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Abstract

A nuclear pressure vessel steel desginated ”Grade 4N” has been high-

lighted as a potential new candidate for fourth generation reactor pres-

sure vessels. Previous research on austenite grain growth in a conven-

tional steel (Grade 3) has been undertaken but new requirements are

for a tougher variant. Toughness depends critically on austenite grain

growth, which has not been studied in the Grade 4N alloy. The fo-

cus of this work presented here is therefore the characterisation of the

austenite grain growth in the new alloy. High temperature techniques,

such as Dilatometry, was utilised to thermally groove polished samples

due to surface tension at the austenite grain boundaries so they could

easily be measured. It was discovered that whereas Grade 3 alloy dis-

played significant Zener pinning of grain boundaries due to aluminium

nitride, the Grade 4N grains continued to grow with no pinning effects

being displayed. The grain size of the new alloy can therefore be larger

than in the conventional alloy, which may cause a deterioration in me-

chanical properties. The probable reason for this is its much smaller

concentration of aluminium so this needs to be assessed in future work.

The present results nevertheless are of considerable importance in the

context of heat affected zones of electron beam welds where austenite

growth during the transient heat pulse must be managed.
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1 — Introduction

1.2 Motivation

With fossil fuel supply diminishing and renewables still in their rela-

tively early stages of mass implementation, nuclear energy is becom-

ing increasingly important as a potential energy source to meet carbon

dioxide emission targets. As a result of the strict safety and other re-

quirements for nuclear reactor pressure vessels (RPVs), only a few steels

have been approved for this application. These alloys have undergone

rigorous testing over a long period of time prior to application. ASME

SA508 is an alloy which currently fulfils the necessary requirements in

service and has been utilised for decades due to the acceptable compro-

mise between strength, toughness and cost [1-4].

SA508 has a broad specification and comprises numerous classes of

slightly varying composition.

1.2.1 Current material

SA508 Grade 3 steel is currently utilised for Generation III reactor pres-

sure vessels due to its superior mechanical properties compared to ear-

lier alloys. Recent research has focused on the austenitising process of

these steels. This crucial stage in achieving an optimum grain size has a
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direct effect on the hardenability and final properties of the components

which are necessarily very large [3].

However with the nuclear energy industry now looking for a reactor

service life in excess of 60 years and requiring higher tensile strength,

toughness and resistance to irradiation embrittlement, there is demand

for a new candidate material for application in the next Generation IV

plants. One such candidate alloy is SA508 Grade 4N, the focus of this

research.

1.2.2 Problem statement

As the RPV is the critical life limiting component any new material must

demonstrate increased durability, toughness and strength. RPVs op-

erate under extreme conditions at high temperatures, stresses, in cor-

rosive environments and with neutron irradiation. These conditions

mean that the structural materials chosen must have exceptional prop-

erties. Under standard operating conditions most pressurised water

reactors function at between 270° C and 330° C under a large pressure

of 15 MPa [26,37].

Strict regulations are imposed on the nuclear energy industry to min-

imise the probabilities of failure of these critical components; hence the

safety margin requirements ensure that the materials utilised have the

necessary properties to withstand premature failure [3,26,37].

SA508 Grade 4N apparently has enhanced mechanical properties com-

pared to SA508 Grade 3 currently in use. However there are few experi-

mental data from in-service applications. As microstructure is crucial to
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a components properties and with the short time frame available until

construction of generation IV plants, there is pressure to undertake mi-

crostructural and characterisation investigations of this candidate ma-

terial [37]. In particular to fully understand the effect of heat treatments

on the microstructure.

The main objective of this research was to investigate the effect of vary-

ing austenitising temperatures and times on the microstructure as com-

pared to the current Grade 3 material. This aim was accomplished

through the use of thermodynamic modelling and experimental investi-

gation utilising dilatometry. The phase diagram calculations helped es-

timate whether any pinning phases would be present at varying austeni-

tising temperatures and holding times. Dilatometry was used to ther-

mally etch the samples for measurement of the austenite grain size. The

experimental results were analysed against the prediction of pinning

particles.

1.2.3 Thesis organisation

Following this Introduction, Chapter 2 provides an overview of current

literature; a brief review of nuclear energy and nuclear reactors, exam-

ining changes in the material used. In particular, attention is paid to the

fabrication of the current material utilised in the manufacture of RPVs,

specifically highlighting the heat treatment stages. The modelling of

austenite grain growth and thermal grooving theory are discussed. This

chapter evidences through examination of the literature that there is a

significant lack of information available for SA508 Grade 4N.

Chapter 3 outlines the experimental method employed for the analysis
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of the prior austenite grain size. A brief discussion of the utilisation of

MT-DATA thermodynamic software and in depth analysis of size pre-

dictive model indicates that in theory pinning is unlikely to occur [3,43].

This hypothesis is then tested through experimental work.

Both the modelling results and experimental findings are presented in

Chapter 4.

Chapter 5 provides an evaluation of both the modelling and experi-

mental findings. Additional future work is proposed in order to fully

characterise the potential for application as an RPV material.
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2 — Literature Review

2.1 History of nuclear energy

The first developments towards nuclear energy were brought to the at-

tention of the scientific community in the early part of the 20th century.

Experiments undertaken in 1911 by Ernst Rutherford found that when

radium atoms decayed there was a substantial evolution of heat lead-

ing to the hypothesis that atoms were stores of energy [1-3]. Simultane-

ously, Einstein demonstrated that mass and energy were in equivalence

with the famous equation 2.1 [4]:

E = mc2 (2.1)

where E represents energy, m represents mass and c is the speed of light.

These two scientific hypothesises paved the way for nuclear research.

However the scientific community faced a conundrum with regard to

the extraction of this energy until the discovery of fission. In 1934 exper-

iments conducted by Enrico Fermi (Figure 2.1) illustrated that a signif-

icant number of elements could be transformed by neutron bombard-

ment [5-7]. These experiments were based on the fundamental find-

ings that an atom contained a nucleus and that a nucleus comprises of

protons and neutrons. At this time the periodic table was not in the

same format as today which led to unexplainable findings upon neu-
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tron bombardment of uranium with two lighter products being pro-

duced [8-10]. It was not until April 1939, that six research groups world-

wide confirmed the concept of fission [8].

Figure 2.1: Enrico Fermi at Chicago University [11].

Two groups at Columbia University under Fermi’s guidance published

work determining that fission occurs when a neutron is captured by a

heavy parent nuclei, such as uranium-235 (U235), leading this to become

unstable [8, 12]. This unstable parent nucleus subsequently degrades

producing two lighter fission fragments, barium and krypton, with the

release of two or three neutrons and 200 MeV of kinetic energy [13].

The two smaller nuclei that are formed have a combined mass less

than that of the original parent nuclei and thus energy is created form-

ing a mass defect. Using Einstein’s mass-energy equivalence equation

(Equation 2.1) the kinetic energy can be calculated from the mass defect

[13,14].

As uranium-235 (U235) is the most common fuel stock, a fission reaction

would occur as follows [14]:
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235
92 U +1

0 n→236
92 U→143

56 Ba +90
36 Kr + 31

0n (2.2)

The scientific community was quick to realise the potential of the en-

ergy released upon fission. In 1939 the use of uranium as a fuel stock

and graphite as a moderator confirmed that neutrons evolved upon fis-

sion were generated in a large enough numbers to achieve a self sus-

taining chain reaction through multiple scattering collisions [1,13].

Figure 2.2: Chicago Pile -1 [8].

In August 1939, the second World War accelerated research with the
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first utilisation of fission being for military application rather than the

initial peaceable applications intended. In 1942 world leading scien-

tists led by Fermi at the University of Chicago proceeded to discuss

the manufacture of the first controllable chain-reaction nuclear reactor

named the Chicago Pile -1 (Figure 2.2). The Manhattan Project was es-

tablished in 1942 and had the main aim of producing plutonium- 239, a

by-product of fission, which could be used in the manufacture of a fis-

sion bomb. The Chicago Pile -1 reactor was found to have insufficient

power, 200 W, to achieve this aim leading to the manufacture of a new

1 MW pilot plant, the X-10 Graphite Reactor [1,10].

Following the end of the second World War in 1945 the Atomic Energy

Commission was created to construct the “Experimental Breeder Reac-

tor 1” in Idaho. The first electricity from nuclear energy was produced

on 20th December 1951 and the first commercial nuclear electricity plant

reached full power in 1957 [1,3].

A rapid increase in the construction of nuclear power plants occurred

in the 1950s to 1970s as nuclear energy was perceived as both safe and

clean. Notably it provides a solution which lacks CO2 emissions and

has the potential for replacement of fossil fuels. This perception was

subsequently challenged following a number of major catastrophes in-

cluding Chernobyl in 1986, Windscale and Three-mile island with the

more recent being Fukushima in 2011, resulting in negative public sen-

timent towards nuclear power even though no fatalities occurred [10].

Subsequent to the Fukushima disaster certain countries changed their

nuclear policy due to public controversy over this energy source. Japan

withdrew all support for nuclear power, however the reactors were
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later reinstated, whilst Germany decommissioned half its nuclear power

plants with the remainder set to be decommissioned by 2020 [15]. The

UK and USA undertook intensive safety and risk assessments of their

existing plants continuing to favour the use of nuclear power [16].

In recent years use of nuclear power has been debated frequently due

to increased concerns regarding climate change, energy security and

diminishing fossil fuels and price volatility in the energy market. No-

tably the UK’s target of an 80 % reduction in carbon emissions by 2050

has resulted in renewed interest in nuclear energy to meet this target

[17]. The International Atomic Energy Authority (IAEA) 2014 report

indicates that there are 434 reactors in operation in 30 countries with

two reactors permanently shut down and 72 reactors under construc-

tion [18]. With growing populations in China, India and other develop-

ing economies, the global electricity demand is hypothesised to double

to more than 30,000 TWh by 2030. Notably Britain, France and China

are investing in the next generation nuclear power stations in addition

to updating their current plants to meet the increased energy demands

[19]. Improving living standards will require a variety of technologies

to meet growing global energy demands. Nuclear power provides a

well-established scalable solution for generating electricity with no car-

bon emissions [3,19].

2.2 Nuclear reactors

Nuclear reactor design and technology have been undergoing devel-

opments for over five decades. The first Generation I Magnox reactors

were built in the 1960s with Generation II, Pressurised water reactors

and Advanced gas-cooled reactors, following from the 1970s with these
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being the most common reactors currently in operation. By the 1990s

Generation III reactors were being constructed with increased reliability

and economics [1,3,20]. This generation of reactor has a simple design

with greater safety features and increased mitigation measures against

nuclear accidents. The main driving force for the development of the

next generation of reactor is the need to increase the reactor’s lifetime.

The two principal Generation III operating civil nuclear reactors are

Pressurized Water Reactors (PWRs) and Boiling Water Reactors (BWRs)

which in 2008 produced 66 % and 23 % of the world’s nuclear energy, re-

spectively. Notably both these reactor designs originate from U.S. naval

technology specifically their nuclear submarine program [21-23]. As the

majority of operational reactors are PWRs it is essential to optimise their

design and materials for increased operational lifetime.

Figure 2.3 illustrates a schematic of a PWR plant. The PWR core con-

sists of between 190 and 240 fuel assemblies within the Reactor Pressure

Vessel (RPV) containing 90,000 kg of UO2 fuel stock with dimensions

of 3.5 m diameter by 4.0 m in height. Liquid coolant, with a pressure

of 15 MPa and temperature 290°C, flows upwards between the inner

wall and the core exiting at the top of the RPV. This primary coolant

is present in an enclosed loop with the heat being passed through to a

secondary coolant in the steam generator producing dry steam which

is converted into mechanical energy in the turbine-generator upon ex-

pansion [24].

Significantly, the life of a nuclear reactor is determined by that of the

limiting component, the reactor pressure vessel, which cannot be re-

placed during service due to irradiation. This occurs due to fast un-
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Figure 2.3: Schematic of PWR reactor [25].

moderated neutrons, causing the steel, of which the RPV is constructed

from, to become brittle [26]. Generation II reactors have an operating

lifetime of 40 years and Generation III reactors 60 years. Currently Gen-

eration IV reactors are being designed for construction in the 2030’s

with a key industrial requirement being an extended lifetime in ex-

cess of 60 years [27]. Other requirements include improvements in eco-

nomics, usage of natural resources and proliferation security [3]. Prolif-

eration is where fission materials are obtained by countries that are not

accepted as nuclear states leading to the potential production of nuclear

weapons.

These new reactors will require materials with greater durability and

toughness; as such the lifetime of these Generation IV reactors will be

governed by the structural integrity and performance of the materials

employed.

2.3 Current reactor pressure vessel materials

Current industrial requirements are that nuclear reactors should pro-

vide greater power capacity and a longer operational lifespan. Gener-
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ation IV PWRs are based on modularised reactors, which are smaller

and have greater capacity than the current Generation III. RPVs subject

to degradation by neutron irradiation are the critical components that

determine the life span and safety margin of nuclear reactors. It is im-

perative to understand the detailed characterisation of the properties

of the materials which need to be of sufficient strength and toughness

to prevent premature failure. Low alloy ferritic steels are the primary

candidate with SA508 low-alloy steels being an ideal material [27-29].

The common code for the nuclear industry is produced by the Amer-

ican School of Mechanical Engineers (ASME). Notably SA508 specifi-

cation section II from ASME allows for various chemical compositions

grades that are sub-divided into classes based on varying heat treat-

ments. The range of chemical compositions of the SA508 steels is out-

lined in Table 2.1 along with the mechanical properties in Table 2.2

[3, 30].

Table 2.1: Range of maximium chemical compositions of SA508 steels in wt.%
[3, 30].

Grade 1 Grade 2 Grade 3 Grade 4N
Carbon 0.35 0.27 0.25 0.23

Manganese 0.40-1.05 0.50-1.00 1.20-1.50 0.20-0.40
Nickel 0.40 0.50-1.00 0.4-1.00 2.8-3.9

Chromium 0.25 0.25-0.45 0.25 1.5-2.00
Molybednum 0.10 0.55-0.70 0.45-0.60 0.40-0.60

Silicon 0.15-0.35 0.15-0.35 0.15-0.35 0.15
Sulphur 0.025 0.025 0.025 0.025

Phosphorus 0.025 0.025 0.025 0.025
Vanadium 0.005 0.005 0.005 0.005
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Table 2.2: Mechanical Properties for varying alloy composition for SA508
[3, 30].

Tensile Yield Elongation
strength / MPa strength/ MPa /%

SA508 Grade 1 345 515 16
SA508 Grade 2 611 448 18
SA508 Grade 3 611 468 29

SA508 Grade 4N 725 585 18

Research has ascertained that controlling the heat treatment conditions

and chemical composition can help to optimise the mechanical prop-

erties, such as strength,toughness and weldability, of RPV materials

[28, 29]. RPVs currently in service are manufactured from SA508 Grade

3. This material provides radiation resistance for up to 40 years with a

yield strength of over 345 MPa. However, Grade 3 is not appropriate

for Generation IV nuclear plants which have a required lifespan in ex-

cess of 60 years [30,31]. This is due to the material constraints as Grade

3 lifetime is less than 60 years as a result of irradiation embrittlement

[3,38].

To meet the industry’s requirements going forward, a new nickel-rich

steel, SA508 Grade 4N is proposed with enhanced strength and tough-

ness compared to Grade 3 and which it is predicted will increase the

safety and economics of RPVs [32]. With the increased nickel content a

significant increase in yield strength of 25% is observed with the frac-

ture toughness also being improved substantially through the optimi-

sation of the chemical composition [28].

The nuclear industry notably relies on extensive experimental databases

in order to confirm the ability of a material to perform in service. How-

ever, there is a lack of experimental data in relation to Grade 4N steel in
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service, particularly regarding irradiation embrittlement and welding

properties over long term operation. With the short time frame avail-

able until Generation IV RPVs commence construction, this creates dif-

ficulty with regard to its assessment for service. A potential concern

regarding the application of Grade 4N is that it may have increased

susceptibility to irradiation embrittlements. This is due to the fact that

Ni has increased elemental sensitivity to irradiation with increasing Cu

content. However, research has hypothesised that if the Cu content is

maintained at a low level, irradiation will not occur [28-30]. Despite

this Grade 4 is the only viable material currently available to extend the

lifetime of nuclear power plants to 60+ years [28].

With the desire for increasing plant capacity, the design and manufac-

ture of RPVs have evolved with a number of geometrical constraints.

In the 1950s RPVs were constructed from a number of rolled plates

welded together to fabricate a large cylinder. However newer man-

ufacturing techniques allow the RPV to be formed from monoblock-

forgings eliminating the need for welds. These weld regions were sig-

nificantly weaker and thus the main areas in which cracks were likely

to initiate [33]. As such modern manufacturing technique allows in-

creased integrity and more efficient processing of the forged RPV. The

size and dimensions of RPVs varies according to the power capacity re-

quirements of the plant with the core being dependent on total power

and fuel life. As power capacity demand has increased the dimensions

of the RPVs has increased. Consequently, the thickness of the pressure

vessel wall must be enhanced in order to maintain the required strength

[3].

The European Nuclear Society cites that the standard dimensions for
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RPVs within nuclear plants are 5 m in diameter, 12 m in height with a

weight of approximately 530 tonnes. The vessel itself experiences ser-

vice conditions of 17.5 MPa of pressure and 350°C [34].

With significant evolution of design and materials used in RPVs, the

fabrication process of this component is crucial in order to optimise the

microstructural evolution. Thus, this work will focus on an extensive

investigation of Grade 4N in order to develop a deeper understanding

of the material both from a microstructural and mechanical perspec-

tive under varying service conditions. The aim is to ascertain whether

Grade 4N steel is capable of meeting the nuclear industry’s require-

ments in order that it may be brought in service. Particular focus is

given in this report to the austenite grain growth of SA508 Grade 4N.

2.4 Fabrication of a reactor pressure vessel

Reliability and performance are crucial when commissioning the large

forgings necessary in the manufacture of RPVs [3]. Casting, refining

and forging technology have all been optimized in recent decades: the

double degassing method is employed to reduce impurities with the

multi-pouring method allowing larger ingots to be formed [35]. Vac-

uum induction melting and electroslag re-melting furnaces aid con-

struction of high performance and large scale RPVs. Both these tech-

niques refine the microstructure, remove impurities and reduce macroseg-

regation. A second driver in the manufacture of larger forgings is the

ability to integrate components minimizing the number of welds reduc-

ing the likelihood of stress corrosion cracking and other weld-related

issues [35].
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RPV fabrication consists of a series of processes. The composition of

the scrap steel used in the electric arc re-melting process is of signifi-

cant importance to the meeting of compositional requirements. This is

to avoid, as far as possible, detrimental elements, such as phosphorus,

copper and bismuth, which may lead to embrittlement. The optimisa-

tion of steel-making practises and manufacturing routes has meant that

the scrap metal used has increased purity compared to previous years

resulting in significant reduction in impurities [3, 36].

The initial stage in RPV manufacture is the casting of an ingot of the

specified chemistry and mass. RPV forgings can be composed of vari-

ous grades of SA508 steel to meet the in service property requirements.

Scrap steel is placed in an electric arc melter until it reaches the required

chemistry and weight. The re-melted steel is then vacuum degassed

upon pouring into metallic moulds producing a high quality ingot with

minimal gases such as hydrogen, oxygen and nitrogen [3, 37]. The vac-

uum degassing stage is critical to the formation of a high quality in-

got especially for thick-walled steel components; in order to gain an

optimised balance between strength and toughness minimising hetero-

geneities.

The ingot then undergoes several forging passes allowing the manufac-

turer to select the desired geometry. RPVs can be produced to various

dimensions and shapes with cylindrical components being the more

favoured design; these cylindrical designs can be [37]:

1. open-ended cylindrical vessel: manufactured by punching a hole

through the centre of a solid ingot after the removal of the top and

bottom.
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2. Blind-ended vessel: a similar method to Open-ended but where

the ingot which has had the top and bottom discarded is blind-

end bored.

3. Open-ended vessel: produces a hollow ingot.

The design will influence the overall processing, testing and properties.

The forging operations occur above the temperature at which ferrite

completes its transformation to austenite, Ac3, thus they occur while

the steel is fully austenitic [3]. The forging stage allows the refinement

of the as-cast microstructure via dynamic recrystallization leading to

improved mechanical properties. Sufficient plastic work at this stage

allows the break up of inclusion clusters, and minimisation of the poros-

ity in the as-cast ingot. The forging steps for a cylindrical RPV comprise:

[36-38]

1— cogging- forms the ingot into a plain sided cylinder which can

then be worked perpendicularly allowing the central region to be con-

solidated breaking up the columnar microstructure closing the pores

formed due to solidification shrinkage. Kakimoto et al. [39] discov-

ered, utilising finite element simulations, that in order to consolidate

the pores within the central region it is necessary to employ a reduction

ratio of 75 % [39].

2— Upsetting- this forging mechanism allows dynamic recrystalliza-

tion to occur leading to a reduction in the length of the ingot and an

increase in cross section forming a disc.
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3— Trepanning- this stage is crucial in the removal of the central re-

gion of the forged ingot in order to improve the homogeneity of the mi-

crostructure. The ingot is cored in order that a mandrel can be utilised

for the drawing operation.

4— Drawing- the bore is increased allowing the forging to be drawn to

the desired length. As the forging length is increased the wall thickness

reduces. The forging is then rotated on the mandrel bar.

5— Becking- this optimises the wall thickness with work being carried

out equally in both longitudinal and circumferential directions.

The large dimensions of the ingots used in the fabrication of RPVs cre-

ates issues in that upon casting macroscopic segregation will inevitably

occur. The biggest effect is in the centre of the ingot due to a slower

cooling rate than at the outside edge. Thus by removing the centre sec-

tion the heavy inclusions and macrosegregation are eliminated. Hol-

low ingot technology was developed in the 1980s as an alternative to

solid ingots allowing shorter solidification times reducing the macro-

segregation compared to the solid ingot [36-38].

Earlier smaller pressure vessel designs were able to provide the desired

strength and toughness allowing ease of manufacture. However to-

day’s larger pressure vessels now have a more stringent target in order

to achieve the required properties. The manufacturer is required to en-

sure that there is minimal variation in mechanical properties with het-

erogeneities being reduced by refining passes prior to quenching [37].

To control the heterogeneities throughout processing it is necessary to

simulate the techniques in order to optimize the manufacturing routes.

Ingot size, compositional selection, weight and pouring temperature
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are all parameters that directly affect the segregation, inclusions and

porosity [37].

Heat treatment is the next fundamental phase in the manufacturing

route with two principal aims, firstly to gain the desired properties and

secondly, to refine the microstructure. This phase is performed in two

heat treatment stages: “primary” and “quality” [3,36].

The first heat treatment stage is carried out after forging in order to

relax the induced strain that was caused by the hot working of the com-

ponent; allowing the refining of the microstructure. Ultrasonic testing

is carried out on the component in order to confirm that it meets the

required structural integrity [35, 37].

Cogswell describes the overall manufacturing process of RPVs in con-

siderable detail as illustrated in Figure 2.4 [36]. Air cooling of the com-

ponent with a hold at 500°C allows for completion of the austenite to

ferrite phase transformation followed by a second hold at 250°C in or-

der to avoid the probability of hydrogen cracking due to catastrophic

through thickness failure. The component is held at 600°C allowing for

the diffusion of hydrogen to occur the time for this to occur is depen-

dent on the thickness of the component. Homogenisation then occurs at

900°C, allowing for the dissolution of the second phase, followed by air

cooling and finally a tempering stage between 600°C - 650°C to soften

the forging ready for machining [36].
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Figure 2.4: Forming process for the RPV [36].
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Following primary heat treatment the forging is machined to a net shape

before undergoing a final quality heat treatment to obtain the desired

properties. The RPV is then the correct geometry facilitating non-destructive

inspection, typically ultrasonic, to confirm it has the desired structural

integrity [36]. Section 2.6 describes the heat treatment in more detail.

Figure 2.5: “Primary heat treatment” [36].
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2.5 Quality heat treatment

Following forging heat treatment is undertaken for two principal rea-

sons; firstly, to gain the properties desired and secondly, to refine the

microstructure. The component properties are influenced by the mi-

crostructure, which is based on the heat treatment, are a function of

the thickness and chemical composition. Key properties include homo-

geneity, minimisation of harmful defects, increased fracture toughness

and resistance to embrittlement. The variance in heating rate, cooling

rate, through-thickness and hold time must all be considered prior to

selecting the appropriate heat treatment process [40].

As outlined in Section 2.4, primary heat treatment is undertaken in or-

der to relax the induced strain before refining the coarse microstructure

to provide transparency for non-destructive inspection. This primary

heat treatment allows the refinement of the coarse grained microstruc-

ture for increased toughness [40, 41].

The second stage heat treatment composed of austenitisation followed

by quenching and is undertaken once the component is near net shape

as the reduced wall thickness and weight provides increased quench-

ing efficiency as a result of the decrease in thermal mass and shorter

path for heat removal (Figure 2.6). The initial austenisation stage allows

for the dissolution of precipitates and secondary phases with the sec-

ond optional austentisation stage being utilised to improve the through

thickness properties of the component [36].

The austenitising temperature is based on the ASTM code. For Grade

4N Class 1 and 3 this is specified as a minimum of 840°C and a max-
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imum of 895°C. The Grade 3 austenitisation temperatures are unspec-

ified by the ASTM code and based on the manufacturers knowledge.

The temperature is chosen so that the majority of carbides within the

steel are dissolved. The quenching stage is carried out using a liquid

by spraying or immersion. For tempering of SA508 Grade 4 the ASTM

code specifies that for the minimum tempering temperatures are: 595°C

for Classes 1 and 2, and 605°C for Class 3. After tempering the compo-

nents are welded together to form the finished RPV and are subjected

to post-weld heat treatment (PWHT) [3, 30].

Heat treatment and composition are critical to achieving the optimum

balance between strength and toughness; of the two, heat treatment is

the easier to modify in order to optimise the properties. The size of the

component determines the austenitisation time sufficient to achieve a

homogenous microstructure [3, 30].

Lee et al. [27] found that by applying rapid cooling following austeniti-

sation resulted in an increase in tempered martensite fraction leading to

increased refinement of carbides. However due to the size of the com-

ponent rapid cooling is difficult to control in RPVs. PWHT allows the

reduction of residual stresses in the weld region by heating. Grade 3 is

tempered at 660°C with a following PWHT stages at 610°C. Many re-

searchers have applied these conditions to Grade 4N without consider-

ing the the difference in composition. Lee et al. [27] investigated Grade

4N to seek to determine the optimum tempering and PWHT conditions.

Four different heat treatments were explored with the as-tempered state

at 630°C leading to an under-tempered region being partially formed

due to the low tempering temperature, producing a non-uniform ma-

trix resulting in a large scatter of properties. It was discovered that
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on increasing the PWHT temperature that the ductile-brittle transition

temperature (DBTT) increased due to the increased formation of coarse

carbides which controlled cleavage initiation. Further research into heat

treatments for Grade 4N steels needs to be undertaken in order to fully

evaluate the most effective heat treatments [27].

An investigation of 15 concept alloys of Grade 4N undertaken by Lee et

al. led to the observation that Cr-carbides, of M7C3 and M23C6, precipi-

tated in these candidate alloys [42]. This is in comparison to the Grade

3 steels which due to their lower Cr content form coarse M3C carbides.

Im et al. investigated the effect of carbon content with regard to DBTT

and Upper Shelf Energy (USE) [43]. It was found that with decreasing

carbon content a lower DBTT and increased USE occurred. The lower-

ing of the DBTT due to the decreased carbon content confers increased

cleavage fracture stress. With a lower carbon content the likelihood of

the formation of cementite precipitates is reduced [43]. These cementite

inter-lath precipitates, which are known sites for the initiation of frac-

ture, are reduced in size with the decrease in carbon content leading to

increase in cleavage fracture stress [42, 43].

Austenitisation and the resultant microstructure are discussed further

in Section 2.5.1.
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Figure 2.6: Quality heat treatment [36].

2.5.1 Austenitising

Grain size is critical to the mechanical properties of the final compo-

nent. The control of the austenite grain growth and size allows the re-

finement of the bainite laths in both length and thickness, which are

limited by the austenite grain boundaries [44]. The two main methods

used to control the austenite grain size are the austenitisation process

and the pinning of boundaries by fine precipitates. The austenite grain

size directly affects the hardenability of the component. However there

is little significant literature on the austenitising process for Grade 4N

[44].

Sellars et al. modelled the austenite grain growth with the assumption

that the rate of change of grain growth is dependent on the surface per

unit volume. In certain cases the initial grain size is significantly smaller

than the grain size after coarsening and thus its influence is neglected

[45]. This classical model makes assumptions that disregard the fact

that the initial grain size is a function of temperature due to the austen-

ite grains being formed by nucleation and growth.
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Vanherpe et al. [46] discussed second-phase particle pinning at grain

boundaries based on fundamental research by Zener. These particles

restrict the movement of the grain boundaries, inhibiting their growth

and limiting the grain size of the final microstructure. If the particles

were to grow beyond a critical size they agglomerate, grow in size and

become coarse and few in number causing the final component to be of

poor quality [43, 44, 46]. An example of such precipitates are AlN.

Overall there is a significant lack of literature on the austenitisation pro-

cess and cooling rates on Grade 4N steels. Thus one of the aims of this

research project is to provide further evidence as to how the austeniti-

sation temperature affects austenite grain size.

2.5.1.1 Modelling of austenite grain growth

Modelling of the grain growth of the austenite is of paramount impor-

tance in refining the properties of the final RPV.

Initial models for grain growth were established by Beck et al. utilising

equation 2.3 [45]:

Dn − Dn
0 = A exp

(
−Q
RT

)
t (2.3)

where D is the grain size, D0 is the initial grain size, t the holding time,

A is a constant, Q is activation energy, R and T have their usual scien-

tific meaning.

This equation provided the basis for many models describing austenitic

grain growth. Wang et al. [47] produced a new model accounting for
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the second phase particle pinning and more recently Lee et al. defined a

simplified model, Equation 2.4 [27, 44, 47]:

D = A exp
(
−Q
RT

)
t (2.4)

This new model negates the initial grain size as it is assumed to be sig-

nificantly smaller compared to the final size.

It is essential that when modelling grain growth a quantitative analyti-

cal description of the structures can be explained. This means that it is

critical to compare the theoretical predictions and experimental results.

An estimate of the grain boundary area per unit volume Sv is utilised as

a tool for further analysis in order to correlate grain boundary interac-

tions with properties. The grain boundary area per unit volume is able

to be calculated from experimental measurements of mean lineal grain

intercept [46].

Pous-Romero et al. [3] modelled the grain growth for continuous heat-

ing between Ac3 and the desired temperature for heat treatment utilis-

ing the following equation:

−DDLIM − (DLIM
2) ln

(
1− D

DLIM

)
+ DAc3DLIM + (DLIM

2) ln
(

1− DAc3

DLIM

)
= A exp (

−Q
RT

)t +
A
α

∫ A

Ac3
exp (

−Q
RT

)dT

(2.5)

where DLIM is the limiting grain size, DAc3 is the grain size at Ac3 and α

is the heating rate. This method accurately predicted the grain growth

for Grade 3 steel which undergoes pinning due to AlN precipitates [3].
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It is found with the majority of models that grain growth can be con-

cluded as being driven by the minimisation of grain boundary area per

unit volume and as such a decrease in free energy. However these clas-

sical models are specific to certain steels and may require modification

in relation to SA508 Grade 4N.
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2.6 Thermal grooving

Thermal grooving, also known as Thermal etching, is a technique that

was first discussed in a paper by Mullins [51] entitled Theory of Thermal

Grooving. It is utilised to reveal grain boundaries for characterisation.

The method is based on the transfer of matter away from grain bound-

aries upon heating. During heating the intersection of the vertical grain

boundary and polished surface meet with a known angle at a triple

point leading to a local equilibrium. Surface tension causes grooves to

form on the polished surface. It is accepted throughout literature that

the surface grooves which are formed by stationary grain boundaries

replicate the grain structure of the bulk material [3, 44,49-51].

Mullins [51] research showed that grooves may pin boundaries pre-

venting migration under the conditions of slow grown growth [50,51].

This technique will be utilised to investigate the prior austenite grain

size of Grade 4N specimens.

2.7 Microstructure and properties

The main difference between the Grade 3 material currently used and

the new Grade 4N material is the higher Ni and Cr contents and re-

duced Mn content in the latter (Table 2.1). The lack of long-term in

service data for Grade 4 means that further research needs to be un-

dertaken to gain knowledge on the effect of service conditions on the

microstructure [28].

Literature regarding the microstructural characterisations of Grade 4

has shown diverse conclusions. Investigations by Lee et al. found that
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Grade 3 has a bainite microstructure with coarse cementite particles.

Conversely Grade 4 has a tempered martensite microstructure with min-

imal carbides in a refined state. However fine precipitates of M7C3 and

M23C6 are formed in the Grade 4 microstructure following tempering.

The conclusion that the Grade 4 microstructure was martensitic is, how-

ever, in contrast to research undertaken by Burke et al. and Park et al.

[28, 52-53]. As such the resultant microstructure is significantly depen-

dent upon the cooling rate and heat treatment.

It is difficult to identify whether the phase fractions in Grade 4 are

lower bainite or tempered martensite due to their similar lath struc-

tures. Park et al. [54] employed scanning electron microscopy images

and electron back-scattered diffraction to determine the phase fractions

[54]. The increase Ni content reduced the amount of bainite leading to

a decrease in effective grain size due to the remaining austenite trans-

forming into martensite. This increased martensite fraction provides in-

creased strength and fracture toughness. Park et al. further investigated

alloys with varying Ni content (Table 2.3) which resulted in varying

microstructure. Alloy A with the lowest Ni content was found to have

coarse bainitic laths with martensite packets within the prior austenite

grain boundary. The packets of martensite were smaller than in Alloy B

with a lower bainitic fraction. Alloy B had a similar composition to the

alloy being investigated in this project [54].

C Mn Ni Cr Mo Fe
A 0.21 0.33 2.66 1.81 0.53 Bal.
B 0.19 0.30 3.63 1.87 0.54 Bal.
C 0.21 0.32 4.82 1.83 0.53 Bal.

Table 2.3: Chemical composition of steel (wt%) from Park et al. [54].

Lee et al. found that yield strength and impact toughness were im-
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proved by an increase in the fraction of tempered martensite at room

temperature [27]. A new heat treatment process, Inter-critical Heat

Treatment (IHT), for Grade 3 has been developed which results in in-

creased fractions of martensite and enhances strength and toughness.

IHT is undertaken following quenching and prior to tempering. This

process has been known to increase the ductility and USE with a de-

crease in the DBTT [55]. This process produces a composite microstruc-

ture composed of tempered martensite and double tempered bainite for

Grade 3 SA508 leading to a finer and more homogeneous microstruc-

ture. Ahn et al. [55] found that the increased toughness was due to the

increased inter-carbide distances induced by IHT.

Xia et al. [52] investigated the use of IHT in the manufacturing process

of Grade 4. Their findings accorded with those of Lee et al. [27] in that

they determined that the microstructure following quenching and tem-

pering is lath martensite and plate like bainite with some precipitate.

The martensite is formed from the parent austenite during the cooling

stage, thus cooling is crucial to the final microstructure [52].

The coarse carbides are dissolved during heating with the austenite

phase forming along the grain and lath boundaries in which the carbon

content increases. Upon cooling this region transforms to martensite in

sufficient quantities via the two step process of quenching in air and

tempering. The fine precipitates were concluded to be of type M7C3

and M23C6 and formed at the interface between martensite laths [52].

A comparison of Grade 3 and Grade 4 found that the change in chem-

ical composition resulted in enhanced mechanical properties with the

area below the stress-strain curve being greatest for the Grade 4 vari-
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ant. Xia et al. [52] showed that the elongation after fracture was also

greater for Grade 4 had an increase of 10 % compared to Grade 3. This

was attributed to the lath martensite. Microstructure has a significant

effect on the properties of the material.
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Table 2.4: Mechanical Properties SA508 Grades [30].

Identity Grade 1 / 1a Grades 2 Class 1 / 3 Class 1 Grades 2 Class 2 / 3 Class 2 Grades 4N Class 1 / 5 Class 1 Grades 4N Class 2 / 5 Class 2 Grades 4N Class 2 / 5 Class 2
Tensile Strength [MPa] 485-655 550-725 620-795 725-895 795-965 620-795

Yield Strength [0.2% offset] 250 345 450 585 690 485
Elongation min % 20 18 16 18 16 20

Reduction of area, min. % 38 38 35 45 45 48
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2.7.1 Through-thickness properties

As RPVs are large components with thick walls it can be difficult to en-

sure that the microstructure is homogenous. The cooling rate following

austenitisation varies with depth leading to variations in microstruc-

ture. The microstructure of the component therefore depends on the

location within the wall. Slow cooled regions may not achieve the de-

sired properties. It is therefore critical that the entire manufacturing

process and specifically the quenching is modelled in order to deter-

mine the slowest cooling region [3, 31, 44].

Little literature exists regarding the hardenability of Grade 4N. How-

ever research relating to the hardenability of Grade 3 identified that the

through-thickness mechanical properties were symmetrical about the

midpoint of the component wall. Pous-Romero et al. found that the

austenite grain size has an influence on the hardenability of Grade 3

steels [3, 44].

Overall it can be concluded that microstructural properties are location-

dependent from the surface of the component. The cooling rate from

the austenitisation temperature is critical to the homogenous distribu-

tion of properties. It has also been suggested that the magnitude of

variations in these properties is dependent on the thickness of the RPV;

with the thicker RPVs having increased heterogeneities [36].
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2.8 Strengthening Mechanisms

Strengthening mechanisms are utilised in order to gain the desired me-

chanical properties for industry. Different mechanisms can be imple-

mented to gain strength in the material: grain strengtheing, solute atom

additions and fine particle additions. These strengthening mechanisms

are discussed below.

2.8.1 Grain boundary strengthening

Through the use of experimental research significant evidence for the

mechanical strengthening of grain boundaries has been found. Notably

it was discovered that a grain boundary has minimal inherent strength

and that mutual interference with slip within the grains is the main

mode of strengthening. Two scientists Hall and Petch individual pro-

posed a relationship between describes the relationship between yield

stress t and grain size d of a polycrystalline material [56,57]:

τ = τ0 + kd−1/2, (2.6)

where τ0 is the friction stress considered needed to move individual dis-

locations, and k is a constant (often referred to as the Hall-Petch slope

and is material dependent).

This equation is able to illustrate the grain size dependence with re-

gard to resistance to dislocation movement and fatigue strength. This

model was based on grain boundaries acting as pinning barriers for the

movement of dislocations. However Hall-Petch equation was found to

be somewhat general for many cases. Significantly if the above equa-
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tion was based on large dislocation pile ups of at least 50 dislocations

and thus would not be suitable for small grain size strength predictions

[56,57].

2.8.2 Solid solution strengthening

Another mechanism utilised is the addition of solute atoms. These al-

low the formation of an alloy that is stronger than the metal in pure

form. There are two classifications of solid solutions. If the size of the

solute and solvent atoms are similar then the solute will occupy lattice

points this is known as a substitutional solid solution. However if the

solute atom is significantly smaller then it occupies the interstitial po-

sitions in the lattice of the solvent. Carbon and nitrogen fall into this

category and form interstitial solid solutions [56,57].

2.8.2.1 Substitutional solid solution

Substitutional solid solution strengthening was first developed through

work undertaken by Hume and Rothery. A wide range of metallic ele-

ments may be used to form substitutional solid solutions. If the differ-

ence in lattice parameter between the solvent and solute is less than 15%

then substitutional solid solution is favourable. Where there is a lack

of strong chemical affinity metals tend to form solid solutions. These

metallic elements can cause a significant variance in strength. Hume-

Rothery size effect details that the strengthening by substitutional so-

lute atoms is dependent on the difference in atomic size of the solute

and that of the iron. It is usual for these atoms to form spherical distor-

tion with a relative strengthening of modulus of rigidity/10 [56-61].
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2.8.2.2 Interstitial solid solution

Solid solution strengthening mechanism can be caused by substituting

atoms for iron. This leads to expansions or contractions in the lattice.

These misfitting substitute atoms cause strains fields leading to the in-

hibiting of dislocation movement this is due to the production of non-

spherical distortions. In austenite it is found that the interstitial site

is a regular octahedron and behaves as a substitutional solute causing

isotropic strains to occur. This means that the site is surrounded by

strains that only interact with the hydrostatic strain fields of the dislo-

cations. As such carbon and nitrogen have less effect on the strengthen-

ing of austenite due to their regular octahedron nature[56,60-61].

2.8.3 Precipitation strengthening

This strengthening mechanism occurs when precipitates are formed in-

side the grains of an alloy. These precipitates inhibit dislocation move-

ment however the extent at which they cause this inhibition is based

on a number of factors. These include the strength, size, shape and

distribution of the precipitates. Notably when dislocations encounter a

precipitate there are a number of ways in which it is able to continue to

travel: cut through the precipitate or loop around it [56,57,62]

2.8.3.1 Cutting

Cutting occurs when a dislocation shears a precipitate leading to the

dislocation experiencing a subsequent resistance to motion. This resis-

tance can be caused by an increase in surface energy which is due to a

ledge forming on the precipitate after cutting. However this increase

in surface area to volume ratio of the precipitates can leads to their dis-
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solution due to the destabilised nature of the now smaller precipitates

[56,57].

2.8.3.2 Looping

If the stress for cutting a precipitate are excessively high then looping

will occur. As a dislocation approaches a precipitate it loops around it.

This is sometimes known as Orowan looping [56,62].

2.9 Future

RPVs operate under extreme conditions at high temperatures, stresses,

corrosive environments and with neutron irradiation. These conditions

mean that the structural materials chosen must have exceptional prop-

erties. Under standard operating conditions most PWR reactors func-

tion at between 270°C and 330°C with a high pressure of 15 MPa. Grade

4N has suitable creep resistance, strength and toughness properties at

the start of life however little research has been undertaken into the ir-

radiation effects [28].

Due to the nature of these critical components strict regulations are

imposed on industry to minimise the probabilities of failure. Safety

margins are employed that ensure the materials utilised have proper-

ties which are significantly superior than the maximum service require-

ments. As there are currently few operational data available for Grade

4N, much of the knowledge of this material is based on small scale lab-

oratory research.
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2.9.1 Irradiation embrittlement

With increased Ni content there is heightened concern that SA508 Grade

4N will be more susceptible to irradiation embrittlement, which is a

process whereby the number density of point defects increases and in-

duces phase transformations and void formation. Chemical composi-

tion is a key factor in the sensitivity of a steel to irradiation embrittle-

ment. Due to the complicated operating conditions and material factors

there is no standardised theory with regard to the prediction and loca-

tion of these effects. In order to develop an understanding of irradiation

embrittlement small specimens of the RPV material are placed in reac-

tors in service and removed for investigation over time [3, 28]. In short,

irradiation embrittlement increases the hardness and decreases the duc-

tility leading to a reduction in toughness.

Burke et al. [53] examined the irradiation damage of SA508 concluding

that the Ni content was not the controlling factor, rather the Mn con-

tent. The mechanical properties of the steel were found to change upon

irradiation due to precipitation of clusters containing 6% Cu [51-53].

Lee et al. undertook experiments investigating the irradiation effects on

12 alloys with varying compositions (Figure 2.7). The irradiation hard-

ening effect was found to be similar for Alloy A (Grade 3) and Alloy

B (Grade 4N). The other alloys tested had both increased Ni and Mn

content and showed certain extreme property changes. These findings

confirmed previous investigations by several research groups. Lee et al.

established that with an increase in Ni and Mn content the irradiation

hardening effect increased however as the ASTM code limits Mn con-

tent for Grade 4N to 0.4%; the deleterious irradiation embrittlement is

unlikely to be of a serious concern (Figure 2.8). Ultimately further in-
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depth investigation of Grade 4N needs to be undertaken to characterise

the irradiation behaviour of this novel material [28].
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Figure 2.7: Adapted from B-S Lee Hardness (Hv) of alloys comparison before
and after irradiation [28].
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Figure 2.8: Effects of Mn and Ni with regard to the yield strength (YS) post
irradiation [28].
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2.9.2 Importance of SA508 Grade 4N

With increasing demand for nuclear power plants with a longer life-

time and increased capacity a new material is required to meet these re-

quirements. As the RPV can be the critical lifelimiting component in a

fission reactor any new material must demonstrate increased durability,

toughness and strength. SA508 Grade 4N is a suitable candidate mate-

rial with enhanced mechanical properties compared to SA508 Grade 3

currently in use. However as outlined there is little experimental data

from in service applications of this candidate material.

This research project will expand upon studies which have been under-

taken drawing on acknowledged techniques. Thus it is the aim of this

research to provide an in depth investigation into the microstructural

behaviour of Grade 4N under varying conditions with specific focus on

the austenite grain size.
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3 — Experimental Methods

3.1 As-received material

The steel being investigated is SA508 Grade 4 (Table 3.1) from an un-

specified part of the outer region of a 100 tonne forged nuclear pressure

vessel supplied by Rolls Royce Nuclear. The composition of the sup-

plied alloy is displayed in Table 3.1.

The material was supplied in a block, 240 mm x 210 mm x 155 mm, in a

quenched and tempered condition. As-received material was then ma-

chined for experimental analysis.
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Table 3.1: Composition of Grade 4N Steel wt%

Identity C Si Mn P S Cr Mo Ni Al Co
0.207 0.102 0.349 0.005 0.001 1.866 0.502 3.867 0.004 0.016
Cu Nb Ti V W Pb Sn Ca B N

0.023 0.004 0.01 0.048 0.008 0.003 0.002 0.001 0.0002 0.0065
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3.2 Metallographic preparation

A 2 cm thick section of the as-received material cut transverse to the

forging direction was ground and polished prior to macroetching using

5% nitric acid in methanol. Cylindrical samples were machined from

the as-received material with the following dimensions (Table 3.2). It

should be noted that samples of varying dimensions were produced

due to the range of holding times and equipment availability.

In preparation for thermal etching samples were then hot-mounted in

bakelite, at 150° C and 2 bar pressure. The samples were then ground

utilising 240-grit silicon carbide paper up to 4000-grit silicon carbide

paper revealing a flat surface parallel to the longitudinal axis. Samples

were next polished using first 6 µm and then a 1 µm diamond paste

with water based lubricant. The samples were then broken out of the

bakelite prior to thermal etching.
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Table 3.2: Dimensions of the dilatometry samples for the different machines

Machine Diameter/ mm Length/ mm
Thermecmastor-Z 8 12

DIL805 4 10
Furnace 8 12
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3.3 Optical micrography

Optical microscopy was utilised using Olympus BH microscope with a

Leica DFC295 camera.

3.4 Scanning Electron Microscopy

Scanning electron microscopy was carried out utilising the Phenom ProX

SEM in order to analyse in more detail the presence of martensite lathes

which were shown in the optical micrographs.

3.4.1 Thermal etching

Thermal grooving was utilised to reveal austenite grain boundaries.

The pre-polished samples were heated to form grooves due to the bal-

ancing of surface tension forces [51].

3.4.2 Grain size measurements

The linear intercept method was utilised in order to calculate the grain

size for the varying austenitising temperature and hold times. A total

of 100 linear intercept lines were utilised with the average value being

recorded as the linear intercept.

A 95% confidence interval was calculated based on Pous Romero et al.′s

method (Equation 3.1) [3,63].

95%CI = 1.96× σx√
NLI

(3.1)
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where σx is the standard deviation of the values and NLI the number of

linear intercept lines. This value was then utilised to obtain the error

based on the percent relative accuracy (Equation 3.2).

%RA =
95%CI

LI
× 100 (3.2)

Where (LI) is the average linear intercept.

ImageJ was utilised to analyse the grain size distribution [64]. The max-

imum error was found utilising the following Equation 3.3:

Error µm = LI(µm)× RA%
100

(3.3)

Pous Romero et al.′ [3] predictive model was then utilised to see whether

the grain size for SA508 4N could be accurately predicted . Significantly

this model is based on steels, such as Grade 3, which are known to

contain grain boundary pinning AlN precipitates. A fortran code was

utilised based on the following Equation 3.4:

−DDLIM − (DLIM
2) ln

(
1− D

DLIM

)
+ DAc3DLIM + (DLIM

2) ln
(

1− DAc3

DLIM

)
= A exp (

−Q
RT

)t +
A
α

∫ A

Ac3
exp (

−Q
RT

)dT

(3.4)

where DLIM is the limiting grain size, DAc3 is the grain size at Ac3 and α

is the heating rate and A is a known constant. This method was utilised

to predicted the grain size for Grade 4N steel [3]. By inputting values

which had been deduced experimentally the grain size D was able to be

calculated and compared with the experimentally measured grain size
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for a specific temperature and hold time.

3.5 Austenitisation

Samples prepared for thermal etching with the dimensions seen in Ta-

ble 3.2 were utilised for investigating the effects of austenitising. These

samples were heated under varying austenitising temperatures and hold

times as seen in Table 3.3. Treatments up to 4 h, were carried out using

the DIL805 with longer treatments up to 6 h in the furnace and all longer

treatments being undertaken in the Thermecmastor thermomechanical

simulator.

In both the DIL805 and Thermecmastor-Z the temperature, dilation and

load are recorded as a function of time. The deviation of temperature

is recorded by the S-type thermocouple as between ±2°C. The prepol-

ished samples were heated under vacuum 5× 10−3Pa in order to miti-

gate against oxidation.

The heating and cooling rates utilised were 10° C s−1 and 30°C s−1 re-

spectively. These were chosen in order to compare to previous experi-

mental findings for Grade 3.

Samples held in the Elite Laboratory Chamber furnace were sealed in

individual silica tubes with Argon gas and titanium sponge to prevent

oxidation. Samples in both the DIL805 and Thermecmastor-Z were

heated under vacuum and cooled also under vacuum.
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Table 3.3: Varying austenitising conditions.

Machine Temperature /◦ C Hold time/ h

DIL805

840 0.5 1 2 3 4
860 0.5 1 2 3 4
880 0.5 1 2 3 4
910 0.5 1 2 3 4
940 0.5 1 2 3 4
965 0.5 1 2 3 4
990 0.5 1 2 3 4

Furnace

840 5 6
860 5 6
880 5 6
910 5 6
940 5 6
965 5 6
990 5 6

Thermecmastor-Z

840 7 8 9 10
860 7 8 9 10
880 7 8 9 10
910 7 8 9 10
940 7 8 9 10
965 7 8 9 10
990 7 8 9 10
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3.6 Experimental hours

The section highlights the amount of experimental work that has been

undertaken in excess of 460 hours of furnave time was carried out with

over 100 assessments of varying heat treatments and over 10,000 grains

were measured in total.
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4 — Results

4.1 Austenite grain size measurements

A plot of mean linear intercept against austenitising hold times was

produced based on previous experimental work by Pous-Romero et al.

[3].

Based on current research it was uncertain as to whether SA508 4N

obeys regular grain growth or whether it is limited ultimately by pin-

ning particles whose nature has yet to be determined. The relationship

between austentisation temperature, austenisation time and grain size

in Grade 4N is shown in Figure 4.1, as determined by thermal etch-

ing. Austenitising temperatures are between 840° C and 990° C, and

hold times between 30 min and 10 h with a heating rate of 10° Cs−1.

As shown in the plot an increase in austenite grain size occurs over

time at all temperatures, with the highest growth rates, and thus largest

grain size, being observed at the higher austenitising temperatures. In

all cases, as expected, there is an increase in grain size with increasing

hold time. Detailed analysis of the data will be discussed in Section 5.

A comparison of how austenitisation temperature and hold times af-

fects Grade 3 and Grade 4N is shown in Figure 4.2. Experimental find-

ings by Pous Romero et al. [3] were plotted against the data for Grade
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Figure 4.1: The grain size of Grade 4N with different holding times.
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4N. Figure 4.2 clearly indicated that there is significant difference in the

grain growth between the two alloys. The grain growth rate increase

remains fairly constant and flat for Grade 3 at low temperatures, and

there is a sudden acceleration after 910° C. In Grade 4N, however, the

increase in grain size with temperature appears to continue as the tem-

perature increases. Further discussion into this findings will be carried

out within Section 5.
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Figure 4.2: A graph of grain size of Grade 4N (black) and Grade 3 [3] with varying hold times.
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MT-DATA was used in order to calculate the wt% of the AlN precipitate

for both the Grade 3 and Grade 4N alloys. Figure 4.3 shows that there

is significantly more AlN precipitation predicted in the Grade 3 alloy

than Grade 4N.

Figure 4.3: A graph varying wt% of AlN with time for Grade 3 (solid) and
Grade 4N (dotted) [3].

Utilising Fortran code, based on equation 3.4, [3] the grain size was able

to be calculated for the composition of Grade 4N provided with the ac-

tivation energy Q set at 190 kJ mol−1 based on previous experimental

findings [3] and R has its usual meaning. This predicted grain size was

then plotted against the experimentally measured size as illustrated in

Figure 4.4. It is evident that the model was able to produce a good fit

for the grain size of Grade 4N at lower temperatures however it lacked

accuracy at higher temperatures. The benefits and limitations of this

model as a predictive method are discussed within Section 5.
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Figure 4.4: A comparison of the calculated grain size vs experimentally measured grain size of Grade 4N (Black) and Grade 3 (red).
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4.1.1 Comparison of austenite grain growth of Grade 4N

and Grade 3

Pous-Romero et al.′s research showed that Grade 3 displays homoge-

nous distribution of grain sizes at temperatures between 840°C to 910°C

with the distribution changing to bimodal at higher temperatures (Fig-

ure 4.5). Figures 4.6 to 4.12 provide comparisons between Grade 4N

(black) and Grade 3 (red) mean grain size with varying hold times for

a specified temperature. At lower temperatures Grade 4N has signifi-

cantly larger grain size disparity to Grade 3. Between 840° C and 910° C

the grain size is at least double in size at the lower hold times increasing

to up to seven times the size for longer holds. However above 940° C

the disparity decreases somewhat and starts to converge at the higher

temperature 990° C.
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Figure 4.5: Linear intercept distribution for Grade 3 at 840°C and 940°C [3].
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Figure 4.6: Grain size against holding time for 840°C for Grade 4N
(black) and Grade 3 (red).

860 Kiely

860 Pous Romero

0

10

20

30

40

50

60

70

80

90

0 2 4 6 8 10

A
v

er
ag

e 
L

in
ea

r 
In

te
rc

ep
t/

µ
m

Time/h

860°C 

Figure 4.7: Grain size against holding time for 860°C for Grade 4N
(black) and Grade 3 (red).
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Figure 4.8: Grain size against holding time for 880°C for Grade 4N
(black) and Grade 3 (red).
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Figure 4.9: Grain size against holding time for 910°C for Grade 4N
(black) and Grade 3 (red).
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Figure 4.10: Grain size against holding time for 940°C for Grade
4N (black) and Grade 3 (red).
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Figure 4.11: Grain size against holding time for 965°C for Grade
4N (black) and Grade 3 (red).
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Figure 4.12: Grain size against holding time for 990°C for Grade
4N (black) and Grade 3 (red).
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4.1.2 Determination of austenite grain growth

Plots of frequency against mean linear intercept were plotted for all the

austenisation temperatures and hold times. These graphs were utilised

as a tool to conclude whether Grade 4N was undergoing uniform grain

growth (Figure 4.13-4.19). These plots do not follow a Maxwell Boltz-

mann distribution and thus grain growth is not uniform and tends to

be abnormal for all temperatures. Further discussion of this will take

place in Section 5.
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Figure 4.13: Linear intercept against number of intercepts for 840°C for Grade
4N for a selection of heat treatments.

Figure 4.14: Linear intercept against number of intercepts for 860°C for Grade
4N for a selection of heat treatments.

64



Figure 4.15: Linear intercept against number of intercepts for 880°C for Grade
4N for a selection of heat treatments.

Figure 4.16: Linear intercept against number of intercepts for 910°C for Grade
4N for a selection of heat treatments.
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Figure 4.17: Linear intercept against number of intercepts for 940°C for Grade
4N for a selection of heat treatments.

Figure 4.18: Linear intercept against number of intercepts for 965°C for Grade
4N for a selection of heat treatments.
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Figure 4.19: Linear intercept against number of intercepts for 990°C for Grade
4N for a selection of heat treatments.
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4.1.3 Microstructure

Micrographs were taken at 50 x magnification, using the Olympus BH

microscope with a Leica DFC295 camera, in order observe grain struc-

ture formed upon thermal grooving. Examples of the microstructure

are illustrated in Figure 4.20 clearly showing the grain boundaries.
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(a) Micrograph 880°C 4 hour hold time (b) Micrograph 910°C 4 hour hold time (c) Micrograph 940°C 4 hour hold time

(d) Micrograph 965°C 4 hour hold time (e) Micrograph 990°C 4 hour hold time

Figure 4.20: Micrographs for varying austenitising temperatures with the same hold time
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Further investigation of the microstructure was undertaken using the

Phenox ProX SEM in Back Scattered mode with 15kV in order to see the

martensite lathes. Figure 4.21 depicts the microstructure observed from

the use of SEM.
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Figure 4.21: Back scattered image of microstructure for Grade 4N utilising the
Phenom ProX SEM at 15kV.

71



5 — Discussion

As illustrated in Figure 4.1 there is the expected increase of austenite

grain size for Grade 4N at all temperatures. The observed increase is

monotonic except for the slight acceleration during heat treatment at

910°C. This is in contrast to the work by Pous-Romero [3] on the Grade

3 alloy which exhibits a sudden increase in grain size when AlN parti-

cles dissolve thereby reducing Zener drag leading to unrestrained grain

growth. However, Grade 4N does not have significant pinning precip-

itates at the temperatures of interest. For example, pinning precipitate

M23C6 [41-42] is estimated to be in solution at 757° C, based on MT-

DATA calculations, and thus would not be expected to be present at the

austenitising temperatures investigated in this report. This accounts for

the grain growth phenomenon seen in Grade 4 whereby the grain size

continues to increase with heat treatment time (Figure 4.1). Notably the

lack of pinning precipitates could be due to the wide compositional dif-

ferences between the two alloys.

When Grade 3 data are plotted along with those from Grade 4N it

is clearly shown that Grade 3 undergoes a different austenite grain

growth behaviour (Figure 4.2). With increasing hold times there is lit-

tle increase in grain size for Grade 3 at low temperatures suggesting

that the boundaries may be pinned by precipitated particles. At tem-

peratures between 840°C and 910°C, moderate grain growth occurs for
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Grade 3 with the values plateauing at longer hold periods . This is fol-

lowed by an abrupt increase in growth rate at 940°C with the Grade 3

grain size doubling relative to samples held at lower temperatures.

Pous-Romero [3] proved that this sudden increase in grain growth at

940°C is due to the dissolution of aluminium nitride (AlN) particles

(Figure 4.3). After which grain size continues to increase at higher tem-

peratures, 990°C, and longer hold times and does not reach a limiting

grain size within the scope of Pous-Romero’s experimental research [3].

This is in contrast to Grade 4N which displays increased grain size with

increasing hold times. The grain size for Grade 4N continues to in-

crease as a function of time and temperature in the austenite phase field.

Notably for experiments undertaken with the same heat treatment and

hold times the grain size of Grade 4N is significantly larger, for exam-

ple the grain size of Grade 4N was found to six times that of Grade 3 at

lower temperatures prior to 940°C. This can be attributed to the weak

boundary pinning and to a smaller volume fraction of pinning precipi-

tates, as seen in Figure 4.3.

Equilibrium weight fraction calculations were undertaken using MT-

DATA, based on the chemical compositions of Grades 3 and 4N, in or-

der to compare the amount of AlN present. Figure 4.3 shows that Grade

3 contains approximately 1.75× 10−2 wt% at 880°C, compared to Grade

4N which has a significantly smaller presence of AlN at this tempera-

ture, approximately 5× 10−3 wt%. The absence of significant boundary

pinning seen in Grade 4N can thus be related to the low fraction of

pinning precipitates: AlN and M23C6, at the investigated austenitising

temperatures but M23C6 found to be irrelevant in the in the austenite
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phase field.

Comparison of calculated grain size and experimentally-measured grain

size highlights that the unmodified model of Pous-Romero [3] is able to

estimate the Grade 4N grain size at lower temperatures and low hold

times (Figure 4.4). However as the temperature increases along with the

hold time the calculated grain size becomes less accurately predicted for

Grade 4N. The FORTRAN code developed as a predictive tool by Pous-

Romero et al. [3,43] is for alloys which undergo pinning, meaning that

at longer hold times for Grade 4N and for Grade 3 it becomes less ac-

curate due to reduced pinning effect in both alloys. However it should

be noted that value for the activation energy, Q, was based on previous

literature and may not be the correct value for the growth kinetics of

grade 4N. The value of Q for Grade 4N could be incorrect due to the

broader compositional difference between Grade 3 and Grade 4N. The

value of Q was previously stipulated as 190 kJ mol−1 based on experi-

mental data being interpretated to avoid overfitting [3]. In this case Q,

the activation for grain growth, may be a lower value as grain growth is

significant from the start and does not seem to have to overcome a pin-

ning force at the start. Thus Q needs investigation in order to deduce if

it is the most correct value with regard to Grade 4N.

Pous-Romero et al. showed that Grade 3 displays a homogenous distri-

bution of grain sizes at temperatures between 840°C to 910°C (Figure

4.5). Figures 4.6 - 4.12 compare the grain sizes at selected holding times

and temperatures for Grade 3 and Grade 4N. It is evidenced that there

is a significant difference in grain size measurements at the low tem-

peratures. Thus figures 4.6 to 4.12 provide further evidence that at low

temperatures the grain growth for Grade 3 is being dominated by pin-
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ning precipitates whereas Grade 4N displays significantly larger grain

size. At 940°C, Figure 4.10, the grain size for Grade 3 and Grade 4N

begins to converge. This convergence continues to occur at higher tem-

peratures. Findings by Pous-Romero et al [3] concluded that at tem-

peratures above 940°C the grain size distribution for Grade 3 changes

from uniform to bimodal [3] (Figure 4.5). This change in grain distri-

bution at higher temperatures was attributed to the reduction in the

volume fraction of AlN pinning precipitate. Specifically, at sufficiently

high temperatures, the localised pinning forces were reduced due to the

heterogenous dissolution of the nitrides. Another possibility is that so-

lute drag is occuring which requires further investigation.

In comparison the grain size distributions for Grade 4N, figures 4.12-

4.18, show that at low temperatures the grain size distribution is broadly

normal distributed; with only a slight increase in temperature and hold

time causing a bimodal distribution to be apparent. The bimodal nature

of grain size can be attributed to a reduction in localised pinning forces

[3]. This could be due to microsegregation occuring further investiga-

tion of this is required.

The micrographs presented in Figure 4.20, demonstrate also that Grade

4N does not display normal grain growth; showing that the grain size

varies across all temperatures with larger grains sitting next to smaller

grains thus confirming abnormal grain growth. These micrographs il-

lustrate the thermal grooves which have formed upon holding at the

austenitising temperature. It should be noted that surface relief is ap-

parent at all of these temperatures with it being emphasised at high

temperatures due to the coarsening on the plates. Literature has stipu-

lated that as the austenite grain mobility decreases the higher the inter-
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ference of the grooves with the surface motion of the grain boundaries

[55].A possible reason as to the bimodal nature is potential interden-

dritic segregation.

Further images were taken from the sample heat treated at the highest

temperature 990°C (Figure 4.21). It can be seen that there is marten-

site present within the austenite grain. Significant surface relief is as-

sociated with this lath which stops at the grain boundary. This surface

relief occurs below the martensite start temperature. Thus it can be de-

duced that the austenite grain boundaries have not moved away from

the grooves and as such truly reflects the grain size at the heat treatment

temperature.

Overall, it can be concluded from the results thus far that austenite

grain boundaries in Grade 4N are not hindered by pinning particles,

unlike Grade 3. However further research into the microstructure of

this alloy is going to be crucial in order to confirm that this is the case.

5.1 Implication of this research

The austenite grain size has a significant effect on the mechanical prop-

erties. Notably toughness decreases with increasing grain size this is

a crucial property with regard to fracture. Thus a fine microstructure,

that is a smaller grain size, is desirable in order to increase toughness

[64-66].

As the austenite grains grow the amount of martensite transformed in-

creases. This is explained by Prawoto et al. [67] based on Fischer’s work

whereby the volume fraction of martensite is proportional to the cube
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of the austenite grain size. It was found that larger austenite grains

needed little undercooling below MS in order to detect a martensite

volume fraction. Notably less bainite and ferrite are formed when the

grain size increases as there are fewer grain boundary nucleation sites

per unit volume [67,68]. Thus large grain size leads to an increase in

hardenability.

Overall the implications of this research have shown that careful con-

sideration of heat treatment is required for Grade 4N. This is due to the

nature of the grain growth phenomenon in Grade 4N whereby small

changes in heat treatment time causes significant increases in grain size.

Thus further research is needed in order to determine the optimal hold

time and temperature in order to gain the desired microstructure and

thus properties.
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5.2 Future work

Based on the experimental findings of this report further research is re-

quired in order to investigate the exact microstructure of Grade 4N in

order to deduce whether any pinning mechanisms are involved. This

will be valuable to the industrial community in order to optimise heat

treatment processes of this alloy to gain the desired microstructure and

thus optimise the properties for pressure vessel steels.

An intriguing phenomenon is that the curves in Figure 4.1 do not have

a common origin. Thus dilatometry experiments and predictive models

should be used to see if there is a common origin.

Additional calculations of grain size between the Ac3 temperature and

the chosen austenitsation temperature should be undertaken with dif-

ferent heating rates relevant to RPV dimensions used in the marine sec-

tor. This will aid the ability to deduce the optimum heat treatment

based on industrial criteria. Calculations should be utilised in order

to show there is little effect on grain size evolution during cooling from

austenitisation temperature down to Ae3.

Consideration of what is valuable to the manufacturers and end users

should be considered. Further development of CCT, TTT curves for

Grade 4N would be useful in order to establish the resultant microstruc-

tures from the proposed heat treatments. Additional investigation should

be undertaken in order to deduce if these microstructures can be accu-

rately generated from the modelling approaches utilising MTData. It

should be noted that researchers need to utilise these thermodynamic

models with care as they are mainly based on binary alloys. Thus these
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alloys should be utilised in balance as a tool to make predictions noting

that the specific heat should be measured rather than predicted.

Mechanical properties experiments would also be desirable so as to

conclude whether Grade 4N is the ideal candidate alloy for implemen-

tation in the new generation of nuclear reactors.
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6 — Conclusions

Overall the general objective of this research project was to investi-

gate the austenite grain growth of SA508 Grade 4N. Notably this re-

search project has shown for the first time the austenite grain growth

behaviour of Grade 4N is significantly different to Grade 3 steel cur-

rently utilised in RPVs.

However, whereas significant investigation of pinning mechanism of

Grade 3 has been carried, there is little information with regard to the

pinning in Grade 4N. It was deduced through this research that there

were limited pinning mechanisms occurring at the chosen austentisa-

tion temperatures. Significantly Grade 4N grains continued to grow

with increasing austentisation temperature and hold time. One of the

hypothesised reasons for this alloy not displaying pinning mechanism

was due to a lower fraction of AlN pinning particles present along with

the dissolution of M23C6. This hypothesis was able to be evidenced

by MTDATA calculations carried out and was reflected in experimental

results. Future work should include the use of synchrotron in order to

gain an insight into the microstructure via the use of diffraction patterns

and thus whether the AlN precipitates play any role in pinning or are

indeed in too lower fraction to be effective.

Through the use of dilatometry in order to produce thermal grooving
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the grain sizes were able to be measured. Experimental evidence clearly

illustrated that for Grade 4N, grains are considerably larger and dis-

played a bimodal nature. This phenomenon was also reflected at high

temperature and long hold times in the Grade 3 investigations carried

out by Pous-Romero [3].

Through the use of microscopy the thermal grooves were able to be ob-

served with more prominent grooves at higher temperatures. With high

temperature Grade 4N austenite grains displayed increased relief and

higher martensite fraction. This can be related to literature whereby it

has been concluded that with increasing austenite grain size there is in-

creased martensite lathes. The SEM image taken after a heat treatment

at 990°C highlighted that the martensite lath formed and the surface re-

lief, having been formed below the martensite start temperature, stop at

the grain boundary and thus reflect the grain size at the heat treatment

temperature.

With minimal literature having been published on the austenite growth

behaviour for Grade 4N this research is a significant foundation from

which further investigations need to be carried out. Future aims should

be to deduce a heat treatment for fabrication of an optimised microstruc-

ture and properties for application as an RPV.
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