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ABSTRACT:

Inconel 617, PM 2000 and MA 956 are alloys recommended for out-of-coctus#l
materials for SFR and VTHR systems. The high temperaturendation for the alloys
has been investigated for strain rates varying forn? i® 10° s* at 800°C and
1000°C.The microstructure of the inconel 617 showed increase in grainasize
secondary phase precipitates with increase in temperature apdsiem strain rate. The
AFM/SKPFM technique measured a surface potential of 389.79mv for thstrEn rate
compared to 103.11mv for the 18train rate hence implying that damage accumulation
can be monitored using this non-invasive technique. The creep deformation was
investigated for PM 2000 and the secondary creep rate was found to be 3% The
morphology of the ODS particles varied as well as the composidowever, pinning of
the dislocations and particle fracture was observed. The fritiorwelding of the MA
956 was successful but contamination of the weld by the tool resnltal increase in

hardness from 240 kg/nfrto 375 kg/mm.
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Chapter I: INTRODUCTION
1.1.Nuclear Energy (Overview)
According to the International Data Base (IDB) provided by th8 Census
Bureau the world’s population is expected to increase from 6 billion (nowadays

about 9 billion people by 2050. Figure 1 shows a plot of population versus years.
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Figure 1: shows the population growth in 2050.

This surge in population growth will eventually lead to increase maael for energy
especially as the standards of living such as literacy, lorifgerekpectancy, and
opportunity improves globally. The expanding demand of energy espec@igdays
will mean; increase in use of fossil fuels such as coal arn(thail we are running out of),

and increase in adverse environmental impacts such as pollution dubdo deoxide
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emissions. Therefore, solution(s) to this growing demand for gremg needed and
factors such as abundance of supply, environmental effects, sfetygncy and cost
need to be at the forefront of all energy discussions. Fortunatelygfdhe solutions that
can help address the energy demand is alternative energy solinesg alternative
energy sources comprise of wind power, solar, geothermal, nuclear,hioegls, and
hydroelectrié . Although the science behind these energy sources is sound, thiocosts
developing these technologies are still a factor in hindering th@éuption of energy.
However, for nuclear energy, the case is slightly differemigared to say solar, because
it's already been used heavily for energy production and hencertiidem here is
improvement of efficiency of the current technology.

As of today, there are a total of about 439 nuclear power plants wahe’.
These power plants generate about 15% of the world’s totalielycwithout emitting
any greenhouse gases. Also, according to the U.S. nuclear enesgycheadvisory
committee (NERAC) and the Generation IV International forunFj&002 document,
future generations of nuclear reactors will be able to recypént nuclear fuel for
enhanced efficiency and also generate other energy produdtsasubydrogen. The
generated hydrogen from the nuclear plants could be used in petreteuament and as
transportation fuel. Another example given was the desalination ef waareas where
there are shortages in fresh water exists. Other beneMsiad¢ar energy include; low-
cost nuclear fuel due to the availability of Uranium (Inexpenso mine and world’s
reserve are estimated to last for hundreds of centuries) amdittesr waste is highly

compact hence allows for efficient transport and storage cothpasay carbon dioxide



that is currently been generated by most energy production plastisas Coal power

plants.
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Figure 2: Shows the worldwide uranium resourcezatiion and the need for advanced nuclear redctors

However, the biggest problem nuclear energy faces (even thoubketscurrently used
for generating power) is safety (due to accidents) and sec(ditg to nuclear
proliferation or terrorism).

As accidents are concerned, the most recent and most seriousitinveedethe
1986 Chernobyl (Ukraine) nuclear radiation catastrophe which left thdsisaf
residents, livestock and agricultural production exposed to the nucleatioadall-out
both directly and indirectly. The worst part of that accident thasfact that the areas
directly affected by the radiation fall-out remained inhabéafolr several years, so if
such incident were to occur in densely populated areas of the wonwduid create a
pandemonium. Also, transportation of both nuclear fuel and waste bytcurethods

(trucks and trains) across states, and countries increasdwatiwes of accidents to occur



hence limiting the support of the technology by the population. Asdasecurity is
concerned, the fear of nuclear technology falling into the hantisrofist increases the
skepticism in amplifying the use of the technology. Other disadvesitexglude; large
capital investment involving containment structures, emergeesponse, and the
difficulty of long term storage of radioactive waste for eactlear plant developed due
to restricted available areas that could be use for the storage of the waste

Despite all the disadvantages, the need for clean, sustainable andarib
sources of energy is a must in order to solve the current and @uisissand therefore,
with improvements on the technology, some if not all the disadvantagdse taken care
of (lack of a better word). An example of such resolution is gtabéshment of newer
generations of nuclear reactors which would be more efficiebuining its fuel (by
recycling the waste for more energy hence reducing the ansbuvdiste material) and
using better structural materials to improve safety, reliability andterance cost.

Figure 3: shows the amount of spent (waste) nuclear fuel generated lyreat auclear

systems over tinte As we can see, with the introduction of fast reactors, we can

considerably lower the amount of spent fuel by recycling it hemaking the process

more efficient.
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Figure 3: Showing amount of spent fuel generatedrine$.

Nuclear reactors can be categorized or classified dependinghentype of
nuclear reaction, the coolant, moderator material, phase of fuel,yatind luse, but the
classification method used by the Nuclear Energy Regulatory and@&ghvCommittee
(NERAC) is by generation. This is because such classiicdtelps in illustrating
advancements of the technology over time.

So far there are four generations of nuclear reactors, and thetlateare
currently operational in the world are generation Il and Ill. Gien | was more of an
early prototype reactor and was mainly used for research in thetd3fbut the mid
1960’s, while generation Il and Il were used for commercial powenefagéion Il was
made operational from then on to about the mid-eighties whereasagandll was
made operational from the mid-eighties till today. The diffeesrizetween generation Il
and Ill were mainly due to upgrades in the safety featurds tiwé core design staying

identical.



Generations of Nuclear Energy
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Figure 4: Shows the Generations of Nuclear reattors
The generations I, Il and lll nuclear reactors mainly usedrwatethe liquid

phase and gas phase respectively known as boiling water and presaatiegdas the

primary coolant and as a medium for the transfer of the enevgythie heat-generating

nuclear core to the turbines which generate electricity or powdn intermediate

nuclear reactor, named generation lll+, also a water reastourrently been licensed

and built®. This type of nuclear reactor will be different from the erigigeneration I

due to the fact that no pumps will be used in the primary circulatiaimne primary

coolant in the internal reactor vessel hence reducing the need afowhst and

maintenance of these pumps which makes it less time consumimngstneffective. The



last and most revolutionary generation of nuclear reactors is ttegag®n IV. This new
generation of nuclear reactors will involve six types of systarmich were selected by

the international nuclear scientists to accommodate the rangéiaiatanterests of the
generation IV International Forum (GIF) countriés Although this generation is
currently in the research phase (expected to be licensed and built between now and 2030
scientists around the world as well as the U.S. department afyeakéragree that these
nuclear reactors will be able to improve efficiency, sustairtgpiiafety, reliability,
proliferation resistance and cost effectiveness far bettertiiegcounterparts will ever

achieve.

1.2. Goals of Generation IV Systems Compared to their Counterparts

According to the Subcommittee on Generation IV technology plannintpeof
U.S. Department of Energy’s Nuclear Energy Research Advisomymittee (NERAC)
and the GIF, there are four major areas with eight goalgémaration IV nuclear energy
systems must be able to accomplish in order for the technaldag successful. These 4
goals areas include; Sustainability, Economics, safety andbitelyi, as well as
proliferation resistance and physical protectfon
Sustainability: The nuclear systems will have to provide sustainable energghwiill
have to meet the clean air objectives, effective fuel utibmaind promote long-term
availability of the systems for worldwide energy production. Alke,systems should be
able to minimize their waste and therefore protect the envinohagewell as the health

of the community.



Economics The Nuclear systems should have a long and clear life-cgdt advantage
over other energy sources and also, have a level of financiatamkarable to that of
other energy sources.
Safety and Reliability: the systems should exceed the previous operations in safety and
reliability, have a low degree of reactor core damage and redatienanate the need for
offsite emergency response.
Proliferation resistance the systems should increase the assurance that theft of
weapons-usable materials is unlikely, and provide evidence of indrgasgsical
protection against acts of terrorism.

All'in all, these minimum requirement goals set by the RER& members of the
GIF, helped scientists pin point the six types of reactor sygsteat satisfy or exceed the
energy expectations generated by this technology. A summattyeoDverall goals is

shown on figure 5.



4 Goal Areas

8 Goals

15 Criteria 24 Metrics

SU1 Resource Utilization —— SU1-1 Fuel Utilization = Use of fuel resources
Sustainability - Waste mass
SuU2-1 Waste minimization - Volume
= Heat load
Su2 Waste Minimization = Radiotoxicity
and Manage ment
SU2-2 Environmental impact = Environmental impact
of waste manage ment
and disposal
EC1-1 Overnight construction costs——= Overnight construction costs
EC1 Life Cycle Cost ECG1-2 Production costs - Production costs
EC2-1 Construction duration = Construction duration
Economic
EC2 Risk to Gapfraf—EECFT Overnight construction costs——= Ovemight construction costs
EC2-1 Construction duration = Construction duration
—— SR1-1 Reliability - Forced outage rate
— SR1 Operational ——SR1-2 Worker/public - routine - Routine exposures
Safety and exposure
Reliabifity
—— SR1-3 Worker/public - accident - Accident exposures
exposure
Safety and __| SR2-1 Robust safety features: [ Relane ﬁ‘;f;"g&?"r’ggv ol
Reliability L
— SR2 Core Damage

SR2-2

= Dominant phenomena -
uncertainty

= Long fuel thermal response time

- Integral experiments scalability

well-characterized models

= Source term

— SR3-1 Weli-characterized source y
| sr3 orfsite termvenergy |+ Mechanis ms for energy release
Emergency — .
Response | sR3-2 Robust mitigation features : tggg gggfgﬁgéﬁ;ggfégg”
o N [« Separated materials

Proliferation PR1 Proliferation ——PR1-1 SUSCEprbey to drv:ersron or—m-, Spent fuel characteristics
Resistance Resistance undeciared production -
and Physical and Physical
Protection Protection ——PR1-2 Vuinerability of installations ——- Passive safefy features

Figure 5: Shows the summary of the overall achiemrgoals for the Generation IV Nuclear Syst€ms




1.3 Types of Generation IV Nuclear Reactors

The six types of generation IV nuclear reactors systemsdacbas cooled Fast Reactors
(GFR), Very High Temperature Reactors (VHTR), Super €iitivater cooled Reactor
(SCWR), Sodium cooled Fast Reactor (SFR), Lead cooled FastoR€BER) and
Molten Salt Reactor (MSR). Figure 6 shows the differentsygfegeneration IV systems

and their acronyms.

Generation IV System Acronvm
Gas-Cooled Fast Reactor System GFR
Lead-Cooled Fast Reactor Svstem LFR
Molten Salt Reactor Svstemn MSR
Sodimm-Cocled Fast Reactor System SFR

Supercritical-Water-Cooled Reactor Systemm SCWER
Verv-High-Temperature Reactor Svstem VHIR

Figure 6: Showing the acronyms of the nuclear syste

The six systems were selected due to the fact that they aelgcp@dress the missions of
electricity generation, heat and hydrogen production, actinideagement, versatility,
and cost effectiveness for the various interests of the GIF @esinfihe description of

each system is given below.



1.3.1 Type 1: The Gas Cooled Fast Reactor (GSR)

The Gas-Cooled Fast Reactor (GFR) system features aefaistbn spectrum, helium-
cooled reactor with a closed fuel cycle. The system operatlesawioutlet temperature of
850°C using a direct Brayton cycle (or joule cycle, is a constadspre cycle) gas
turbine. This high outlet temperature makes it possible to deligetrieity, hydrogen, or
process heat with high efficiency. The full actinide recyuakd cycle will minimize the
amount of spent (waste) nuclear fuel or long lived radioactiveéewas transportation
and storage hence minimizing the possibility of accidents #isaweproliferation. The
GSR system is the top ranked system amongst all and is testitoabe deployed by
2025. A summary of the parameters for the GSR system is showmblernltaelow. A
schematic diagram of the GSR is shown on figure 7.

Table 1: Showing GSR paramet@rs

Reactor Parameters Reference Value
Reactor power 600 MWth
Net plant etficiency 48%
(direct cycle helinm)
Coolant inlet/outlet 490°C/850°C
temperature and pressure at 90 har
Average power density 100 MWth/m3
Reference fuel compound TUPuC/S1C (70/30%)

with about
20% Pu content

Volume fraction, Fuel/'Gas/S1C 50/40/10%
Conversion ratio Self-sufficient
Burnup, Damage 5% FIMA: 60 dpa
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Figure 7: This diagram illustrates a schematic ephof the GSR systerh



1.3.2 Type 2: The Lead Cooled Fast Reactor (LFE)

The Lead-Cooled Fast Reactor (LFR) system featured-adasron spectrum with a lead
or lead/bismuth eutectic liquid-metal-cooled reactor. The fuel issedcombination of
fertile uranium with nitride. The LFR is cooled by natural coneectwith a reactor
outlet coolant temperature of 550°C, with the possibility of reactengperatures of
800°C with the use of advanced structural materials. The systatasigned for the
production of hydrogen as well as the generation of portable \Widteroptional features
of the LFR are designed to meet market opportunities for @iegtproduction on small
grids, and for developing countries that may not wish to set up & fieelacycle
infrastructure to support their nuclear energy systems. idgaomplications, the LFR
will be ready to be deployed in 2025. A summary of the parameters for Bigydtem is
given in the table 2 below. A schematic diagram of LFR system is shown in figure 8.

Table 2: Shows the different LFR options as well as the individual parafieters

Reference Value

Pb-Bi Battery Pb-B1 Module Pb Large Pb Battery
Reactor Parameters (nearer-term) (nearer-term) (nearer-term) (far-term)
Coolant Pb-Bi Pb-B1 Pb Pb
Outlet Temperature (°C) ~550 ~550 ~550 750-800
Pressure (Atmospheres) 1 1 1 1
Rating (MWth) 125400 ~1000 3600 400
Fuel Metal Alloy Metal Alloy Nitride Nitride

or Nitride
Cladding Ferritic Ferritic Ferritic Ceramic coafings
or refractory alloys

Average Burnup ~100 ~100-150 100-150 100
(GWD/MTHM)
Conversion Ratio 1.0 d=1.0 1.0-1.02 1.0
Lattice Open Open Mixed Open
Primary Flow Natural Forced Forced Natural
Pin Linear Heat Rate Derated Nominal Nominal Drated
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1.3.3 Type 3: The Molten Salt Reactor (MSR}:

The Molten Salt Reactor (MSR) system produces power by meairswfting a molten
salt-fuel mixture through the graphite core channels. The fuelnsxture of molten
sodium, zirconium, and either uranium or plutonium fluorides. The heat gaherdte
molten salt is transferred to a power conversion system bypsmaaintermediate heat
exchangers and secondary and tertiary coolant systems. Tha $ystea coolant outlet
temperature of 700°C, and can possibly be optimized to give up 800°C for dtem be
thermal efficiency as well as hydrogen production. The lowatjmey vapor pressure of
the molten salts reduces the amount of stress exerted on thé aredgaipes, hence
increasing the life cycle of the reactor system. Exped¢gibyment date for the MSR is
2025. A summary of operating parameters for the MSR is givenbten 3a A schematic
diagram of a MSR system is shown in figure 9.

Table 3: Showing operating parameters for MSR sysStem

Reactor Parameters Reference Value

Net power 1000 MWe

Power density 22 MWith/m®

Net thermal efficiency 44 to 50%

Fuel-salt — inlet temperature 565°C
— outlet temperature 700°C (850°C for

hydrogen production)

— Vapor pressure <0.1 pst

Moderator Graphite

Power Cycle Multi-reheat

recuperative helium
Brayton cycle

Neutron spectrum burner Thermal-actinide
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Figure 9: Schematic diagram of MSR systém



1.3.4 Type 4: The Sodium-Cooled Fast Reactor (SFR)

The Sodium-Cooled Fast Reactor (SFR) system features aefasbn-spectrum with a
closed fuel recycle system. The reactor is sodium-cooled angrimsry task is the
management of high level waste, notably plutonium and other actinidefudltaptions
used here are; a mixture of uranium-plutonium-zirconium metal alop blend of
oxides of plutonium and natural uranium called MOX and the overall apgrat
temperature is approximately 550°C. The SFR is capable of corngwaimost all the
energy contained in the natural uranium hence making the nucléamsysry efficient.
Also, the overall system is versatile enough that it could be ipuudrious sizes, which
helps in maintaining the expanding demand for endrgportant safety features of the
system include a long thermal response time, a large margiaotant boiling, and a
primary system that operates near atmospheric pressure. Hotheveeaction of sodium
with both air and water are extremely violent hence necesséety nets are required to
prevent such reactions to occur. With innovations to reduce capitaltitesgFR can
serve markets for electricity. The SFR is expected to lpoged around 2015. A
summary of operating parameters for the SFR is givenlida #a A schematic diagram

of a SFR system is shown in figure 10.
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Table 4: Showing operating parameters for SFR syStem

Reactor Parameters

Reference Value

Outlet Temperature
Pressure

Rating

Fuel

Cladding

Average Burnup
Conversion Ratio

Average Power Density

530-550°C

~1 Atmospheres
1000-5000 MWth
Oxide or metal alloy
Ferritic or ODS ferritic
~150-200 GWD/MTHM
0.5-1.30

350 MWth/m®

|
Control
Rods
I I I I E!cﬂlrrfgnr

Figure 10: Shows schematic diagram of &R



1.3.5 Type 5: The Supercritical-Water-Cooled Reactor (SCWRJ

The Super-Critical Water cooled Reactor (SCWR) system lggh temperature and
pressure water-cooled reactor that operates above the thermodyeréroal point of
water of 374°C and 22.1 MPa. The supercritical water coolant enabliggermal
efficiency of about 44% which is higher than current Light WRteactors (LWR) which
have about 33-35% efficien€y Also, the SCWR compared to LWR, offers a reduction
in size and in some instances complete elimination of componentasymimps, pipes
and overall associated equipments due to a lower-coolant mass figwinege a higher
enthalpy content can be obtain for the same amount of pumping power. riroritnehe
design of the plant can be considerably simplified because the cdokesithot change
phase in the reactor and therefore operating costs are testitnde about 35% less than
current LWR$®. The SCWR system operates with a pressure of about 25 MPa with
reactor outlet temperature of 510°C which could possibly range 6pQ%C. The fuel
used for this system is uranium oxide. The SCWR system is figintgesigned for
efficient electricity production, with an option for actinide mgement. It is expected to
be launched in 2025. The summary of operating parameters is showblerb.taA
schematic diagram of SCWR system is shown on figure 11.

Table 5: showing a summary of operating parameters for SEWR
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Figure 11: Schematic diagram of SCWR system
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1.3.6 Type 6: The Very-High-temperature Reactor (VHTRJ?

The Very-High-Temperature Reactor (VHTR) is an evolutionary developofi¢he high
temperature gas-cooled reactor. It is a graphite-moderated, hadioied reactor with a
thermal neutron spectrum. It is designed to be a highly effiberstupplying electricity
and process heat to a broad spectrum of high temperature and iatengive processes.
The reactor coolant outlet temperature of about 1000°C enables addappi@ations
such as hydrogen production and process heat for the petrocherdicstty. The VHTR
technology is ground-breaking in that it can efficiently producedgein from heat and
water by using the thermo-chemical iodine-sulfur process or high temyeedtctrolysis
process. This technology is being advanced through near or medium term prapbtig le
several plant vendors and national laboratories, in countries sucuts/8rica, Japan,
France, and South Korea. The deployment timeframe for the VH&BRoist 2020. Table
6 shows operating parameters for the VHTR system. Figure 12sshoschematic
diagram of a VHTR.

Table 6: Summary parameters of VHFR
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Figure 12: Schematic diagram of VHTR systém
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In general, Generation IV nuclear reactors require high opertgimgeratures in the
range of 500-1000°C, and use different varieties of coolants. The dti¢he advanced
reactors will have high burn up capabilities and fast neutron spethre structural
materials of Generation IV reactors will be exposed torsegavironmental conditions
including degradation of the structural materials primarily dmeexposure to high
temperatures, irradiation damage, and interaction with serviceroaments. The
exposure to high temperatures and irradiation damage are comnibretx®rs but the
interaction with service environment is reactor specific. An gtans the interaction of
the structural material with liquid metal and lead-bismuth coofantsoth SFR and LFR
systems respectively. This type of interaction usually resultsaching of the alloying
elements of the structural material and hence increaseschtheces for material
degradation over time. Table 7 shows a summary of the different frggéants and
materials that would be used for each of the generation IV nuclear systems

The high temperatures, irradiation damage, and service environmeractions
are problems that have to be taken into account when selectingubieirsir materials
generation IV nuclear systems in order to ensure high level &nggroductivity of the

reactor as well as its efficiency.
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Table 7: Summary of the fuel and materials recommended forr&emelV Nuclear

System?’.
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1.4. Issues faced by Generation IV Nuclear Systems

The generation IV nuclear systems are expected to operdietemifperatures ranging
from 5501C to about 1008C and have higher amount of neutron doses generated from
the reactor core. These operating conditions will exert sevegeadbtions on the
structural components thereby reducing their operating lifeesyahd increasing the cost
of maintenance for these components. Some of the common issues facat by
generation IV nuclear systems include; irradiation damage, lagipdrature creep-
fatigue degradation, and environmental interactions of the structural nsateria
Irradiation damage occurs when the neutrons released fronsglonfreaction in
the reactor core comes in contact with the structural magrthchanges its mechanical
and micro-structural properties. Irradiation causes either haglemi softening of
materials. For example, in steels, increase in irradiatioeesastrain hardeniffy hence
material becomes brittle and can fracture or crack eaRlilg irradiated neutrons impact
the structural material and create defects as well ascdigbns that help increase the
overall stress of the material (yield strength) hence ngakinose it's ductility. This
change in property renders the surface of the material more poocracks due to the
thermal stresses induced by the temperature gradients, anmfatigae interactions.
However if the irradiation causes softening of the materiaaimg decreasing the yield
strength of material), the material deforms plasticallg faster rate and hence leads to a
catastrophic failure. In any event, the material degradationasesewith increase in

neutron emissiot.
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Creep degradation occurs materials slowly deform permanda#iyto a steady
stress load whereas Fatigue degradation occurs when the permdaf@mbation is
primarily due to a cyclic stress load. In both cases, thesstoasl could be thermal
stresses caused by temperature gradients, or could be mechapgsds due to tension,
torsion, and so on. In most occasions, the failure is caused bybmnedion of creep and

fatigue interactions. Figure 13 shows an illustration of creep-fatigaecttons.
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Figure 13: showing the creep, fatigue and credptfatinteractions.

Creep and fatigue deformation both occur in three stages. Stagallyugferred to as
crack initiation or nucleating sites which occurs along persistenband or areas of
high strain in materials such as grain boundaries or point deféeate B is referred to as
propagation stage, because that's when the material staiastaally deform and the
crack starts propagating rapidly through out the materiajeStil is generally referred to

as catastrophic failure due to the excessive fractures pnweghint the material. Figure
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14 shows a generalized illustration of Stage | and Il. Figure 15sshayeneralized plot

for the creep and fatigue growth behavior.

Figure 14: lllustrates the various ways in whichals are initiated and the propagation stages

in both Creep and Fatigue deformatitns

Figure 15: showing secondary creep rate curve irmiads®
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Environmental interactions of the structural materials with aimtsl and gases overtime
results in formation of compounds or depletion of alloying elemdms leads to;
increased corrosion rate, deterioration of mechanical propertres, liquid metal
penetration as well as gases into the structural materiaéxaonple, interaction of liquid
sodium and alloy 304SS (ferritic alloy) results in leachingthed elements such as
chromium and nickel, as well as transfer of elements such as mgxggdrogen and
nitrogen to the surface of the structural material. These ati@na are anticipated to be a
key problem mainly for SFR, MSR, and LFR nuclear systems.

Figure 16 shows liquid sodium and alloy 304SS after been exposed for BOGE0at

823K and further 20000 hours at 873K.

Figure 16: Showing leaching of Alloy 304SS afteinigeexposed to Na for 80000 h at 823 K

and further 20000 h at 873K

All in all, these issues faced by the generation IV nucleaemsyscan be addressed by
either selecting high grade resistant alloys for the compgranity using less expensive

alloys and constantly monitoring them. The latter is less ddsichue to the fact that the
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cost of maintenance (detection and repair) will be high, and tleirgnof scheduled
shutdown of operations will also be high, hence making the processfieent. On the
other hand, selecting high grade alloys is quite expensive and avsilabiiewer, but

less monitoring and maintenance are required hence making the procesfiment e

1.5. Candidates Materials for Gen IV Nuclear Systems
The Generation IV nuclear systems will face harsher opgratmvironments than their
current counterparts; therefore, better materials are neededen for the systems to
withstand these operating conditions and function properly. Some candidtggai
were proposed for the in-core and out-of-core components of theregstems based
on each individual nuclear system’s operating conditions as welhasdifferent
challenges each system would face.

The GFR will have to withstand high neutron doses and endure tempgrafture
up to 160dC in accident situations, hence Ceramic materials such a3 iSiOMgO and
intermetallic compounds such as Zr3Si2 (fast neutron reflectog reeommended for
in-core components and metal alloys such as Nickel-basedijctenartensitic, some
austenitic steels and Fe-Ni-Cr-base alloys were recommerided out-of-core
components (pipes, heat exchangers, valtes)

For LFR, the material to be used for cladding is top pridoggause the cladding
material will exposed to the Pb or Pb-Bi coolant on one side andixleel mtride fuel on
the other side. In addition, the LFR will have a fast neutron enwieoh and the

operating temperatures could attain &D0The recommended materials for cladding

include; SiC or ZrN composites (refractory alloys) for opegatonditions of 804C, but
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could use standard ferritic steel for operating temperatureabofit 55@C. Other
components could use coatings, ceramics, and high temperaturac(f@ndt nickel
based) alloys that are currently been used for aerospace and gasturbines

For MSR, Nickel based alloys such as INOR-8, Hastelloy Bl,&and Inconel,
have been proven to be suitable for the structural materialee @he corrosion-resistant,
weldable, and generally tolerate operating temperatures of about 7@0WC-
(depending on type of material and salt usedjor the non-graphite based MSR systems
(graphite used as neutron moderator), the nickel based alloys vedinséive to helium
induced embrittlement under irradiation. This problem can be solvaddgg up to 2%
titanium to the alloy.

Just like the LFR, the SFR key structural material wilthee cladding material.
The suggested alloys for use here is a 12% Cr-ferritid, steéably oxide dispersive
strengthened steel (ODS). This was chosen because of itsedl¢éeatperature strength,
thermal properties, thermal conductivity, and low thermal exparefficient. Other
structural components such as pipes can also be made from the same classaté.mater

With regards to the SCWR, the uniqueness of its environment (ircadiaith
temperature and pressure in the ranges of interest) asasvélle lack of data has left
scientist with no confirmed recommendations for the class of alloys that coussttdor
this system. Some potential candidate materials to be used fothsothal and fast
neutron spectrum SCWR systems include; austenitic stainless, Segritic-martensitic
alloys, oxide dispersion-strengthened alloys, solid solution and pegmpihardened

alloys.



The internal core structures (heat exchanger, isolation vatdegas ducts) of the
VHTR will be subjected to operating temperatures of about 1000°C in the presence of hot
helium gas, hence materials such as fiber reinforced ceramniaxxide composite
ceramics which can withstand these temperatures are recomntegr@gedn the other
hand, materials such as Ni-Cr-W super alloys and HastelRyv¢tallic material could
be used for pressure vessel components such as intermediagxdteaigers were the
temperature is slightly low&t

All'in all, the structural materials for these generation IV systean be classified
into;
1-Austenitic stainless steels
2-Ferritic Martensitic steels
3-Oxide Dispersion strengthened Steels
4-Nickel based Super alloys
5-Ceramics and Composites

Based on these recommendations and the operating conditions of ead¥ Ge
nuclear system, further research is done nowadays to improve ¢losgaseleconomics,
and development methods for these candidate materials by testiriparacterizing the
materials mimicking ideal operating settings as well asstrophic conditions. Due to
academic, financial and availability constraints, our reseaoduséd on the high
temperature characterization and welding of Oxide dispersiomgstened steel
(PM2000 and MA 956) recommended for SFR, MSR and LFR systemglaasithe

Nickel Based superalloy (Alloy 617) recommended for LFR, SCWR, and MSBrsy.
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Chapter Il: Background & Literature Review

Research and Development of the materials for Gen IV reaatersnportant because,
the efficiency of nuclear power resides not on the generatiomefgyg (since the
technology is already in place) but on the degradability and subdelifedme of the
structural (for both in-core & Out-of-core) materials. Althoulgé initial cost of building
a nuclear facility is high, the main expenditure is on the presemvaf the facility
coupled with the lost of revenue from the multiple repair/maimesashut-down
operations. These issues can be addressed by building the respeatioe systems
with more reliable materials hence reducing both maintenanceandstne number of
shut-downs. However research & development of the materials mdsineen order to
certify and confirm the efficacy of the recommended matedaats on the same token,
estimate the lifetime of the materials for accuratewatadn of the economic impact of
building this generation of nuclear systems. Having this in mind, lsoddae to budget
as well as time constraints, the Department of Materieisn8e & Engineering at the
University of Nevada (in collaboration with the AFCI), took thiiative to do the R&D
work on the materials for SFR nuclear systems notably withd€xDispersion
strengthened steel (ODS), PM 2000 & MA 956 as well as NiBlksked Super alloy,
Inconel 617.

In General, the Research and development of oxide dispersemgtsened
(ODS) steel, PM 2000 and MA 956 for SFR systems would involve idigaélopment

(composition identification), engineering (design, fabrication, andufaaturing) of the
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alloy component, characterization of the engineered componengogised from the
manufacturer) as well as the weathered material componeap(¢emsile, and hardness
tested), and understanding the material's welding properties. Howeveesearch focus
was mainly on both the characterization of the engineered compome@ntsaweld-
ability properties.
2.1 Oxide Dispersive Strengthened Steels:

The characterization of the ODS materials have been done pfefoexample, in
a publication termed “TEM study of PM 2000 steel” by M. Klimianketual®®, the
transmission electron microscopy (TEM) and its analyticadhrtemes such as Energy
dispersive X-ray (EDX), Gatan imaging filter (GIF), haveeieused to study the
precipitation morphology of the ODS particles (Y-Al-O) presertheiron matrix of as-
received sample of PM2000 steel. The alloy weight percent jveo¥position given by
their manufacturer (plansee GmbH) was Fe-19Cr-5.5Al-0.5TiD5YThe uniformly
distributed ODS dispersoids notably yttriaoOg) particles integrated into the iron matrix
act as obstacles to dislocation movement hence preventing crack piapégatugh the
material. Also, the presence of Aluminum in matrix is to allow reaction wiylgexfrom
the environment to form AD; inclusions that protects the material from high
temperature oxidation due to the formation of a well adherent aduscale on the
surface of the material. However, during fabrication of theerat by mechanical
alloying using high energy mills, the yttria particles comebwith elemental aluminum,
titanium, oxygen or their respective compounds to form complex Y-Ak&zipitates.
The precipitates have different compositional phases, morphology, avizhbpyr

influence the overall mechanical properties of the material. [Hok of detailed
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information such as chemical composition, and size distribution for b@hODS
dispersoids and the newly formed precipitates lead to the investigdtthe as-received
specimen by Klimiankou et al. Using the High resolution TEM (IHRT), Energy
Dispersive X-rays (EDX), and Electron Energy Loss Spectrgs(BRLS), he was able
to identify YAIOs; perovskite (YAP), ¥AlsO:1, garnet (YAG), Ti(C,N) and y-ADs;
dispersoids/precipitates present in the specimen sample. He mdntibat the
microstructure of the PM 2000 material had g fractions that appeared 3-10 times
larger than the Y-AI-O complex precipitates with the chemamahpositions complex
varying in relative amounts of elemental aluminum, yttrium andjen. Figure 17 shows

the microstructure of PM 2000.

Figure 17: Showing TEM bright field image of ODSiaes present in matrix.
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Also the Energy Filtered TEM (EFTEM) measurements redetilat the ODS particles
had sizes ranging from 3nm to 40nm with uniform distribution throughhsusample.

Figure 19 shows the ODS particle size distribution in the matrix.



Figure 18: Show the EDX spectra of (a) matrix adnd@DS particle.

12



Figure 19: showing particle size distribution

Although Klimiankou et al. provided some interesting results pertaitingM 2000
ODS alloy; no characterization of the material was done aftienicking operating
conditions.

On the other hand, Cyzrska-Filemonowicz €t &cused on the configuration of
induced dislocations near dispersoid patrticles in ferritic OD&y dticoloy MA 956 and
observed the interactions using a TEM. The material specwasnsupplied by Inco
Alloys (manufacturer) with chemical composition of (wt %): Za€£r-4.5Al-0.5Ti-
0.5Y203 (note: differs from PM 2000 in composition by 0.5 Al). Cylindrieadsile
specimens were made with gauge diameter of 6 mm and gauygle ¢¢r82 mm and the
specimens were deformed at 800 and 900°C with constant strain rat@3 tof 10° s*
for each temperature. The overall TEM micrographs of the defbrti@nsile specimens

revealed similar microstructure as that of PM 2000, that is, dni¥eAl-O
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dispersoids/precipitates and titanium carbonitrides (Ti(C,N)) ptaseferritic matrix.
The size distribution of the dispersoids ranged from 5-300nm withinkest fparticles
having a mean diameter of 11nm. Figure 20 shows the microstructat®yMA 956
after tensile deformation at 1173K, strain rate® &} and figure 21 shows the size

distribution of extracted dispersoids.

Figure 20: Showing MA956 after tensile deformatadriine Y-Al-O extracted on replic¥.

The microstructure of the slowest strain rate specimen §iprevealed low density of

lattice dislocations and appeared to be very inhomogeneous with sono@sreg
completely free of dislocations. However, observations on the diglngaarticle
interaction could be made and their impression was that, the disitocatemed to be

stuck at the departure side of the particle. The configuration steggéhat attractive
interaction between the dislocation and the particle was therrdéasthe dislocation for

not been able to go through the particle and continue propagating. Figure 22 shows a plot

of the engineering stress versus strain at 1173K and 10



Figure 21: Showing the particle size distributidrite extracted dispersoids.

Mechanically, the engineering stress of the deformedl¢espiecimens (18 10%, and
10°) decreased with increase in strain rate and for eadh sat®, the stress decreased

with increase in temperature (873-1243K).

Figure 22: Engineering stress versus strain clova@® s*.>°

Also, they performed a constant load creep rupture test at 950°C (L2ABK55MPa

stress, and observed failure after 172h, 0.7% rupture strain and ce@skcondary



1&

creep rate of 6 x 10s™. The TEM studies of the microstructure of all specimens revealed
the same configuration as that of the®16pecimen that is attractive dislocation-
dispersoid interaction.

All in all, the interaction between the dislocations and theigbest limits the
mobility of dislocations and the even distribution of the partigeevents rapid
propagation of the dislocations throughout the material hence stremgthanid
extending the life-time of the material. Although other disliocadispersoid interaction
mechanisms exist for Oxide dispersion strengthened alloys, lengttractive interaction
mechanism was observed in this study.

2.2. Nickel-Based Super-Alloy Inconel 617:

The Nickel based super alloys are recommended for the stiustatarials for High
temperature Gas-cooled Reactors such as GSR, VHTR becaitseegtellent creep
strength properties , oxidation, carburization and gas-metal awrasisistance at
temperatures higher than 850°C compared to other alloys. Alsogdsily weldable,
does not form embrittling phasésuch as sigma, mu, and has a lower thermal expansion
than its austenistic counterparts hence ideal for elevated tempemilicateons. Inconel
617 is a solid solution strengthened austenitic nickel based allopased mainly of
chromium, cobalt, molybdenum and aluminum. The Solid solution strengthéning
provided by the molybdenum and cobalt elem&ntsThe weight percent (wt %)
composition is given in table 8.

Table 8: Shows the composition of Inconel 17



The GSR and VHTR nuclear systems will operate at tempesatamging from 850°C to
1000°C with the turbines experiencing the bulk of the thermal energye heading to
rapid degradation of the mechanical properties of the component material
Characterization of Inconel 617 is important because it helps us armkrge
deformation behavior of the material as well as determinindiffsme of component
under operating conditions.

Many studies have been undertaken to assess the mechanicalgs@deniconel
617 under high temperature and operating conditions, with each studyetglicusing
on different aspects of the material failure. For examplehé “Tensile and impact
properties of candidate alloys for high temperature gas-coebsttar applications” by
Udo Bruch and Dieter Schuhmacher, the investigation centered on cognireritensile
and impact properties of solution treated incoloy alloy 800H, Hagt¥, Nimonic-86
and Inconel 617 at temperatures ranging from 20 to 1000°C. The tessitg of each
alloys were performed on the as-received materials fraanufacturer and the results
revealed that Inconel 617 had the best tensile properties afiperatures of 800°C.
Figure 23 shows the comparison of the tensile strength of thedodrdate alloys tested
at elevated temperature.
Also, they reported that the impact strength of the nickel based allogqwie low with
Inconel 617 having below 10 J after being exposed to temperatu8ed ahd 900°C for
10000h. Figure 24 shows a comparison of the impact strength of @lloyat room
temperature after aging at 800 to 1000°C versus the test beifognped at the aging

temperature.
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Figure 23: tensile strength of high temperatureyaliat a strain rate of 0.5 % nitt

Figure 24: Impact strength of aged Inconel %17
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With such evidence presented to them, Bruch et al, suggested thiwthmpact
strength at room temperature of the Nickel based alloysr a&tposure to service
temperatures (especially in a cooling process) could lead tte biiacture of the
respective components, hence recommended intensive assessment ofndata
establishment of temperature dependence with respect to imeagitktof aged material
to determine the critical temperature at which the low impact strerigib pdace.

Also, a study lead by M. Kewther Ali, termed “fatigue progsrtof the
refurbished INCO-617 alloy” explains the microstructural and comipasit changes
occurring when the alloy is heat treated after been use®7/000h as well as it's
response to fatigue testing. The sample specimens were obftammed transition piece
of a gas turbine engine. Using instron 300, tensile and fatiguewese performed then
micrographs as well as elemental composition of the fracturedcesrfwere observed.
The results for the as-received specimens (prior to heat treatmengdstiepresence of
cavitations along grain boundaries and discontinuous creep -crackaddiion,
agglomeration of grain boundary carbides and nitrides was observedvétpager heat
treatment, no considerable change was noticed except partialioadacgrain boundary
cavitations. Figure 25 and 26 shows micrographs of before anchafietreatment of the

sample respectively.
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Figure 25: Microphotographs at grain boundary beforat treatme?ft

Figure 26: shows microphotographs of alloy 617 wittiuced cavitations after heat treatment fot'1 h

The tensile plots showed improved ductility of the materiardieat treatment, but the
fatigue behavior of the alloy did not improve. Figure 27 and 28 showettsld and
fatigue behavior of the alloy before and after heat treatmespectively. The heat

treatment helped increase the overall strain of the tensilersgexbut the fatigue failure
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which is dictated by grain boundary micro cracks, is accetbéde to the increase in
grain size thereby making room for crack propagation through the material.

All in all, the results revealed increase in ductility aftteat treatment of all specimens,
but heat treatment alone showed to be ineffective in preventirgudatailure hence
further techniques that will help monitor and control the rate ofadiagion of the

material needs to be investigated.

Figure 27: Tensile test results for as-receivedtsat treated specimefts.
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Figure 28: fatigue test results for as-received eeat treated speciméis

2.3. Friction Stir Welding of ODS material:

Friction Stir Welding (FSW) is a welding process that consistaserting a rotating pin
(tool) into a materi&f. The rotating tool in contact with the material’s surfacasea
frictional heat and pressure which helps plastically deform and stir tegiahaFigure 29

illustrates the process of friction stir welding.

Figure 29: shows schematic diagram of friction weding process.



The pins used for welding are usually made out of refractorglsnet ceramics such as
Polycrystalline cubic Boron Nitride (PCBN). The forward matiof the pin causes the
material at the point of contact between the pin and the surfawix tand transfer to the
trailing edge of the pin where it cools and forms the wehltt Weld formed is highly
stable and is less prone to gas entrapment and hydrogen embrittfgoldetms due to
the low heat input and avoidance of liquid-to-solid transform&fidine resulting weld
contains three sets of regions namely; the Nugget or Stir zon€h#nmmo-Mechanically
Affected Zones (TMAZ) and the Heat Affected Zones (HAEgure 30 reveals the

presence of the three regions in the weld.

Thermo-Mechanically Affected Zone (TMAZ)

Heat Affected Zone (HAZ)

Figure 30: Revealing the Nugget, the TMAZ, and H#&gions of a friction stir wele?

All three regions undergo changes in microstructure, however, thgehare measured
to be less severe metallurgicdifyspeaking than other welding techniques thereby

retaining most of the initial characteristics of the parentens. Therefore, this
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techniqgue has been considered for various applications including weldirogiabd
dispersive strengthened steels.
Although the friction stirs welding is one of the most recentietted processes in the
welding industry, many efforts have been made to fully understanantcrostructural
changes as well as the mechanical changes taking placeh&ftereld is formed. For
example, G.J grant et &lperformed FSW process on ODS-Eurofer plate (as-received
condition from manufacturer, Plansee) and examined the microstiucharages using
electron microscopy.

The composition of the ODS-Eurofer in weight percent (wt %jvsmgin table 9.
The plate obtained from the manufacturer was provided to Meg@8&tinnologies,
Provo, Utah to perform the actual FSW process. The tool or pin usedawas
polycrystalline cubic boron nitride with a spindle rotation of 150rpm aaelrspeed of
2.5 cm/min. The peak temperature achieved by this speed was 758°C.alédhevas
welded on one side and resulting bead-on-plate friction stir welds werenedami

Table 9: Shows weight percent composition of ODS-Eurofer flate.

The results revealed a greater TMAZ structure than the nugget. Figure 31 shows
etched cross-section of FSW. A comparison of the microstructuteeafigget region
and the as-received specimen revealed highly dislocated an@dgaexipitates in the
nugget region whereas finer grains were present in the as-mcgpesimen. Also,

elemental composition maps revealed large associated paiclggrium (Y) and



tantalum (Ta) in the nugget region compared to separate individualgsih the as-

received specimen.

Figure 31: Showing the HAZ, TMAZ, and Nugget regiaf ODS-Eurofer plat&’

In addition, a reduction in hardness from 350 DPH to 300 DPH is obskenvtdt HAZ
but a jump to 450 DPH is observed for the TMAZ. The nugget region had BREO
hardness value hence implying that hardening of the materialsocctine nugget and
TMAZ regions.

All in all, the ODS-Eurofer alloy was successfully plaged by the FSW
technique. The coarsening of the ODS particles from 5 nm (iaghreceived specimen)
to about 50 nm was mainly observed in the nugget region. The coarsenidgnot
explain the hardening that was generally observed in the weld.ehletgl®® suggested
that coarsening of the ODS particles will occur at 1000°C onbr a1 hours, so the
coarsening observed in the nugget region at 758°C also could not beeahdvemce the
author concluded that further research were needed to understand thecsegiie
mechanisms occurring during the FSW process.

Another study conducted by J.L. Cole éabn joining nickel-based ODS alloys

via FSW revealed plastic deformation in the thermo-mechayiatiécted zone (TMAZ)
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and recrystallization in the weld nugget. The heat affected zong)(itAs free of plastic
deformation but the heat altered the microstructure. Figure 32 shewstical and TEM
images of the processed zones in the FSW weld. The weld wasnpedt at MegaStir
Inc, and the tool used was polycrystalline cubic boron nitride {BCBThe
microstructure of the nugget revealed fine grains compared to Alze d@id the base
metal. Also, the TEM image of the weld nugget showed dislocati@s-like structures
which seemed to be pinned by the particles present in the mdtrinther details were
revealed by the author.

All in all, we can come to a conclusion that ODS material Gamvélded using
FSW technique, but more studies are needed to truly understand thé materra of the

weld as well as its behavior under operating conditions.

Figure 32: Optical and TEM images of Base metalZHAMAZ, and Nuggef®
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Chapter IlI: Quantification of Damage Accumulation in Alloy 617 using Scannng
Kelvin Probe Force Microscopy.

3.1. Introduction:
The severe environmental and loading conditions that the alloy 617 ahatdti be
exposed to in both GSR and VHTR systems will distort the mhteaahanically as well
as micro-structurally. The goal of Generation IV nuclearesystis to increase efficiency
by reducing cost from areas such as maintenance and repaiticdl @omponents.
Understanding the behavior of the recommended materials under apetuiitions as
well as predicting the life-time of the components will help dsieve that goal and
therefore, investigation of the high temperature deformation andgaccumulation of
materials such as alloy 617 is needed. The analytical technifi®NMs uses a noble
metal coated cantilever of an atomic force microscope (AleNt)easure the variation in
work function across a specimen surface. This work function i@riaeflects the
microstructural changes such as secondary phase precipitatestiaeddifects present
on the specimen surface. Therefore, a correlation betweernainges in work function
and the damage accumulation over time could be established which clpulktimate
the remnant life of the future reactor component. Also, otherumsints such as the
optical microscope and the Scanning Electron Microscope (SEM)beiused for

microstructural observation.
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3.2. EXPERIMENTAL.:

The as-received Alloy 617 material elemental compositiayvisn in table 10. The dog
bone shaped tensile specimens were prepared from alloy 617 raeldinibnsions
include gauge diameter of 1.27mm and 12.5mm gauge length.

Table 10: Chemical composition of as-received alloy 617 in weight percent (it %).

The tensile tests were carried out at different strairs (dt@*to 10° s*) and at different
temperatures of 6@C and 80@C for each strain rate. A universal testing machine
(United Calibrations, Huntington Beach, USA) and a furnace were fosdle testing.
Each testing was carried out in air and the specimens egerdibrated for about 30
minutes at the required temperature prior to testing. Fi@3rdllustrates a tensile

specimen that was used for the experiments.

Figure 33: Tensile specimen used for experiménts.
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After testing, a piece of the failed specimen is cut perpatati¢o the fracture surface
using a slow speed diamond saw, and then mounted onto epoxy resin. Thatrpmd&a
is metallographically polished using Silicon carbide grinding pagleth, and alumina
solution. The polished surface is then etched with aqua regia (289, H5% HCI) for
5 seconds then rinsed (with water and alcohol) and dried before analysisinalysis
involved usage of AFM/SKPFM (Pacific Nanotechnology, nanoR2 and sustdeatial
probes), Optical Microscope, and Scanning Electron Microscope (SEEGHH®E4700)
as well as its Energy Dispersive Spectroscopy (EDS). Atsage analysis software
(Scentis Module 1.0) was used to measure the grain size asswiadl distribution of the

secondary phases.

3.3. RESULTS AND DISCUSSION:

The results of the tensile testing for alloy 617 at botrd60&nd 80@C are shown on
figure 34 and 35. For both testing temperatures, a general iadredise yield stress,
ultimate tensile stress and elongation is observed as tle rsti@ increases. Also strain
hardening occurs. However, the maximum vyield strength values 4CG0@ generally
higher than those at 880 due to the ease of the material to plastically deform (dwgtil

at high temperatures. For comparison purposes, researchers atatiee Ndtional
laboratory and other institutions have experienced similar trehds performing tensile
testing of this materidf "> Table 11 shows the values for the yield stress, ultimate

tensile stress, and elongation of the failed specimens.



Table 11: shows the mechanical Properties of alloy 617.

Stress (MPa)

700 ~

600 -

Temperaturg Strain 0.2% uUTsS Elongation
Rate YS
(°C) (/s) (MPa) [ (MPa) | (%)
1.0 10° | 347 580 55
600 1.0 10* | 279 550 51
1.0 10° | 196 401 42
1.0 10° | 280 478 47
800 1.0 10° | 257 391 45
1.0 10° | 219 348 39
520 -
=N

0.225 0.245

500 - 1.0 10%s
1.0 10™%s
400
0.255
300 - \ 1.0 10%s
37% f J/ / /\
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Figure 34: Tensile testing at 6T0.
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Figure 35: Tensile testing at 800C.

However, the results of the tensile testing also showed an odeca#tase in elongation
of the specimens with increase in temperature and at slonaer sates. Some scientists
such as Mulford et &1’ point this behavior to the serration/erratic flow of the material at
lower strain rates. Cottrell et’8l explained that the serrations observed with this type of
materials is due to the locking and releasing of the dislocatiprsolute atoms which
helped vary the flow stress of the material. Chen’@dalcribes that this type of locking
mechanism in solution strengthened alloys is attributed to thestitigd diffusion of
carbon and nitrogen atoms to form precipitates.

The microstructures of the failed samples were made visibletdying for 5
seconds with aqua regia (25% HpG5% HCI) and optical micrographs of the surface
were taken. Figure 36 and 37 shows the optical micrographs fotested tensile

specimens for 600 and 8@at 10° and 1C.
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Figure 36: Tensile tested specimen for4D@t 10° and 10.

In all micrographs, intra and inter granular precipitatesevedaserved. The shiny golden
precipitates had sizes ranging between 4-6um and was mossignprinside the grains
while the smaller globular precipitates (size 2-4um) seeimé&@ evenly distributed both
intra and intergranularly. Also, the optical micrographs of the spE@ tested at 840
showed relatively larger grain sizes and precipitates thaortbe tested at 600 for the
same strain rates. This is due to the fact that the specamgedsfor longer times at £0

hence enabling the growth of the grains and secondary phase precipitates.
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Figure 37: Microstructure of tensile specimen 9fi(@® and (b) 16 at 80GIC.

The SEM imaging and subsequent Energy Dispersive Spectros&dp$) (
analysis revealed that the line scan of large golden preciptiattsa composition of
Titanium Nitride (TiN) while the small globular precipitatesd Ni-Cr Carbides (MCs).

Some Titanium carbides (TiC) were also observed. These préespiteere more
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predominant in the slower strain rates and hence account for #itie @ow stress of the
material and decrease in elongation during tensile testing.

The Scanning Kelvin Probe Force Microscope (SKPFM) coupled witbmiat Force
Microscopy (AFM), was used to observe the surface potential iariaf all tested
specimens in order to correlate each potential with the damagmalation (or amount

of dislocations/defects present) for each sample. Since the pagspare key in locking
the dislocations from moving through out the material, we decidecetthasprecipitates
as our scan reference point. The scans were made on thanti010° strain rates at
800 C for comparison purposes as well as for better results duegherhdamage
accumulation. Figure 38 shows the AFM imaging of the alloyaserfAlso figure 39 and
40 shows the work function variation across the precipitates of bothithantl M3Cs
respectively for the Idand 10’ strain rate. The topographical imaging for both samples
shows a net elevation of 435nm and 521nm fot 40d 10° respectively mainly due to
the size of the particles contained in the matrix. This impliat the surface of the
sample at 18 has bigger overall precipitates mainly due to the higher aiirg Also

the SKPFM imaging showed a higher surface potential of 389.79 mifidat0® sample
compared to the 103.11 mV for the*LThis could be explained due to a net depletion of
the MxCs elements hence implying actual degradation of the materiakefbhe a
correlation can be established between the surface potentaiovaof the material and

its degradation via AFM/SKPFM monitoring.



Figure 38: showing (a) 1-D and (b) 3-D topographiiceage of a typical Alloy 617 surface.
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Figure 39: (a) AFM topographical map of failed All617 specimen at 800°C and at a strain rate ofl0:s; (b)
SKPFM-Surface potential distribution of the samecsmen; (c) Surface potential distribution acrdsssecondary

phases as indicated by cross lines in (b).
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Figure 40: (a) AFM topographical map of failed All617 specimen at 800°C and at a strain rate ofl0:0s; (b)
SKPFM-Surface potential distribution of the samecsmen; (c) Surface potential distribution acrdsssecondary

phases as indicated by cross lines in (b).
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3.4. CONCLUSION:

The alloy 617 tensile testing data shows a decrease insyrelsk, ultimate tensile stress
and elongation with decrease in strain rate. Also strain harderirtge material is
observed in all specimens. The microstructure of the slower gs@b®s specimens
showed an increase in amount and size of second phase precipitateg Tidaahd
M23Cs. The AFM and SKPFM imaging confirmed the size increasth®fprecipitates
and also showed a change in the surface potential between thetateq@pases and the
matrix for 10° and 10’ strain rates. Degradation is observed for the di@cipitates with

a potential value of 103.11 mV compared to 389.79 mV for the specimen hence

implying that AFM/SKPFM could be used to monitor damage accumulation.
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Chapter IV: Microstructural Charaterization of Deformed Oxide Disp ersion

Strengthened (ODS) alloy at High Temperature.

4.1. INTRODUCTION: PM 2000 is a ferritic oxide dispersion strengthened steel
prepared by mechanical alloying and hot extrdSiowith composition of Chromium
(Cr), Aluminum (Al), Titanium (Ti), yttria (¥O3) and balance iron (Fe). Table 12 shows
the percent weight (wt %) composition of PM 2000.

Table 12: composition of alloy PM 2000 in wt %

Fe Cr Al Ti Y203
balance| 20 45 0.5 0.5

Its consideration for structural applications in high temperaturle@upeactor is due to
its excellent resistance to high temperature creep, oxidation,rahdtion induced
swelling. These exceptional properties can be attributed to itsec@main structure,
homogeneous distribution of fine yttria particles and its proteetiwina surface layer.
The homogeneously distributed dispersoids/particles incorporated into thiarfee-
matrix by mechanical alloying act as thermodynamicallgble obstacles to creep
dislocation movement up to temperatures well above 900°C, hence improving the
operating life-time of the component. Leading scientists sucWasilkowska et &
proposed three different dislocation-dispersoid interaction mechaifisnise observed
high temperature deformation behavior of PM 2000 namely: 1) repulsiviedtits
where the dislocation looped or bypassed the dispersoid by climb; 2) attratg¢naetion

where the dislocation was pinned by the dispersoid (dislocation wasvethsat the
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departure side of the dispersoid); and 3) dislocation-dislocation substruteraction.
The interaction of dislocation-dispersoid was a strong function @iinstrate and
temperature during tensile tests. Also, another publication by keeska et af?
reported effective pinning of the dislocation motion by the oxideghestat temperatures
higher than 900 °C. On the other hand, Czyrska Btoliserved cellular dislocation
structure and sub-grain fragmentation at higher strain rates’§10vith presence of
only one single dislocation pinning at low strain rates (stpwithout cell formation. In
addition, Lours et &f reported that the efficient oxidative resistance of PM 2000, MA
956 (and ferritic ODS materials in general) at high temperatwere due to the
formation of slowly growing and well adherent alumina scalehat gurface of the
material. These investigations have helped in understanding tines rdtthe material,
however the effect of composition, morphology and size distribution of sperdioids as
well as the precipitates on the dislocation dynamics during higbedeature (1004T)
tensile and creep deformation at different strain ratesb&ikxamined using techniques

such as TEM, SEM, EDX in the following paragraphs.

4.2. EXPERIMENTAL :

In order to accomplish effectively the research tasks, | dividecagssignment into two
parts;

4.2.1. Task 1:Micro-structural study of Heat Treated as-received samples:

Set-up Five % inch pieces of PM 2000, Eurotherm carbolite furnace, grpualistier,
Silicon carbide grinding papers (grit 120, 180, 240, 320, 600), micro-clogpofshing

with solutions (1pm, 0.3um, 0.05um micro-polish Il deagglomerated alfpimaire/
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water mixtures), distilled water, Kim wipes, personal protectquipment, ethanol,
electro polishing electrolyte (10% perchloric acid in glaaiz@tic acid), magnetic stirrer,
jacketed glass vessel, chiller, DC power supply, Platinumretist wires, solder, Epo-
kwick resin, Epoxide hardener.

Procedure After cutting five ¥ inch pieces of PM 2000 from rod, label espbcimen
using engraver or permanent marker with 25°C, 100°C, 400°C, 800°C, 1100°C
respectively. Four samples are heat treated using the Eurdifagbulite furnace purged
with argon gas (temperatures; 100°C, 400°C, 800°C, 1100°C). All samplesicferhe
an hour when respective temperatures are reached and then atlaweed in the furnace
to room temperature. Then all samples are grounded (with silaxbide grits 120, 180,
240, 320, 600 respectively) and polished (using 1pum, 0.3um, 0.05um micro-polkesh Il d
agglomerated alpha alumina/ water mixture and micro-cloth). homwze scratches and
stress points due to mechanical grinding and polishing, each specismen
electrochemically polished (also referred to electro polishing).

The electro polishing involved soldering each specimen with vhess mould with epo-
kwick resin and hardener (ratio 5:1). Using a jacketed vessel dedn® a chiller, a
solution of 500ml of glacial acetic acid and 50ml of perchloric &igrepared. The
solution is cooled to about 283K. The platinum electrode (anode) and tbenspe
(cathode) are connected to the DC power supply and then a volt&@&/ o applied.
After satisfactory polishing, the sample is rinsed with diestilvater and ethanol (to ease
drying of the sample). The samples are submitted for opticabktopy, AFM and SEM

analysis.



22

Note: Due to the fact that the current produced does not remain constargages
continuously), Its empirical to stop the polishing if the currenthrea®.50A and then
start again after 30 seconds because pitting on the surfaoe sdrmple could result. An
average of 3 cycles where made per specimen. Also, do not use Kim wipes because of the

possibility of scratching the sample surface.

4.2.2. Task 2 Micro-structural Characterization of Deformed Material

High temperature Creep investigation of PM 2000 is essentiainderstanding the
mechanical and physical behavior of the material at elevatepetamres as well as
identifying any changes in the microstructure of the supey.alhvestigating creep at
temperatures of 800°C and 1000°C are important because it will provugbiealdata

that could be use to predict the behavior of the material if theatiedttemperatures for
the reactor are exceeded.

NOTE: We assumed that the creep investigation of the maaetials point will not vary

very much at 900°C compared to 800°C and a 1000°C.

The creep testing of PM 2000 involves different steps;

1. Conducting tensile strength tests (strain rates of 10*, 10°) on dog-bone-like
specimens to determine yield strength of the material &t teacperature (that is
800°C and 1000°C).

2. Perform calculations to determine the load required for creep basethe
maximum vyield stress at each temperature as well as thendions (that is,

length and diameter) of the specimen.



3. Conduct creep testing experiments using Cramer-lever test@ofpine and real-
time plus software to record the data.
4. Perform microscopic analysis of the failed specimens asasetharacterization
of the material using TEM, SEM, AFM, etc.
Step I Tensile tests
The test required dog-boned specimens with dimension of approxinidted$mm in
length and 2.53mm in diameter (at the point of elongation). The spesinvere
machined out of the initial rod that was bought at Plansee GmBti &anple is then
loaded in the tensile testing machine and the data is record&htuan 3.0 software.
Figure 41 shows the tensile and creep specimen with dimensions.
Note: After loading the sample, allow approx. 30mins for the esyiseem to reach the

required temperature before starting the experiment.

Figure 41: Dog bone tensile and creep specimemdiihensions

Step 2 Creep load calculation model
Where, Diameter of specimen = D in inches

Cross-sectional area of specimen*=(D/2)2  (units = if)
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Convert maximum vyield strength value (YS) obtained from tensdtnty in MPa to Psi,
for example for test done at ithe stress value is 161MPa, convert from MPa to Psi
YS in Psi = 161MPa * 145.03 Psi/MPa = 233541.07 Psi

Calculate the load required for creep (100% loads) in pounds,

Load = 233541.07 Psi * Cross-sectional area (in?)

Calculate Lever adjustment of 1:20 ratio for 100% load,

Load with lever adjustment = load (in pounds) / 20

Then calculate the load required for 90% load,

Final load required for 90% = 0.9 * (lever adjusted load value)

Step 3 Creep Testing

The dog bone specimen is loaded onto the gauge, and the furnaceishgetequired
temperature. Again the sample was equilibrated at the tempefat about 30 minutes
prior to measurement. The required load is placed on the holder angptérarental
data was taken. The elongation was measured using a Mituttgrasereter and real
time plus software.

Table 13 shows the sample details and the calculated load fqy tzstng. The
secondary creep rate is calculated by using the slope of the creep curve.

Table 13: Creep testing data.

Creep sample PM 2000
temperature 1000 C

Max stress 161 Mpa at 0
gauge length 11.61mm(0.4575 in)
gauge diameter 2.45mm(0.0956 in
Lever adjustment 1:20 ratio

Load 90% 7.5lbs




Step 4 Characterization of deformed specimen

For investigation and comparison purposes, HRTEM imaging, EDX andadiéin
patterns were taken for both as-received and crept samples.

The characterization of the failed specimen will involve;

1-Analyzing dislocations throughout the matrix for both crept and as-receiv@tesam
2-Analyzing the particles (0; and Y-Al-O precipitates) for size distribution and
morphological changes occuring in both crept and as-received samples.
3-Performing EDX’s and selected area diffraction pattemgoth crept and as-received
samples as well as observing if any grain boundaries could be present.

Specifics of HRTEM analysis

Two pieces of 5 x 5 x 1Imm rectangles were cut from thedfafgecimen for analysis.
The square samples were mechanically ground to about 0.2mm thick, punoh&ahmmt
discs then jet polished (Struer Tenupol-5) using 10% perchloric acidaamaghkcetic
acid, 283K and 50V.

Note: The polishing solution turned out to be very good, hence no dimpling was needed.

The TEM analysis was done at UNLV on a Tecnai-F30-Supertwin.

4.3. RESULTS AND DISCUSSION

4.3.1. Task 1 The heat treated samples of PM 2000 at 100°C, 400°C, 800°C, and
1100°C respectively were electro polished and the surface micrtoséweere observed
using optical microscope, SEM and EDAX analysis. Figure 42 showsdhls-section of

unetched surface of PM 2000 for (a) as-received (b) 1@OMagnification 5x.



Figure 42: Cross-section of unetched but electispet PM 2000 surface (a) as-received (b) 1100°C

The optical images shown in figure 41 shows a clear smooth swiidicpit holes (black
spots) which originate from the removal of some particles (mamige) from the
surface after electro polishing. However, after etching thekss with Kalling’s number
#2 reagents (swabbing the surface) “scratches” appeared suarthee. Figure 42 shows

optical and SEM imaging of the surface of the material after etching.

Figure 42: Material after etching for 5 secondsofatjcal (b) SEM



This observation was made on all samples and the “scratchesiragpe be denser with
increase in etching time. These “scratches” are believed tetdye pits formed at
dislocation sites due to the strain field surrounding the disloc&tioftsese strain fields
existing around the dislocations become anodic and consequently, favafsetheal
etching to occur at the dislocation. Other scientists such agnédkin et al have
observed similar etch pits on slip bands in alpha brass cfjst@serall, no substantial
changes were observed after heat treatment of the samptesvarious temperatures for
1 hour.

4.3.2. Task 2:The results of the tensile test for PM 2000 at°’8D@nd 1000C are given
in figure 43 and 44 respectively. The highest strain rated) (iéve values of 200MPa
and 161MPa for 800C and 1000C respectively. The graphs show a decrease in stress
value with decrease in strain rate. This could be attributed tom¢hease in diffusion
time for the motion of dislocations and slip planes in the matemgljng it more plastic.

The material appears to have no strain hardening at both temperatures.
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Figure 43: shows tensile testing results at 800°C
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Figure 44: shows tensile testing results at 1000°C

The % elongation decreased with increase in temperature forraggrae rate due to the
possible formation of cavities at the time of failure which occurs at highetextopes.

The creep test performed at 10@ took approximately 25 hours to fail. Figure 45
shows the Creep Curve for PM 2000. The Secondary creep rate was fdaendl. Box 10

8 S_l.
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Figure 45: Creep curve of PM 2000 at 1000°C

The gauge of the failed specimen from the creep testingetlsass a piece of the as-
received sample (for comparison purposes) was cut, polished andtehzaedcusing
high resolution transmission electron microscopy (HRTEM). The EHRTanalysis was
done at UNLV on a Tecnai-F30-Supertwin.

The microstructure of the PM 2000 revealed the presence of sphandal
hexagonal (or polygonal) particles/dispersoids in the matrix for bstteceived and
crept sample. Figure 46 shows the diverse particle morphologgnpresthe matrix of
the as-received sample. We know that PM 2000 is made by mealharalloying
metallic iron with powder components of yttria, titanium, aluminund ehromium by
high energy ball mill and hot working. We also understand that thia yarticles are
thermodynamically stable at high temperatures and provide thp oesistance strength
of the material. However, the result from this milling accordimg<limiankou et &’ ,

create new phases like, YA{Qperovskite (YAP), ¥AlsO:1, garnet (YAG), YAl1209



monoclinic (YAM), YAIO; hexagonal (YAH) and YAl@tetragonal (YAT). In addition,
carbides and carbonitrides such as TiC and Ti(C, N) and large partieles such as
Al,O3 could also be found present in the matrix after the alloghogess. With that in
mind, we performed diffraction patterns and EDX elemental asatgsidentify if there

are any distinctions between both patrticles.

Figure 46: Shows the microstructure of as-recesadple of PM 2000.

The Energy dispersive x-ray (EDX) line scans and point beamsadbyr a spherical
particle revealed predominantly, the presence of elemental AhdYO. Figure 47 shows
line scan analysis of spherical particle. The ratio of thensities of Al and Y in both
cases is very close to each other. Assuming a 1:1 intensaywaiild imply the percent
composition for both elements are identical and therefore, empjricae possible
phases for this particle include; YAP, YAH, and YADn the other hand, EDX point

beam and line profile of the hexagonal particle showed awvelatiower Y intensity



compared to Al. Figure 48 shows the line profile of hexagonalctariihe disproportion
in intensities of Al, Y, and O, here suggests empirically theipespresence of phases

such as AlO;, YAG and YAM.

Figure 47: EDX line scan analysis of spherical ipket

Figure 48: EDX line scan analysis of Hexagonaliplart



For more accurate identification of the species (particlles)diffraction patterns as well
as the Fast Fourier Transform micrographs (FFT) of both [emtigere taken and the
FFT micrographs were indexed. The diffraction patterns of théiclesr revealed
different crystallographic orientations of the planes hence exgalse dissimilarity in
the nature of the particles/dispersoids. Figure 47 and 48 shows tlaetdifirpattern for
a spherical particle and hexagonal particle. The results fidexing the FFT’s, revealed
that the spherical particle was found to be YAP (YA[§@rovskite) and the hexagonal

particle, AbOs.

Figure 49: shows (a) Diffraction pattern (b) Fastiffer Transform (FFT) micrographs of sphericatiote.

Figure 50: shows (a) Diffraction pattern (b) Fasufier Transform (FFT) micrographs of hexagonatipier.



However, the line scan of another hexagonal particle showed edifferariance in
composition of O, Al and Y compared to the previous two cases. Figuseol®s the
EDX line scan profile of another hexagonal particle. This evidshowss that the Y-Al-
O particles also exist in hexagonal forms and the disparitthenintensities of the
individual components indicate, empirically the possible presence of ¥¥&@&IsO01,

garnet) which was reported by Klimiankou éfand other compositions.

Figure 51: Shows the point beam and line scanlprofihexagonal particle.

The microstructure of the crept sample showed an increase muthker of spherical
dispersoids/particles, dislocation lines been pinned by the partaibdscation crack
propagation through particles and agglomeration of particles at the neck region.
The increase in the number of spherical morphology of the partmduld be
attributed to the minimization of energy by the particle fithhe hexagonal form in the

as-received sample to the crept sample. The material beerattdifi0 C with a rate of



1.3 x 10 s* will probably have the diffusion assisted mechanisms as welhargy to
help reconfigure the particle in order to attain the lowestggnstate. An example of
such conversion was found for the alpha Aluminium Oxide part&lgOg). Figure 50
shows the hexagonal particle in as-received sample and sphgeimadetry in crept

sample.

A

Figure 52: -Al,O3 particle (a) hexagonal as-received (b) spheriegitc



The dislocations present in the sample matrix appeared to be payndte
particles/dispersoids. The particles act as barriers to #hecdiions hence preventing
the propagation. The particles forces the dislocations make sudden <lamgection
hence affecting the overall curvature of the dislocation line. Howéve interaction of
the particle and the dislocation can also show a discrepancy. &opkxif the particles
are coherent to the dislocation it will allow the dislocation toceed through but at a
higher stress level than that required when propagating throughatie®®. Also the
particle could also be cut by the dislocations and/or the partadesoppose the
dislocations hence forcing it to bypass by looping around the paffigjare 51 shows
(a) the microstructure of crept sample with dislocations, (b)irttezaction between a

particle and a dislocation line and (c) the dislocation line cutting throughielgart



3&

v

Motion of dislocation

Figure 53: shows (a) the microstructure of crepiga with dislocations, (b) the interaction betwegparticle and a

dislocation line and (c) the dislocation line cudtithrough a particle.

The HRTEM imaging of the crept specimen microstructure stogslislocations been
pinned by the particles/dispersoids as well as the dislocatiaasufing the some
particles. The mechanism for the shearing of the paisat yet fully understood but
we suspect particle’s coherency, interfacial energy, sizenammghology contribute to the
easiness for the particle to fissure when encountering dislasathlso, observing and

identifying particles with hollow centers can help in explairtimg cracking mechanism
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but in any event, more work is needed to pin point the problem and firel m@wventive
methods.

The agglomeration of the particles was observed at the faileof the crept
specimen. Figure 52 shows agglomeration of dispersoids/particbesphsample tip. A
possible explanation to this occurrence is the motion of the paratdeg with the

overall flow stress of the material at high temperature.

Figure 54: Particle agglomeration at sample tip

The result of such agglomeration weakens the material agishstations as well as the
overall strength of the material since some parts of theixrere deprived from these
particles. The agglomeration is also believed to help the growtte gfarticles and hence

making them less effective against the pinning of dislocations.
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4.3.3. CONCLUSION:

In conclusion, the ODS particles act as thermo dynamical dbstacthe motion
of dislocations by pinning them or by slowing their propagation. Ttréa yariginally
incorporated in the matrix reacts with elements such as alumamahitanium to form
complex oxides which are referred to as disperoids. These oxides ditierent
morphologies and tend to agglomerate with the flow of the matsridiffusion assisted
mechanisms. Their effects on the overall strength of the mateganot completely
understood hence further research is needed to investigate tbiepdoperties on the

resistance of the motion of dislocations.



3/

CHAPTER V: Friction Stir Welding of Oxide Dispersion Strengthened Steel Alloys

5.1. INTRODUCTION:

The Generation

IV nuclear systems will require the use of congtlieys such as Oxide

Dispersion Strengthened alloys (ODS) in order to achieve et & efficiency needed

economically for the plants to be developed in the future. Theses @lan withstand the

respective nuclear system’s operating temperatures and haebemixaesistance to

irradiation, oxidation, as well as corrosion. However, welding ofetheaterials into

reactor component parts is a vastly understudied proBleifhe welding of ODS

materials in particular are a big challenge because the comvainthethods of welding

used nowadays are inappropriate for these materials. The hormagetistribution of

yttria and other (Y-AIl-O) particles/precipitates present e iron or nickel matrix

accounts for the creep and fatigue resistance, as well as the owaiaimical strength of

the material. After welding these materials by conventiorgthods such as acetylene

(fusion) welding techniques, the less dense oxide particles aisket surface of the

molten weld pool'. Figure 53 shows the effects of welding ODS materials using

conventional melting techniques.

Figure 55:

Shows (a) dispersed oxide particles nzdtg) The oxide particles in the weld pool.
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This rise of the oxide particles, increases the chances of aggitbtom as well as
depriving other regions such as Heat affected zones (HAZ) and ®&+reachanically
affected zones (TMAZ) of these particles. Such unevenness mdtdigsoperties of the
material and hence not suitable for reactor component use. Theksdtisx, techniques
for joining materials without changing the material properies necessary and such
technique is Friction stir welding (FSW). In FSW, the matedas not melt since the
temperature generated is less than the melting point eh#terial hence preventing the
motion of the oxide particles and preserving the crystalline pliepeof the material.
However, a report by Howard et®ahave suggested an increase in grain size, and
decrease in hardness (from 373+21 Hv to 225+22 Hv) in the nugget regmpaed to
parent material when a tungsten-Rhenium (W-Re) tool was usgal. fBdm the previous
chapter on the microstructural studies of the ODS particledvire@00, we identified
some particle behavior such as coarsening of the oxides and aggiomeraler stress.
Therefore our quest is to investigate if any changes argroug with the ODS particles,

grains, and hardness after FSW MA 956 material (similar to PM 2000).

5.2. EXPERIMENTAL :

The composition of the MA 956 is given on table 14. Note: Differs fridvri2B00 by 0.5

wt % of Al. The metal plate of MA 956 with thickness of about 2.6mas waken to the
Machine shop and using Tungsten-Cobalt- Carbide (W-Co-C) tool witBmm

penetrating tip, the plate was friction stirred.
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Table 14: Showing composition of MA 956 in wt %.

Fe Cr Al Ti Y505
balance| 20 4.5 0.5 0.5

The friction stirred plate was cut cross-sectionally and polishied. microstructure of
the nugget, HAZ, and TMAZ regions were analyzed using optical neiepysand

Scanning Electron Microscope (SEM). The Energy Dispersive §gecpy was used to
identify the elemental constituents of the nugget, TMAZ and &gions. The Hardness

test was performed across the length of the cross-section over the regi@nesiti

5.3. RESULTS AND DISCUSSION

Figure 56: shows (a) the friction stir process ér)dhe finished metal product.

The friction stir process took about 10 minutes to complete with thgppining at about
1200 rpm. The metal plate was then cut cross-sectionally (blacknlifigure 54 (b)
shows the cut line) then ground and polished using silicon carbidergyipdper, cloth,

and alumina solution.
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The SEM micrographs of the friction stirred regions revealéfiérent grain/particle
structures. The nugget region had globular particle/precipitegestructures, while the
TMAZ had more elongated structures. The HAZ region had spagk®igated structures

as well. Figure 55 shows the overview of the friction stirred area.

Figure 57: Showing an overview of the FSW area.

The TMAZ has two distinct regions; the closest to the pin permiradhas a
microstructure that reveals a well plasticized matrighvittle or no trace of W, Co, C
elements while the middle region has the most elongated ldw@istructures. The latter
implies that there the interior TMAZ was not completely ptastd and could be due to
a difference in temperature (from the top to interior sujfasewell as a weaken strength

pin tip when penetrating the material. The penetrating pin on the teol ESW was



eroded to less than 1mm and had multiple cracks on its surface. 5§(ag (b), (c) and

(d) shows the different microstructures after FSW.

Elecron Image 1

Figure 58: Showing the microstructure of (a) Nugget HAZ, (c) TMAZ-Interior, and (d) TMAZ-Surface.

The SEM micrographs of the nugget showed elongated globular precipiittiesize
ranging from 2-8um. The EDS scan of the region revealed pesémtemental W, Co,

in the region (nugget) implying that the eroded tool pin contandnidie matrix. The
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HAZ region had sparsely elongated grains but overall, the structure was not fexgndlif
from the parent matrix.

The hardness test performed across the friction stir weld ezl/aalincrease in hardness
from about 240 kg/mfon the TMAZ/HAZ regions to 375 kg/nfin the nugget region.
This jump in hardness value could be attributed to the contamination wkttdy the

elements from the stirring pin.

Hardness Profile MA 956
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200 -
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Figure 59: shows the hardness profile across th&.FS

The increase in hardness will probably lead to brittle fraatfitte weld hence a better
tool pin will be needed to perform the FSW.
5.4. CONCLUSION:

Overall, we were able to successfully plasticized the MA&€erial and form a
weld. The weld had three main distinct regions namely the nugytZ and HAZ. The
microstructure for the nugget had globular precipitates while thZ Mnd HAZ

regions had elongated like grain structures. The pin used contaminatecttréal and



increased the hardness at the weld region from about 240 kgtn8Y5 kg/mm. A
better tool is needed to prevent contamination and more work, suctesdation creep

testing is needed to fully characterize the weld.

CHAPTER VI: CONCLUSION OF PROJECT

The Goal of the project was to characterize materials teateeommended for
out-of-core structural materials for generation 1V nuclearesystnotably for SFR and
VHTR systems. The studies undertaken were to increase acovenfinte knowledge and
amount of the already existing data or the lack of there of. Vhdahility of the
materials limited the choices for our research focus andntiterials at hand included
Alloy 617, PM 2000 and MA 956. The specimens for characterization inclessdet
testing, creep testing and friction stir welding specimehgs& specimens help mimic
the damage accumulation under operating conditions of the reactots héhctell the
story of what is to come if such material is used. The cteraation of the Alloy 617
showed an increase in the amount of secondary phase precipitettess TiN and MCs
at slower tensile strain rates which help prevent dislocation gatipa but also causes
strain hardening of the material. The AFM/SKPFM results stihawthere is a possibility
in monitoring the damage accumulation without physically destroying thpazent. On
the other hand, the characterization of the PM 2000 revealedolautiorphologies of
the particles as well as the elemental composition. The diff@aticles present in the
matrix help account for individual qualities of the PM 2000 mateFRat. example the
Al,O3 particles help prevent the oxidation of the material by creatingell adherent

alumina surface and generally, the particles help pin the diglnsato prevent crack



propagation. However, the agglomeration of the particles as wetloassening is
observed in the crept tip specimen. This event was attributed tagtihéemperature flow
of the material by diffusion assisted mechanisms at sloingtge (1.3 x 1§ s%). The
welding of the MA 956 plate by FSW turned out to be successfulheutaol used
(W,Co,C ) contaminated the weld hence increased the hardness fron246du/mni
to 375 kg/mm. The microstructural characterization this time was limtedthe SEM
imaging but future work would involve indentation creep testing and Trivekstigations
of the behavior of the particles in the weld region which wilpHally characterize the

weld.

6.1. RECOMMENDATIONS:

PM 2000 is a ferritic oxide dispersed strengthened steel prepared by mechlanioay

and hot extrusion of the powder elements. The resistive properties of the material t
degradation modes such as oxidation, creep and radiation induced swelling have made
this material a strong candidate for generation 1V nuclear systéomgever, when PM
2000's tensile properties are compared to another potential candidate, Bitoiielso
known as alloy 617), the results show a material with overall lower stress value
(200Mpa compared to 300Mpa for the alloy 617) and a relatively non-existent strain
hardening effects than its counterpart, alloy 617. The disparity between thiotygo a

could be attributed to a number of things;

1-PM 2000 is a ferritic based alloy with body-centered cubic (BCC)atlipe

structure while alloy 617 is an austenitic alloy with faced-centarbit ¢FCC)



crystalline structure. The slip planes in FCC materials are vamgaotd are randomly
arranged. This arrangement creates a mesh or network of slip planes, theredsing
the dislocation density in the material as well as its strength. On the atiterBCC

structures have slip planes that are more planar and/or parallel to each oiter, he

reducing the possibility of dislocation density nuclei forming.

2-The elements present in alloy 617, such as Molybdenum, cobalt, Titanium and
carbon help increase the overall strength of the material by forming segcphdses
(carbides) within the matrix of the material. In PM 2000, Ti and Y203 (0.5% eaxh) ar
the main contributors in the strengthening of the material. However the leeastof

element are less than 1% (precisely 0.5%).

3-The large grain size present in the PM 2000 structure reduces the amount of
grain boundaries hence reduces the probability of slip plane interaction as we

dislocation densities.

How to improve PM 2000 for better performance

1- Add elements that promote strain hardening, increase strength and wear
resistance. Tungsten or tungsten carbide, niobium carbide can be added to
increase strength and wear resistance. Cobalt can be added to the fatrixi¢can
improve the martensitic characteristics and hence improve strengthuifritani
nitride (TiN) or titanium carbide (TiC) is another possible compound that can be

added to the matrix. Also adding nickel, silver elements or austenitic stedilize
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can increase the stacking fault in the iron matrix, hence aid in incgeths
dislocation densities and overall strength of material.
2- Have smaller microstructural grain sizes. This can be done by cold working or hot
working the manufactured material.
3- Have an austenitic (FCC) iron matrix because of its overall higher girtren
ferritic (BCC) or combine both matrices.
6.3. FUTURE WORK:
For better comparison purposes, both alloys need to be tested at the same temperatur
(preferably 600-800C) and other data such as the hardness and impact tests of both
materials could help in evaluating the alloys with respect to their opg@inditions.
Perform FSW with a tool that will not contaminate the parent material. @déyre
available/ basic materials (matrix content) instead of complicategsdto initial
analysis. Future work on PM 2000 should involve performing tests on a cold worked
material with small grain size to identify any changes in teasitecreep, performance

of the material as well as its microstructural characteristics.



REFERENCES

! "International Data Base (IDB)." Population Divisds Dec 2008. U.S. Census
Bureau. 01 Feb 2009 <http://www.census.gov/ipc/www/idb/worldpopgraph.html>.
% Tran, P. "Alternative Energy Sources." 03 Feb 2009
<http://www.cc.utah.edu/~ptt25660/tran.html>.

3 "Nuclear Training Centre." ICJD6 Aug 2008. jozef stefan institute. 03 Feb 2009
<http://www.icjt.org/an/tech/jesvet/jesvet.htm>.

* NERAC, "A technology roadmap for generation IV Nuclear Energy SystemsDOES
Nuclear Energy Research Advisory Commitigsge 13. 2002.

®> NERAC, "A technology roadmap for generation IV Nuclear Energy SystenSsDOE
Nuclear Energy Research Advisory Committeage 13. 2002.

® NERAC, "A technology roadmap for generation IV Nuclear Energy SystemsDOES
Nuclear Energy Research Advisory Committeage 13. 2002.

" "Advanced Nuclear Power Reactors.” 02 Dec 2008. World Nuclear Association. 10 Jan
2009 <http://www.world-nuclear.org/info/inf08.html>.

8 "Generations of Nuclear Energy." Nuclear Energy AgefgyDec 2008. Gen IV
international forum. 10 Jan 2009 <http://www.gen-4.org/Technology/evolution.htm>.
® Hore-Lacy, lan . "Nuclear power reactor.” Encyclopedia of E@8tMar 2003. Gen IV
international forum. 10 Jan 2009
<http://www.eoearth.org/article/Nuclear_power_reactor>.

19 *aAdvanced Nuclear Power Reactors.” 02 Dec 2008. World Nuclear Association. 10 Jan
2009 <http://www.world-nuclear.org/info/inf08.html>.

I NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S
DOE Nuclear Energy Research Advisory Commitfesege 8-11. 2002.

12 NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S
DOE Nuclear Energy Research Advisory Commitfesege 6. 2002.

13 NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S
DOE Nuclear Energy Research Advisory Commitfesege 10. 2002.

1 NERAC document, "A technology roadmap for generation IV Nuclear Energy
Systems."U.S DOE Nuclear Energy Research Advisory Commyisege 11. 2002.

1> NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S
DOE Nuclear Energy Research Advisory Commitfesge 14-15. 2002.

1 NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S
DOE Nuclear Energy Research Advisory Commitfesege 23. 2002.

" NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S
DOE Nuclear Energy Research Advisory Commitfesge 22-26. 2002

18 NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S
DOE Nuclear Energy Research Advisory Commitfsege 15. 2002.

1Y NERAC, "A technology roadmap for generation IV Nuclear Energy SystenSs."U
DOE Nuclear Energy Research Advisory Commitfeege 28. 2002.




20 NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S
DOE Nuclear Energy Research Advisory Commitfesege 27. 2002.

2L NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S
DOE Nuclear Energy Research Advisory Commitfesege 15. 2002.

22 NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S
DOE Nuclear Energy Research Advisory Commitfesege 33. 2002.

“NERAC, "A technology roadmap for generation IV Nuclear Energy SystenS&sDOE
Nuclear Energy Research Advisory Committeage 33. 2002.

24 NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S
DOE Nuclear Energy Research Advisory Commitfeege 15-16. 2002.

% NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S
DOE Nuclear Energy Research Advisory Commitfeege 39. 2002.

2 NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S
DOE Nuclear Energy Research Advisory Commitfesege 38. 2002.

2 NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S
DOE Nuclear Energy Research Advisory Commitfisege 16. 2002..

28"SCWR." Gen IV Reacto22 Oct 2007. Idaho National Laboratory. 15 Jan 2009
<http://nuclear.inl.gov/gend/scwr.shtml>.

29 NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S
DOE Nuclear Energy Research Advisory Commitfesege 43. 2002.

30NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S
DOE Nuclear Energy Research Advisory Commitfesege 43. 2002.

3L NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S
DOE Nuclear Energy Research Advisory Commitfesege 42. 2002.

32 NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S
DOE Nuclear Energy Research Advisory Commitfesege 48. 2002.

33 NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S
DOE Nuclear Energy Research Advisory Commitfesege 49. 2002.

3 NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S
DOE Nuclear Energy Research Advisory Commitfesege 48. 2002.

% NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S
DOE Nuclear Energy Research Advisory Commitfesege 61. 2002.

3¢ Zhu, Shenyun. "Materials for advanced energy systems and fission & fusion
engineering.” eproceeding®009. world scientific. 13 Jan 2009
<http://eproceedings.worldscinet.com/9789812705198/9789812705198 0032.html>.
%" Raja, K.S.. "Selection of Candidate Materials for out-of-core structurfitagpns in
Gen IV reactors." Jun 2006 13 JAN 20089.

3 Dieter , George. Mechanical Metallur@rd. New York: McGraw Hill, 1986.

3 Kelly, Shawn. "Fatigue.” 05 Apr 1997. Virginia Tech Material Science & Emging.

14 JAN 2009

<http://www.sv.vt.edu/classes/MSE2094 NoteBook/97ClassProj/anal/kaetyattml

>




40»Creep and stress rupture.” metallurgical consultdritSep 2007. 14 Jan 2009

<http://www.materialsengineer.com/CA-Creep-Stress-Rupture.htm>.

“! Raja, K.S.. "Selection of Candidate Materials for out-of-core structuréitappns in

Gen IV reactors.” Jun 2006 13 JAN 2009

“2NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S

DOE Nuclear Energy Research Advisory Commitfesge 30. 2002

“3NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S

DOE Nuclear Energy Research Advisory Commitfesge 36-37. 2002.

“ NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S

DOE Nuclear Energy Research Advisory Commitfesege 41. 2002.

> NERAC, "A technology roadmap for generation IV Nuclear Energy Systems."U.S

DOE Nuclear Energy Research Advisory Commitfesege 50-51. 2002

¢ Klimiankou, M.. "TEM study of PM 2000 steel." Powder Metallukégl. 48(2005):

277.

47 Czyrska-Filemonowicz, A.. "Transmission Electron Microscopy study tdaition-
dispersoid interaction in deformed incoloy MA956." Scripta Metallurgica et
materialiavVol. 32(1995): 331-335.

8 Czyrska-Filemonowicz, A.. "Transmission Electron Microscopy study tdaition-
dispersoid interaction in deformed incoloy MA956." Scripta Metallurgica et
materialiaVol. 32(1995): 331-335.

%9 Czyrska-Filemonowicz, A.. "Transmission Electron Microscopy study tdaition-

dispersoid interaction in deformed incoloy MA956." Scripta Metallurgicaaerialia

Vol. 32(1995): 331-335.

*0 Czyrska-Filemonowicz, A.. "Transmission Electron Microscopy study tdaiion-

dispersoid interaction in deformed incoloy MA956." Scripta Metallurgicaaerialia

Vol. 32(1995): 331-335.

®LRahman, S., Raja k.S,. "Investigation of high temperature deformation properties of

alloy 617 using Scanning kelvin probe force microscopy." (2007).

2 Shah, V.N. Argonne National Laboratodun 2003. U.S Nuclear Regulatory

Commission. 24 Jan 2009 <http://www.nrc.gov/reading-rm/doc-

collections/nuregs/contract/cr6816/cr6816.pdf>.

>3 Kewther Ali, M.. "Fatigue properties of the refurbished INCO-617 alloy.teMals

Processing Technology18(2001): 45-48.

>4 Udo, Bruch. "Tensile and impact properties of candidate alloys for HGTR

applications." Nuclear Technolo@®(1984): 357.

*> Udo, Bruch. "Tensile and impact properties of candidate alloys for HGTR

applications." Nuclear Technolo®®(1984): 357.

*® Kewther Ali, M.. "Fatigue properties of the refurbished INCO-617 alloy.teMals

Processing Technology18(2001): 45-48.

>" Kewther Ali, M.. "Fatigue properties of the refurbished INCO-617 alloy.teMals

Processing Technology18(2001): 45-48.

8 Kewther Ali, M.. "Fatigue properties of the refurbished INCO-617 alloy.teals

Processing Technologhy18(2001): 45-48.




9 Kewther Ali, M.. "Fatigue properties of the refurbished INCO-617 alloy.telals
Processing Technologhy18(2001): 45-48.

®Cole, J.I. "Use of Friction Stir Welding and Friction Stir Processing foraAded Fuels
and Material Joining Applications.” ANS Annual Meetihgne(2006).

%L Cole, J.I. "Use of Friction Stir Welding and Friction Stir Processing foraAded

Fuels and Material Joining Applications.” ANS Annual Meetinge(2006).

%2 Howard , S.M.. "Friction Stir Welding of MA 956 oxide dispersion strengthened
ferritic steel.” Minerals, Metals, and Materials Socig§05).

% Fonda, Richard. "Friction stir welding."” NRIL9 Apr 2004. U.S. Navy. 20 Jan 2009
<http://mstd.nrl.navy.mil/6320/6324/fsw.html>.

% Howard , S.M.. "Friction Stir Welding of MA 956 oxide dispersion strengthened
ferritic steel.” Minerals, Metals, and Materials Socig§05)

% Grant, J.. "Friction Stir Welding of oxide dispersion strengthened Eurofer'steel
Pacific National Laboratory (2006).

% Grant, J.. "Friction Stir Welding of oxide dispersion strengthened Eurofer'steel
Pacific National Laboratory (2006).

%7 Grant, J.. "Friction Stir Welding of oxide dispersion strengthened Eurofét stee
Pacific National Laboratory (2006).

® M.J. Alinger and G.R. Odette, DOE/ER-0313/37 (2004) 61.

% Cole, J.I. "Use of Friction Stir Welding and Friction Stir Processing foraAded

Fuels and Material Joining Applications.” ANS Annual Meetinge(2006).

O Cole, J.I. "Use of Friction Stir Welding and Friction Stir Processing foraAded

Fuels and Material Joining Applications.” ANS Annual Meetinge(2006).

L Rahman, S.. "High Temperature Behavior of alloy 617 Characterized by Scanning
Kelvin Probe Microscope." 2007. 02 Feb 2009.

"2 Rahman, S.. "High Temperature Behavior of alloy 617 Characterized by Scanning
Kelvin Probe Microscope." 2007. 02 Feb 2009.

3 McCoy, H.E.. "Mechanical properties of Inconel 617 and 618." Oak Ridge National
Laboratory 1985. Martin Marrieta Energy Systems. 14 Feb 2009

4 pjit, Roy. "Tensile Deformation of structural materials at eleyagenperatures.” 2nd
ACE workshop 2007. 13 Feb 2009

">'Properties of Alloy 617." Inconel 61Bpecial Metals. 14 Feb 2009
<http://www.specialmetals.com/documents/Inconel%20alloy%20617.pdf>

® Mulford, R.A.. "New Observations on the mechanisms of dynamic strain aging and of
jerky flow." Acta MetallirgicaVol. 271979 1125-1134. 16 Feb 2009

" Baird, J.D. "Inhomogeneity of plastic Deformation.” Metals and Matevials

5(1971):

"8 Cottrell, A.H.. "Dislocations and Plastic flow in crystals." Clarendons{353):

" W.Chen, M.C. Chaturvedi, Mater. Sci. Eng., A229 (1997) 163-168) and R. Sharghi-
Moshtaghin, S. Asgari, Mater. Sci. Eng., A (2007), doi:10.1016/j.msea.2007.09.061.
80 El-Eskandarany, Sherif. Mechanical Alloyirist. Norwich, NY: Noyes Publication,
2001.




81 A. wasilkowska, R. Herzog, A. Czyrska-Filemonowicz, “Quantitative microstrakc
TEM investigation of ODS alloy PM 2000 after high temperature creep dafiomh
Archives of Metallurgy, 42 (1997) 89-99

82 Wasilkowska A., Bartsch M., Messerschmidt U., Herzog R., Czyrska-Filemanowic
A., Journal of Materials Processing Technology 133 (2003) 218-224

83 Czyrska-Filemonowicz, A., M. Wrobel, B. Dubiel. "Transmission Electron Maupyg
Study of Dislocation-Dispersoid Interaction In Deformed Incoloy MA9S®&fipta
Metallurgica et Materialiaol 32 (1995): p331-335

8 Lours, P., J. Alexis, G. Bernhart. "Oxidation Resistance of ODS alloy PM 20®0 fr
880C to 1400C." Journal of Material Sciemod 17(1998): p1089-1093

% Dieter, George. Mechanical Metallurgdrd. New York: McGraw-Hill, 1986. P. 146-
147

8 Dieter, George. Mechanical Metallurgdrd. New York: McGraw-Hill, 1986. P.147

87 Klimiankou, M.. "TEM study of PM 2000 steel ." Powder metalluvgpy. 48(2005):
277.

8 Klimiankou, M.. "TEM study of PM 2000 steel ." Powder metalluvgpy. 48(2005):
277.

8 Dieter, George. Mechanical Metallurgdrd. New York: McGraw-Hill, 1986. P. 215

% prasad, R.. "Overview joining of oxide dispersion strengthened (ODS) alloys fo
advanced nuclear reactor applications." Proceedings of ICARE009): Paper 9189

L Howard , M.. "Friction stir welding of MA 957 oxide dispersion strengthened ferritic
steel." Pacific National laborato(2006)

%2 Howard , M.. "Friction stir welding of MA 957 oxide dispersion strengthened ferritic
steel." Pacific National laborato(2006)




