Heating of samples is performed in steps, with the firstlstepi ng heat@amd t o
finally to the target temperature at the rate of 25K/min, while the load is held constant at 25N.
This is done to eliminate the possibility of thermal shock, which may induce residual stresses
within the sample and the componeotshe stage itself. The preload ensures that the sample
is always under tensile loading and prevents buckling.

The samples are mounted into the stage and clamped on either ends. They are mounted
in a way that ensures that the axis of the sample stayeiwith the axis of the load cell. This
is done by using spacers of equal thickness beneath and above the samples. In addition to the
spacers, bite plates are used to provide adequate grip to the specimen. The different elements
involved in clamping of apecimen are indicated ingure34. For EBSD analysis, the sample
surface needs to be at 70° tilt. To arrive at this tilt angle, the samples are loadedtamyie
of 20° by tilting the loading clamps on tkeage. The SEM stage angle is then set to 50° to

rotate the entire loading stage and arrive at the total angle to 70°.
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Figure 34.Elements involved in the clamping of a specimen into the.stag
(Image: Kammrath & Weiss)
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The safety of the stage and SEM chamber must be ensured during such high
temperature experiments. The critical components on thenlpaaid heating stage are
monitored and kept within acceptable temperature limits by a cooling system.

The cooling system circul ates water into
channel . The warm water i s r é¢oiwateridcooledsia t he A
fans in the watecooling tower. Copper braids are attached over the load clamps to act as heat
sinks and keep every component on the stage, except the sample and heater, coeNIA NiCr
thermocouple is placed right under the skaipto a small orifice on the alybdenum heater
cover. Several other thermocouples are also attached on or near critical components such as
the pole piece, the BSE detector and the EBSD nose to monitor their temperature during the

experiments. The tempeuvae of the testing apparatus stays well below the critical limits

through the expei ment |, even at heater temperatures
sample temperature of 1000eC, the pole piec
l oad cel l reached a maxi mum temperature of ¢

that d the sample clamm@t1 3 @. ghis confirms that the heating setup poses no danger to the
internal components of the SEM.

During high temperature experiments, an oxide layer formed over the surface of the
sample affecting the surface cammhs. This affeted the quality of EBS@nalysis Time of
Flight Secondary lon Mass spectrometry (ToFSIMS) was performed to study the oxide profile
on a sample that was exposed to 1Fpé&3B.C i nsi
This revealed that the sample was covered with a 4005@9nm thick layer of oxides of Fe,

Cr, Al and NiFigure35(b & c). Results of the ToFSIMS also confirmed that there was no Pt
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diffusion into the bottm of the sample, where it is in contact with theéd#t To addresshe

formation of oxidethe samples were sputtenated with a thin layer of ARd. A thick layer

of any coating would be counterproductive as it would impede the EBSD analysis. Therefore

an optimum thickness of coating must be applied on the samaBSnm and 5nm thick layer

of Au-Pd were deposited in order to find the optimum thickness of the coating. The coated
samples were observed under the SEM and EBSD mapping at room tempd&edurhi

patterns were observed on the samples with 3.5nm coating, while those with 5Roh Au
coating did not produce anyikGchi patterns. The 3.5nm to 3.85nm sample could produce

Ki kuchi patterns even after hours of exposur

as a result, been coated with 3.85nm thick layer.
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Figure 35.a. Oxick layer on surface after 3 hours at 1000°C, b. ToFSIMS
oxygen content on surface away from and near theaek.

In- situ SEM uniaxial tensile tests were performed at room tempera&sé, 650, 750
850and 950°Con samplesvithout precracks. 4 samples were tested at 7302(f which
were loaded along the rolling direction and 2 along the transverse directieorabked
samples were tested to establish mechanical properties for future experiments. All the tensile
tests vere performed at the strain rateu® p p 1 7& "‘Qasper ASTM E21 standard for
tensile tests at elevated temperatdmother tensile test was performed at a slower strain rate
of 2.608e4/min, © observe short term creep in the samplé® test matrix is presented in

Table2. Test matrix of tensile experiments
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Finally, fractography was performed to obsethie fractured surfaces andelate the
cracking mechanisms observed at the surface of the sample to those at the cross section and

examine the effects of temperatuand loading conditions on the failure mechanism of the

material.
Table2. Test matrix of tensile experiments

Temperature Orientation Pre-crack Strain Rate
Room Temperature RD No 5.021e3/min
550 RD No 5.021e3/min

650 RD No 5.021e3/min

750 RD No 5.021e3/min

750 RD Yes 5.021e3/min

750 TD No 5.021e3/min

750 TD Yes 5.021e3/min

800 RD No 2.608e4/min

850 RD No 5.021e3/min

950 RD No 5.021e3/min
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[ll. RESULTS AND DISCUSSIONS

a. Microstructural Characterization

Polished saples vere observedind both EBSD andEnergydispersive Spectroscopy
(EDS) analysis were performedhe microstructure of the alloy comprises of an austenitic
matrix with equiaxed grains with an average diamefe48-50um EBSD mappingf as
received sanlp (Figure 36A) showedpresence ofwinning in the material. The density of
twins in the sample increased around thequaeked in case of the notched and cracked sample

(Figure36B). There are lusters of precipitates thaot specifically along grain boundaries.

Figure 36. EBSD maps of A. Polished-feceived sample and Bs received andrpcracked Sampleshowing
twinning around the precrack region

The microstructure of the alloy indicated large clusters of inclgsatigned along the
rolling direction(Figure37). There were also isolaté@dnsgranulaprecipitates. EDS analysis

was performed to establish the composition of the pitatgs.
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Figure 37. Notched and precracked Sample showing clusters of precipitates aligned along Ro
Direction (arrows) B. The clusters are not necessarily along grain boundaries.

Figure38A shows thespectrunof the matrix material confirming the compositioithe alloy.

Most of theotherprecipitates were found to be Nb rich with traces of other elements like Mo
and Ti. The isolatemhclusionswere alsd\b rich precipitates (~m in size)as shown ifrigure

38B. The precipitates that formed the oriented clusters were also Nb richritaithes (M

(C, N)), albeit larger in siz€5- 10em). These also appeared to be cracked, which is due to
rolling. Some othe precipitatesin both isolated and cluster form, contained traces of Ti and
Mo. Boronwas also foundh both types of Nirich precipitategFigure38 B&C). The phase
maps indicate that the clustdrMb-rich precipitates had eoncentation of Mg although not
significant on the spectrumMuch smaller, spheroidal Nb rich precipitations uniformly

distributed through the matrix were also s@eigure39).
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Figure 39. SEM and Phase map showing nanoscaleiblbprecipitates. (Image: Hitachi)

The different SEM scale precipitates observedamalyzechave been tabulated rable3.

Table3. SEM scale precipitates observed in Alloy 7/RB- Rolling Direction

Precpitates Size Location
Nb rich Carbonitridesclusters along RD  5um-10um Transgranular
NDb rich, Isolated precipitations 2-5um Distributed through the
matrix

b. TensileExperiments

i. Tensile Properties.

Tensile tests were performed at train rate ol&2min at 25°C, 650°C, 750°C and
850°C. The engineering stressrain curves for the experiments are as showsnguare41A.
The elastic region of the curves is elaborate#&igure42A. The results of the experiments
conducted have been tabulatedrable4. Yield stress was calculated using the 0.2% offset

method, and the strain is calculated using the elongation data recordbd betup. To
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homogenize temperature within the sample, each sample is held at the target temperature for
20 minutes before loading and the strain at that point considered zero strain to isolate the
thermal strain from the mechanical strain. This wgba¢nsure that any further elongation will

be a result of the loading only.

Table4. Tensile Properties of the Alloy 709 at various temperature. RD: Rolling Direction
Temperature Orientation Yield Stress  Ultimate Tensile Maximum

(°C) (MPa) Strength (MPa) Strain
RT RD 251 624 51%
550 RD 227 594 44%
650 RD 168 519 36%
750 RD 174 368 32%
850 RD 160 269 27%
950 RD 132 132 32%
There i s a decrease in the yield stress of

and then to 30°C (Figure40). The Yield Stress at 650°C is lower than expected and appears

to be an outlier to the general trend over the different temperatinesirop in the maximum
elongation of the sample at rupture ates a decline in the ductility of the materfgllower
temperatures, the material exhibits work hardening as the loading proceeds. This is represented
in the form of a the fdAcli mbo i-straindurge (RT,ast i c
550 and 650°C). At 550 and 650°C, due to the temperature thermal softening also occurs, but

at appears to be dominated by the work @antg. At higher temperatures (greater than or

equal to750°C), we see that thermal softening begins to cancel the effeetslohardening.

The plastic region of the engineering stregsves at these temperatures does not show as
much of a climb. At 950°C, it can be said that no work hardening occurs. The plastic region is

represented by a plateau or a very gradual drop itekcaf the softening.
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Figure 40.A. Trend of Ultimate Tensile Stress(UTS) and YiglekS{YS); and B. Trend of Elongation w
Temperature.

Tensile tests were thaonducted onamples withprecrack These tests are aimed at
investigatinghe nature of crack propagation and to provide baseline mechanical properties for
future creep and credptigue crack growth expenents.The precrackedamples showed a
climb in Yield Strength that could be due to the work hardening effect resulted from the

introduction of the prerack.

Table5. Tensile properties dlloy 709at 750°C along rollinglRD) and transverse directiofD), in samples
with and without pecrack.

Temperature Orientation Precrack Yield Stress Ultimate Tensile Maximum

(°C) (MPa) Strength (MPa) Strain
750 RD No 174 368 32%
750 RD Yes 212 305 11%
750 TD No 138 327 27%
750 TD Yes 164 243 10%

At 750°C, further experiments were conducted to understand the effect of rolling
direction and prerack on the mechanical properti€sgure42B). The samples aligned along

RD are more ductile and showgher yield and ultimate tensile stress than the samples along
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TD. This is indication that the tensile strength is dependent on the orientation of the sample
with respect tot h e rolling process, while Youngos
orientation orm samples with precracKhe vyield stress of the packed sample is higher

than that of the samples with no fmeack. This is due to the work hardening caused during

the process of preracking. Increased density of twinning is observed around therack

area. The effect of this work hardening is observed in samples from both orientations, RD and
TD. Since the prerack reduces the effective cressction of the sample, the maximum
elongation at rupture is only 11% for samples tested along Rolliregtizin and 10% along

Transverse Direction.
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ii. Serrated Plastic Flow

Serrations observed in the plastic regiorstiressstraingraphs ofAlloy 709 Tensile

Tests These are characteristic signs of Dynamic Strain Agiigute 43). In case of the

sampl e

antl 656°Gtleeserations are more prominent. These serratiopsiararily

Type B At 750°C also, theappear to béype B The serrations were observed in samples

tested along both the rolling diremti and transverse directioithese serrations are an

indication of the work hardening as a result of interaction between solute atoms and mobile

dislocations.
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Figure 43. Serrations observed at 550°€50°C and 750°C at 5.0243min
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The critical strain at which the serrations begin to appear increased with increase in
temperaure from 550°C to 750°C. At 550°C, the serrations appear at 2.6% strain while they
appear at 4.1% strain at 650°C and at 4.5% strain at 750°C. At 550°C and 650°C, theserration
are observed fronthe critical strain till failure. In case of 750°C, follomg an instance of
relaxation due to pausing the experimentapture SEM imageshe serrations disappeared
(15%strain. This indicates that the onset of serration is delayed aehigmperatures. The
serration in austetic stainless steel is primayitiue to interactiotnetween solutatoms such
as C and Nand dislocations’. These types of interactions arelicated by the Type B
serrations. Mannan et al, concluded that disappearance of serration could be corelated to the
precipitation activity in tB material. Precipitates such as carbides wbakk depletedhe
interstitial solute atom carbon. This means no solute dtonobile digocation interactions
can occur®’ Thisis likely why serrationis not observed aI50°C aftera certain period / at
temperatur@above750°C. Serration was also observed at 800°C during tensile test at a slower
rate, indicating DSA can be extended to higher temperatures by decreasing the strain rate.
Furthermore, unlike reported in theseaof 3162, ultimate stress did not plateau in the range

of temperatures where such serrations were observed.

iii. In-situ SEMSurface Deformation Observations

Tensile test aRT,550°C and 650C:

In-situ SEM images of the sgle surface provide insights into the deformation
regimes in the sample during loading and heating, the nature of crack propagation and changes
in grain morphology. In the test conducted at room temperature and 550°C, deformation is

accommodated in the mgle primarily via the formation of slip bands in the ma{figure
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44). At higher strains, the density of the slip baimiseasesand more than one slip system
areobserved in some grains. EBSD mapping wasoperéd at 3%, 11.7% and 32% stram

tensile samples tested at 550e Euler maps can be used to identify grains and changes in
their shapes and orientation. Some grains have been numbered and lettered asKigove in

4%a, c and e). In this figure, Grain#1 is a large grain with several sub grains within it. As the
sample is loaded, the grain undergoes elongation along the direction of loading. Subgrains
within the grain #1, however, do not undergo significalitngation. Elongation is also
observed in Grain#2, Grain #3 and Grain #4. Grain #2 elongates along the loading direction.
Slip bands are apparent in the grain and these cause the constrained grain to rotate slightly.
Slip system oriented along the sadiection are observed in Grain #3, as indicated by arrows

in Figure46. The lettered grains are smaller in size. These appear to have not been affected by

the loading as the larger grains. Grains a, b and cemaitbngate nor rotate.

Figure 44. Dense slip bands and Plastic separation at tl
grain boundary in sample at 550°C.
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Misorientation within the grains can be identified by the Inverse Pole FigirExs
The IPF maps shown irigure45(b, d and f), indicate the orientation of the grains parallel to
the Normal Direction(ND). The IPF map at 3% strain shows no colour gradation within the
grains. It can be seen, that at higher strains, there is marked colour gradation in the larger grains
#1, #2 and #3. This indicated that there is-naiform orientatiorwithin the grains due to
deformation. In the smaller grains, no such gradation could be observed. Slip systems also are

activatedmuchlater in the smaller grains when compared to the larger ones.

Figure 46. SEM Image of the same locationragure 45. WhiteArrowsindicate dense slip
systems. Blaclrrows indicate intergranular crack initiation site€ircled regionindicating
the void formation around precipitates.

Intergranular cracks were observed on the surface &€53biese micro cracks were observed

at grain boundaries and sub grain boundafegufe46). Some crackingan be seearound
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the cluster of precipitates, as indicated by the yellow arrdwg. microcracks orieted
perpendicular to the loading direction are larger and more prominent than the ones aligned
along the loading directiofindicated by black arrows iRigure46). These microcracks later
undego plastic grain bondary separation, as indicatedRigure47. Dense network of slip

and twin (Yellow Arrow#1) can be seen on the surface. This is the dominant deformation

mechanism.

8U3500 10.0kV 26.6mm x850 SE

Figure 47. Plastic grain boundargeparation at the intergranular micre
cracks. Tensile at 550°C. Twin 2. Cracked isolated precipitate and 3.
Oriented clusters of precipitates with voids.

Additionally, small voids around the precigia can be seegdllow arrow #2 Figure
47 andFigure48A). The voids were not observed to grow under loading, but could accelerate
the crack upon interaction. At thesemigeratures, the micro cracks and voids around
precipitates were not the dominant deformation mechan@rack initiation sites were
observed in regionshere different slip systems interact and form a tangle, as shdviguire

48p.
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Figure 48. a. Voids around precipitates observed in sample text880°C. Tensile at 650°C b.
Interaction of slip systems leading to crack initiation at center.

At 550°Cand 650°C following necking ofthe sample, the crack initiation took place
at the edge of the samplt 550°C, he crack initiatiorappeared to be due to timeraction
of slip systems at the edgdmut in fact was intergnular crack initiationThis was confirmed
during the fractography discussed later. At 650°C, the intergranular crack initiation sites are
clearly visible on the surfact Figure49, the crack initiation isntergranularbut it converts
to a transgranular crack with plastic deformation around thedtpr on, his crack propagated
in atransgranulamannerthrough the width of the sampl&igure50). The final separatn

took place via shearing.
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Figure 50. (Left) Crack initiation at the edgéRight) Trangranular Crack ahead of the intitaion site. The Lin
drawn show the cigs slip within the matrix surround the crack. Arrow pointing to plastic separation around
transgranularcrack propagation.

67



Tensile test at 750 and 88D:

At 750eC and above, there is a shift in
which coalesce to form micro cracks at grain boundaries are observed first. The voids are
formed due to gran boundary sliding, and indicate creep interactibhese voids were
observed at grain boundaries first and later could be observed at twin and sub grain boundaries.
At higher strains, slip bands appeared in the gfigure51 shows a grain with precipitates
within. At 9% strain, only microcracks at the boundaries are apparent. The surface of the
sample also appears to be flat. At 20% strain, the surface topography has changed. Slip systems
have been activated atliese dominate the deformation mechanism. Elongation ofréie g
is observedand the grain also appears to heotated aligning itsel§lightly along therolling
direction It is evidence that slip is the dominant mechanism here. Moreover, no significa
growth in the micrecracks has taken place. It was observed thatsémeples cut along
transversdo therolling direction samples analong therolling direction samples exhibited
similar deformation mechanism and showed shift in the deformation nisghan similar
strain levels. It can therefore be said that the deformation regimes exhibited are independent

of the orientation of the sample.
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Figure 51. Surfaceof sample at 750°C (TD) at 8.9% and 20% strain showing shift in the deformation mec
from dominant intergranular cracks only to dominant slip systems and micro cracks

Pre-cracked Samples:

The precracked samples show almost instantaneous crack propagatiooyepali
similar deformation regimes are observed. During heating, prior to loading, the sample first
begins to show voids at the grain boundariegure52). TheFigure53A shows the praack
tip and voids at the grain boundari@sior to loading One of the grain boundariegarthe
crack tip has been highlighted using red dashed line overlay. It is seen that the crack
propagation, on loadings transgranular despite being in close jproty to this grain
boundary(Figure53). The crack continues to propagate in an almost strliighpath. Slip
bands and cross slip can be seen around the crack and ahead of the crack tip. Therefore, the
crack popagation is being accommodated via slip. At some instances, microcracks that grew
into macrocracks, accelerated or deflected the crack paime54 provides a closer look at
the region around the crack, withige around inclusion, grain boundary cracking and dense

slip bands within the grains.
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Figure 52. (Left)lEBSD Euler map with marked areas of wit crack tip before loading(Right) SEM image 1
the crack tip at 750°C before loading. Precracked TD sample at 750°C
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Figure 53 Crack propagationn precrack Alloy 709 along TBt A. 1.8%strain, B. 3.2% strain. Red dash
line indicates the grain boundary in the crack tip vicinity. a€5.6%strain, arrows indicate microcracks at
grain boundaries and subgrain boundaries. D. at 8.9% strain, slip bands ahead of the crack patl

SU3500 15.0kV 31.5mm x850 SE

Figure 54. Region close to crack with dense network of slip (Red arrovasy@ids around
inclusions (black arrow)
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Tensile at 850°C:

At 850°C, the behaviour of the sample was observed to be similar to that observed at
750°C. Voids formatiomt grain boundarycoalescence, migrcrack formation was observed.
The deformation mechanism skifirom intergranular crack$rmation at lower strainto
activation of slip bandsat higher strainThere were small cracks originating near the grain
boundaries growing in to the grainthesesmall cracks, although transgranular, originated
close to the grain boundaridsgure55). This is perhaps due to the nanoscale, needle shaped

precipitates that were observed at grain bouedagrowing into thgrains.

SU3500 20.0kV 25.1mm x470 S

Figure 55. Surface of the sample at 850°C. Inset shows the small trangranular cracks (v
arrows) originating from the grain boundaries and directed into the graireled regionshows
the microcrack with plastic grain separation around it.
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A characteristic feature observed in samples that are tested at higher temperatures was
the intergranular crack initiation sites at edges of the sample. Such intergranular cracks were
observed in samples testatl 750°Calong both RD and TDThese were also observed in
sample at 850°C and 950°C. Intergranular crack initiationneasbserved in the precracked
samples. Multiple one of such intergranular cracks appear at the edge of the samples tested at
750 and 85fC. One of these cracks prop&sh across -R grains before it turns into a
transgranular crack path and continue across the entire width till complete failure of the sample

(Figure56).
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Figure 56. (Left) Intergranular crack initiation at the edge. (Right) Trangranular crack propagation.

Tensile at 950°C:

The sample at 950°C showed markedifyerent behaviour than the rest of the temperatures.
The Engineering StresStrain curve shows that the sample reaches a maximum stress
(132MPa),and soon after the yield poidtops and reaches an almost plateau in stress as it
elongates. This meansethiltimate tensile stress of the sample at 950°Calvasstthe same

as the yield stresSerrations were not observed at this temperafime Euler map and Inverse
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Pole Figure (IPF) along the Normal Direction (N&% inFigure57. The Euler map shows

that there is no elongation or rotation observed in the grains. Grain texture and misorientation
in the grains also are not affected by increasing in stidiis is an indication that slip
mechnisms are not dominasitice slip activation would result in elongation and rotaion of

grain. Instead, features similar to creep are observed, with grain boundary void coalescence.
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Figure 57. (Left) Euler maps showing no significant elongation dation in the grains, B. The IPF
mapsalong NDshowing no misorientation within the grain
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