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Abstract 

As nuclear energy systems become more advanced, the materials encompassing them need to perform at 

higher temperatures for longer periods of time. In this Master’s thesis we experiment with an oxide 

dispersion strengthened (ODS) austenitic steel that has been recently developed. ODS materials have a 

small concentration of nano oxide particles dispersed in their matrix, and typically have higher strength 

and better extreme temperature creep resistance characteristics than ordinary steels. However, no ODS 

materials have ever been installed in a commercial power reactor to date. Being a newer research 

material, there are many unanswered phenomena that need to be addressed regarding the performance 

under irradiation. Furthermore, due to the ODS material traditionally needing to follow a powder 

metallurgy fabrication route, there are many processing parameters that need to be optimized before 

achieving a nuclear grade material specification. In this Master’s thesis we explore the development of a 

novel ODS processing technology conducted in Beijing, China, to produce solutionized bulk ODS 

samples with ~97% theoretical density. This is done using relatively low temperatures and ultra high 

pressure (UHP) equipment, to compact the mechanically alloyed (MA) steel powder into bulk samples 

without any thermal phase change influence or oxide precipitation. By having solutionized bulk ODS 

samples, transmission electron microscopy (TEM) observation of nano oxide precipitation within the steel 

material can be studied by applying post heat treatments. These types of samples will be very useful to the 

science and engineering community, to answer questions regarding material powder compacting, oxide 

synthesis, and performance. Subsequent analysis performed at Queen’s University included X-ray 

diffraction (XRD) and inductively coupled plasma optical emission spectrometry (ICP-OES). Additional 

TEM in-situ 1MeV Kr2+ irradiation experiments coupled with energy dispersive X-ray (EDX) techniques, 

were also performed on large (200nm+) non-stoichiometric oxides embedded within the austenite steel 

grains, in an attempt to quantify the elemental compositional changes during high temperature (520oC) 

heavy ion irradiation.  
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Chapter 1 

Introduction 

After completion of reading this Master’s thesis, one will have an understanding of the research 

and development that goes into designing an engineering nuclear material. In fact, most newly 

installed materials in the modern age have gone through rigorous characterization and field 

experimental tests, before being deemed safe and operational within the design specifications for 

a targeted application.  By using the earth’s natural elements from the periodic table, scientists 

and engineers can synthesize materials and then test these materials against their own earth’s 

elements under different thermal, biological, electrical, mechanical, chemical and nuclear 

conditions. Here, we focus on the nuclear condition, by fabricating and characterizing a newly 

developed steel targeted for next generation nuclear environments. As humans and technology 

evolve, materials encompassing and molecularly performing within that technology will also need 

to evolve. As humans we need to develop more advanced engineering materials, especially the 

likes of nuclear materials that require very tight processing control, and full understanding of all 

possible failure conditions before installation − in hopes of outperforming the previous material 

generation in a safer and more efficient manner.  This Master’s research is just one very small 

piece of the giant world-wide science puzzle towards advancing nuclear technology capabilities.  

We will start by learning about Canada’s nuclear history and current statistical nuclear standings 

relative to the world, ending the chapter with the thesis outline.  
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1.1 Research Motivation 

 

1.1.1 Why Nuclear Power? 

 

With energy demands increasing worldwide, there are efforts being made to reduce airborne 

pollution associated with the burning of fossil fuels – by turning to hydro and nuclear power plant 

systems. Power plants in their simplest terms operate by having turbines spin resistive coiled 

generators to produce electricity. Therefore, we need to create large forces to spin the turbine 

blades, in order to generate mass quantities of power. We can do this with water (H2O), for 

example, by damming or redirecting Mother Nature’s flow to pour through a turbine system via 

gravity or artificial pressure. This is a very geographic specific way of producing power, and we 

need power in densely populated areas that may not have suitable elevation and/or massive 

flowing water systems close by. Furthermore, it can also be expensive and inefficient to transmit 

electricity over large distances. Here we better turn to nuclear, which operates under the same 

principle by using high-pressure H2O steam to turn the turbines – and has virtually zero 

atmospheric emissions compared to fossil fuel (ie. coal, gas, oil) power plants. Solar and wind 

energy are also great in geographic specific locations, however, the energy output is never 

consistent due to weather uncertainties and variations. The earth will not have the capacity for 

long-term storage for many decades (think giant batteries, that store power and dissipate when it’s 

a calm night). Nuclear is a great energy technology alternative due to its consistently high-output 

potentials in a compact space. Here in Canada, we have been fortunate enough to have developed 

our own nuclear technology called the CANDU® (CANada Deuterium-Uranium), which is a 
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pressurized heavy water (D2O) reactor [1]. A simple schematic of a CANDU system can be seen 

below in Fig. 1-1. Note how the nuclear reactor unit ‘heats’ the flowing D2O coolant in the 

primary heat transport system, which goes to a heat exchanger to output light water (H2O) steam 

– which then provides enough force to spin a turbine to produce electrical power. 

                            Fig.  1-1: CANDU simplified power plant schematic [1] 

 

Think of nuclear power plants as massive steam generators. The acronym CANDU refers to its 

deuterium-oxide moderator and its use of natural uranium fuel. CANDU reactors were first 

developed in the late 1950s and 1960s by a partnership between Atomic Energy of Canada 

Limited (AECL, now called the Canadian Nuclear Labs), the Hydro-Electric Power Commission 

of Ontario, Canadian General Electric, and other companies. Over the years there have been 

design modifications to the CANDU, through field trails and extensive technological R&D at 

AECL and partner Canadian universities like: Queen’s, Western, McMaster and UOIT. In 
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October 2011, the Canadian Federal Government licensed the CANDU design to Candu Energy 

(a wholly owned subsidiary of SNC-Lavalin) [2]. The reactor is also marketed abroad and there 

are CANDU-type units operating in India, Pakistan, Argentina, South Korea, Romania, and China 

– which have growing nuclear markets. As we will see in the next section, only a portion of 

Canada’s power comes from nuclear, and our total electricity demands as a nation have not 

increased significantly in the past two decades (500-600TWh constant draw), which is why 

extending research to international collaborations is necessary to expand and learn about new 

upcoming technologies and deployments.  

 

1.1.2 The Statistics of Electricity in Canada and the World 

 

Nuclear power is the third most important source of electricity in Canada.  As of 2014, ~16% of 

the nations electricity supply (~101TWh) is generated in nuclear power plants [3]. Eighteen of 

Canada’s nineteen operating nuclear power installations are in Ontario (Pickering, Darlington and 

Bruce), and one is operating in New Brunswick (Point Lepreau). Quebec decided to shut down 

their nuclear power plant in December 2012. The most important source in Canada is moving 

water, which generates ~59.3% of the electricity supply. Canada is the second largest producer of 

hydroelectricity in the world with over ~378TWh in 2014. Fossil fuels are the second most 

important source of electricity in Canada, as ~9.5% comes from coal, ~8.5% from natural gas and 

~1.3% from petroleum. Fossil fuel generation is particularly important in Alberta and 

Saskatchewan, where power stations have been built adjacent to large coal deposits. Ontario used 

to rely heavily on coal-fired generation; however, as of April 2014, the last coal-fired generating 
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facility was shut down. The remaining ~5.5% Canadian electricity sources mainly come from 

wind, which has surpassed biomass (ex. wood waste, spent pulping liquor). The final emerging 

source, solar, provides a small but rapidly increasing amount of electricity, contributing <0.5% to 

the nations grid [4]. In Fig. 1-2 Canada’s yearly nuclear TWh consumption is displayed with 

contrast to a few other nuclear powered countries, from data provided by a recent British 

Petroleum (BP) statistics study [5]. As we can see, Canada’s recent consumption has plateaued, 

whereas heavy export  manufacturing and rapid growing human populations in countries like 

China and India, have skyrocketed consumption in the past two decades. Mainland China has 34 

nuclear power reactors in operation, 20 under construction, and more about to start construction 

[6]. They also have a few experimental fusion reactors (more on fusion and next generation 

systems to come in Sec. 2.1). These nuclear installations still only account for a meager 3% of the 

country’s total electricity generation, which is why nuclear is a great solution for high-density 

areas, like China, that need clean surrounding air atmospheres and reliable continuous power 

output.  
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Fig.  1-2: Yearly nuclear power consumption (TWh) per selected country (Canada, China, India, and 
Russia) the Russian data here only starts after the collapse of the Soviet Union. 1969-2015  [5] 

 

The big nuclear players like the United States and France, are left out in Fig. 1-2, for readable 

scale purposes – as their TWh nuclear consumption in 2015 was 839 and 437 respectively [5]. 

The United Sates nuclear output is greater than all of Canada’s power sources combined. As a 

fact, Canada in 2014, exported 60TWh and imported 12TWh with the United States. In contrast, 

focusing on only Ontario’s electricity generation, (not consumption, although consumption is 

typically ~90% of generation) from Fig. 1-3, we can see that nuclear on August 13, 2016 was up 

at ~53%, followed by hydro, gas, and wind [7]. Ontario is the nuclear capital of Canada, in terms 

of both number of power plants, and nuclear consumption, proudly using all CANDU technology.  

Another interesting illustration in Fig. 1-4, shows the 48hr load response of the Ontario grid on 

August 13, 2016. Note the nuclear MW output is almost constant, and how wind and solar vary 

naturally with the environment. Ontario then throttles its gas and hydro to make the plus or minus 
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contributions to the required consumption draw, as nuclear is almost always running at high 

constant output. Stopping and starting nuclear reactors is not done instantly at the push of a 

button – these complex systems take time to control.   

                 Fig.  1-3: Ontario's power generation by source type on August 13, 2016 19:45 [7] 

 

Finally, for total world nuclear comparison, there are thirty countries in which nuclear power 

plants operate. Only France, Hungary, Slovakia and Ukraine use them as a major source of 

electricity. Interestingly, nuclear power only accounted for a staggering 4.4% of global primary 

energy consumption in 2015 [5]. Referencing Fig. 1-5 below, the change from 1995 to 2015, in 

terms of relative nuclear world power consumption of all 30 nuclear capable countries, is 

displayed from British Petroleum data [5]. Noticeable negative differences are Japan and 

Germany. Japan had a strong nuclear program, sadly until the Fukushima disaster in 2011, after 

which Japan temporarily shut down its nuclear program. Japan is only now just restarting a few 

select reactors as of 2016, with plans to slowly bring more units back online [8]. Japan is an 
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example of a country that needs nuclear power. The high-density island, with little hydro suitable 

geographic regions, and no primary fossil resources to consume has to import most fuel from 

other countries to survive. This puts a huge demand on being energy self-sufficient as a nation. 

However, they are in a heavy tectonic plate fault zone, and any new reactor design or current 

system must be able to withstand even the most rare and dangerous natural disaster. Therefore, 

any reactor coming online must adhere to the new post-Fukushima regulatory standards imposed 

by the Nuclear Regulation Authority. Germany on the other hand, had a political swing after 

Fukushima, and is planning on closing all reactor units by 2022. Positive are India and China due 

to their rapid new construction of reactor units – seen by growing industrial export demand. 

Canada has remained neutral relative to the world, simply dropping 0.13%, as our nation’s 

nuclear output has been relatively stable over the past 20 years, with no new reactor units needing 

to come online. This is partially attributed to industry leaving Canada, and residential and 

commercial systems becoming more energy efficient and green building orientated. Plus, with 

nations like Germany shutting down their nuclear systems, it has balanced out to a neutral 20 year 

relative world change for Canada, which is interesting.  

 

 

 

 

 

 

    Fig.  1-4: Last 48hrs of Ontario's power generation from all sources, August 13, 2016 19:45 [7] 
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Fig.  1-5: Relative nuclear world power consumption of all 30 nuclear capable countries, 1995 (top) 
and 2015 (bottom), showing a 20 years change [5] 
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1.2 Thesis Outline  

 

Now it should be clear the need for global nuclear power is on the rise (some nations more than 

others), as we aim to reduce our fossil fuel burn-up, and nations like India and China continue 

turning into export giants. Millions of scientists and engineers are refining and advancing nuclear 

technology, and material performance is just one limiting factor of this global expansion process. 

In this Master’s thesis, the next chapters will become more technical, as we first plunge into the 

supporting literature behind the development, fabrication and potential applications of ODS 

materials. Specifically in Sec. 2.2, the collaboration between Queen’s University and the 

University of Science and Technology Beijing (USTB), gave rise to the development of a unique 

austenitic 310-ODS steel studied here for the most part. This ODS material was modeled after the 

commercially popular 310-SS (stainless steel) variant. The next chapter will also include 

schematics of a few select instruments we can use as engineers to characterize the physical world 

around us. It is these instruments that are used extensively in the research process here. Ch. 3 

through 5 each have their own unique experiments that were performed either in Canada or China 

over the past two years – to further expand our global understanding of the newly developed ODS 

material.  The beginning of each chapter will explain the logic and experimental outline, before 

diving into the technical data and results. Please do enjoy the read. 



 

 

 

11 

Chapter 2 

Literature and Experimental Review 

 

Here we dive into the development, fabrication, history of ODS materials, and focus on the 

material selection process for this Master’s thesis, following up with detailed schematics of the 

equipment used to develop and characterize these materials. The last section of this chapter will 

give some background theory into irradiation induced microstructures in materials, and showcase 

one facility that was used for the in-situ irradiation experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

"We can't solve problems by using the same kind of thinking we used when we created them." 

                      -Albert Einstein [Theoretical physicist; 1879-1955] 
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2.1 The Development of ODS 

 

Oxide dispersion strengthening is one of nature’s gifts to a materials engineer. By adding a small 

volume fraction of dispersoids into a metal matrix, the ultimate tensile strength increases, and the 

high-temperature creep rate decreases, with no deleterious effect on oxidation or corrosion 

resistance [9–11]. Even prehistoric humans during the Bronze Age (2300 – 600 BC) made use of 

native copper strengthened with silica dispersions. However, we only started to understand this 

phenomenon and apply it to systems in the 20th century. One of the first ODS products was a 

ductile tungsten made with a 2wt% thoria (ThO2) dispersion around 1910, developed in the 

United States [12]. However, because mechanical alloying (MA) was not invented until the 

1960s, producing the ODS materials required a chemical deposition dependent method, a difficult 

process to control. A few decades later in the late 1940s there was a breakthrough in Switzerland, 

using sintered aluminum powder (SAP, a relatively new process) with alumina (Al2O3), where the 

high temperature strength of the newly developed SAP-ODS was a magnitude greater than 

regular bar aluminum [13]. The first real commercial ODS products were produced with nickel 

alloys, one known as TD Nickel, which was patented in 1964 [14]. Later in the 70s, the National 

Aeronautics and Space Administration (NASA) started funding nickel-ODS projects, and TD 

nickel was one of the investigated aerospace materials. An interesting and very detailed 

publication from a NASA study on dispersion strengthened nickel can be found here [15]. In 

summary, NASA was developing a thermal protection system for a space shuttle at temperatures 

up to ~1200oC, and the manufacturing processes were developed for the fabrication of sheet and 

foil TD nickel to specifications. They also found the addition of aluminum to the basic 

composition provides outstanding oxidation resistance up to 1200 oC. Today the applications of 

ODS materials extend into a wide variety of industries. Let’s see what is going on in the nuclear 
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2.1.1 Nuclear ODS Material 

 

An ODS alloy, to this date, has never been installed in a commercial reactor.  The irradiation 

performances of a few select ODS alloys has only been studied in recent years, and there are 

many unanswered research questions and fit for service tests that must be standardized before 

installation. Japan, France and the United States started investing into nuclear ODS research in 

the late 80s [16–18]. The added irradiation performance of ODS materials compared to regular 

counterparts will be discussed later in Sec 2.5.4. With ODS alloys we want higher service 

temperatures, with similar if not extended component lifetime in pressure tubes, feeder pipes, 

wall (containment) structures and magnet assemblies. Oak Ridge National Labs (ORNL) in 

Tennessee, USA, developed a few popular ODS alloys which are summarized in Table 2-1. A 

good review paper by G.R. Odette from the University of California, Santa Barbara, goes into 

some recent developments in dispersion strengthened nuclear grade alloys [19].  
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  Table 2-1: Chemical composition of selected ODS development steels from ORNL [9] 

 

2.1.2 Targeted Applications (GEN IV) 

 

In the year 2000, the US Department of Energy started the GEN IV initiative [20]. This was to 

support funding on building next generation energy systems deployable no later than 2030, and 

offering significant advances in sustainability, safety, reliability and economics. Examples of 

concept GEN IV systems are: the Very-high Temperature Reactor (VHTR), Supercritical Water 

Cooled Reactor (SCWR), Molten Salt Reactor (MSR), and a Lead-Cooled Fast Reactor (LFR). 

Reference the GEN IV roadmap below, Fig. 2-1, from Argonne National Lab (ANL) to see the 

progression of nuclear technology. The latest Canadian technology, an Advanced CANDU 

Reactor® (ACR-1000® 1200MWe) would be considered GenIII+ [21]. The goal is to incorporate 

ODS materials into GEN IV+ systems.   
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Fig.  2-1: GEN IV roadmap © ANL, 2015 

 

2.1.3 Targeted Applications (Fusion) 

 

All of the CANDU systems ever built have operated under the principle of fission. In fact, all 

commercial reactors are fission reactors, as this technology was developed first and is widely 

understood and practiced for the most part. Basically, in fissin we have splitting of the atoms to 

create smaller isotopes, but most importantly − neutrons plus heat energy are emitted, 2-3 per 

avg. with natural uranium-235. The CANDU’s fuel (UO2) has 0.711% U-235, as this is the 

natural non-enriched level. There are hopes now of creating stable fusion deuterium-tritium (DT) 

reactions in a demonstration fusion reactor (called, DEMO) by 2050 [22].  Fusion (a very 

complex topic not in detail here) once contained, the DT reaction should be outputting more 

energy than it is consuming, and we will have our first primitive source of infinite power. Fig. 2-2 

shows the fusion reaction and a concept drawing of the International Thermonuclear 

Experimental Reactor (ITER) facility in the south of France. The ITER-tokamak is an 

experimental machine designed to harness the energy of fusion. ITER will be the world's largest 
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tokamak, with a plasma radius of 6.2m and a plasma volume of 840m³ [23,24]. The ITER is 

expected to finish its construction phase in 2019. It will start commissioning the reactor that same 

year and initiate plasma experiments in 2020, but is not expected to begin full DT fusion until 

2027. Fusion experimental reactors however have been around since the 1960s, many small 

experimental fusion reactors have been built and are now decommissioned. Canada's first 

tokamak, built in 1983 at the University of Saskatchewan, was the world’s first demonstration of 

alternating current in a tokamak [25]. It is called the Saskatchewan Torus-Modified (STOR-M). 

Another famous operational fusion reactor is the: Joint European Torus (JET) in the United 

Kingdom (1984-present). China finished construction of one in 2006, called the Experimental 

Advanced Superconducting Tokamak (EAST). Pointing to Fig. 2-3, the list of materials for each 

major component installation in the upcoming ITER-tokamak project can be found − notice how 

many 304 and 316 austenitic steel variants are planned on being installed [23]. This is one basis 

for selecting the austenitic 310-ODS research material used in this Master’s thesis.  
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            Fig.  2-2: ITER design concept and D-T reaction 

 Fig.  2-3: ITER materials on major components [26] 
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2.2 Material Selection 

 

Scientists and engineers have experimented with small additions of yttrium-oxide (Y2O3), 

typically coupled with Ti, Zr, Mg, Hf and/or Al, into a wide variety of Fe and Ni based materials, 

all aimed at improving the ultimate tensile strength and creep resistance at high temperatures 

during irradiation [7,19,27–32]. This performance enhancement is due to the formation of nano 

oxide clusters during material synthesis, typically using the free O from the mechanical-

dissolution of Y, to precipitate single crystals of varying stoichiometry [33–36]. Seemingly 

popular has been the ODS ferritic/martensitic (F/M) and austenitic steels for potential 

applications in GEN-IV nuclear power systems, and future fusion systems (ie. DEMO) 

[20,22,23,37,38]. The austenitic components are favored in zones with highly corrosive 

environments (ie. direct contact with water). These include cooling pipes in first wall blanket 

systems, heat exchanger components, and in-vessel components. As seen from Fig. 2-3 

previously, the ITER fusion project uses many austenitic steels (ie. type 316L) for its in-vessel 

and plasma facing components [24,26,39,40]. The magnetic stability of austenitic steels are also 

desirable for superconducting magnet assemblies that are used for plasma containment within the 

fusion reactor [41,42]. Austenitic steels have very low magnetic permeability, which makes them 

attractive candidates for these sorts of environments. 

 

Due to the lack of available ODS austenitic samples in the world (being a new special research 

material not readily commercialized yet), collaboration between Queen’s University and the 

University of Science and Technology Beijing (USTB) was established in 2013. The goal is to 

research a special 310-ODS variant, similar in composition to commercially available 310L 

stainless steel, with the addition of 0.5wt% Ti and 0.35wt% Y2O3. Dr. Zhangjian Zhou at USTB 
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has many years of expertise fabricating special ODS materials in his lab [36,43,44]. The as-

received composition can be found in Table 2-2. Notice there is designed and actual values, 

because the theoretical wt% composition from elemental powder chemistry has changed even 

after tight fabrication control. The mechanical alloying (MA) and hot iso-static pressing (HIP) 

processing steps, described in detail later in this chapter, still can induce some uncertainty and 

possible contamination during material processing.   

 Table 2-2: Composition of designed 310-ODS and actual composition after powder processing and 
consolidation (wt%). The C, N and O gain can come from the MA vessel walls and balls, along with 
any trapped atmosphere during milling and consolidation: 

 

 

2.2.1 Designed 310-ODS Steel Phase  

 

Now if we remember from Table 2-1, the ODS steels developed at ORNL have <0.3wt% Ni, 

which makes them α-Fe F/M of type body-centered cubic (BCC) structure at low temperatures. 

Typically, 15-30wt% Ni results in γ-Fe austenite stability of the face-centered cubic (FCC) phase, 

depending on the total alloying elements. Hence, with our 310-ODS from Table 2-2, Ni was 

alloyed in at 20wt%. The final C concentration is still within the typical stainless steel tolerance 

of <0.05wt%. The 2wt% Mo is a solid-solution strengthener addition. N is also added as an 

austenite stabilizer, reducing the tendency for ferrite formation at high temperature and 

martensitic transformation at low temperatures. N also increases the flow strength more than 

additives of C or solid-solution strengtheners, and is more soluble than C at high temperatures, 

wt% Cr Ni Mo N C Y2O3 Ti Fe Ex. O 

Designed: 25 20 2 0.4 0.01 0.35 0.5 Bal. 0.02 

Actual: 24.5 19.2 1.9 0.44 0.019 0.33 0.46 Bal. 0.06 
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thus reducing precipitates [45]. N can also retard carbide formation. However, if its solubility is 

exceeded, nitrides (ex. Cr2N - HCP phase) can precipitate, which could be detrimental to the 

material. In this Master’s observation of the 310-ODS material, no nitrides were found, even after 

high temperature exposure, which implies N solubility has not been exceeded. For example, the 

316LN austenitic steel used in the ITER project has a specification for 0.06-0.08wt% N. This is a 

very strict processing amount, significantly less than the concentration in our research material.  

 

Ternary Cr-Ni-Fe phase diagrams at 1150oC and 550oC for 1atm are produced with FactSage® 

software [46], and are courtesy of Arthur Pelton, an Emertius professor at the Centre de 

Recherche en Calcul Thermochimique, Département de Génie Chimique, École Polytechnique de 

Montréal [47].  Fig. 2-4 has them below. The intersection of the concentration tie lines will help 

predict the expected phase. At both temperatures, the triple point is partially in γ-Fe and mixed 

α,δ-Fe regions. Upon experimental observation, likely due to the alloyed Mo and N, the γ-Fe 

phase is uniform throughout the samples, with no α or δ-Fe detected up to 550oC. Higher 

temperatures were not observed, however the γ-Fe is expected to be stable up to ~1200oC.  
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         Fig.  2-4: Ternary phase diagrams of Cr-Ni-Fe at 550 and 1150oC 1atm 

 

2.2.2 Mechanical Performance of 310-ODS 

 

In ODS systems, the low creep rates and added mechanical performance are attributed to 

dislocations surmounting the oxide dispersoids by climb. The elastically-hard particle may act 

like a void with an internal pressure, resulting in a pinning effect, and later, defect annihilation, a 

phenomenon that has been closely studied [18,48–51]. Dr. Zhou et al. have performed 

mechanical testing of tensile strength and calculated area reduction at failure on a similar 304-

ODS material [30]. Comparison between non-ODS counterpart and 304-ODS at 25, 600 and 

700oC is given in Fig. 2-5. The low area reduction is linked to the as-HIP material not undergoing 

hot-forging and grain size recrystallization after processing. The bi-modal nature of the as-HIP 

microstructure needs to undergo recrystallization and forging to even out and create a more 

uniform microstructure. In Fig. 2-6, Zhou et al. show the added benefit of hot-forging the 

material after consolidation (more on processing to come in next section) [52]. It should be noted 

mechanical testing is not performed as part of this Master’s thesis. 
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Fig.  2-5: (a) Tensile strength (b) Area reduction, both performed at 25, 600 and 700oC on 304-ODS 
and regular 304-SS variant [52] 

 

 

 

 

 

 

Fig.  2-6: (a) Tensile strength (b) elongation, both performed at 23 and 700oC on 304-ODS as-HIP 
and as-HIP + hot forge [52] 
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2.3 Fabrication of ODS Steel via Powder Metallurgy 

 

The modern day general small-scale processing route for fabricating ODS materials involves 

mechanical alloying (MA) the powders, followed by hot iso-static pressing (HIP) for 

consolidation of the alloyed powders. A thermo-mechanical treatment is then usually performed 

after the bulk sample is consolidated, like seen above in Fig. 2-6, to improve mechanical 

properties (mainly ductility, ie. elongation%.) Ductile failure is required in nuclear systems, 

brittle fractures can be catastrophic and hard to predict – therefore having good elongation% 

properties during plastic deformation is a must. Both the MA and HIP technologies will be 

explained in the next sections.  

 

2.3.1 Mechanical Alloying 

 

MA can take on a form known as ball milling, which is a solid-state powder processing technique 

involving repeated cold welding, fracturing, and re-welding of blended powder particles in a high 

energy ball mill to produce a homogeneous material. In ODS materials, gas-atomized starting 

powders are weighed and inserted into steel canisters, filled with a grinding medium (typically 

mild-steel balls), and sealed with 99.999Ar gas at 1atm. Sealing the canisters with an inert gas 

helps prevent atmospheric contamination during milling, which can exceed 100hrs in some cases 

[53].  The purpose of the MA process for ODS, is to mechanically cause dissolution of the added 

Y2O3 into separate parts of Y and O, while mixing and distributing the other added potential oxide 

elements such as Ti. This will theoretically yield well distributed particles, that form as oxide 
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precipitates during the HIP step. There are many MA parameters that will ultimately control the 

uniformity and distribution of the dissolved Y and Ti components, such as:  

• Type, size, and distribution of grinding medium 

• BMR (ball mass ratio to powder) 

• Free volume of filled canister 

• Type of mill  

• Type of canister 

• Milling atmosphere, time, temperature and RPM 

 

There are several types of mills available. The one used at USTB China was a dual-axis vertical 

planetary ball mill. A schematic of the mill cross-section is given in Fig. 2-7(a) [54], gravity 

would be acting down, and there would be x4 canisters on the milling machine. There is a main 

master wheel that turns clock-wise and a second driver spins the canisters counter clock-wise, 

hence the name dual-axis. The RPM setting is important as to not induce too much centrifugal 

force such that the grinding medium spins and gets stuck against the side walls. There needs to be 

collisions in order to have a successful MA run.  Fig 2-7(b) shows an illustration of the collision 

profile between two steel balls (grinding medium) and the powder. As can be seen some particles 

are cold-welded together while others fracture. Initially with MA, a particle size increase is 

typically noticed, until about 5hrs once an equilibrium is reached, the particle size returns to 

starting or smaller. Fig. 2-8 [55] shows a particle diameter dependence profile with milling time, 

from a ~40µm Ni starting powder.  
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 Fig. 2-7: (a) Dual axis mill cross-section (b) ball and powder collision illustration [55] 

Fig. 2-8: Particle diameter dependence as a function of milling time (with pure Ni). SEM images of 
the powders A through D, which represent 0.5, 1, 5 and 20hrs respectively. The starting particle size 
was ~40 microns, and returns close to this value after ~5hrs of milling [55] 
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In conclusion, 

 

• MA allows the elements of an alloy to go into solution and/or break apart into separate 

phases 

• The force plastically deforms particle leading to work hardening and fracture (diameter -) 

• The new surfaces created enables particle to weld together (diameter +) 

• <1% efficiency in MA, most lost to heat. Where steady state temperatures can be between 

100-250 oC max 

 

2.3.2 Powder Consolidation and Oxide Precipitation 

 

Once the powders have been successfully milled  (periods from 1 to 80hrs in this Master’s 

experiment), they are ready for consolidation. Typically the HIP (Sec 2.3.4) method is used, but 

there are other options for turning the powders into desirable 97%+ theoretical density bulk 

specimens. It’s import to know that during consolidation, the temperature needs to be sufficiently 

high (900-1300oC) to achieve good density. In our 310-ODS case, the Y+Ti+O alloyed 

components will precipitate out as pyrochlore-type: Y2Ti2O7, YTi2O6, and/or Y2Ti2O single 

crystals (<50nm) [56]. If a local concentration exists, mixed non-stoichiometric oxides can 

precipitate that interact with Cr or Fe, to form possible Cr-Fe-Y-T-O complex oxide structures 

(which are larger, 50nm+). This process only requires about 500oC for thermal precipitation 

activation, however, once formed the oxides are extremely stable beyond the limit of the Fe steel 

matrix [57]. Hot uniaxial pressing (HUP) [58], microwave sintering with sol-gel method [59], 

local area melting (LAM) with lasers [60], a ‘hollow jet nozzle’ immersed in steel flow, and a 

few others, are being developed as conventional casting cannot be used with ODS materials. With 

conventional casting, the oxide elements conglomerate, and getting nano distribution in each 



 

 

 

27 

grain is near impossible. With the consolidation of powder, precipitation of oxides happens 

simultaneously with ODS fabrication − from all known methods, due to the high heat input 

during compacting. The lab at USTB China uses HIP, which is an older but reliable technology 

good for small batches. 

 

2.3.3 Hot Iso-static Pressing 

 

Before HIP can occur, the powders need to be canned and degassed. Professor Hiroaki Kurishita 

from the International Research Center for Nuclear Materials Science, IMR, Tohoku University, 

Japan, is one expert in this field [61]. His canning and degasing setup can be seen in Fig. 2-9. 

Prof. Kurishita has done a considerable amount of work with TiC dispersion strengthening in W 

[62].  The degassing process involves inserting the as-milled powders into an all stainless steel 

can, that has a lid with a ¼” tube extension made of the same material. The closer in composition 

the can is to the powders the better, again reducing wall-to-powder contamination (mainly C). 

This lid is then TIG welded as a turbo pump simultaneously attached to the ¼” tube pumps the 

canister chamber down to 10-6 – 10-8 Torr vacuum pressure. The tube is then crimped to create the 

seal. This ensures that during the HIP consolidation, no additional atmospheric gasses are trapped 

inside the finished bulk product. In China, this canning and degassing process is sometimes 

considered a ‘skillful art’, as often the workers would use a torch to heat the bottem of the can, 

spinning it and ‘shaking’ the trapped gasses out. If for example, the as-milled powders are 

sensitve to atmosphere exposure (ex. pure zirconiums high affinity for oxygen), they can be 

canned and processed in a vacuum handeling chamber. This way the as-milled powders are never 
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exposed to atosphere after being canned with 1atm 99.999Ar in the first step prior to milling. This 

is a more controlled route, however not needed in the case of the 310-ODS powders. 

  Fig.  2-9: Canning and degassing setup © Tohoku University  

 

Now that the powders have been canned, they are ready for HIP. The HIP process involves an 

iso-static pressure of an inert gas (typically Ar) in the range of 150-200MPa that surrounds the 

can and applies uniform 3D force in a sealed pressure chamber. This uniform pressure is applied 

while heating the sample to high temperatures (950-1300oC), for periods up to 2-3hrs. A typical 

HIP machine schematic can be found in Fig. 2-10. Dr. Zhou’s lab in USTB China uses 200MPa 

of Ar gas, for 3hrs at 1150oC for the steel ODS materials [29,43,63,64]. After this process, 

theoretical density in the range of 96-98% is achieved, and the ODS material is ready to handle, 

either for experiments, or further thermo-mechanical treatments. It should be noted, the heating 

rate for HIP is usually around 40 oC/min, which causes some recrystallization before compacting, 

and can sometimes lead to bi-modal grain distributions. 
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       Fig.  2-10: General HIP systems schematic © Encyclopedia Britannica  

 

 

2.4 Materials Characterization Techniques 

 

There are hundreds of tools scientists and engineers have at their disposal for characterizing 

materials. In fact, they are so multifarious an entire life’s work could be devoted just to 

understanding a few of them. In this Master’s thesis, Transmission Electron Microscopy (TEM), 

X-ray Diffraction (XRD), and Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-

OES), are the primary techniques used for characterization. The next sub-sections will briefly 

explain their functionality, required sample preparation, and usefulness in measurement.  
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2.4.1 Transmission Electron Microscope 

 

The TEM is a very complex, yet powerful machine. The first TEM was built by Max Knoll and 

Ernst Ruska (from Germany) in 1931. This group developed the first electron microscope with a 

resolution greater than that of light in 1933, and the first commercial TEM in 1939 [65]. Since 

then, many advances have been made in terms of measurable information and image resolution, 

making the TEM the premier tool for the microstructural characterization of materials. The TEM 

used in these experiments is a 200keV Tecnai Osiris® S/TEM from FEI Company (NASDAQ: 

FEIC) [66], built and installed at the Queen’s University Reactor Materials Testing Laboratory 

(RMTL) in 2013 [67]. The TEM essentially works by having a thin electron transparent (<200nm 

for Fe) sample installed in a vertical column vacuum chamber, and at the top of that column is an 

electron field emission gun. This gun ‘fires’ the electrons down the column through a series of 

apertures and lenses via high voltage electrical discharge, focusing the beam onto the sample. 

Once the electron beam hits the sample, a wealth of information is given off. Fig 2-11 shows the 

electron interaction with a sample inside the TEM. For the most part, the electron signal is 

transmitted through the thin sample to detectors on the bottom that can render a digital image. In 

Fig 2-12, the entire TEM assembly and basic wiring diagram is given. The height of these 

machines can be greater than a tall human, and can take up an entire room once you factor in the 

supporting processing hardware.  
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         Fig.  2-11: TEM specimen beam interactions © Gatan 

 

 

Fig.  2-12: TEM sectional view showing the aperture and lenses. Along with a hardware schematic 
block diagram (right). Modern TEMs have lots of post-processing software [68] 
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The advance optics of electron microscopes can be used to make images of the electron intensity 

emerging from the sample. For example, variations in the intensity of electron diffraction across 

the sample is know as ‘diffraction contrast’, which is useful for making images of defects such as 

dislocations, grain boundary interfaces, and second phase particles. Essentially, the main imaging 

and data collection techniques of the TEM break down into the flowing: 

• Conventional imaging (bright-field and dark-field TEM) 

• Electron diffraction (selected area electron diffraction, SAD) 

• Convergent-beam electron diffraction (CBED) 

• Phase-contrast imaging (high-resolution TEM, HRTEM) 

• High-angle annular dark-field imaging (HAADF, or Z-contrast imaging) 

• Energy-dispersive x-ray spectroscopy (EDX or EDS) 

• Electron energy-loss spectroscopy (EELS) 

 

In this Master’s thesis, we mainly use the techniques of bright-field TEM, HAADF, and EDX for 

analysis. With EDX, an X-ray spectrum is acquired from small regions of the specimen 

illuminated with a focused electron beam, usually using a solid-state detector (SSD). The X-rays 

are generated simply from the TEM high-energy 200keV electrons interacting with the electron 

orbital clouds of the host atoms in the material. The TEM at Queen’s RMTL has 4x Super-X 

windowless SSD that acquire each pixel in the raster scan very quickly. Such data collection is 

called a ‘spectrum image’ [68]. Characteristic X-rays from the chemical elements are used to 

determine the concentrations of the different species in the 310-ODS sample. The scanning TEM 

mode, known as STEM, is especially useful for spectroscopy work when coupled with EDX, 

since it permits the acquisition of a ‘chemical map’. This technology from FEI Company is 

known as CHEMiSTEM®. For example, we could make an image of the Fe distribution in a 

sample if we measure, in synchronization with the STEM raster pattern, the emission of Fe Kα X-
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rays (with the EDX spectrometer). An annular dark-field detector can also be used in the STEM 

mode of operation for HAADF (or Z-contrast) imaging. This HAADF method uses incoherent 

elastic scattering of electrons to form images, resulting in opposite contrast to regular TEM 

bright-field [69]. The images and maps presented in the following chapters mainly consist of 

HAADF images coupled with EDX elemental colour maps and bright-field observation, where 

the EDX map data is used for in-situ at% compositional analysis during high temperature 

irradiation. The next sections will touch on the sample holders and sample preparation required 

for TEM.  

 

2.4.2 Sample Holders for TEM 

 

The TEM has many sample holders that can be used for different experiments. A few are 

straining, heating, low background, cryogenic, tomography, single and dual tilt holders; all of 

which accept the industry standard 3mm diameter sample disk. On the next page Fig. 2-13 shows 

a typical heating stage holder. 
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   Fig.  2-13: An example of a TEM sample holder used for heating experiments up to 1300oC 

 

2.4.3 Sample Preparation for TEM (Electro-polishing) 

 

The sample preparation is the key step in microscopic work. The cleanliness and orientation of a 

users sample surface must receive great attention to detail, ensuring what the microscopist is 

seeing is real – and not just an artifact of the sample preparation. A metal 3mm sample disk, is 

typically 50-150µm thick, and is ground down to this thickness using sequential increasing grit  

(ex. 500, 800, 1200, 2000 SiC) sandpaper method. There is a 3mm disk punch that can be used 

for the final diameter once sufficiently thinned. The sample then requires a small hole in the 

center that has been electro-polished. The perimeter of this small hole will hopefully contain the 

<200nm thick electron transparent region. The ideal thickness however for electron transparency 

is 50-100nm [70]. The electro-polishing works by passing a small current and low voltage across 

the conductive metal sample (typ. 150mA / 20VDC), while simultaneously pumping a chilled 

etching chemical solution (specific to the material) on either side of the sample. An example 

etching solution would be 95%methanol (CH3OH) 5%perchloric acid (HClO4) w/w. This method 

is known as twin-jet electro-polishing. As the streams of chemical electrolyte hit both sides of the 
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sample disk, they eventually penetrate a hole in the sample center, at which point a photosensitive 

sensor determines a ‘light value’ related to the holes diameter and turns off the pumps and voltage 

at a user specified value. Research by Z. Yao et al. have determined the removal rate to be 100-

200nm/s with ferritic alloys, using similar etching conditions as this thesis work [70]. The system 

used here is the Tenupol-5® by Struers [71]. Fig. 2-14 shows the equipment, along with a basic 

circuit drawing. Once the sample has been successfully electro-polished, final steps include 

rinsing in methanol (CH3OH) and ethanol (C2H6O) to remove any micro-debris or contamination 

left on the surface. The sample is then usually stored under vacuum, awaiting transportation to the 

TEM facility.    

           Fig.  2-14: Twin jet electro-polisher from Struers with schematic of polishing system [71] 
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2.4.4 Sample Preparation for TEM (Ion Milling) 

 

In most sample preparation cases regarding metal materials, electro-polishing can be used. 

However, if the material is very brittle or soft, electro-polishing can be difficult. If it is too soft, 

the twin-jets force will shear the sample, and if too brittle, the sample can flake into pieces when 

handling after electro-polishing. We can then turn to a sample preparation technique known as 

ion milling. A select few ODS samples have been prepared this way. With ion milling, the 3mm 

disk sample is inserted into a chamber that has one or two 8keV Ar+ ion guns. These guns can 

slowly thin the sample and eventually produce an electron transparent region. The control of 

accelerating voltage, incident angle and RPM of the sample can be adjusted by the user. A typical 

recipe will start with a high voltage high angle, decreasing both with time. The higher the voltage, 

the rougher and faster the surface will be thinned. The final thinning step is usually 5% of the 

total power at a low angle of attack relative to the surface, (ex. 0.25keV – 3 degrees, vs. starting 

8keV – 8 degrees) [72]. Fig. 2-15 below has an illustration of the ion mill, along with some 

general notes about the system. Queen’s RMTL had a PIPS II® Model 695 TEM ion mill 

installed in Jan. 2016 from Gatan [73]. Fig. 2-16 shows the PIPS II installed in the lab. The PIPS 

II uses dual gun modulation, where depending on the z-axis rotation angle, the guns will activate 

on/off accordingly. 
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                Fig.  2-15: Ion milling dual gun schematic (not to scale)  

  

                                       Fig.  2-16: PIPS II ion mill installed at Queen’s RMTL, Jan. 2016 
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2.4.5 X-Ray Diffraction 

 

Another powerful tool scientists and engineers have at their disposal is X-ray diffraction (XRD). 

In a diffraction experiment, an incident wave is directed into a material and a detector is typically 

moved about to record the directions and intensities of the outgoing diffracted waves. Information 

such as phase types and plane orientations can be deduced, along with grain size and type of 

dispersoids (precipitates / second phase particles). XRD conceived by von Laue and the Braggs 

around 1913, was the first type of diffraction experiment [74]. The oscillating electric field of an 

incident X-ray moves the atomic electrons and their accelerations generate an outgoing wave. The 

geometry for interference of a wave separated from two crystal planes of spacing d is shown in 

Fig. 2-17. This figure gives the construction needed to derive Bragg’s law [75].  

 

             Fig.  2-17: Incident and scattering wave geometries about two crystal planes [68] 
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The angle of incidence of the two parallel rays is θ. The interplanar spacing d, sets the difference 

in path length for the X-ray scattered from the top plane and the X-ray scattered from the bottom 

plane. The difference in path lengths is thus 2d sin θ. Constructive wave interference (ie. strong 

diffraction) occurs when the difference in path length for the top and bottom rays is equal to one 

wavelength, λ: 

2𝑑𝑠𝑖𝑛𝜃 =   𝜆 

The right hand side is sometimes multiplied by an integer, n, since this condition also provides 

constructive interference. Our convention, however, sets n=1. When there is a path length 

difference of nλ (n=1,2,3..) between adjacent planes, we change d (even though this new d may 

not correspond to a real interatomic distance). For example, if our diffracting planes are (100) 

cube faces, and then we speak of a (200) diffraction from planes separated by d200 =(d100)/2 (now 

n=2): 

2𝑑!""𝑠𝑖𝑛𝜃 =   2𝜆 

A diffraction pattern from a material typically contains many distinct peaks, each corresponding 

to a different interplanar spacing, d. For cubic crystals with lattice parameter a0, the interplanar 

spacing, dhkl , of planes labeled by Miller indices (hkl) are (as can be proved by the definition of 

Miller indices and the 3D Pythagorean theorem [76,77]): 

𝑑!!" =   
𝑎!

ℎ! +   𝑘! + 𝑙!
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From Bragg’s law we find that the (hkl) diffraction peak occurs at the measured angle 2θhkl : 

2𝜃!!" = 2𝑎𝑟𝑐𝑠𝑖𝑛
𝜆 ℎ! + 𝑘! + 𝑙!

2𝑎!
 

There are often many individual crystals of random orientation in the sample, so all possible 

Bragg diffractions can be observed in the ‘powder pattern’, for inclusive 2θ angles up to 180o. 

Thousands of known compounds have been indexed by the International Centre for Diffraction 

Data (ICDD), and usually the data presented is from a random powder sample [78]. There is a 

convention for labeling, or ‘indexing’ the different Bragg peaks in a powder diffraction pattern 

using the numbers (hkl). Indexing of bulk and powder ODS specimens are performed later in Ch. 

5. 

 

2.4.6 Inductively Coupled Plasma Optical Emission Spectrometry 

 

 Know as ICP-OES for short, this analytical technique is used for the detection of trace metals in 

the part-per-million range (ppm). Some modern machines can even reach the part-per billion 

range (ppb). The first inductively coupled plasma systems were developed by Greenfield et al. in 

the 1960s, with commercial deployment in the 1970s [79]. It is a type of emission spectroscopy 

that uses the inductively coupled plasma (typ. Ar at 2000-1000K) to produce excited atoms and 

ions that emit electromagnetic radiation (photons) at wavelengths characteristic of a particular 

element. When the electrons of an atom are in the orbitals closest to the nucleus, the atom is in its 

most preferred and stable state, known as its ground state. When energy is added to the atom as 

the result of absorption of electromagnetic radiation, collision with another particle, or with the 

ICP-OES condition is thermally vaporized; one or more of several possible phenomena take place 
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[80]. The two most probable events are for the energy to be used to increase the kinetic energy of 

the atom, or for the atom to absorb the energy and become excited (known as excitation). When 

an atom becomes excited, an electron from that atom is promoted from its ground state orbital 

into an orbital further from the nucleus and with a higher energy level. Such an atom is said to be 

in an excited state. An atom is less stable in its excited state and will thus decay back to a less 

excited state by losing energy through a collision with another particle or by emission of a 

photon. Fig. 2-18 illustrates this phenomenon: 

 

 

   Fig.  2-18: Basics of atom excitation and decay with photon (light) emission [80] 

 

As a result of this energy loss, the electron returns to an orbital closer to the nucleus.  In optical 

emission spectrometry (OES), the sample is subjected to temperatures high enough to cause not 

only dissociation into atoms but to cause significant amounts of collisional excitation (and 

ionization) [81,82]. Once the atoms or ions are in their excited states, they can decay to lower 

states through thermal or radiative (emission) energy transitions. In OES, the intensity of the 

photon light emitted at specific wavelengths is measured and used to determine the 

concentrations of the elements of interest in the sample. The ICP-OES facility used for this thesis 

experiment, is situated in the Department of Chemistry at Queen’s University [83]. The help of 

Dr. Diane Beauchemin in the department made these experiments possible; she is an expert in the 

field [84]. The ODS as-milled and before MA powders are analyzed for heavy elements and 

trace, to see if a concentration trend exists vs. milling time (see Ch. 5). Fig. 2-19 on the next page 

shows the ICP-OES setup in their lab: 
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Fig.  2-19: The ICP-OES setup and lab pictures from the Dept. of Chemistry at Queen’s University 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

43 

2.5 Nuclear Radiation Damage in Materials 

 

Moving on to the theory surrounding the study of nuclear materials, what types of damage can be 

induced, and how we calculate that damage. In any nuclear environment (fission or fusion), there 

are many different particles that will interact with the material at different energies. The main 

particles that cause damage are neutrons, protons, heavy ions and even electrons at high energy. 

Whenever these particles are bombarded into a material’s crystal lattice, they will often collide 

and induce damage. The first target atom displaced by incident particles is known as the primary 

knock-on atom (PKA). The PKA then spawns a plethora of thermal cascades and collisions, that 

each in part can produce single, planar and 3D defects in the material [85–87]. Fig. 2-20 below 

illustrates the potential damages induced by an incoming particle (neutron), when it hits a PKA:  

     Fig.  2-20: Collision profile of an incoming particle into crystalline lattice [88] 
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The collisions produce vacancies and interstitials in the material, where a vacancy represents an 

empty atom position and an interstitial is much smaller and fits in-between the lattice sites, 

typically in the octahedral positions. Frenkel Pairs (or Frenkel defects) are a type of defect 

wherein an atom is displaced from its lattice position to an interstitial site, creating a vacancy at 

the original site and an interstitial defect at the new location within the same element – without 

any changes in chemical properties [89]. The agglomeration of these point defects are typically 

called dislocations, and can take on many forms such as edge, screw, line, and loop type. There 

are many other phenomena like irradiation-induced segregation (RIS), irradiation-induced 

precipitation (RIP), void swelling, irradiation creep, helium bubbles, cavities, dissolution, 

irradiation-induced hardening (RIH), amorphization, and a few others that are all very 

temperature dependent processes associated with particle interaction in materials [89,90]. Table 

2-3 below illustrates quite succinctly some of the effects and the consequences they have on the 

material: 

   Table 2-3: Different types of radiation damage and resulting technical consequences [87]: 
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2.5.1 Displacements per Atom 

 

The amount of damage a nuclear material receives is measured by the amount of times each atom 

in the crystal lattice is displaced. This is known as the displacements per atom (dpa). A typical 

ex-service CANDU pressure tube could have upwards of 30-50dpa after 30+ years in service 

[91]. Now, to calculate dpa, we are looking for the probability that an incoming particle of energy 

Ei transfers the amount of energy T to the PKA. We denote σs(Ei,T), the energy transfer cross-

section, or the probability that a particle (ie. neutron) with mass m and with energy Ei elastically 

scattering against an atom of mass M, will impart a recoil energy T back to the struck incident 

atom. Using a center-of-mass and relative coordinate systems approach, we have the relation: 

𝑇 =   
𝛾
2
𝐸! 1 − cosΦ  

with, 

𝛾 =   
4𝑚𝑀
𝑀 +𝑚 ! 

Φ represents the angle between the incoming and scattered particle. σs(Ei) is the total elastic 

cross-section for the incoming particle (neutron in this example), which is the probability that the 

neutron is scattered at all. Which due to the very small size of the neutron relative to the crystal 

atoms, it is very likely to pass right through without a collision (of course dependent on true 

trajectory thickness). One can now calculate: 

𝜎 𝐸! ,𝑇 =   
4𝜋
𝛾𝐸!

𝜎! 𝐸! ,Φ  
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and integrating over Φ, 

𝜎! 𝐸! ,𝑇 =
𝜎! 𝐸!
𝛾𝐸!

 

The probability to transfer energy of amount T, only depends on Ei and not T itself. Typical 

quantification for the source of irradiation damage is measured in flux and fluence [92]. Flux is 

most commonly measured in neutrons/ (cm2•s) or fluence, which is the neutron (or ion) flux 

integrated over a certain period of time. It represents the number of neutrons per unit area that 

passed during that time (neutrons/cm2). Now to determine the dpa/s from our experiments, we 

consider the total number of displacements that the PKA will create in the solid, with T as the 

energy being transferred to the PKA and Eth as the energy required to displace an atom from its 

lattice site (typ. Eth = 40eV) [93,94], and we can calculate ν (T):  

𝜈 𝑇 =   
𝑇
2
𝐸!! 

An important quantity is the number of displacements/time per volume, R, produced by a flux, 

Φ(Ei), of incoming particles of energy Ei. One can measure then for the dose and dose rate: 

𝑅 = 𝑁 Φ 𝐸! 𝜎 𝐸! ,𝑇 𝜈 𝑇 𝑑𝑇𝑑𝐸!
!

!!

!

!!
 

The displacement rate per unit time is therefore R/N and it has the unit dpa/s. Typical 

displacement rates in nuclear reactors are 10-9 to 10-7 dpa/s [90]. Whereas in experimental 

research facilities like the one discussed in Sec. 2.5.3, the rate can get up to 10-4 −10-2 dpa/s. 

Lastly, as the kinetic energy of the particle is lost from subsequent smaller collisions as it travels 

into the material, it will either leave the material or remain implanted in it. The next section will 

briefly talk about the importance of particle accelerating energy, and what it means for the target 

materials.   
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2.5.2 Particle Kinetic Energy Importance 

In a reactor environment, the neutrons can be thermal or fast. The reactor operators want their 

neutrons to be thermal, as these are more easily fissioned for continuing the nuclear thermal 

cycle. A thermal neutron has a kinetic energy of about 0.025eV (about 4.0×10−21 J or 2.4 MJ/kg, 

hence a speed of 2.2 km/s) [92], which is the energy corresponding to the most probable velocity 

at a temperature of 290K. The thermal neutron energy is still low enough as to not cause any 

PKA cascade damage in the encompassing reactor materials. However, the fast neutrons emitted 

from a fission reaction can be on the order of 1MeV (106eV, or 100 TJ/kg, with a speed of 14,000 

km/s or higher!). These fast neurons do indeed generate PKA cascade damage within the 

materials (ref. Sec. 2.5.1 above). Therefore, there is a dependence on the particle species, mass, 

and kinetic energy, as to the extent of the damage possible and resultant penetration depth into the 

material. Fig. 2-21 on the next page does a beautiful job showcasing the differences in particle 

penetration depth into a 99.9Ni lattice, at different particle energies and masses - from the early 

works of Kulcinski et al. [95]. It also uses equations similar to the ones derived above for 

calculating the dpa/(incident particle • cm2): 
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           Fig.  2-21: Displacement damage effectiveness for various energetic particles in 99.9Ni [96] 

 

Notice the heavier elements like Ta and Ni at high energy have a very shallow penetration depth, 

but a high defect accumulation rate, whereas light elements, like H, at lower energies penetrate 

deeper, but with less destruction. Neutrons at 1 and 14 MeV easily penetrate the 6µm distance 

and cause the least amount of damage/per unit time, but still significant.  In the irradiation 

experiments on the 310-ODS referenced in later chapters, 1MeV Kr2+ heavy ions are used, as this 

energy gives an optimal damage profile for a 100nm thin Fe matrix (see Fig. 3-6). The facility 

used to perform these experiments will be highlighted next. 
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2.5.3 In-situ TEM Irradiation Facility 

  

In order to irradiate materials for nuclear study, we need either in-reactor experiments, which as 

mentioned earlier, have relatively slow dpa/s, or we turn to laboratory setups that can perform the 

irradiation experiments in a more controlled and reasonable time frame. Our research group uses 

the intermediate voltage electron microscope (IVEM) facility at Argonne National Lab, Chicago, 

IL [97]. This world-class laboratory has a tandem heavy ion particle accelerator (500kV terminal 

voltage), coupled with a 300keV Hitachi 9000 NAR TEM. This allows in-situ experiments to be 

performed. There are only a few types of facilities like this operating in the world. The IVEM is 

run by Dr. M.A. Kirk, who is well known and respected in the field of characterizing radiation 

damage by TEM. He wrote an informative textbook co-authored with Dr. M.L, Jenkins [98], 

where many TEM techniques used here have been adopted from their work [89]. 

 

The IVEM's important advantages include: 

• Real Time observation of defect formation and evolution during irradiation 

• Well-controlled experimental conditions (constant specimen orientation and area, 
specimen temperature, ion species, ion energy, dose rate, dose, and applied strain) 

• High-dose damage, typically ~1.25x10-3 dpa/s (1dpa every 13 minuets, depending on the 
sample material, which is very fast) 

• In-situ ion irradiation does not produce any radioactivity in samples (which is always a 
good thing) 

 

Fig. 2-22 on the next page has the IVEM setup, and shows the ion beam geometry as it enters the 

retrofitted TEM: 
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Fig.  2-22: In-situ experimental setup at IVEM, ANL, Chicago, IL. The ion beam enters the 
retrofitted TEM at 30o from the surface normal. Typically then the sample is tiled α negative 15-30o 
to have the ions hit almost normal to the surface, maximizing the effective dpa/s.  

 

 

 

 

The results from experiments at IVEM in 2015, and 2016 will be presented in the next chapter. 

To end this chapter, now that we understand some fundamental theory of irradiation induced 

damage in materials, the added benefit of ODS microstructures relative to nuclear irradiation 

damage will be discussed.  
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2.5.4 Benefit of Oxide Dispersion Strengthening (Irradiation Damage) 

 

As we learned earlier, the collision cascades resultant from incoming particles displacing host 

atoms generate a lot of interstitials and vacancies. Therefore, nuclear materials must achieve high 

sink strength from internal interfaces, with the goal being to trap vacancies to enhance 

recombination with self-interstitial atoms, and to trap transmutant He to suppress bubble 

formation on grain boundaries. This is achievable with a high number density of second phase 

nano-sized oxide dispersoids [99–101]. In general, the added oxide particles can improve void 

swelling characteristics, trap transmutant He, and pin dislocations. Oxide particles will act as re-

combination sites for vacancies and interstitials, Fig. 2-23 illustrates this on the following page. 

 

For example, there have been recent irradiation studies done on F/M ODS steels by a research 

joint program in France [102,103]. In-situ heavy ion Fe+ irradiation on F/M ODS by a research 

group in Spain [104]. Irradiation response of a 9Cr F/M ODS alloy from the University of 

Wisconsin USA [99], and others. Regarding austenitic ODS materials under irradiation, a group 

in Japan has done some investigating using high energy electrons [105]. With heavy ion and He 

dual beam irradiations, a previous member of the Queen’s University Nuclear Materials Research 

Group has done some work on radiation induced microstructures in a 316-ODS austenitic steel 

[106]. All the irradiation experiments on ODS materials in the literature are only recent from the 

past two decades, and many new experiments worldwide are currently underway.  
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Fig.  2-23: Performance benefit with ODS vs. no ODS. The oxide nano-clusters (NC) can be trapping, 
localizing and annihilating irradiation induced defects © ORNL, 2010 [19] 

 

Nano-clusters (NC) of oxides have a high sink strength and trap (getter) both for He (in fine 

bubbles) and vacancies, which enhance self-healing of damage by recombination with self-

interstitial atoms [107–110]. There is also the potential for re-combination around the oxide 

interfaces during irradiation, which may attribute to a sort of stability between solvent and 

vacancy sites, as the solvent and individual matrix elements have high diffusion during ballistic 

mixing around the oxide interface at elevated temperatures.  
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Chapter 3 

Characterization & Irradiation Experiments 

 

The 310-ODS material is characterized via images captured with the TEM. This includes the 

microstructure mean grain size (area) distribution, which requires many manual measurements to 

get an appropriate sample base. Additionally, the oxide particles mean size (diameter) distribution 

with chemical composition overlay will also be investigated. Once the material has been 

characterized in terms of grain size, elemental distribution, and particle size; next a high 

temperature irradiation experiment is performed. This particular experiment looks at the physical 

and chemical compositional change of two randomly selected large (200nm+) oxide particles, 

performed via in-situ TEM EDX techniques. Furthermore, a time series of bright-field TEM 

images are captured during the in-situ irradiation, to help further visualize the irradiation damage 

response of the material. The scientific discussion is either incorporated within the results or after 

the presented results in each sub-section of this chapter.  

 

 

 

 

 
 
 
"The scientist does not study nature because it is useful to do so. He studies it because he takes 
pleasure in it; and he takes pleasure in it because it is beautiful." 
 

-Henri Poincaré [French mathematician; 1854-1912] 
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3.1 Characterization 

 

The average grain size is ultimately due to the HIP processing and post thermo-mechanical 

treatment. The time and temperature of the post treatment will be important for defining the 

recrystallization and recovery rates, as well as permanently stabilizing any precipitated oxides. 

Although most, if not all of the oxides have precipitated into their stable structures after HIP, a 

post forging and annealing is usually still performed to relax grain structures and create a more 

uniform grain distribution. First, the sample preparation for TEM will be explained, followed by 

images of the 310-ODS microstructure with histograms of characterization data.  

 

 

3.1.1 Material Processing and Sample Preparation 

This austenitic 310-ODS steel, was manufactured from a powder metallurgy process at USTB, 

and modeled after commercial grade 310-SS. First the weight percent of each pure 99.9% 

elemental powder was added into a high-energy planetary ball mill for 60h with a BMR of 10:1 

and a rotational speed of 380rpm at room temperature. The force from the MA shears and work 

hardens some aggregates, and dissolves the Y2O3 into single parts [55,111], while some of the 

new surfaces created are cold welded together, resulting in bigger grain sizes than originally in 

the starting powder. Next, the MA powders were consolidated by HIP at 1150oC under a pressure 

of 100MPa of Ar for 3h. The average grain size of the consolidated material from this process is 

typically bi-modal, with the dispersed particles maintaining their original size after HIP. The 310-

ODS was then cut from bar (off HIP main), ground into 75µm thick 3mm TEM discs, and twin-

jet electro-polished using a chilled -40oC solution of 95%methonal 5%percloric acid. The 
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polishing system was run at 20.5VDC/156mA for about one minute, which resulted in a good 

quality TEM sample.   

3.1.2 The Grain Structure 

 

The following TEM images in Fig. 3-1 show the un-irradiated 310-ODS at different 

magnifications, and point out some key features. The most obvious is the bi-modal grain size 

distribution, a common result from HIP. Due to this material not receiving a post thermo-

mechanical treatment after HIP, the grain orientation (texture) is non-uniform. A thermo-

mechanical treatment such as mild temperature forging (ie. 50% global reduction, done in passes) 

would further make the grain sizes more uniform, however not affecting the oxide number 

density. Grain size control is always of concern. The more uniform, nano-sized (<0.500µm2) and 

ordered grain structures typically result in better mechanical and irradiation performance.  

               Fig.  3-1: TEM dynamical bright-field images of the as-HIP 310-ODS microstructure 
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To characterize grain size, low-magnification images can be used to measure the grains effective 

area. The data from the histograms presented here, are collected from over 10 images, at random 

locations and magnifications within the TEM disk sample. The software program ImageJ® is 

used for measurement. ImageJ is a free open source application (32&64bit WIN/OSX/Linux) to 

process images, developed by the National Institutes of Health (NIH) [112]. ImageJ can automate 

tasks by creating custom tools using macros. These macros generate code using the command 

recorder and debug it using the macro debugger. In this application, the pixel/scale-unit is defined 

for the square image window (typ. 2048x2048) and then a polygon shape can be traced around 

the grain perimeters, finishing the area calculation. This process is done manually, although, 

automatic pixel filtering can be applied. However, it was found the manual method had a more 

repeatable and accurate measurement, and is the preferred method for accurate grain area 

measurements − provided user analysis time is not a constraint. Over 800+ grains are measured. 

The results can be found in the Fig. 3-2 histogram. The results are best fitted with a log-normal 

probability density function (PDF): 

𝑙𝑛𝑁 𝑥; 𝜇,𝜎 =
1

𝑥𝜎 2𝜋
𝑒𝑥𝑝 −

(𝑙𝑛𝑥 − 𝜇)!

2𝜎!
, 𝑥 > 0 

where μ ∈ ℝ is known as the location, and σ > 0 the scale of associated normal. The geometric 

mean is then, GM[X] = e μ = 0.175μm2. Because the log-transformed variable Y=ln(X) is 

symmetric and quantiles are preserved under monotonic transformations, the GM[X] of a log-

normal distribution is therefore equal to its median, GMed[X]. The geometric standard deviation, 

GSD[X] =  𝑒! = 3.876µm2. By analogy with the arithmetic statistics, a geometric variance can be 

defined, GVar[X] =  𝑒!!= 6.271µm2. This high variance is due to the bi-modal distribution, as the 

histogram in Fig. 3-2, is only visibly plotted for X<2 µm2. Whereas in reality, grains with up to 
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6.2µm2 were counted. Increasing grain size had a decreasing counting occurrence. There is also 

an arithmetic mean, AM[X], which can be deduced from the fit using:  

AM X =   𝑒!!
!
!!

!
 

such that, 

 

AM X =   𝑒!!
!
!!

!
=   𝑒! ∙ 𝑒!! = GM[X] ∙ GVar[X] 

 

Therefore, AM[X] = 0.438µm2. Note that the geometric mean is less than the arithmetic mean. 

This is due to the AM–GM inequality, and corresponds to the logarithm being convex down. The 

arithmetic variance AVar[X] is given by: 

Avar X = AM X! − AM X ! =    AM X ! 𝑒!! − 1 = 𝑒!!!!!(𝑒!! − 1) 

 

       Fig.  3-2: Histogram for grain area in the 310-ODS material, fitted with a log-normal function  
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Resulting in Avar[X] = 1.014µm2. The location and scale parameters of a log-normal distribution, 

ie. µ and σ, are more readily treated using the geometric mean, rather than the arithmetic mean in 

most cases. However, both are presented here for characterization of the grain structure. A final 

good estimate of the average grain size using the geometric mean is therefore 0.175µm2 ± 

6.271µm2, which suggests most of the grains are nano-crystalline. However there were some 

quite large grains relative to the small grain clusters, as indicated by the large geometric variance 

(and shown in Fig 3-1).  

 

          

3.1.3 Elemental Distribution 

 

A powerful modern technique to quantitatively map atomic elements can be done using TEM 

coupled with EDX (as mentioned in Sec. 2.4.1). The maps presented here are captured from a FEI 

Tecnai Osiris STEM with a 200keV XFEG, using HAADF imaging at Queen’s RMTL. It should 

be noted; the same TEM was used for the images in the previous section, and will be the main 

TEM used in this Master’s thesis. The EDX mapping hardware has four windowless Super-X 

SDD detectors. A medium electron beam size was chosen to balance between the 0.24nm point 

HAADF image resolution and 0.14nm EDX information limit. Scanning line dwell time was set 

at 5ms for a 512x512 pixel frame, with an average detector saturation dead time of 20-40%, 

depending on the area and magnification. The scans were held for 10min, allotting sufficient time 

to collect a full spectrum. The maps presented here each display the real EDX data pixel distance 

(Px). The software used to process the EDX data, is the Bruker QUANTAX® suite, Esprit 1.9 

[113]. General processing settings for element identification and quantification is based off the 

Φ(ρz) (Phi-Rho-Z) with standards curves, that permits simultaneous absorption and matrix-based 
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atomic number corrections to be made [32]. This involves measuring the intensities of the X-ray 

lines in the unknown scanned region, pixel by pixel, and comparing those same lines in suitable 

standards, using identical instrumental conditions such as: accelerating voltage, beam current and 

beam size [33]. The spectrum is based from the maximum pixel real distance, which varies in 

squared size from scan to scan depending on the magnification. Each pixel is then compiled into a 

counts/keV spectrum chart for the entire pixel area. Because each pixel has a known amount of 

mixed X-ray signal, the colour elemental maps are displayed with more or less intensity 

depending on the net difference in total collected signal of chosen elements based off the 

normalized mass percent (wt%). This is why it is advised the Phi-Rho-Z method is to only display 

the known elements from the powder metallurgy process, plus Kr and Ar to see if any was 

deposited from irradiation and powder processing. In the example of Y and Zr, which both have 

similar K-shell energy lines, the matrix composition is manually set to 0% for Zr, to help the Phi-

Rho-Z method to better quantify the known elements. In the case of unavoidable overlapped X-

ray lines, a series fit deconvolution method is used [34]. The measurement uncertainty reported is 

3σ (68.27-95.45-99.73 rule) from the series deconvolution and fitting methods. Bremsstrahlung 

background radiation is reduced for each EDX scan by manually adjusting the energy fit ranges 

in between each captured line intensity. ImageJ is also used for inverting the colour spectrum, to 

make the white regions correspond to no signal, vs. black regions. Fig. 3-3 shows a large grain 

HAADF image (left), with the corresponding Y+Ti+O oxide elemental distribution map (right). 

The Px distance in this case is 10nm, and will be the useable data resolution. HAADF imaging 

has the opposite contrast to TEM; hence the ‘white’ particles in HAADF are actually denser than 

the black ones. From the EDX elemental map, the particles are Y, Ti, or O rich. A precise 
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elemental quantification of the oxide particles is performed later in Sec. 3.2.2 when comparing 

the composition before and after high temperature irradiation.   

Fig.  3-3: HAADF image (left), with EDX Y+Ti+O oxide elemental distribution map (right). Here one 
of the larger grains in the sample was chosen.   

 

It should be noted the Bruker QUANTAX® suite has its own detector correction calculations. 

When transferring the energy of an X-ray quantum in an energy-dispersive detector into an 

equivalent number of electron-hole-pairs, there are effects which reduce the measurable number 

of electron-hole-pairs. The detector effects Escape, Shelf, Shift, Tail, and Pile-up can be 

described with physical models [35] and can therefore be removed from the measurement spectra 

by using advanced calculation methods in the QUANTAX suite. All of the above-mentioned 

STEM and EDX settings are kept constant for each map presented in this thesis, to yield an 

unaltered comparison technique between data sets. 
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3.1.4 Oxide Particle Size  

 

Another important parameter scientists and engineers design for in ODS materials is the average 

oxide particle diameter. Typically, smaller oxides <50nm are stoichiometric and relatively 

coherent with the matrix. Other clusters as we have seen, are >200nm and exhibit non-

stoichiometric and a believed in-coherent presence. The coherence was not verified with 

diffraction patterns, just as stated from empirical observation of the bright field contrast 

differences around a single particle. However, just like the increasing grain size which had a 

decreasing counting occurrence, the same is true for the oxide diameters. Fig. 3-4 shows HRTEM 

images of the <50nm oxide particles in focused, over-focused, and under-focused conditions − 

which help outline the interface between particle/matrix. The white/black contrast fringes around 

the particles are known as Fresnel fringes [114,115]. Additionally, the atomic plane spacing and 

crystal orientation contrast can be seen on some particles at this 360,000x magnification. For 

HRTEM, the change in the electron wave phase as it passes through the sample is used. If the 

sample is properly oriented so that the user is viewing along columns of atoms (i.e. parallel to the 

atomic planes) there will be a phase difference between the electrons which have experienced the 

attractive force of the atomic nuclei, and the electrons passing between the atoms. The phase of 

the electron wave therefore contains information about the location of the atomic columns, and 

potentially some information about the chemistry as heavier nuclei will have a stronger effect 

than lighter ones. In HRTEM practice, users typically defocus to compensate for the spherical 

lens aberration by recording images with a slight under-focus, in a way that allows as much phase 

information as possible to be reliably transferred into amplitude variations used to generate the 

high-resolution contrast image. See Fig. 3-4 below: 
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                     Fig.  3-4: HRTEM of oxide particles in 310-ODS, showing Fresnel fringes  

A combination of low and high magnification images like above will be used to count the particle 

diameters, again with help from software ImageJ. The longest diameter will be chosen in the case 

of semicircular or irregular shaped particles. Thankfully, most <50nm particles resemble circles. 

In the particle diameter histogram presented here, (Fig. 3-5) over 900+ oxides were manually 

measured. However, fitting this data with common PDFs proved difficult. The same PDF used for 

the grain size histogram, the log-normal has an aggressive decay towards +∞ with this data, and 

underestimates the oxide occurrence between 10-20nm. An alternative PDF,  f (x; xo, γ) known 

as the Lorentz distribution or Cauchy distribution is a popular distribution often used for the x-

intercept of a ray issuing from (xo, γ) with a uniformly distributed angle. The Lorentz method 

will be applied here for fit comparison to the log-normal. In spectroscopy for example, the 

Lorentz distribution is the description of the shape of spectral lines, which are subject to 

homogeneous broadening (ie. atoms interacting the same way within the frequency range 

contained in the line shape). Here, it makes a decent fit for the particle data. However, since it is a 

pathological distribution, both its geometric mean and variance are undefined. Only the median 

and full width at half maximum (FWHM) can be deduced, which is still useful for 

characterization. The Lorentz distribution therefore has the following PDF: 
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𝑓   𝑥; 𝑥! , 𝛾 =
1

𝜋𝛾 1 + 𝑥 − 𝑥!
𝛾

!   =   
1
𝜋𝛾
  

𝛾!

(𝑥 − 𝑥!)! +   𝛾!
 

For all x ∈ (-∞, +∞), where xo is the location parameter (real), specifying the location of the peak 

of the distribution and hence the median. The scale parameter (γ > 0), specifies the half-width at 

half-maximum (HWHM), with 2γ being the FWHM. The plotted Lorentz PDF in Fig. 3-5 then 

leaves; xo
 ≅	 11nm with a FWHM of 12.62nm. Additionally, γ is also equal to half the 

interquartile range and is sometimes called the probable error, which in our case would be 

±6.33nm, therefore concluding the oxide particle average (median) diameter to be ~ 11.05 ± 

6.33nm from the Lorentz fit. Turning for comparison to the log-normal fit, this gives a geometric 

median and variance of: 12.56 ± 4.48nm.  

         Fig.  3-5: Histogram for oxide particle diameter, fitted with a log-normal and Lorentz function 
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Controlling the uniformity and size of the dispersoids is very important, yet difficult work as 

there is a plethora of variables in the powder processing and consolidation steps that can 

influence the nucleation and precipitation kinetics. If we remember from the micrographs in Fig. 

3-1, there can exist large non-stoichiometric oxides, with one outlier for example recorded at 

920nm diameter. Their very low frequency of occurrence does not drastically skew the average 

particle diameter measurements, however still owing to a physical existence which may never be 

completely abolished. Later in Sec. 4.2, we develop a novel technique for producing solutionized 

TEM bulk ODS samples, in hopes for research engineers to further understand the oxide 

precipitation tendencies - with goal to eliminate such large outliers, which can be detrimental to 

the materials performance.  

 

3.2 In-situ Irradiation Experiment 

 

As ODS materials have potential future use in advanced reactor components, it is important to 

understand all the phenomena that are occurring within the material under different:  thermal, 

mechanical, and irradiating particle type/energy conditions. This would technically involve 

thousands of unique experiments spanned over decades, where users would mainly vary 

temperature and mechanical forces (ie. strain). With nuclear, now an extra ‘dimension’ of 

phenomena are occurring within the material under normal thermal and mechanical conditions; 

hence extra research and development (R&D) time is required.  We learned about some 

irradiation induced microstructures in Sec. 2.5, and trying to understand all of them for each 

unique material system in the world will take an indefinite amount of time and energy. This 

experiment is unique to the current literature, such that, EDX line scans are used before and after 
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irradiation to try and quantify nano-scale diffusion within the particles and neighboring matrix. 

This in-situ quantification again is heavily dependent on the temperature and irradiating source 

type/energy, and the discussion will focus mainly on these two variables.  

3.2.1 Irradiation Conditions 

 

In-situ irradiation with 200keV TEM observation was carried out at the IVEM facility at Argonne 

National Laboratory, Chicago, USA (ref. Sec. 2.5.3). The sample was tilted negative 15-20o to 

have the ions hit almost normal to the surface. The 310-ODS was subject to ~1.25x10-3 dpa/s with 

1MeV Kr2+ at 520 ± 5oC for a total fluence of 7.5x1014 ions!cm-2, or about 1.5dpa. This low-dose 

study is to see the initial stages of oxide and solute interactions within the matrix. The nuclear 

collision damage profile and electronic stopping power interactions are plotted against sample foil 

thickness, from bulk material calculations in a Stopping and Range of Ions in Matter (SRIM®) 

Monte Carlo Kinchin-Pease (K-P) model [116].  A 40eV displacement threshold for iron-matrix 

is used [117]. The 40eV has been adopted in recent years, although debate still exists whether 

25eV should be the standard model value for structural steels and alloys. A lower eV value would 

result in a higher dpa/s estimates. The SRIM software uses the dpa/s calculations derived in Sec. 

2.5.2, with a modified K-P model. The original ‘Displacement of Atoms in Solids by Radiation’ 

from G.H. Kinchin and R.S. Pease in 1955 can be found here [118]. In Fig. 3-6, we can see the 

existence of both ballistic and electronic transfer of energy at the given 100nm foil thickness; 

both of which will have different effects on the oxides to be discussed later in Sec 3.2.4. In Fig. 

3-7, the Kr implantation depth vs. foil thickness indicates >99.5% ion transparency at 100nm, 

therefore any implanted species from irradiation will be assumed negligible. We can assume the 

Kr is only producing nuclear damages, and then leaving the foil. 
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Fig.  3-6: DPA (nuclear damages) and electronic energy loss (dE/dx) vs. target depth in 310-ODS 
from a TRIM K-P calculation with input 1MeV Kr2+ and 40eV threshold displacement damage. The 
thin foil observed region receives about 1.5dpa and 120eV/Angstrom electronic energy loss at a 
fluence of 7.5x1014 ions!cm-2 
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Fig.  3-7: Kr injection vs. target depth in 55Fe-25Ni-20Cr matrix, from a SRIM K-P Monte Carlo 
simulation of 1000 instances. Over 99.5% Kr is transmitted (not-implanted) at 100nm according to 
this model 

 

3.2.2 Before Irradiation 

 

Two types of oxide complexes are examined here. In Fig. 3-8 we have a 56,000x HAADF image; 

(a) before irradiation, and (b) after irradiation. Two line profiles are drawn, line #1, which is 

intersecting a ~300nm particle, and line #2, which is intersecting a ~200nm particle. The line 

length of #1 is set at 274 pixels (3.5nm/data point) with a gross resolved length of 959nm. Line 

#2 is drawn for 243 pixels or 822.5nm. It is known that during synthesis, if there is a local high 

concentration of dissolved Ti and Y from mechanical alloying, that a resultant larger oxide 

complex will precipitate [36–38]. The observation of large particles makes measuring EDX 

chemical interactions in TEM much easier. The layers of contrast around the particles from 
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HAADF imaging suggest they are in-coherent and non-stoichiometric due to their size. However 

the coherency was never verified with diffraction patterns.  

Fig.  3-8: (a) HAADF STEM 56k image, with line profiles drawn across two particles at ~3.5nm/pixel 
data point. Line #1 is 274 pixels (959nm), and #2 at 243 pixels (822.5nm). (b) After irradiation; the 
line length, Y height location, and imaging parameters are kept the same for comparison. The 
surface contrast has changed due to a high density of defects, and any dislocations have been 
annealed or lost in the image. The particles themselves remained similar in diameter, and a few 
interface (black) contrast changes noticed, likely from slight bending or tilt angle differences. 
However, not found to be any obvious interface elemental change 

 

Fig. 3-9 (a) below shows line #1 before irradiation, and Fig. 3-10 (a) line #2 before irradiation.  

Fe, Ni, Cr, Ti, Y and O counts from EDX are plotted vs. line length in these figures. In both 

particles, Fe counts are the greatest, followed by Ni then Cr. It is interesting to note the Ni has a 

much sharper drop-off approaching the particle interface, suggesting Ni has a tendency to prefer 

the matrix over Fe from synthesis. Particle#1 (P#1) has an apparent 0.344 ± 0.071 atomic ratio of 

Y/Ti, whereas particle#2 (P#2) is more Ti-rich with a ratio of 0.283 ± 0.044. The full wt% and 
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at% composition of each particle from EDX is shown in Table 3-1 before and after irradiation. 

The exact same EDX data collection method from Sec. 3.1.3 is applied here. The change in the 

Y/Ti and Y/(Ti+O) ratios after irradiation are summarized later in Table 3-2. Ti-rich structures 

like those observed in P#2, can be compared to bulk compositions similar to YTi2O6, and 

depending on the pyrochlore, the Y/(Ti+O) ratio can be up to 0.67 [39]. In this material regarding 

P#1 and P#2, the Y/(Ti+O) ratio is 0.086 ± 0.077 and 0.074 ± 0.048 respectively. This suggests 

they both could contain YTi2O6, Y2Ti2O7 and Y2Ti2O5, along with other possible configurations 

of Y-O, Ti-O, Cr-O and even Fe-O; which could account for additional O bonding that is 

artificially lowering the measurable Y/Ti and Y/(Ti+O) ratios.  
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Fig.  3-9: (a) Line 1 profile analysis on particle #1 (P#1) from EDX on un-irradiated 310-ODS. The 
Cr distribution remains more uniform between matrix and interface, suggesting that it can exist in 
the Y-Ti-O complex with similar concentration to itself as solute form in the neighbouring matrix.  

(b) Same region after 1.5dpa at 520oC. Less Cr detection is noticed in the core. Y has decreased while 
Ti counts have increased in the core. O content appears to increase towards the right after the 
particle believed to be an artifact of thin foil irradiation. However the O detection in the core 
remained similar within uncertainty  
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Fig.  3-10: (a) Line 2 profile analysis on particle #2 (P#2) from EDX on un-irradiated 310-ODS. The 
Excess O can be seen on the left side of the particle, with Fe-depletion. The natural Y+Ti content is 
higher than in P#1 

(b) Same region after 1.5dpa at 520oC. Matrix-to-particle (MTP) intake has occurred, and the excess 
O has diffused into the particle core with Fe-restoration noticed in its place. Y+Ti counts decreased 
in the core 
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The exact bonding nature and chemistry inside the large mixed particles is difficult to analyze,  

especially with EDX.  The data ratio presented here (Table 3-2), is a sum of the total particle area 

at%, and not a point analysis which would affect the Y/Ti ratio at different probed pixel sections 

within the large particles.  

 

Noticed around the left of P#2, is a natural Fe-depleted, O-rich ~100x100nm zone, as seen from 

the HAADF images situated below the EDX line scans in Fig. 3-10. There are some smaller 

oxide clusters <20nm in this zone, along with what is believed to be a significant amount of 

excess O as interstitials within the Fe matrix. This zone could be possibly considered as a defect 

from the synthesis of the larger particle, and the behavior of this interface will be of interest. It is 

believed there was surplus oxygen left over after Y-Ti precipitation. Possibly from atmospheric 

contamination during solidification, or a naturally high local concentration of mechanically 

dissolved O from MA powder metallurgy distribution, which resolved in a local concentration 

beside a formed main interface. This effect can scale down to the nano-regime, which is why it is 

typical to find clusters of oxides, with smaller oxides precipitated around a main much larger 

oxide.  
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Table 3-1: Particle #1 and particle #2 (see Fig. 3-8,9,10 for identification) showing the elemental wt% 
and at% loss/gain before and after irradiation from the EDX spectrum, using the integrated area of 
each particle. The uncertainty reported is 3σ (68.27-95.45-99.73 rule) from series deconvolution and 
spectrum peak fitting methods: 

* typically <0.3wt% is below the EDX systems detection limit, and these quantities should be taken as statistical 
estimates only 

 

 

particle #1       

Element wt% before wt% after Δ wt% at% before at% after Δ at% 

Iron 30.53 ± 1.89 29.57 ± 1.79 −0.96 ± 2.60 22.16 ± 1.37 20.98 ± 1.27 −1.18 ± 1.87 

Chromium 16.30 ± 0.88 13.52 ± 0.83 −2.78 ± 1.21 12.70 ± 0.68 10.30 ± 0.63 −2.40 ± 0.92 

Nickel 13.11 ± 0.87 13.92 ± 0.82 0.81 ± 1.19 9.05 ± 0.60 9.40 ± 0.55 0.35 ± 0.81 

Titanium 14.86 ± 0.86 17.31 ± 0.83 2.45 ± 1.16 12.58 ± 0.73 14.33 ± 0.69 1.75 ± 1.00 

Yttrium 9.50 ± 0.41 8.41 ± 0.58 −1.09 ± 0.71 4.33 ± 0.18 3.75 ± 0.25 −0.58 ± 0.30 

Oxygen 14.72 ± 0.43 15.2 ± 0.38 0.48 ± 0.57 37.37 ± 1.09 37.64 ± 0.94 0.27 ± 1.44 

Carbon* 0.09 ± 0.04 0.22 ± 0.07 0.13 ± 0.08 0.29 ± 0.13 0.72 ± 0.32 0.43 ± 0.34 

Molybdenum 0.44 ± 0.03 0.98 ± 0.06 0.54 ± 0.07 0.18 ± 0.01 0.40 ± 0.03 0.22 ± 0.03 

Nitrogen* 0.48 ± 0.03 0.87 ± 0.03 0.39 ± 0.04 1.38 ± 0.02 2.46 ± 0.08 1.08 ± 0.08 

 

particle #2 

      

Element wt% before wt% after Δ wt% at% before at% after Δ at% 

Iron 19.96 ± 1.64 15.93 ± 1.95 −4.03 ± 2.55 12.62 ± 1.04 8.63 ± 1.05 −3.99 ± 1.47 

Chromium 12.66 ± 1.50 10.12 ± 1.26 −2.54 ± 1.96 8.60 ± 1.02 5.89 ± 0.73 −2.71 ± 1.25 

Nickel 6.32 ± 0.85 6.81 ± 0.79 0.49 ± 1.16 3.80 ± 0.51 3.51 ± 0.41 −0.29 ± 0.65 

Titanium 24.01 ± 0.49 23.67 ± 0.39 −0.34 ± 0.62 17.72 ± 0.36 14.97 ± 0.25 −2.75 ± 0.44 

Yttrium 12.65 ± 0.52 8.75 ± 0.53 −3.90 ± 0.74 5.03 ± 0.21 2.98 ± 0.18 −2.05 ± 0.27 

Oxygen 22.79 ± 0.31 32.4 ± 0.29 9.61 ± 0.42 50.33 ± 0.68 61.33 ± 0.55 11.0 ± 0.87 

Carbon* 0.12 ± 0.04 0.32 ± 0.16 0.20 ± 0.17 0.35 ± 0.11 0.80 ± 0.41 0.45 ± 0.42 

Molybdenum 1.05 ± 0.04 1.34 ± 0.05 0.29 ± 0.06 0.38 ± 0.02 0.42 ± 0.02 0.04 ± 0.03 

Nitrogen* 0.45 ± 0.03 0.66 ± 0.03 0.21 ± 0.04 1.13 ± 0.02 1.42 ± 0.06 0.29 ± 0.06 
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Later on in Fig. 3-11, one can see the Y+Ti EDX map overlay on P#1 & P#2, and notice the 

concentration colour is non-uniform and different before and after irradiation. The Ti dominant 

regions are highlighted in yellow contrast, which means internally the Y/(Ti+O) at% ratio is 

diverse and non-uniform. Interestingly, the Ti/O ratio in both particles is close to ~0.33. With 0.4 

wt% N in the sample, no obvious nitrides were found in P#1 or P#2, although they likely exist 

elsewhere in the sample. Furthermore, it can be seen from the g3g=200 dark field analysis in Fig. 

3-12, that before irradiation, the incoherent particles have many dislocations surrounding their 

interfaces, a common occurrence on ODS particles of this magnitude. These dense dislocations 

will act as strong sinks for irradiation induced defects (ie. voids and bubbles), solute segregation, 

RIPs, and matrix-to-particle (MTP) pathways. 

 

3.2.3 After Irradiation 

 

In Fig. 3-9,10 (b), after irradiation the line length, Y-scale height location, and imaging 

parameters are kept the same for comparison. The surface contrast has changed due to a high 

density of defects, and any dislocations have been annealed or lost in the image. The particles 

themselves remained similar in diameter, and a few interface (black) contrast changes noticed. 

However, not found to be any obvious interface elemental change. The most notable change from 

in-situ observation is the decrease in Cr at% in the core by −2.78 ± 1.21, and −2.54 ± 1.96. From 

the EDX line scans, a dip in the Cr counts in the core can be seen after irradiation, and a positive 

gradient from the core tending outward to the interface has established. This net segregation 

suggests the Cr is very mobile, and is likely diffusing into and away from the particle core, with a 

net preference to be outside the oxide interface. The before Cr gradient however, is still nowhere 
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near as sharp as Ni, where detection remained similar before and after in the core. The Ni and Cr 

interestingly enough, have similar starting concentrations in the core of P#1, whereas in P#2 (Fig. 

3-10) the Ni counts are ~50% lower vs. Cr. The mobility of the Cr suggests it is not primarily 

bonded in oxide form within the core, but instead solute. Also because the particles typically 

resemble spherical shapes, it can be assumed there is very little or no matrix elements above or 

below the particles, due to the particle diameter being sufficiently greater than the electron 

transparency requirement to produce such TEM images (100-200nm). The Cr concentration 

between interface/core is not as uniform in P#2, as in P#1, however the segregation of Cr to the 

interface is noticed by the steeper gradient on interface/core after irradiation in both particles, 

indicating the absolute core of both particles contains the lowest amount of solute, and some of 

that solute is preferentially ejected during irradiation from core outward to the interface under this 

condition.  

 

Notably, in P#1 the at% of Ti increased from 12.58 ± 0.73 to 14.33 ± 0.69, whereas is P#2 it 

decreased from 17.72 ± 0.36 to 14.97 ± 0.25 after irradiation. Possibly, ~14 at% Ti is a quasi-

equilibrium concentration between dissolution and re-precipitation under this condition.  In 

contrast, the Y Δat% detection was lower in both cases as −0.58 ± 0.30 and −2.05 ± 0.27. Please 

see again Table 3-1 above for further data reference. The gross Y depletion could lead to the 

possible suggestion of dissolution onset in these particles. As with most TEM EDX techniques, 

typically elements <0.3wt% in solution are difficult, nearly impossible to detect; therefore if any 

has dissolved beyond this limit, it will be over contributing to the net decrease in counts. The Y, 

Ti and O signals are especially strong over the particles, and the observed changes are well above 
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this information threshold. However, regarding C and N, which have low atomic presence, these 

quantities should be taken as statistical estimates only.   

Regarding P#2 from Fig. 3-10, which is naturally Ti-rich from synthesis, again, the effect of 

dissolution is noticed on this particle. The Y+Ti Δat% detection was lower in P#2, however the O 

at% rose sharply to 11.0 ± 0.87, which of course decreased the resultant Y/(Ti+O) ratio 

drastically. What could have caused such a drastic increase? If one looks closely at Fig. 3-10, the 

jagged Fe line profiles suggests a non-uniform distribution, potentially with many vacancies in 

this region. It is believed that during experiment, Fe was ejected into the matrix from the large 

oxide, and was restored in place of the original vacancies, resulting in a Fe Δat% loss of −3.99 ± 

1.47 in the core. Interestingly enough, the Fe and O have ‘switched’ places, and a matrix-to-

particle (MTP) intake of oxygen has occurred. This MTP pathway with resultant Fe-restoration in 

the matrix is observed here for the first time in the literature. 

Table 3-2: Y/Ti and Y/(Ti+O) ratios from at% in Table 3-1, both have decreased after irradiation 
within uncertainty: 

 

 

 

 

Fig. 3-11 on the next page shows in-situ qualitative maps of Fe, Cr, Ni, and Y+Ti. The Fe-

restoration after irradiation around P#2 can be now seen in 2D, along with the global decrease in 

Cr and Fe contrast in the cores. The Ni maps yield no apparent change, suggesting the Ni has low 

mobility under these conditions. With the Y+Ti maps, the internal colour contrast has changed, 

indicating: re-distribution, dissolution, and possible precipitation mechanisms, which could all be 

  particle #1 particle #2 

 at% before after before after 

Y/Ti 0.344 ± 0.071 0.262 ± 0.082 0.283 ± 0.044 0.199 ± 0.062 

Y/(Ti+O) 0.086 ± 0.077 0.072 ± 0.085 0.074 ± 0.048 0.039 ± 0.063 
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contributing to internal count differentials. Fig. 3-12 shows an in-situ dark-field TEM analysis 

(g3g=200 weak-beam) coupled with a low energy EDX spectrum chart. A dramatic increase in C 

after irradiation is detected; observed are typical white contrast 5-30nm precipitates, suggesting 

carbides (ie typ. M23C6) have formed under these conditions.  Lastly, Fig. 3-13 has bright field 

TEM time series images of in-situ irradiation up to 5dpa on a different 310-ODS sample. After 

about half a dpa, many defects are noticed within the grains. The contrast has also changed from 

the foil bending during irradiation. However, the oxide particles appear globally very stable 

during irradiation as expected. 

 

 

 

 

 

 

 

 

 

 

Fig.  3-11: In-situ bright field (BF) TEM images with EDX maps of P#1 and 2, which represent lines 
1&2 as previous. Fe-depleted region to the left particle #2, has undergone matrix restoration during 
irradiation. It should also be noted in the original synthesized particles, Cr is found more inside the 
mixed particle cores than Fe or Ni. After irradiation, Cr detection in the core is lower in both cases, 
suggesting Cr has preferentially net diffused out into the matrix under these conditions. Ni maps do 
not show any obvious change. Y has depleted slightly in both particles 
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Fig.  3-12: In-situ dark field (DF) TEM g3g=200 images with O maps of particles 1&2, which 
represent lines 1&2 as previous. The low range EDX spectrum of each region is also displayed, where 
the notable difference is in the CKA1 counts. The excess O from synthesis has been uptaken by particle 
#2. Small white precipitates are seen around the oxide interfaces and in the bulk. With the extra C 
detected, it is concluded the precipitates are carbides  
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Fig.  3-13: Bright field TEM in-situ series images of 1MeK Kr2+ irradiation (0, 0.3, 0.6, 1, 1.25, 2.5, 3.75, 
5dpa) on 310-ODS at 520oC. Oxide particles appear very stable. Captured at ANL IVEM, June 2016.  

 

3.2.4 Further Discussion 

 

The irradiation induced ballistic mixing and direct recoil impact, as we know, causes some Fe and 

Cr originally in the synthesized particles to get ejected into the matrix and away from the oxide 

interface (Fig. 3-9,10). Works by E.A. Marquis et al. [108,119], C.A Williams et al. [10,34], and 

A.J. London et al. [120] show similar at% concentration line profiles with Cr, Y and Ti 

intersecting the ODS particles. From the literature it is found the Cr from synthesis can be 

naturally slightly depleted in the particle core, uniform throughout matrix/core, or can even 

increase in the core. With our findings, Cr is more uniform throughout matrix/core from 

synthesis. The exact underlying mechanism during processing that defines the synthesized Cr at% 

in the cores is very complex. There are many factors that could be preferentially driving Cr in and 

out of the core during synthesis. Possible factors include: matrix type (ie. BCC vs. FCC), total 

alloyed Cr content, HIP vs. hot extrusion, Cr-O formation vs. Cr solute entrapment, and of course 

MA processing parameters.  



 

 

 

80 

This in-situ work finds the mobility of Cr is high under the 1MeV Kr+2 520oC conditions, and 

preferentially depletes in the particle core, along with the Y/Ti ratio. The high temperature of 

520oC however, plays a key role in allowing enough differential fast diffusion and solving to 

occur; otherwise the mixed oxide cluster itself might experience a much faster net dissolution 

from the matrix. It has been reported at low temperature (-75oC) and high dose (100dpa) for this 

phenomenon to occur [100]. At low temperature if atomic back diffusion was occurring, it is less 

likely that any ejected solute material would have a chance to back-diffuse to the oxide cluster, or 

precipitate out as a new cluster due to the relatively short time between collision cascades and the 

reduced energy for diffusion. This is why at higher temperature ranges in ODS, the creep rates 

and swelling are actually slower [16] due to the recombination of the solute which lowers void 

growth rates [48]. It is also possible that, diffusion of Cr out of the core, could relax the shear and 

hydrostatic forces exerted on the dispersoids from the climbing irradiation-induced dislocations. 

It is well understood that there is a direct action of precipitates on cavities, such as void coating, 

point defect collection, and gas atom dispersion [121]. Here, we see a decrease in the Cr 

concentration gradient tending towards the core after irradiation, as well as MTP oxygen upkeep 

and Fe-restoration near the same large interface (Fig. 3-10). This could have a direct effect on 

RIPs, as C type precipitates are noticed around the interfaces, as indicated by the increase in C 

detection from EDX spectrum (Fig. 3-12).  Co-worker Z. Yao et al. found Cr-C precipitates 

under the same irradiation conditions in an austenitic type 316-ODS [106]. The Cr has always 

played a key role in many RIPs and defect accumulations, such as segregating to dislocation 

loops [122]. Here we find the Cr with high mobility to preferentially diffuse out of the particle 

core to interact with the interface/matrix, possibly forming precipitates with C. The associated 

risk with powder processing can cause C contamination, and to keep within the specification of 
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<0.01 wt%, vacuum handling should be enforced. Furthermore, the stainless steel balls used in 

MA need to be previously collision-coated with the same powder to reduce ball-to-powder 

contamination. 

Regarding Ni, the Δat% resolved to an equilibrium state within the uncertainty of the 

measurement, as 0.35 ± 0.81 and −0.29 ± 0.65 for P#1&2 respectively. It would be interesting to 

confirm this Ni equilibrium on other sized oxides, as in our case we only measured on the very 

large >200nm particles. Perhaps this phenomenon scales down, which might lead to suggesting 

that the finer in diameter the particles can get dispersed, the more stable and less subjected to 

solute and interstitial diffusion they will be in the matrix, the size and distribution of which 

ultimately defines the sink strength of the system, putting a heavy reliance on optimizing the ODS 

particle synthesis. M.L. Lescoat et al. [103] has reported at similar irradiation conditions and 

higher dose, on the >10nm Y-Ti-O particles, the density decreases (ie. solute ejection and 

dissolution), and some completely dissolve, where an increase in the number-density of smaller 

<10nm oxides is noticed. These findings agree with the decrease in the Y/Ti ratios (Table 3-2), 

suggesting the onset of dissolution and re-precipitation into smaller oxides. It is possible the 

dissolution of Y/Ti in the core has a strong affinity to up-take smaller oxides and free O through 

MTP pathways to try and stabilize its net synthesized composition.  
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It could be stated that the negative Y Δat% measured on these particles suggests that 

amorphization is not occurring, but instead dissolution. With amorphization there would be no 

local elemental compositional change, simply the lack of long-range order. Both however could 

be occurring depending on the temperature and irradiating particle energy. M.L. Lescoat et al. 

have further reported amorphization in a Y-Ti-O complex with similar Kr irradiation, but at lower 

temperatures of 300 and 400oC. However at 500oC with 44dpa, no amorphization is noticed 

[123]. Perhaps the high temperature gives enough mobility to the system that upon PKA 

collisions, the oxide/matrix lattice is more efficiently recombined, and any dissociated oxide 

elements dissolve or diffuse in such a manner that they do not become amorphous in the incident 

region, which accounts for a size decrease, and density change, but no amorphization. In contrast, 

with swift high energy 74MeV 86Kr18+ ions at room temperature, tracks and hillocks are noticed, 

and amorphized Y-Ti-O particles are observed [124]. Therefore, it should be noted in experiment 

here, the electronic energy effect is minimal compared to the nuclear, as amorphization is mainly 

linked to the high electronic energy loss (stopping power) along the ion trajectory. Fig. 3-6 from 

earlier showed the (dE/dx) stopping power, which is ~ 120eV/Ang, along with the dpa nuclear 

damage profile. These two types of energies have different triggering mechanisms under different 

thermal conditions when it comes to amorphization of particles. The nuclear induced 

amorphization has a large temperature and fluence dependence, whereas electronic transfer is 

seemingly less temperature dependent [124–126]. For example, with 92MeV 132Xe, the (dE/dx) 

stopping power is almost 20 times greater than with 1MeV Kr2+, and amorphization of ODS 

particles occurs at room temperature. However, at ~500 oC with the same high energy 132Xe 

stopping power, no amorphization is noticed [127]. Here it is safe to assume there is minimal 
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amorphization effect on the particles, and dissolution and re-precipitation is the dominant 

mechanism ultimately controlling the stability.  

 

Furthermore, S.X. Wang et al. [128] showed that upon the same 1MeV Kr2+ ballistic damage, the 

critical dose for Y-pyrochlores (ex. Y2Ti2O7) to experience amorphization tends to accelerate after 

~300oC. In their experiment, ~5x1015 ions!cm-2 at 500 oC were needed to notice amorphous tracks 

on the particles. Our experimental dose was lower than this with 7.5x1014 ions!cm-2. As a 

consequence, the oxides must remain globally stable under irradiation, even if that involves 

dissolution and re-precipitation. Depending on the irradiation conditions, temperatures and 

fluences as mentioned above, the oxide particles can exhibit (total or partial) dissolution, 

amorphization or nothing at all. So far, mainly the ballistic damages have been investigated in 

ODS materials, and little is known about local elemental interactions around the same particle 

interfaces before and after nuclear or electronic irradiation. Here with this in-situ work, we try to 

quantify which elements are mobile on larger ODS particles, which tend to diffuse into the 

matrix, and how the Y/Ti concentration changes internally in the core under this given 

environment. The goal then, is to compare these effects on smaller nano-regime particles at the 

same temperature, and see if any associated phenomenon scales down, and if there is a 

mathematical Δat% relation vs. higher dosages. It could be theorized that dissolution of Y/Ti in 

the core of large non-stoichiometric particles has a strong affinity to upkeep smaller oxides and 

free O through MTP pathways − ejecting host Fe and Cr out to re-position or re-precipitate in the 

matrix, in place of the dissolved and incoming oxide components – all as a result of the system 

attempting to stabilize and re-precipitate its natural Y-Ti-O composition from conception.  
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Chapter 4 

Fabrication and Novel Technology Development of ODS Steel in China 

 

This chapter covers ODS material R&D performed at the University of Science and Technology 

Beijing (USTB). First the MA powder processing route of the austenitic ODS material will be 

presented, along with the supporting machines and preparation required for synthesis. The 

preponderance of this chapter however, will focus on a novel technique developed for producing 

ODS solutionized bulk TEM ready samples from the MA powder produced in the first part. 

Analysis on the newly developed microstructures is subsequently performed at Queen’s RMTL 

using TEM.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
"Experiments are the only means of knowledge at our disposal; the rest is poetry, imagination." 
 

                                                      -Max Plank [German physicist; 1885-1947] 
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4.1 Powder Fabrication 

 

Prof. Zhangjian Zhou [129] heads the powder metallurgy and nuclear reactor materials research 

group at USTB. The author of this Master’s thesis was invited on a research grant to perform MA 

experiments in his lab, and to help develop a novel engineering processing technique (Sec. 4.2). 

The following sub-sections in Powder Fabrication will go through the ODS powder selection, 

MA preparation required before starting any experiments, and the MA experimental setup itself 

used for crafting small batches of sample powders.  

 

4.1.1 Powder Selection 

 

Typically the starting metallic powders have been gas-atomized. Atomization is accomplished by 

forcing a molten metal stream through an orifice at moderate pressures. An inert gas (99.999Ar) 

is introduced into the metal stream just before it leaves the nozzle, serving to create turbulence as 

the entrained gas expands (due to heating), and fine metal droplets result which cool down during 

their fall in the atomizing tower. The collection volume is filled with gas to promote further 

turbulence of the molten metal jet. This technology is useful to manufacture high quality metal 

powders, as the powders obtained offer a perfectly spherical shape combined with a high 

cleanliness level, making them perfect candidates for MA.  

The canisters used to house the balls and powders have a total ball mass of ~1815g, therefore to 

achieve a BMR of 5:1, ~363g of powder is needed for each canister. The milling machine has 4x 

slots for canisters, therefore requiring ~1.452kg of powder per MA run. All four canisters must be 

used, so that the machine can vibrationally balance while running at 300rpm. Table 4-1 below 
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shows the powder selection used for one particular canister, as well as the crystal structure and 

size of the alloy powders. Each canister due to manual weighting could vary slightly with scale 

precision and human scooping error (<0.5wt% of designed value). However it was ensured each 

canister had a control of 363 ± 1g. The most important weighting control is the Ti + Y2O3 ODS 

additions, their relative wt% in the powder needs to be accurate and repeatable.  

       Table 4-1: Types of powders and their relative wt% in the sample: 

type of powder  RT 
structure avg. particle ϕ quantity (g) rel. wt%  

310SS (gas-atomized) FCC ~100µm 288 79.30 

α-Fe (99.99pure) BCC ~150µm 38.15 10.50 

γ-Ni (99.99pure) FCC ~150µm 33.95 9.35 

Ti (99.99pure) HCP ~20nm 1.85 0.50 

Y2O3 (99.99pure) FCC ~20nm 1.27 0.35 

      363.22   
 

Normally, the gas-atomized powder supplier only has specific industry standard powders on 

hand; 304, 310, 316 stainless steel, etc. The MA user then has to add 0.5wt% Ti and 0.35wt% 

Y2O3 (for example) to these ‘off the shelf’ powders. Here in this batch, we used a standard 310SS 

powder, and modified the composition by adding α-Fe and γ-Ni to offset the resultant material to 

~ 25Ni-20Cr-55Fe +ODS components +trace. The 25wt% Ni is on the higher range for common 

austenitic steels, however it is not past the solubility limit. Having a high Ni content is good for 

stress corrosion cracking resistance, thermal stability, and weldabilty − some of the reasons this 

composition was chosen. Commercial non-ODS alloys that resemble very similar Ni and Cr 

content are: CN7M, AISI N08366, INCOLOY® 25-6M0, AL-6XN®, and others. The 25Ni/20Cr 

seemingly is a very popular combination. These materials are often alloyed with 2-8wt% Mo, and 

are classified as super-austenitic steels.  
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It can be seen the gas-atomized powders have a ~100µm starting particle diameter, where the 

compound structure of Y2O3 has been specially super refined to ~20nm. This is vital for ensuring 

good distribution during MA. The 150µm 99.99Fe at room temperature is always BCC phase. As 

we will see later in Sec. 5.1 from XRD experiments, after 30hrs of milling this powder, the α-Fe 

phase still exists in the sample batch; however a subsequent heat treatment transforms the entire 

structure to stable FCC phase at room temperature, which is expected, as developing an austenitic 

ODS steel was the plan. This mixture of FCC/BCC in the powder is interesting, as later discussed 

in this chapter when we use ultra-high pressure and low temperature to compact it. The recipe in 

Table 4-1 is exactly the right amount needed for one canister at a BMR of 5:1. However, before 

any MA experiments can begin, the canisters and balls must be cleaned. 

 

4.1.2 MA Preparation 

 

Because the alloy content control on these powders needs to be strict, reducing handling and 

processing contamination is a top priority. The first step is to wash the balls and canisters with a 

cleaning alcohol. Prof. Zhou at USTB uses 95ethanol5water, by running the canisters in the MA 

machine on full cycle for 10hrs at 300rpm with 95% of the canister volume filled with the 

cleaning solution.  This force activated cleaning removes any stuck on surface contaminants. 

Further ethanol hand rinsing, follow by hot air drying is also performed on the balls. Because the 

canisters are re-used for different samples, each time a unique composition is being processed, 

this cleaning stage is required. Once the surfaces are clean, 363g of the desired alloy powder from 

the above section is inserted into each can. The MA machine is then run for another 10hrs, which 

collision coats the balls and walls of the vessel in the desired powder. The resultant powder from 
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this coating stage is unusable, and is sent back for recycling. By doing this there is no powder-

wall or powder-ball contamination during MA collisions because they are coated in the same 

composition. Typically C would be the culprit, transferring from the mild-steel balls to the freshly 

inserted powder. Here, we need C control to be consistent throughout the fabrication process, and 

pre-coating greatly reduces such contamination. Fig. 4-1 below illustrates the MA preparation 

route: 

Fig.  4-1: MA preparation route. First the balls and canister are washed with ethanol; they are then 
dried with hot air. Next the powder is added and must be collision coated for another cycle length 
equal to the washing one (10hrs).   
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4.1.3 MA Experiment 

 

Now that all the canisters have been collision coated, continuous production of powder can 

commence. If we remember from section 2.3.1, there are many parameters that can be varied in 

MA. Here, only the BMR and milling time are varied. The free volume of the filled canister, type 

of mill, type of canister, milling atmosphere and rpm are kept constant. In this experiment 

regarding the 25Ni-20Cr-55Fe composition developed above, because it is over the 22wt% Ni 

max value for 310-SS, we cannot call this material 310-ODS. The 310-ODS material used in Ch. 

3 was previously imported from the USTB lab, and was fabricated by PhD student Guangming 

Zhang in 2013. The author of this Master’s thesis had the pleasure to meet and work with 

Guangming during his research trip in 2015. Guangming has now graduated, and is an associate 

professor at Qingdao Technological University [130]. His PhD thesis which mainly covered a 

ferritic 9Cr-ODS variant, can be found here [131] (warning: Mandarin language skill required). 

Because this 25Ni-20Cr-55Fe developed in 2015 is a new material, herein we shall refer to it as 

super-austenitic ODS steel (SA-ODS). Later on in Ch. 5, ICP-OES is used to quantify the main 

elements and trace metals in the SA-ODS powder samples, which is particularly useful to plot 

elemental concentration vs. milling time, to determine if there will be any contamination or 

elemental changes occurring during milling, as well as characterizing the finished product’s 

composition. 

With MA, it is highly recommended to have a distributed grinding medium for the best results. 

Fig. 4-2 below shows the quantity and diameter of the grinding medium (balls) used for a 5:1 

BMR. For a relatively small 756ml internal volume canister, there are still 1,203 balls used − 

remarkably only filling up 56% of the canister height. In the case of a 10:1 BMR experiment, 
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simply half the added quantities from Table 4-1 would be used, and the number and size of balls 

would remain the same.     

 

 

 

 

 

 

 

 

 

 

 

Fig.  4-2: A layout illustration of the canister and balls used for a 5:1 BMR experiment (not to scale) 

 

Once the powders have been poured into the canisters, there are 8x9mm bolts that are tightened 

down to create a uniform pressure air-tight seal around the lid. This lid also features two screw 

valves on the top, each with a ¼” tube hookup. On one of the valves, a 99.999Ar input gas feed is 

attached, on the other valve, an output to a turbo vacuum pump. This way the canister can be 

pumped down to ~10-5 Torr and then backfilled with 1atm of Ar. This process is repeated 3 times 

for each canister. The repeated flushing is to ensure no atmosphere is contained within the sealed 

canister. 1atm of Ar is used for safety reasons, as the equal pressure to the outside world actually 

creates a better seal, than if the canister was run during MA at a vacuum pressure. There would be 

more of an onus on the valve sealing quality, dramatically increasing the cost of the canister. Ar 

is used because it is a noble gas, is readily available, and relatively inexpensive. There have been 
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MA experiments performed with H gas, but these can be dangerous and are typically avoided. 

Furthermore, fortunately for us, the SA-ODS powders do not readily oxidize in air or else 

vacuum canning would have to be employed, adding extra process control to the fabrication 

route.   

With this MA experiment, we produce 4 unique powder samples listed in Table 4-2 below. The 

rpm is fixed at 300, as recommended by the manufacturer of the mill. The MA cycle consisted of 

1hr on, 1hr off. This helps reduce overheating of the older machine; as well stopping the motion 

periodically increases the randomness of the ball collision potentials. In other machines, MA can 

be performed continuously. The added 1hr rest cycle, effectively doubles the required 

experimentation time. Thermally the MA power and canister will reach an equilibrium of max. 

~200oC after 15mins. Therefore, being aware of the required cool down period after 

experimentation is a safety concern. Additionally the total ball fill height, which ultimately 

defines the total mass of the balls, is fixed at 56% − as this quantity of grinding medium is 

optimal according to Prof. Zhou’s experience. The batch quantity produced at USTB was in 

excess, such that only ~20% of the total fabricated powder quantities were brought back to 

Canada. The rest was left at USTB for other researchers to use. Appendix A has a list of 

additional powder (ferritic) samples that were produced during the writer’s time at USTB, along 

with the ferritic starting powder composition. These are all ferritic ODS steel variants, and the 

samples’ analysis are left out of this Master’s thesis – due to the main focus here being austenitic 

ODS. However, there could be some interesting results presented, as these samples have an extra 

degree of processing variance, with 32% and 56% full ball height. 
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 Table 4-2: Austenitic ODS steel powder samples fabricated at USTB: 

sample ID 
BMR 

ratio 

milling 

time 

(hr) 

effective ball fill 

height†  (%) 

milling 

rpm" 

qty. on hand 

at Queen's 

(g) 

5SA-ODS10 5:1 10 56 300 33.2 

5SA-ODS30 5:1 30 56 300 5.3 

10SA-ODS10 10:1 10 56 300 31.5 

10SA-ODS30 10:1 30 56 300 21.3 

SA-Before-MA★ n/a n/a n/a n/a 19.0 

★the as-mixed powder inserted before MA 

†this represents the height once all the grinding medium (balls) have been interted into the canister, 

relative to the maxium fill height  

"fixed; as this is the recommended rpm from the manufacturer of the machine 

 

These experiments are lengthy, as most of the time the user is waiting for the MA cycle to finish, 

and in between different sample compositions the cleaning process (Sec. 4.1.2) must be 

performed again. Also these experiments are very labour intensive, as the canisters are quite 

heavy once full, and must be very tightly secured with a torque wrench to the MA machine. In 

total, the experiments took about two consistent months, with a few failed attempts in between. 

 

4.2 Development of a Novel Sample Preparation Method for ODS Materials 

 

With current manufacturing technologies for producing oxide dispersion strengthened (ODS) 

materials, such as the ones described previously in Sec 2.3.2, often a considerable amount of 

information is missed during processing regarding the precipitation of the ODS particles 
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themselves. It is very difficult to visualize with SEM or TEM in-situ the powders turning into 

final bulk material with dispersoids. In the classical fabrication route from mechanically alloyed 

(MA) powder to hot iso-static pressing (HIP), the powders are sealed in an air-tight vessel, and 

only after high temperature, constant pressure, and long hourly hold times do we have the final 

product. It is impossible for scientists and engineers to get instruments in place to visualize the 

powder consolidation with simultaneous oxide precipitation during these conditions. Imagine 

having a TEM powder sample, and trying to apply 200MPa of Ar at 1150oC inside the TEM 

chamber to witness the effects of HIP. This type of environment is not electron friendly − making 

imaging near impossible with the current technologies. This is why we propose to produce near 

theoretically dense TEM ready ODS samples that have the oxide components (ie. Y, Ti) still in 

solution, therefore making the system observation ready to perform heat treatment precipitation 

into stable oxides. One could do this in TEM with the as-MA powders on carbon tape for 

example, but heating this sort of sample will degrade it beyond the physical study limit of the 

sample preparation.  Hence, we need the ODS material without a cumbersome medium to 

perform an in-situ high temperature precipitation heat treatment.  

 

4.2.1 Ultra High Pressure Experiment 

 

Consolidating metallic powders (especially the heavy ones like Fe, Ni and Cr) into bulk requires 

two things: heat, and pressure. From thermo-mechanics we know if one reduces the heat, one 

must increase the pressure. The ODS particles tend to initiate precipitation around ~500oC in Fe-

matrix, and with increasing temperature the rate to thermal equilibrium greatly increases. 

Therefore, to obtain solutionized bulk samples, the MA powders must be processed at ‘cold’ 
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temperatures using ultra high pressure (UHP) equipment. The value of ‘cold’ will depend on the 

pressure equipment available, and powder selection. The important thing is insuring no phase 

change or oxide precipitation occurs during consolidation, therefore requiring the temperature to 

be low.  With our experiment, using 3-dimensionsonal ~5GPa equal pressure at ~max 250oC with 

a 120s ramp and 30s hold, we achieved a solutionized 97% theoretically dense ODS sample. We 

will move into the UHP setup, and characterize the final bulk solutionized ODS metallic product 

in this section. 

 

UHP facilities are limited, and have never been used to develop ODS samples before. In Beijing, 

China, there is one operated by Gang Yan Diamond Products, Inc. [132]. This company uses the 

UHP machines to turn carbon graphite into small micron-sized diamond particles that are used for 

cutting blade coatings. They are the number one Chinese supplier of diamond coated industrial 

blades. Here we turn to their ISO 9002 certified facilities with a special request. Fortunately for 

us, they have experience compacting steel and tungsten powder samples, and have off the shelf 

moulds ready to try. However, their compacting experience was still performed at hot 

temperatures, and this was the first cold UHP experiment of its kind. Fig. 4-3 on the next page 

shows the mould design used: 
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Fig.  4-3: The mould used at Gang Yan Diamond Products, Inc. for UHP. There are three unique 
powder samples that can be inserted into the sample mould.  

 

 

Three unique samples can be used with this mould, each with ~10g of powder. The original 

design of this mould was intended for high temperature UHP. Low voltage with high DC would 

be passed through the mould, and the conductive medium with alumina insulation would act as a 

mini furnace − heating the sample during consolidation. Here in our case we experiment with 

powders 5SA-ODS30 and 10SA-ODS30 primarily, from Table 4-2. It was found that applying 

zero power to the mould during UHP resulted in poor quality compaction (~92%), and eventually 

after several days of trial and error, an optimal UHP processing route was developed using 

~2VDC/400A.  
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It is estimated the ODS powder samples with this input power and short experimental duration 

only reached a maximum 150-250oC internal temperature, still well below the precipitation 

energy requirement. The XRD data presented later in Ch. 5 confirms there was no phase change 

or oxide precipitation during UHP. Fig. 4-4 below outlines the UHP optimized experimental 

parameters and setup: 

 

Fig.  4-4: The optimized parameters required for producing solutionized ODS steel samples. The 
figure on the right, a 2D (not to scale) illustration of the UHP forces and mould layout. In the bottom 
left a pressure vs. time graph of the load path required. The full load hold time is very important, 
without it, the sample was still poorly compacted 
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The UHP machine operates by using high pressure hydraulic oil to drive pistons into the mould. 

The initial maximum hydraulic pressure is only ~70MPa across a 560mm diameter piston, which 

is then localized to a 43.5mm2 face. The machine has an ~55% efficiency according to the 

manufacturer, resulting in a localized ~5GPa per piston face in this experiment. The pressure 

ramp and hold time can be set by the user. Here we found a moderate ~40MPa/s ramp with a 30s 

hold to yield the best results. Additionally, a small input of electrical (heat) energy was required; 

without the input, the sample was only ~92% compacted; with the input, ~97% as measured by 

Archimedes water displacement method. Fig. 4-5 below shows pictures of the UHP facility:  

 

              Fig.  4-5: UHP machine showing mould loading, © Gang Yan Diamond Products, Inc 
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Once the mould has been crushed, the three samples can be extracted easily. Fig. 4-6 below 

shows what the powders look like after UHP. The now bulk samples have a thin layer of 

deposited carbon from the encompassing mould materials, which can be ground off. The 

solutionized ODS bulk 97% samples are now ready for TEM observation, which, as we will see 

in the next chapter, is a challenge on its own. Appendix A lists the total samples produced from 

the UHP facility, and the various processing parameters.  

 

 

Fig.  4-6: Breaking the mould after UHP to reveal the now bulk samples 
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4.2.2 TEM Sample Preparation 

 

After bringing back the solutionized samples to Queen’s RMTL, the next step was to image and 

characterize the newly developed microstructure in TEM. This proved very difficult, as 

traditional sample preparation methods could not be used due to the brittleness of the UHP 

samples. Because the UHP samples did not receive any thermo-mechanical treatments, they were 

very brittle and thin foils proved difficult to handle. The conventional Gatan 3mm disk punch 

used on the 150µm foils would shear the sample into small pieces, rendering it unusable in the 

electro-polisher.  Using a microtome precision cutter to drill and slice a 3mm thin foil was 

successful; however, the traditional twin-jet electro-polish method would quickly pierce too big 

of a hole in the sample (that is not electron transparent). Therefore, the final solution was to try 

ion milling. Thankfully RMTL just installed one. Please refer back to Sec 2.4.4 for details on the 

PIPS II® Model 695 TEM ion mill.  

 

It was found that using the microtome to produce a 3mm thin disks was the best method. 

Typically 50-80µm would be the ideal TEM foil thickness. However, for handling reasons with 

the UHP brittle samples, the thickness was increased to ~150µm. Once the disks were ready, a 

‘flash’ electro polish was used to make the sample concave on either side. This flash process was 

~30% of the normal time to develop a hole. The concave 3mm disk is required for ion milling; 

otherwise developing a hole might take days, as the estimated removal rate is between 5-10µm/hr 

at full power.  Fig. 4-7 below shows contrast between a forged and UHP ODS sample in the ion 

mill. The figure also lists the recipe used for preparation of the brittle samples.  
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 Fig.  4-7: Optical micrograph view from inside the ion mill chamber. (left) regular HIP + forged 
sample (right) UHP sample from China. The UHP recipe path is also listed, along with the 
approximate removal rates deduced from ion milling runs. Gravity would be acting into the page 

 

 

Time series optical images were also captured during one of the brittle UHP ion milling runs. Due 

to the brittle property of the samples, once sufficiently thin, the hole develops almost instantly 

due to the material flaking off from gravity (into the page). Once the hole is developed at full 

power, then the lower energy/ lower angle ions can be used to make the perimeter of the hole 

electron transparent – completing the TEM sample preparation. See Fig. 4-8 on the next page: 
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  Fig.  4-8: Time series images of the ion milling process with a brittle UHP sample 

 

 

4.2.3 TEM Observation of the Newly Developed Microstructure 

 

Bright field dynamical two beam images are used to see the resultant grain size. The observed 

UHP sample here has undergone 30hrs of milling at a BMR 5:1 (sample ID: 5SA-ODS30). Some 

regions have 2-10nm crystallites, while others are noticed ranging from 10-30nm. Fig. 4-9 on the 

next page has these images: 
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Fig.  4-9: BF TEM images of newly developed UHP SA-ODS microstructure 

 

The small nano-crystallites are expected, and are a typical result from the sintering process. We 

can use the STEM nano-beam diffraction to confirm the crystallinity, by acquiring Kikuchi maps, 

Fig. 4-10. Kikuchi lines are formed in diffraction patterns by diffusely scattered electrons, as a 

result of thermal atomic vibrations. If the Kikuchi pattern has many bands, it can be confirmed 

there is enough long-range order in the crystal structure, as the atomic vibrations produce a 

pattern. The main features of their geometry can be deduced from a simple elastic mechanism 

proposed in 1928 by Seishi Kikuchi [133]. Here, using a HAADF image overlay, we probe 4 

unique regions with the nano-beam. These regions, as we will see later from elemental mapping, 

are in fact different – and their origins can be traced back to the starting powder before UHP.   
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Fig.  4-10: STEM nano-beam investigation on SA-ODS after UHP to see crystallinity from the    

Kikuchi maps 

 

Next, EDX maps (ref. Sec 2.4.2) are taken to see the elemental distribution in the microstructure. 

If we remember from Table 4-1, small quantities of α-Fe (BCC) and γ-Ni (FCC) were added to 

offset the 310SS starting powder composition. It is interesting to discover in the UHP bulk 

microstructure that ~200nm α-Fe grains exist in solidarity. The FCC γ-Ni has blended with the 

FCC 310SS matrix, however apparently not penetrating the BCC α-Fe matrix during MA or UHP 

processing. However still possible there are pure γ-Ni grains elsewhere in the sample. Please 

reference the EDX maps in Fig. 4-11 below.  
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Fig.  4-11: HAADF and Fe, Cr, Ni EDX maps of UHP 5SA-ODS30. Pure BCC iron grains are found, 
along with smaller FCC nano-crystallites that have Cr+Ni in solution.  

 

 

There is a ‘cotton candy’ (re. colour selection) microstructure developed with the Cr+Ni in 

solution in the nano-crystallite FCC grains. These bands of solute are very interesting and 

beautiful to look at – it’s very rare in microscopy to see such a distribution in a bulk 

microstructure. This is of course due to the cold UHP process, as the energy requirement for 

Cr+Ni to thermally diffuse long range was never reached. 
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It is now important to identify the distribution of the ODS components Y+Ti+O (Fig. 4-12). This 

can be done using the same scan as above. Typically anything less than 0.3wt% in solution is 

difficult to detect with EDX, especially light elements like O; which only has one X-ray shell 

energy line. The maps presented here have had a colour inversion (weighted black to white pixel 

flipping), for easier identification. Normally a black region represents no signal. Here in this case 

for Y+Ti+O, white represents no signal. The Y seems fairly distributed, while the Ti has a nano-

band distribution in some areas. The poor Ti distribution suggests the MA processes used is not 

perfect. The black contrast in HAADF means a lower atomic density (opposite to TEM mode), 

and where the Ti bands are located could represent a porous region. There are a few O-rich 

pockets, which could be from the mechanically dissolved Y2O3, or possibly trapped atmosphere 

from UHP. No local high concentration is found in the α-Fe grains. Most importantly, there are 

no solid Y-Ti-O particles, and the microstructure is in fact solutionized, making this the first 

material of its kind. Having a solutionized bulk ODS sample will allow a plethora of TEM in-situ 

heating experiments to be performed; studying the precipitation tendencies of the oxide particles. 

In this Master’s thesis we only develop the solutionized material process, and leave the rest for 

the science community and future students to evaluate. The last experiments using XRD 

performed on this material will be presented in the next chapter.  
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Fig.  4-12: HAADF and Y, Ti, O EDX maps of UHP 5SA-ODS30. Typically elements <0.3wt% in 
solution are difficult to detect. Local pockets and bands of the oxide components are found.  
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Chapter 5 

X-ray Diffraction and Inductively Coupled Plasma Optical Emission 

Spectrometry 

 

This last chapter will be concise, and summarize two experiments performed on the MA powders 

and bulk UHP samples. First, starting off with X-ray diffraction (XRD), we will investigate the 

SA-ODS powders; before MA, 10hr and 30hrs after ball milling – to see the Y2O3 and Ti go into 

solution, and to characterize the starting powder phases. Later, a short annealing (1150oC for 

30mins) is performed on the bulk UHP sample from Ch. 4 to see the α-Fe and γ-Ni phases 

transform to stable austenite single phase γ-Fe at room temperature as expected, and to see and 

confirm the oxide precipitation. We also verify our results with separate XRD scans performed at 

Queen’s and USTB China. The last experiment involves Inductively Coupled Plasma Optical 

Emission Spectrometry (ICP-OES), performed in partner with the Queen’s Chemistry 

Department, to see heavy elements and trace metal concentration profiles vs. increased milling 

time. 

 

 
 

 

 

 

“If I have seen further it is by standing on the shoulders of Giants” 

  -Sir Isaac Newton [English physicist; 1643-1727] 
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5.1 X-ray Diffraction Experiment 

 

As previously noted, XRD is a very powerful tool scientists and engineers have at their disposal. 

Sec. 2.4.5 outlined the fundamental construction needed to derive Bragg’s law, which will be 

used to index the diffraction peaks. The pattern here was recorded from a 2θ: 15 – 63 degrees 

scan, with a step size of 0.02deg and a one second data collection hold time between each step. 

This 2θ range is sufficient for seeing the peaks of interest. Later, we confirm with a USTB China 

XRD experiment of 2θ: 15 – 83, and overlay the two results.  The X-ray lamp source is a 40kV 

copper target (30mA generates 1200W of heat) with a characteristic radiation Kα1 (1.54056Å) 

and Kα2 (1.54439Å). K-alpha emission lines result when an electron transitions to the innermost 

‘K’ shell, which we can detect the intensity of (logarithmic photon counts). A graphite single 

crystal filter is used to remove the Kβ (higher shell) radiation. The monochromator works by 

reflection of the wavelengths that obey Bragg's Law for the particular d spacing’s of the incoming 

X-rays. The Kα1 and Kα2 are not separated due to the very similar reflections, and an average Kα 

wavelength of 1.54056Å is selected for peak analysis. Fig. 5-1 has indexed peaks of the 

fabricated SA-ODS from Ch. 4; before MA, 10, and 30hrs after milling. The powder can be 

sprinkled on regular adhesive tape, to act as the sample amount. We can see the Y2O3 and Ti 

peaks disappear after 10hrs, suggesting they have gone into solution because they lack any long-

range crystal order in the sample, hence no diffracted peaks. It should be noted with this X-ray 

source, the X-rays have an attenuation length into a Fe matrix of ~6µm, a sufficient penetration 

depth for collecting data.  
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Fig.  5-1: XRD scan of (black) starting SA-ODS powder before MA, (blue) after 10hrs, and (red) 
after 30hrs milling – with a BMR of 5:1. The Y2O3 and Ti peaks disappear after 10hrs, suggesting 
dispersion into the Fe+Ni matrix has occurred. The wider (broader) peaks after MA indicate the 
crystal structure being refined to nano scale from the MA process.  

 

 

 

The results from Fig. 5-1 are as expected, showing the added Ti and Y2O3 peaks disappear during 

MA. The α-Fe(100) peak at 2θ = 44.71o is barely visible without zooming into the figure. 

However, fortunately XRD scans from USTB China on the same powder samples included a 

longer 2θ range, and the α-Fe(200) peak can be seen. This confirms the phases expected from the 

MA powder selection in Table 4-1. See Fig. 5-2 below, which overlays the XRD data from the 

previous figure: 
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Fig.  5-2: XRD scans from Queen’s and USTB China on the SA-ODS powder, for data validation 
purposes. All the known input phases from MA powder selection in Table 4-1 are accounted for, with 
no surprise phases.  

 

 

The final XRD experiment is performed on the bulk UHP sample developed in Ch. 4 (sample ID: 

5SA-ODS30), to see the powder to bulk transition, which after UHP, indicates there has been no 

phase or apparent grain size change, due to the ‘cold’ pressing conditions. A subsequent anneal at 

1150oC for 30mins inside a regular atmospheric oven is then performed on the same sample, to 

see the α-Fe and γ-Ni phases transform to stable austenite single phase γ-Fe at room temperature. 

1150oC is chosen, as this is the common HIP processing temperature. The α-Fe has changed to 

FCC structure, while the Ni crystallites have gone into solution. Small oxide precipitates are also 

noticed after the anneal, however not indexed here. Reference Fig. 5-3 on the next page:  
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Fig.  5-3: XRD data showing the powder to bulk transition. No obvious difference noticed. Upon 
annealing the UHP bulk material, all transforms to single phase austenite, and the Ni has gone into 
solution  

 

 

An interesting figure to look at is a TEM BF micrograph of the before and after microstructure 

from the 30min annealing. The grain size has increased significantly, and small nano oxides have 

precipitated and are now visible. A further study beyond the scope of this Master’s would be to 

anneal at a variety of temperatures and times, to study the oxide precipitation growth thermal 

kinetics – to see when the oxides become fully developed, and find an optimal processing 

parameter. Once precipitated, their thermal stability is greater than that of the Fe matrix. Fig. 5-4 

on the next page has the micrographs.  
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Fig.  5-4: (left) resultant microstructure from UHP, images taken at the Queen’s RMTL TEM. (right) 
grain growth recrystallization with nano oxide precipitates noticed after a 30min anneal at 1150oC 

 

5.2 Inductively Coupled Plasma Optical Emission Spectrometry 

 

ICP-OES (ref. Sec. 2.4.6) was applied for the determination of main and trace elements in the 

SA-ODS powder samples (before MA, 10hr, 30hr) via external calibration with a standard 

reference material being used for quantitation. All data was cross-validated by both full digestion 

of the alloy with aqua regia and analyte quantitation via liquid nebulization ICP-OES or analyzed 

using a certified reference material (ferritic steel, free cutting steel BCS 152/3). A four-step 

electrothermal vapourization (ETV) heating program was used with special hemi-spherical 

graphite boats and no-ramped vapourization step (30s) that produced sharp peaks with the use of 

trifluoromethane (CHF3, R-23) as chemical modifier. To compensate for Ar plasma matrix load 

and improve linearity of calibrations curves, internal standardization with Ar emission line 
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(415.859 nm) was applied throughout. This approach maximizes sensitivity, increases the signal 

to background ratio, and extends a linear range of calibration curves − which were established 

with increasing amounts of urban particle matter (NIST 1648a) weighted into the graphite boats. 

The proposed method allowed quantification of Al, Cd, Ce, Co, Cr, Cu, Fe, Mn, Mo, Ni, P, Pb, S, 

Si, V and Zn. Fig. 5-5(a)(b) shows the major alloying elements (in wt%) vs. milling time, while  

Fig. 5-6 has the trace elements (in µgg-1 or ppm) vs. milling time. In both cases the SA-ODS 

powders were processed at 56% full, 5:1 BMR at 300rpm (from. Table 4-2).    

 

 

 

 

 

 

 

 

 

 

Fig.  5-5: (a) main alloying elements (b) smaller alloying contributions from ICP-OES. Both graphs 
show the wt% concentration vs. increased milling time. The before MA (0hr) composition seems to 
increase slightly after milling for most elements, while some remain consistent within measurement 
uncertainty. The Ni and Cr levels after milling are close to the designed values  
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Fig.  5-6: part-per-million (ppm) concentration of trace elements vs. milling time from ICP-
OES. The ppm trace for all elements increases very slightly with milling time (however still 
basically no trace change).  

 

 

The ICP-OES results show the Fe-Ni-Cr concentration increases slightly from the starting 

condition, which could be due to added contamination from the MA balls and canister, however a 

slight pickup from starting concentration is typical with ball-milling. The trace elements in all 

cases increase slightly (some within uncertainty) with increased milling time. Only 100mg of 

powder are used for the ICP-OES experiments, and with the starting powder there could be 

discrepancies due to the powder not being completely mixed yet. Nonetheless, the data is useful 

for seeing the final composition after MA. Light elements like C, N, and O require a different 

sample preparation route and measurement calibration, therefore are not analyzed here – although 

these elements are important to quantify. Ar is another interesting one, as the MA canister is 

back-filled with Ar, it would be interesting to see how much is ‘trapped’ during milling. 

However, Ar is very difficult to quantify – as with most ICP systems the source plasma is Ar, 

making it impossible to distinguish between the sample and the source.  
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Chapter 6 

Chapter Conclusions and Suggested Future Work 

 

The design of new material systems for worldwide installation is constantly turning in the nuclear 

industry, and research like this will hopefully contribute to developing new materials for next 

generation systems. With each chapter containing different unique experiments, all together they 

help gain a wider understanding of the austenitic ODS material. The main points from each 

chapter (essentially this Master’s thesis) are summarized here. 

 

 

 

 

 

 

 

 

 

 

 

 

“Nature does not hurry, yet everything is accomplished.” 

             -Laozi (Lao-Tzu) [ancient Chinese philosopher; died 531 BC]  
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6.1 Conclusions 

 

Chapter 3: 

• The as-received as-HIP 310-ODS from USTB had a bi-modal grain distribution of 

0.175µm2 ± 6.271µm2 and oxide particle average diameter of 11.05 ± 6.33nm 

• During in-situ high temperature 1MeV Kr2+ irradiation, the mobility of Cr is high under 

these conditions, and preferentially depletes in the particle core along with the Y/Ti ratio 

• With a low fluence, 7.5x1014 ions!cm-2 (~1.5dpa) at 520oC, the main mechanism for 

oxide elemental depletion is dissolution 

• An O-rich zone existing prior to irradiation (possible defect from synthesis) experiences 

matrix-to-particle (MTP) intake into a larger non-stoichiometric oxide during the 

irradiation conditions 

• It could be theorized that dissolution of Y/Ti in the core of large non-stoichiometric 

particles has a strong affinity to upkeep smaller oxides and free O through MTP 

pathways − ejecting host Fe and Cr out to re-position or re-precipitate in the matrix, in 

place of the dissolved and incoming oxide components – all as a result of the system 

attempting to stabilize and re-precipitate its natural Y-Ti-O composition from conception 

 

Chapter 4: 

• A variety of MA powders were produced at USTB China, the SA-ODS varieties can be 

found in Table 4-2 and the ferritic ones in Appendix A 

• A novel technology development for producing solutionized bulk ODS samples was 

successful, yielding ~97% theoretically dense samples 
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• The optimal processing parameters for UHP regarding ODS are: 6-axis equal force 

~5GPa, held for 30s, with 2VDC/400A resistive input, and a pressure ramp of 40MPa/s  

• The UHP sample preparation for TEM is best done using a microtome with a flash 

electro-polish (to create a concave surface) followed by an ion milling recipe (Sec. 4.2.2) 

 

Chapter 5: 

• XRD data shows Y2O3 and Ti go into solution after 10hrs of milling, and further 

solutionized after 30hrs as expected from MA 

• The broader peaks after milling indicate a finer crystal structure (nano-grains) than in the 

staring powder 

• XRD scans from USTB China on the same powder samples included a longer 2θ range, 

and the α-Fe(200) peak can be seen. This confirms all the phases expected from the MA 

powder selection in Table 4-1 

• The powder-to-bulk UHP transition is analyzed, and demonstrates that after UHP, there 

has been no thermal phase or apparent grain size change, due to the ‘cold’ pressing 

conditions 

• The ICP-OES results show the elemental trance concentration vs. milling time in most 

cases increases slightly from the starting condition, which could be due to added 

contamination from handling, MA balls, and canister. The trace elements in all cases 

increase slightly with increased milling time. However, the designed composition 

remains close to the actual 
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6.2 Suggested Future Work 

 

• Compare all the phenomena noticed in Ch.3 on smaller nano-regime particles at the same 

irradiation conditions and temperature, to see if any of the associated phenomena scales 

down, and if there is a mathematical Δat% relation vs. higher dosages 

• Anneal the UHP bulk solutionized samples at a variety of temperatures and times, to 

study the oxide precipitation growth thermal kinetics (with both TEM and XRD) – to see 

when the oxides become fully developed, and find an optimal processing parameter(s) 

• Using TEM compare the experimental UHP bulk grain size results with grain size 

estimates from XRD data using the Scherrer equation 

• From the additional ferritic samples fabricated, (Table A-1) it would be interesting to see 

if the effective fill height (32% vs. 56%) from MA has an effect on the final powder 

product.  Quantities like: average grain size, contamination vs. milling time, and the 

resultant Y and Ti distribution would be good to analyze 

• Finally from Table A-3 confirm and investigate all UHP samples and how close to 

theoretical density they are, using the Archimedes water displacement method, or a more 

advanced one 
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Appendix A 

Table A-1: additional 9CrODS ferritic samples fabricated from MA at USTB: 

 
 

Table A-2: 9Cr gas-atomized starting powder composition: 

Element C Cr Ta V Mn W Fe 
at% 0.05-0.11 8.3-9.3 0.05-0.15 0.15-0.35 0.4-0.6 1.05-2.05 bal. 

 

 

 

 

sample ID
BMR 
ratio

milling 
time (hr)

effective ball fill 
height†  (%)

~mass of 
balls (g)

milling 
rpm!

qty. on hand at 
Queen's (g)

32%-9CrODS-5-1 5:1 1 32 956 300 28.2

32%-9CrODS-10-1 10:1 1 32 956 300 22.7

32%-9CrODS-5-10 5:1 10 32 956 300 20.4

32%-9CrODS-10-10 10:1 10 32 956 300 28.2

32%-9CrODS-5-30 5:1 30 32 956 300 15.3

32%-9CrODS-10-30 10:1 30 32 956 300 15.7

32%-9CrODS-5-80 5:1 80 32 956 300 20.5

56%-9CrODS-5-1 5:1 1 56 1815 300 27.1

56%-9CrODS-10-1 10:1 1 56 1815 300 18.8

56%-9CrODS-5-10 5:1 10 56 1815 300 20.2

56%-9CrODS-10-10 10:1 10 56 1815 300 20.3

56%-9CrODS-5-30 5:1 30 56 1815 300 25.8

56%-9CrODS-10-30 10:1 30 56 1815 300 23.7

56%-9CrODS-5-80 5:1 80 56 1815 300 16.5

9CrODS-Before-MA� n/a n/a n/a n/a n/a 21.5
★the as-mixed powder inserted before MA
†this represents the height once all the grinding medium (balls) have been interted into the canister, relative to the 
maxium fill height 
! fixed; as this is the recommended rpm from the manufacturer of the machine
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Table A-3: UHP sample list from various parameters: 

Sample ID MA Powder Material 

Pressure 
Ramp up to 

5GPa (s) 
Pressure 
Hold (s) 

Voltage 
(VDC) 

Applied 
Amperage 

(A)★  
Resultant Theoretical 

Density (g/cm3 ) 

1A 9CrODS before MA 60 0 0 0 not measured (poor) 

1B SA-ODS 30hr 10:1@56% 60 0 0 0 poor ~92% 

1C 9CrODS 30hr 5:1@32% 60 0 0 0 poor ~92% 

2A 9CrODS before MA 60 0 0 0 not measured (poor) 

2B SA-ODS 30hr 10:1@56% 60 0 0 0 not measured (poor) 

2C 9CrODS 30hr 5:1 @32% 60 0 0 0 not measured (poor) 

3A 9CrODS 1hr 5:1 @32% 60 30 0 0 not measured (poor) 

3B 9CrODS 10hr 5:1 @58% 60 30 0 0 not measured (poor) 

3C 9CrODS 10hr 5:1 @32% 60 30 0 0 not measured (poor) 

4A 9CrODS 30hr 5:1 @58% 120 30 0 0 not measured  

4B 9CrODS 10hr 10:1 @32% 120 30 0 0 okay ~94% 

4C 9CrODS 30hr 10:1 @58% 120 30 0 0 okay ~94% 

5A 9CrODS 80hr 5:1 @32% 120 30 2.05 103 not measured  

5B SA-ODS 10hr 5:1 @58% 120 30 2.05 103 not measured  

5C SA-ODS 30hr 10:1 @58% 120 30 2.05 103 good ~95% 

6A 9CrODS before MA 120 30 2.05 402 good ~96% 

6B* SA-ODS 30hr 5:1@56% 120 30 2.05 402 good ~97% 

6C 9CrODS 30hr 5:1 @32% 120 30 2.05 402 good ~97% 

7A 9CrODS 1hr 5:1 @32% 120 30 2.05 443 not measured  

7B 9CrODS 10hr 5:1 @58% 120 30 2.05 443 not measured  

7C 9CrODS 30hr 5:1 @32% 120 30 2.05 443 not measured  

8A 9CrODS 10hr 5:1 @32% 120 60 2.05 395 not measured  

8B 9CrODS 30hr 5:1 @32% 120 60 2.05 395 good ~97% 

8C 9CrODS 1hr 5:1 @32% 120 60 2.05 395 not measured  

9A 9CrODS before MA 120 60 2.05 420 good ~97% 

9B SA-ODS 30hr 10:1 @58% 120 60 2.05 420 not measured  

9C 9CrODS 30hr 5:1 @32% 120 60 2.05 420 not measured  
* this sample was analysed in Ch. 4 

    

★the UHP machine has a set input power, and the amperage slightly fluctuates as the mould gets crushed (electrical conductivity changes), this is the 
average value noticed during the pressure ramp. The machine had no DAQ controller, hence the values were read off the control console manually 

 

 


