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ABSTRACT

Life assessment of critical components and piping is performed in the electrical power plants
in order to prevent structural/component failure and prolong safe operation of the equipment.
In the event that these components fail, the consequences can be very costly since this may
result in power supply disruptions, component replacements, environmental damages and the
loss of human life. Regulations, standards and codes are designed to ensure the safe operation
of the power plants. However, on their own, they are not adequate to account for aging power
plants that have been in service for more than half of their originally designed lifespans, since
failures have been experienced due to in-service aging mechanisms (i.e. temper

embrittlement, creep, etc.) and poor engineering and maintenance practises.

Mechanical, metallurgical and non-destructive techniques are used to evaluate the condition
of the in-service materials in order to aid in these life assessments. The structural integrity
assessments utilise material toughness properties as determined through fracture toughness
testing, which requires a significant quantity of material, and is therefore cumbersome and
expensive. Consequently, several other material property testing techniques are used to aid in
structural integrity assessments, such as impact energy, tensile and hardness testing. Through
empirical correlations, these test results are used to estimate fracture toughness properties
and, consequently, the error bands are expected to be as high as 50%. Due to its small size,
the small punch test (SPT) technique can be regarded as a quasi-non-destructive test, and is
therefore a preferred method for determining the fracture toughness in aid of structural
assessment. The SPT technique involves a compression load from the punch to a sample

(68mm x 0.5mm thick) clamped between clamping and receiving dies.

This study aims to develop a test rig that will be used to perform the SPT in order to quantify
the level of embrittlement on the ex-service, low-pressure steam turbine material (NiCrMoV
steel). The data results acquired from the SPT technique are the reaction load of the punch
and the deformed displacement of the sample performed at a constant displacement rate
according to CWA 15627:2007. Two SPT rigs were designed, manufactured and
commissioned. These two were commissioned using FEM and tensile test results for
validations. The steel was subjected to three different conditions: as received (AR), de-
embrittled (DE) and hardened (HD). The three types of steel illustrated that the SPT can
quantify embrittlement levels through the correlation of tensile, Charpy impact energy and

fracture toughness testing.
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NOMENCLATURE

Aa Crack length
Ef Fracture strain
AR As-received: identification for a material sample that was not
heat treated
CVN Charpy V-Notch
D Power law hardening constant for Ramberg-Osgood model
DBTT Ductile to brittle transition temperature
DE De-embrittled: identification for a material _sample that was
heat treated to remove temper embrittlement
€ Strain
E Young’s modulus
FATT Fracture appearance transition temperature
FEA Finite element analysis
FEM Finite element model
HD Hardened: identifi(_:ation for a materigl sample thgt was heat
treated to introduce damage in the material
HRC Rockwell C hardness
HV Vickers hardness
Jic Plane stress fracture toughness (ductile fracture toughness test)
Kic Plane strain fracture toughness (brittle fracture toughness test)
kJorJ kilo Joules or Joules
kN or N kilo Newton or Newton
LDC Load displacement curve
LDCexp Experimental load displacement curve
LDCrem Modelled load displacement curve




LSE

Lower shelf energy

MPa or Pa Mega Pascal or Pascal
n Strength coefficient and exponent for Ramberg-Osgood model
NDT/E Non-destructive testing/examination
NiCrMoV/ Low alloy gteel used mo_stly for turbine material with main
alloy of Nickel, Chromium, Molybdenum and Vanadium
OEM Operating equipment manufacturer
SPT Small punch test
QADP Quality Assurance Data Package
Quasi-NDT Refers to SP_T sa_mpling process to power plant components
that the technique is almost non-destructive if applied correctly
Gy Yield strength
TEM Transmission electron microscopy
Tsp Small punch transition temperature
USE Upper shelf energy
UTS Ultimate tensile strength
Wer Strain energy density for compact tension specimen
Wsp Strain energy density for small punch test specimen




CHAPTER 1: INTRODUCTION

1.1 Background

Protecting the structural integrity of critical components from catastrophic failures due to
fracture is very important in the power plant industry, especially with regards to fracture in
the primary systems of nuclear power plants where the consequences can affect public health
and employees, plant and economic safety. Codes, standards and regulations have been
developed to ensure that the plants are operated and maintained within safety margins;
however, these safety tools do not guarantee a fracture-free environment within power plants.
Fracture is the separation of a body into two or more pieces caused by stresses and/or
temperature, and can be referred to as ductile fracture (creep) or brittle fracture
(embrittlement). This study will investigate the brittle fracture behaviour, which is known as
embrittlement, using a small punch test (SPT) technique.

The risk of catastrophic failure of an operating component or system in a power plant is
related to the tolerable size of a flaw or defect, which is directly and quantitatively
proportional to the material fracture toughness, KIC or JIC [1]. The parameter, KIC or JIC is
used to estimate the remaining life of power plant components. Conventional mechanical
tests are required to determine fracture toughness. However, it is impractical to obtain the
large material specimens required from the in-service components at a location that has been
identified as at risk of failure. The influence of weld repair on performance of components or
materials that were possibly damaged during sampling, as well as the challenges of plant

configuration that limit accessibility, can result in costly time delays [2].

Established in South Africa in 1923, Eskom is the only utility and largest electric power
producer in Africa. Eskom supplies a total of just over 45% of Africa’s electricity and 95% of
South Africa’s electricity [3]. South Africa is a newly reformed developing country that has a
population of approximately 55 million people. According to the Southern Africa power pool
[4] (2013), Eskom has installed a capacity 44,170 MW, with an available net output of
41,074 MW and a forecasted demand of 42,416 MW. There was a 3% shortfall of power
demand, which resulted in power plants being operated at a higher capacity than normal. This
practice causes unplanned and unavoidable maintenance on failing components. Life
management of critical components is increasing and more advanced and cost-effective

technologies are required because of the aged power plants that are beyond their design-life.




The SPT technique is the testing method preferred by most utilities that are using it as a life
assessment technique, as compared to standard mechanical test technique(s), because of the
small specimens required to perform the test. The SPT can supply direct fracture toughness
measurements to aid Eskom’s existing life management techniques, which are aligned to
world best techniques. The SPT is fairly easy to perform but requires significant attention in
its data analysis as there can be a marked scatter within the data. In addition, techniques such
as numerical models, finite element modelling (FEM) and empirical correlation are
necessary. The technique is cost effective and can reduce and/or avoid unplanned shutdowns

in cases where specimens can be extracted without shutting down a component or system.

Embrittlement is defined by EPRI [2] as “phenomena whereby materials suffer a marked
decrease in the ability to deform (loss of ductility) and the ability to absorb energy during
fracture (loss of toughness), with the little change in other mechanical properties, such as

strength and hardness.”

It can be evaluated by using either mechanical testing techniques (tensile, Charpy V-notch,
compact tension and hardness testing, etc.) and/or metallurgical techniques (optical
metallography: grain size measurement, assessment of phosphorus segregation, phase
identification; electron microscopy: scanning electron microscopy for fractographic
examination; and auger electron microscopy for composition analysis). Critical components
such as turbine material are susceptible to temper embrittlement, which occurs during the
service life or slow cooling following heat treatment during the manufacturing of large

components such as low pressure steam turbine rotors [2], [5].

Temper embrittlement is a major cause of degradation of fracture toughness especially in
ferritic steel, while neutron irradiation embrittlement affects the reactor core pressure vessel
[2], [6], [7]. Ensuring the integrity of these critical components is very costly and planned
shutdowns or outages are used to assess these components. Charpy transition temperature,
also referred to as ductile to brittle transition temperature (DBTT) or fracture appearance
transition temperature, is also used to assess embrittlement mostly on low alloy steels [5].
The transition is known to occur at 50% of upper shelf energy (USE) and lower shelf energy
(LSE) and it is expected that power plant steels will experience a reduction in impact energy,

which will result in a decrease of fracture toughness when the steel is embrittled [2].

In nuclear power plants, the level of embrittlement caused by radiation damage to pressure

vessels is monitored using surveillance capsules consisting of small Charpy V-Notched




(CVN) specimens of pressure vessel and weld metal of the beltline of the pressure vessel,
which is placed closer to the fuel core [8]. These specimens are removed periodically for
testing over a wide range of temperatures to evaluate if there is: (1) a decrease in upper shelf
toughness and (2) a shift in reference temperature, RTNDT (refer to Figure 1-1 below) [8]. In
the case where embrittlement starts to affect the nuclear reactor pressure vessel, limitation
specified by regulators and the American Society of Mechanical Engineers (ASME) Section
X1, Appendix G, requires the power plant owner or operator to operate, heat up and cool
down within the operating window in terms of both temperature and pressure, as shown in
Figure 1-2 below [7].
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Figure 1-1: Brittle to ductile fracture toughness transition showing increase in AFATT
[8].

There are many other types and causes of embrittlement that are discussed in Chapter 2:
Literature Review. The SPT, which is a mechanical testing technique, will be used to
evaluate embrittlement of power plant materials in this research. The SPT technique is
preferred due to its cost effectiveness as compared to traditional mechanical testing. This
technique allows for the avoidance of premature replacement, which is normally made based
on contracted design life, and its use of small specimens is regarded as quasi-non-destructive-
testing. Traditional life assessment philosophies are usually used to assess turbine material in
power plants.
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Figure 1-2: Effects of irradiation on pressure-temperature limit curve [7].
1.2 Life assessment philosophies

Critical components such as turbine material, reactor pressure vessels, steam
generators/boilers etc. are assessed prior to and during service life and at the end of design
life in order to prevent catastrophic failure. Philosophies that are used to assess turbine

materials (rotor and discs) are discussed below.

1.2.1 End of life criteria

Failure criteria requires an understanding of several factors such as the technical, financial,
safety and risk tolerances associated with the hardware [9]. There are three criteria used to
assess the turbine materials and Table 1-1 shows the summarised characteristics of these

three end of life criteria.

Table 1-1: Summary of end of life criteria [9].

History-based end of life Performance-based

o o Inspection-based criteria
criteria criteria

Non-destructive
examination shows crack
initiation, large crack
formation and microscopic
damage

Design life of 30-40 years | Severe loss of efficiency due
has elapsed to component degradation

Prior failure experience and Vibration prOblemS that are Severe dimensional Change
statistical data indicate unable to be corrected by such as rotor bending (may
impending failure normal procedures be caused by water




History-based end of life
criteria

Performance-based
criteria

Inspection-based criteria

induction or rubbing)

Calculation indicate life
exhaustion

High frequency of repairs
renders continued operation
uneconomical

Mechanical or metallurgical
testing of small samples
indicate material property
degradation

Catastrophic failure

Each criterion listed above depends on the collection of data at specific interval(s). It is

essential to determine the correct inspection interval based on one of the three criteria above.

1.2.1.1 Inspection definition interval

Turbine rotors and discs are large components which are assessed using crack initiation and
propagation [9]. Detection of the crack initiation, for which NDE techniques are used, can be
challenging [10]. Predicting when the crack will initiate to a critical crack (for Kic) requires
the establishment of safe re-inspection intervals, which conduct the integrity and remaining
life assessment of rotor and disc [9]. The inspection intervals need to be established in order

to detect cracks, which may form and grow during service life before reaching critical crack

size where catastrophic failure can become imminent (refer to Figure 1-3) [9].
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Figure 1-3: Schematic plot showing the relationship between non-destructive
examination detectable crack size, life of the rotor, and re-inspection intervals [9].




The EPRI paper [9] has developed three levels of life assessment that are linked to inspection
intervals. Thus, the higher the level, the shorter the period of inspection intervals. Refer to the

levels of life assessment below with the minimum requirements for each level.
1.2.1.2 The three-level life assessment approach

The three options/levels that turbine operators can use to assess the integrity and remaining
life of turbine components depend on vintage, service condition (operating stresses and

temperatures) and environment (corrosive environment, etc.) [9].

Table 1-2: Elements of the three-level life assessment approach [9].

Data needed

Level |

Level Il

Level 111

Failure history

Plant records

Plant records

Plant records

Dimensions

Design/nominal

Measured/nominal

Measured or original
drawings

Inspection (NDE)

Records or
minimum detectable
flaw/crack size

Limited inspection
and analysis

Detailed inspection
and data reduction

Operational data

Minimum review

Average/medium

In-depth review

review /design condition
g

P ’ Design/nominal Simple calculations | analysis/actual data-

pressure, rpm, load, e
acquisition

etc.)

Stresses and metal | Design/nominal and . . Detailed
4 . Simple calculations .
temperature simulations analysis(FEM)

Material properties

Specifications/lower
bound data

Minimum/literature
data/correlation

Sample removal and
testing

Material sample
needed?

No

No

Yes

1.3 Hypothesis

Embrittlement causes a decrease in ductility and toughness and traditional evaluation
methods are destructive mechanical tests. The SPT technique is a quasi-non-destructive
mechanical test that can be used as a direct fracture toughness test. The main aim of this

research is to design, manufacture and commission/validate the SPT rig. The commissioning




of the rig is undertaken by a validation method of comparing the SPT test data with
conventional mechanical test data through correlation. The SPT technique will be employed
to evaluate embrittlement through assessing the ductility and energy absorbed from the SPT
data results.

1.4 Research motivation

Power utilities experience many component failures as they age and different conventional
mechanical testing techniques are used when possible to assess the structural integrity of
critical components. Traditionally, a large amount of material for specimens is required,
followed by weld repairs, which can further damage the material that has already been
identified as at risk of failure. The traditional mechanical tests require that the component or
system be shut down prior to testing, an unfavourable decision for the utilities that are already
struggling to meet consumers’ power demands. The SPT technique will enable utilities to
perform certain tests without shutting down the components or systems (for instance static
components such as pressure vessels, piping, casings, etc.). Prior to testing, specimens can be
extracted on-line (when accessible), and due to the small amount of material and non-

intrusive nature of sampling, shutdown times can be minimised.

Most Eskom power plants have been in operation for more than half of their design lives (and
some are beyond their design lives). The SPT technique is relatively cheap to perform and is
an option that will guarantee the following:

e quasi-non-destructive testing that provides a range of mechanical and fracture
properties that can be used during the life assessment of plant components;

e the minimisation of premature replacement by knowing fracture toughness properties
of critical components, such as turbines, steam piping, boilers, heat exchangers, etc.,

based on designed life.

1.5 Research objectives

e Literature review of life management techniques on components operating under
embrittlement conditions in the power plant industry.

¢ Identification of components susceptible to embrittlement.

e Design and manufacture equipment required to perform the SPT.

e Validate SPT rig(s).

e Develop the SPT procedure for the application of testing and interpreting the test data.




Evaluate embrittlement using the SPT technique by means of correlating the SPT data
to standard mechanical test data through:
o Charpy transition temperature (FATT) with estimated SPT transition
temperature, Tsp.
o Tensile properties using developed approach
o Fracture toughness using developed approach
Application of the SPT data to remaining life assessment of component/material (e.g.

estimated fracture toughness).




CHAPTER 2: LITERATURE REVIEW

2.1 Embrittlement of power plant steels

Embrittlement has been defined in the Introduction. The premature failure of power plant

equipment is often traced to low ductility caused by cyclic operation stresses and

temperatures [2]. Failures occurring in critical components like turbine materials, high energy

piping and pressure vessels can result in high costs, extended downtime, loss of life and the

revoking of operating licences by power plant regulators. Common factors that affect

embrittlement are summarised below.

2.1.1 Factors affecting embrittlement of power plant steels

Embrittlement results in brittle failure behaviour caused by the following internal and
external factors [2], [5], [9]:

e Manufacturing processes during steel-making (e.g. chemical composition, heat

treatment, cooling methods, etc.)

e Operating procedures used by utilities which include the following:

o

Operating stresses and temperatures — these are specified in designs and are
tested in accordance with design codes and/or standards;

Microstructural phase change — this occurs during the service exposure
(ageing) of the material and results in changes in grain size, second particles
etc.;

The presence of surface notch or cracks — this mostly occurs in high stress
zones and serves as a fracture criterion prior to material failure;

Maintenance practices — these are implemented through engineering
programmes that provide condition monitoring methods and best maintenance
practises on power plant components;

Increasing rate of application of load — this often occurs when the maximum

load is applied to meet consumer power demands.

e Environmental influenced embrittlement such as corrosive environment which can

degrade materials from an external reaction with gases on the atmosphere and react

with chemistry processes used to remove corrosive elements in the power plant

systems.




e Failure mechanisms of embrittlement in power plant steels are listed in Appendix-3

under Table A3-1, which describes the types, causes and typical components affected.

The degree of embrittlement in power plant components is evaluated through either
metallurgical (microstructural change) or mechanical techniques (uniaxial tensile, CVN, Kic,
etc.). The uniaxial tensile test has illustrated how the material behaves in plastic deformation
as shown in Figure 2-1. A loss of ductility is expected while the elasticity region shows
insignificant change. CVN can also assess embrittlement by means of evaluating the change
in energy transition temperature (loss of toughness and increase in AFATT), as shown in

Figure 1-1 in Chapter 1.

Stress

>

Strain

Figure 2-1: Mechanical test showing power plant steel affected by embrittlement
resulting in loss of ductility.

It is important to note that it is not always possible to say that a material is ductile or brittle
because the fracture behaviour depends on the exposure to service conditions. Figure 2-2
illustrates the brittle fracture of a steel pressure vessel that normally operated at elevated

temperatures and failed during hydro testing with cold water.

Figure 2-2: Pressure vessel failed by brittle fracture during hydrostatic test using cold
water [2].




This study focuses on testing low pressure steam turbine rotor material; EPRI [9] has

developed an assessment approach towards turbine material.

2.1.2 Embrittlement in turbine materials

Steam turbine materials such as low alloy steel and stainless steel are selected based on
operating temperature and allowable stresses [9]. These steels have designation based on the
chemical composition with the main alloying of these elements, nickel (Ni), chromium (Cr),
molybdenum (Mo) and vanadium (V) [9]. A typical high pressure (HP) and high pressure to
intermediate pressure (HP-IP) steam turbine rotor and disc for high temperature creep
resistance will have about 1% chromium content, 1% molybdenum and 0.25% vanadium,
referred to as 1CrMoV steel [9]. Low pressure steam turbine materials that operate below
399°C are normally referred to as NiCrMoV steel [9].

Embrittlement in power plant materials is commonly caused by service exposure and in the
case of turbine materials, HP-IP turbine materials are the most affected by temper
embrittlement while LP turbine materials are more susceptible to stress corrosion cracking
[14], [17- 19]. Figure 2-3 illustrates the three main factors that degrade the HP-IP rotor
material during service life and that are evaluated during life assessment of these materials.
Temper embrittlement is the major fracture toughness degradation in ferritic steel and can
occur during manufacturing heat treatment or life operation between 345-540°C [2], [9].
Some of the traditional mechanical tests which are used to evaluate embrittlement are

discussed below.

2.1.3 Traditional mechanical testing of embrittlement of power plant steels

Structural designs are made based on tensile strength (UTS) and tensile strain (percentage
elongation) of the material. Allowable or applied stresses are determined based on yield stress
or UTS using safety factors and this approach is called the strength of materials approach
(refer to Figure 2-4(a)) [12]. This approach can prevent failure of the materials against brittle
fracture but can fail to do so during ductile fracture that can be caused by the formation of

voids.

Unlike the strength of materials that consist of two variables, fracture mechanics consist of
three variables, namely: applied stress, flaw size and fracture toughness. These three
variables serve as minimum operating requirement conditions for materials in order to avoid

fracture during operation (see Figure 2-4(b)).
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Figure 2-4: Material design approaches: (a) strength of materials approach and (b)
fracture mechanics approach [12].

Embrittlement is evaluated using one of the following common standard mechanical tests,
which are also used to assess structural integrity of materials during component life
assessment: the American Society for Testing Materials (ASTM), the European Standards

(EN), the International Organisations for Standardisation (1SO), etc.




2.1.3.1 Uniaxial tensile test

Callister and Williams [13] define the uniaxial tensile test as a test during which “a specimen
is deformed, usually to fracture, with a gradually increasing tensile load that is applied
uniaxially along the long axis of a specimen.” The test normally uses circular cross section
specimens, but rectangular specimens can also be used. The tension test evaluates the
strength and ductility of the materials under tensile stress [14]. Properties such as ultimate
tensile strength (UTS), reduction in area (%) and elongation are directly extractable from this
test. Yield stress, Poisson’s ratio, Young’s modulus and strain hardening can be determined.
As such, the test provides information that may be used for material selection, alloy
development, quality control and design [14]. It is noted that the tensile test cannot
extrapolate the fracture properties due to the low loading rate used to perform the test [13].
Some ductile material shows little plastic deformation in the high loading rate test and,
therefore, the performance of a high loading test to investigate fracture characteristics is

required.
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Figure 2-5: Mechanical tensile test of isotropic material: i) equipment and ii) results
[13].
Figure 2-5 illustrates the engineering tensile test results: a) yielded specimen showing no
deformation in geometry dimension (material elasticity) up to yield strength, b) specimen
deformed through material plasticity (hardening) up to ultimate tensile strength, c) specimen
necking due to micro cracks within the material, d) specimen fracture or fail due to multiple

cracks, e) 0.2% offset yield stress, f) UTS, g) fracture point corresponding to fracture strain




and stress and h) total elongation representing ductility of the material up to fracture point.
Ductility is expected to decrease with insignificant changes to strength and hardening and it is
measured using the change in dimensions (length or area) per original dimensions (length or
area) in percentage (see Figure 2-1).

2.1.3.2 Charpy V-Notch (CVN) test

The CVN test uses a notched sample (refer to Figure 2-6) that undergoes a high loading rate
in order to fracture the sample. CVN characterises the material fracture behaviour by means
of assessing the following parameters: 1) deformation at a relative low temperature, 2) a high
strain rate (rate of deformation) and 3) triaxial stress state (maybe introduced by notch) [13].
It is the most used mechanical test to assess the material ability to absorb energy and ductile
to brittle or fracture appearance transition temperature (DBTT/FATT). This test is fairly easy
to perform and can be used together with known tensile parameters to estimate fracture
toughness by means of established correlation methods, which will be discussed later in this

chapter.
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Figure 2-6: CVN test equipment [13].

Typical data that CVN test analyses provide include (refer to Figure 2-7):

e Region I: Lower shelf energy region— this region is related to the brittle fracture
region at low temperature.

e Region Il: Transition temperature region — this region has both brittle and ductile
fracture regions. 50% FATT is noted at 50% brittle shear fracture and 50% ductile




shear fracture (at some cases it is 50% absorbed energy, which is known as DBTT)
and test temperature T2. Fracture toughness is found within this region by means of
selecting fracture energy (e.g. E1 corresponding to T1) which is based on service
performance or other tests [2].

e Region Ill: Upper shelf energy region — this region is a ductile region and is up to
100% shear fracture or maximum absorbed energy at test temperature. T3 is the

lowest temperature that represents 100% ductile shear fracture [2].
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Figure 2-7: CVN absorbed energy vs test temperature diagram [2].

When absorbed energy or % shear fracture decrease and/or increase T2, brittle fracture can be
expected to occur at a high temperature. This process normally occurs after service exposure

of steel and is known as embrittlement.
2.1.3.3 Fracture toughness test (Kic)

Power plant steels are designed and manufactured as ductile materials to meet the plant

operation conditions. The fracture toughness test measures the resistance of material to a




crack extension [12]. Any of these fracture toughness parameters such as K (Stress Intensity),
J (J-Integral) or CTOD (Crack-Tip Opening Displacement) can be plotted on a resistance
curve (R-curve) to determine fracture toughness [15]. Organisations of standards (ASME,
ISO, etc.) have developed standards for fracture toughness for elastic and elastic-plastic
materials with three different modes of testing as shown in Figure 2-8 below. The three
cracking separation modes are namely, Mode I: tensile stress mode, also known as opening
mode, is normally applied to the plane of the crack and its fracture toughness is referred to as
‘plane strain fracture toughness’; Mode II: shear stress is applied by means of a sliding load
acting in parallel to the plane of the crack and perpendicular to the front face of the crack; and
Mode I11: shear stress is applied in parallel to both the front of the crack and the plane of the

crack, and is also referred to as ‘tearing stress’ [16].

(a) B (c)

Figure 2-8: The three modes of crack surface displacement: (a) Mode I, (b) Mode Il and
(c) Mode 111 [13].

ASTM standards are widely used to assess both linear elastic fracture mechanics (LEFM —
ASTM E399) and elastic-plastic fracture mechanics (EPFM — ASTM E1820). In this study,
EPFM is applicable as the steel behaves in an elastic-plastic manner. It is important to note
that the two standards are similar and only differ in terms of how the test load shall be carried
out as well as the analytic procedure of the test data. Below is the general consideration when
the fracture toughness test is carried out. The following fracture toughness information is
based on the two above standards [15], [17] and Anderson’s work [12].

2.1.3.3.1 Specimen configuration

ASTM standards entail five different specimen configurations; none of the other standards
cover all five specimen configurations. These specimens may differ in geometric sizes but
allowable tolerances are clearly noted. Specimens are designed with crack notch for crack
initiation and crack growth. Figure 2-9 illustrates the compact (CT) specimen during fatigue

crack growth.




Clevis

/ Specimen

Figure 2-9: Compact specimen during fatigue loading [12].

2.1.3.3.2 Specimen orientation

It is important to note the orientation of the specimen in order to realise that mechanical
properties are sensitive to microstructures that contain planes of weakness, that in turn allow

for easy propagation of the crack.

a) b)

Figure 2-10: Fracture toughness specimen orientation for: a) rolled plates and forgings
and b) cylindrical tubes and bars [12].

2.1.3.3.3 J-Integral testing of steel

J-Integral testing is used on EPFM guided by ASTM 1820. However, it is advisable to carry
out the fracture toughness test using ASTM E399 and evaluate for test compliance (only if
there are no constraints for material and time). There are two methods to test for J-Integral
(refer to Figure 2-11 and Figure 2-12):




a) An extrapolating method without crack growth measurement

The method consists of experimental equations that are detailed based on ASTM E1820 and
does not require crack growth to be measured. The disadvantage of the method is that it is a
trial and error method and requires few tests to be carried out in order to generate the J-R
curve that complies to the standard. Jo represents Jic (ductile fracture toughness) once the
compliance is met in accordance with ASTM E1820. Refer to Figure 2-11 for how Jq is

determined from a 0.2mm offset of a small crack, Aa.
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Figure 2-11: Jo plotted against Aa for Jic measurement [12].
b) A J-R curve with monitoring crack growth

This method requires monitoring of the crack growth, which means that additional
instrumentation is required. A J-R curve can be obtained from a single specimen; however,
the test has unloading compliance requirements as shown in Figure 2-12. The details of how
the compliance is achieved are included in the ASTM E1820. The CTOD method is another
option to achieve the J-R curve, which can be applied to determine the fracture toughness and
is also in the ASTM E1820.




Load

Partial
Unloading

Load Line Displacement

Figure 2-12: Load displacement curve [12].
2.2 Introduction and background study of the small punch test (SPT)

The miniature disk-bend test that is commonly referred to as the ‘small punch test’ (SPT) has
been used to characterise mechanical properties of materials from as early as the 1980°s [18],
[19]. The SPT uses a circular specimen of 3 to 10 mm in diameter and 0.1 to 0.75 mm thick
or a square specimen of 10 mm x 10 mm [20]. The SPT is normally carried out on a specimen
clamped between an upper and lower die but it can also be carried out on an unclamped
specimen [19]. The details of the SPT working principle, including the test conditions, are

explained in Section 2.2.1.
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Figure 2-13: SPT test equipment [21].
2.2.1 Working principle

A load is applied at a constant displacement rate/load to a fixed/clamped specimen between
an upper/clamping and lower/receiving die, or sometimes to a non-fixed/unclamped (no

upper die required) specimen up to a fracture point. The setup may also depend on what the




user’s interest(s) is/are during the SPT. For example, a constant load may be applied to
investigate creep and stress rupture strength properties (time dependent behaviour), while a
constant displacement rate will be applied to investigate mechanical properties for time
independent behaviour such as: i) Fracture Appearance Transition Temperature (FATT), ii)
Ductile to Brittle Transition Temperature (DBTT), iii) tensile properties (stress-strain curves)
and iv) fracture toughness on both metallic and non-metallic materials [19]. A load
displacement curve (LDC) is the conventional output data resulting from the SPT experiment
that investigates time independent behaviour of the material, such as in this study (refer to
Figure 2-14 below).

The tests are carried out in a controlled environment, e.g. liquid nitrogen coolant is used
when embrittlement tests are carried out at a constant displacement, and heating furnaces are
used to elevate temperature at a constant load. Correlation methods are used to evaluate test

data, which include advanced material modelling for material assessment.
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Figure 2-14: SPT setup (left) and experiment output (right) of unclamped specimen
[22].
Figure 2-15 shows a typical SPT equipment setup used for DBTT and other mechanical time
independent behaviour parameters. The LDC consists of five stages that can be clearly seen
in Figure 2-14 above: Stage | - elastic bending represented by a linear curve; Stage Il - plastic
deformation; Stage Ill - hardening occurring during membrane stretching; Stage IV -
softening occurring up to a peak load and Stage V - load drop during failure or fracture. The
LDC, as shown in Figure 2-14, is true for elastic-plastic materials, i.e. elastic modulus, yield
stress and hardening coefficient materials [24]. A summary of the history and current

developments of the SPT technique are discussed in 2.2.2.
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2.2.2 History of SPT
This sub-section is based on Foulds et al [1] and EPRI [11], [19], [20], [25].

The small punch test was introduced by Westinghouse Hanford researchers in the early
1980’s during the transmission electron microscopy (TEM) test of a reactor pressure vessel in
the United States of America. At the time, the ductility assessment of the vessel structure was
carried out to determine the level of irradiation embrittlement. A typical 3 mm diameter x
0.25 mm thick specimen, which was meant for TEM, was also used to characterise
mechanical ductility. Westinghouse Hanford researchers continued to develop a method of
interpreting stress-strain behaviour based on FEM at the Massachusetts Institute of
Technology (MIT).

More developments were done in Japan by Mao, Saito and Takahashi [1], [11], and this led to
the first attempt at standardising the SPT technique by the Japanese Atomic Energy Research
Institute (JAERI) in 1988. The draft recommended a TEM specimen disk, 3 mm in diameter
x 0.25 mm thick, a much larger specimen of 10mm x 10 mm square x 0.25 or 0.5 mm thick,
and provided guidance for determining DBTT, equivalent fracture strain, eqf, and fracture
toughness, Jic. The draft was based on work by Mao et al. and Misawa et al. [19], [20], and
did not include the determination of stress-strain behaviour.

In 1988, the Electric Power Research Institute (EPRI) researched the properties of: i) FATT,
ii) tensile stress-strain behaviour and iii) fracture toughness of the power plant turbine rotor
steels. EPRI also improved the irradiation embrittlement method of using FEM. In 1990, the
SPT technique was extensively studied in Europe, where creep testing was developed and a
European guideline, CWA 15627:2007, for the SPT was first published in 2006 and revised
in December 2007. Today, the SPT technique is arguably the most effective mechanical
testing technique for small specimens, but it still needs to be standardised once all of the

uncertainty of using correlation is resolved.




2.2.3 Developments on small punch test

This sub-section is a summary of the development of the SPT technique (explained in Section
2.2.2) from its beginning to current developments. Some of the main contributors are

mentioned in Figure 2-16, which reads from left to right (years ascend from left to right).
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Figure 2-16 Development of the SPT between year (a) 1981-1990 and (b) 1990-2007.




2.2.4 Application of code of practice CWA 15627 [18]

In 2006, the CEN Workshop Agreement (CWA 15627) was developed to provide guidance
on the design of the SPT test rig and test requirements. The agreement was revised in
December 2007.

2.2.4.1

Design of the SPT test rig

The minimum requirements specified in the CWA 15627 only apply to the working part of

the rig, namely dies and punch [18]. Figure 2-17 below was extracted from the code of

practice in order to identify the prescribed requirements:

U and Uz are displacement for punch and specimen respectively,

F is load applied (constant for time dependent behaviour),

V is velocity (constant for time independent behaviour, 0.2 to 2 mm/min),

h is specimen thickness (0.5 mm is recommended but it can range from 0.1 to 0.75
mm),

I is the chamfering length (0.2 mm at 45° is recommended),

dq is the diameter of the specimen (8 mm is recommended but it can also range from 3
to 10 mm and can be a square shaped specimen of 10 x 10 mm?),

r is the punch radius (range from 1 to 1.25 mm),

d2 is the receiving die hole (4 mm in diameter is recommended)

F.u,v

di

Figure 2-17: Cross—sectional scheme of the testing apparatus (1 — specimen, 2 — punch, 3

— receiving die, 4 — clamping die, 5 — deflection measurement rod) [18].




Hardness of 55 HRC or higher is recommended on both dies (item 3 and 4, from Figure 2-17)
and punch (item 2 from Figure 2-17) as not to be deformed during experimental testing. The

clamping contact surface area must have minimum of the third of the total specimen area.
22472 Sampling and preparation

A scoop cutter sampler (see Figure 2-19) that has a hemispherical cutter plated with cubic
boron nitride (CBN) grit as an abrasive, spins about its axis of symmetry and is slowly
advances perpendicularly to a base material [18]. Coolant is used to cool and clear the cutting
path and sample depths of 3-4 mm are normally cut with ranging diameter (e.g. 25 mm)

depending on the scoop cutter size [18].

Figure 2-18: Sample removed by the scoop system with the SPT specimens cut using
EDM [18].
The SPT specimen wire is cut to a thickness of 0.55 mm or 0.7 to 0.8 mm and is lapped to a
final thickness of 0.5 mm using the metallurgical lapping grit paper size of FEPA P1200 [18],
[26]. The allowable tolerance for thickness at four points positioned at 90° is +0.5%, and

+1% for diameter at two points positioned at 90° [18].

Eskom, in collaboration with the Nelson Mandela Metropolitan University, has developed a
sampling method called ‘core sampling and friction taper stud welding’ (FTSW)[27]. The
method was applied on a high pressure (HP) turbine disc by coring the sample with a
minimum diameter of 7 mm, and maximum diameter of 23 mm, tapered at 20° [27].
Following the coring of the sample, a friction weld using the same grade of consumable metal
to that of the base material is used to repair it, see Figure 2-20 below [27].
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Figure 2-19: Scoop cutter sampler showing: a) photograph and b) schematic [18].

Figure 2-20: Sectional view of core sample hole [27].
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2243 Testing requirements according to CWA 15627 [18]

The information in this section was extracted from EN CWA 15627: 2007. The mechanical
properties of a material are used to assess the integrity of its remaining life on both time
dependent and time independent behaviour. Table 2-1 summarises the mechanical properties

that can be derived from the SPT with a minimum number of tests required.

Table 2-1: Summary of damage/failure mode and the relevant the SPT derived
properties and specimen needs [18].

Damage or SPT derived Minimum Loading Comments
failure mode properties number of SPT method
specimens/test
Overload, Yield strength _Constant Propertles_ are
e : displacement | used to estimate
yielding and and tensile 2 h )
lastic collapse strength rate (0.2_to 2 | other properties
p mm/min) (Jic/ Kic)
Acceleration
Creepl/creep Constant method are used
rupture Rupture strength S load for standard test
specimen
Constant Applicable to
displacement | carbon and low
FATT or DBTT ! rate (0.2t0 2 alloy steels
Time mm/min) (BCC)
independent
fracture Fracture Constant Tests at desired
initiation 9 displacement temperatures
toughness, Jic or rate (0.2to 2 | using empirical
Kic mm/min) correlation

2.2.4.3.1 Loading system

A screw-driven tensile testing machine is equipped with the SPT rig that has a load and
displacement measuring system. A load/force measurement must not have a percentage error

that exceeds +1% and must comply with EN 10002 and be calibrated once per annum.

2.2.4.3.2 Displacement and deflection measurement system

Any method of measuring displacement or deflection may be used and a displacement
indicator shall monitor the punch movement with an accuracy of +1% of the specimen

thickness.




2.2.4.3.3 Heating and cooling system

Uniform temperature across the specimen must be maintained within the range of +3 K of the

designated test temperature. Thermocouples of the correct type must be applied and
calibrated in accordance with the EN 10002 standard

2.2.4.3.4 Data recording

Hardware and software should be provided and record the test parameters automatically with
a resolution that matches the hardware. +1% of full scale deflection should be maintained and

preferably be within +1% of the measured signal.
2244 SPT rig compliance

There are no standard methods for determining the compliance of the SPT rig because of the
use of different universal tensile machines that use different data acquisition software. It is
preferable to use the existing tensile machine software to avoid the programming or coding of
independent data acquisition software.

2.2.4.4.1 Modelling experimental LDC

The rig is manufactured to not deform during testing of the SPT, especially when testing
embrittled material that can be hard, it is expected to reproduce the same experimental LDC
(LDCEexp). Once the rig can reproduce the same experimental LDC, the comparison of the
experimental LDC with FEM LDC (LDCrem) can be done. LDCrem is produced by
modelling a complete rig and by defining all parts of the rig to have elastic material
behaviour except for the sample, which is to be defined as elastic-plastic material behaviour.
Figure 2-21 shows the compliance of the apparatus by means of superimposing the measured

curve (LDCexp) and corrected curve (LDCrem) developed by means of FEM.

2.2.4.4.2 Determine elastic behaviour of the material

EPRI [19] has tested the test setup compliance by testing a 5 mm thick sample with a punch
that has no ball. The test is run for the elastic stage of the LDC and Young’s modulus is
determined using the contact area of the punch, the thickness of the sample and the load

within the elastic region.
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Figure 2-21: LDC showing compliance of apparatus [23].

o _Fa
x1 =
Ac

Equation 2-1: Stress at displacement, xa.

Where: g, is stress at displacement x1, F,, is load at displacement x1and A, is a contact area

of the punch head face.

o
&1 = In—
txl

Equation 2-2: Strain at displacement, Xu.
Where: ¢, is strain at displacement xi, t, is original thickness and t,, is thickness at
displacement x.

Using a known point of the elastic gradient curve, Young’s modulus can be determined as

follows:

Equation 2-3: Young’s modulus.

However, it is not easy to estimate t,, and, therefore, it is recommended to
compare/superimpose the determined elastic curve with an existing validated curve of the

same material. Validation can be done by LDCrem using uniaxial tensile properties.

2.2.5 Risks associated with the SPT

The SPT risks and uncertainties are listed in Table 2-2 and have consequences if ignored

during testing.




Table 2-2: Types of risks associated with the SPT [7].

Types of risk Definition Consequences

The SPT is not yet standardised
and can be questioned as to
whether it can satisfy design Public health and human

code requirements (ASME safety
code) especially when dealing
with critical components such as

a nuclear reactor pressure vessel

(RPV)

Safety
Plant component safety

Conversion of small specimen
data to large specimens is a
technical risk that has data

scatter. The technique has been

Technical widely researched and Plant component safety

improvements have been made

over the years yet the approach
differs when predicting material
fracture toughness

Correlation of data to estimate
material fracture toughness may
not be enough to satisfy
Regulatory regulatory bodies (NNR, NRC Licence issues to resolve
etc.) as a prevention method to
brittle fracture especially in a
component like nuclear RPV

Safety, technical and regulatory
risk will require mitigation in
order to minimise all these risks,
Economical which can be costly. It may,
however, look as if the SPT
benefits are cancelled out by
mitigation cost.

Mitigation cost can be high
especially with a technology
or technique that is not
formally standardised since
the data can be interpreted
differently

2.2.6 The SPT rig designs

The following designs are adopted from the SPT draft paper [18], Foulds and EPRI old [1],
[16] and current designs from EPRI [28], Rasche and Kuna [23] and Omacht [29].

2.2.6.1 Past designs

Foulds and EPRI [1], [19] have used a design that uses a digital camera mounted on the bulge
surface of the sample as shown in Figure 2-23 below. Omacht from Material and




Metallurgical Research Ltd. in the Czech Republic has worked with EPRI in developing the
SPT rigs and Figure 2-23 shows the sketch and photograph of the design from the

collaboration of the two organisations.
22.6.2 Current designs

The focus was around the design that is suitable to perform the DBTT experiment and
elevated temperature up to 100°C. The current designs work from normal/room temperature
to LN temperatures. EPRI has improved its design and replaced the camera with acoustic
emission sensors that detect crack initiation as shown in Figure 2-24. Rasche & Kuna [23]
have developed the SPT rig design that was used for the DBTT experiment as well, refer to
Figure 2-25

Hemispherical —
ended punch

SP specimen:
8 mm diameter,

Figure 2-22 SPT apparatus for DBTT testing by Turba, Hurst and Hahner [30].
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Figure 2-23: DBTT SPT setup: a) schematic [1] and b) photograph by EPRI and Omacht [29].
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Figure 2-24: a) schematic and b) photograph of EPRI SPT setup with acoustic emission sensor [28]
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Figure 2-25:SPT apparatus for DBTT: a) schematic and b) 3D exploded view model by
Rasche and Kuna [23].

2.2.7 Application of the SPT on power plant materials

The technique is a life assessment tool for structural integrity and therefore can be used to

estimate any of the mechanical properties below.

e Fracture toughness properties
o Either Jic or K\c as a criterion for life assessment of power plant materials or
components
o This includes critical crack length or critical flaw dimension estimation
e Transition temperature and energy absorbed
o DBTT or Charpy FATT (embrittlement)
o Energy absorbed at fracture
e Uniaxial tensile properties
o Yield stress and tensile strength

o Tensile elongation




o Fracture strain

Creep properties

These properties listed above are estimated using empirical correlation, which requires

extensive testing.

Table 2-3: Summary of the SPT application on power plant materials.

Material/Component

Description of application

Critical components

Boiler & its components

Structural integrity, embrittlement, creep, uniaxial
tensile parameters and remaining life assessment

Steam generator (nuclear
plant)

Structural integrity, uniaxial tensile parameters and
remaining life assessment

Reactor pressure vessel

Irradiation embrittlement, structural integrity, uniaxial
tensile parameters, DBTT and remaining life
assessment

Turbine & its components

Structural integrity, embrittlement, creep, uniaxial
tensile parameters, DBTT and remaining life
assessment

Main supply steam pipes

Structural integrity, embrittlement, creep, uniaxial
tensile parameters and remaining life assessment

Primary water piping
(nuclear plant)

Structural integrity, embrittlement, uniaxial tensile
parameters and remaining life assessment

Non-critical systems (secondary

systems)

Low alloy carbon steel
piping

Uniaxial tensile parameters

Re-heaters pressure vessel

Structural integrity and uniaxial tensile parameters

Condenser water boxes

Structural integrity and uniaxial tensile parameters

Heat exchangers

Structural integrity and uniaxial tensile parameters

B

g mechanical components

Pumps, fans, etc. casings

Structural integrity and uniaxial tensile parameters

Auxiliary & back-up systems

Structural integrity and uniaxial tensile parameters




Material/Component

Description of application

Auxiliary boiler
components in the nuclear
power plant

Structural integrity and uniaxial tensile parameters

Ash plant components in
the coal power plant

Structural integrity and uniaxial tensile parameters

2.2.8 Advantages and disadvantages of the SPT technique

This sub-section is summarised in Table 2-4, which describes the advantages and

disadvantages of SPT as compared to the conventional methods of mechanical testing that

were summarised in the Literature Review.

Table 2-4: Advantages of the SPT technique and comparison to conventional
mechanical testing techniques [1], [26], [28], [30-34].

Property estimation

Advantages of the SPT
technique

Disadvantages/comparison to
conventional mechanical
testing

Charpy FATT

Less test material required
than CVN specimens test

It is material dependent but a
group of similar materials can
be expected to have similar
empirical constants (e.g.
CrMoV steels)

Fracture energy is determined
during the estimation of
FATT

The data can be scattered and
empirical constants can be
affected by this scatter

No prior knowledge is
required to correlate Tsp-
FATT

Tsp can be very challenging to
correlate, especially if it is at
significantly low temperatures,
below -196°C. The specimen is
normally cooled using LN>

Uniaxial tensile stress-
strain parameters

A single test of $8 mm x 0.5
mm thick specimen can be
used to estimate required
stress-strain parameters.
Quasi non-destructive test.

Elastic-plastic materials require
more than one model to
estimate less than 1% error of
these parameters. For example,
using Gurson models for more
ductile material and a Weibull
model for brittle material or a
Ramberg-Osgood model. £5-
10% error margin is to be
expected for predicted
parameters if one model is used




Property estimation

Advantages of the SPT
technique

Disadvantages/comparison to

conventional mechanical
testing

to characterise both elastic and
plastic regions on the stress-
strain curve.

Fracture toughness, Kic

Single test required to
estimate Kic (8 mm diameter
x 0.5 mm thick) specimen.
Quasi non-destructive test

Correlation has +25% error
band as compared to 10% error
band for CTOD specimen

Direct fracture toughness test,
eliminates the estimation of
Kic from lower bound Kc-
FATT correlation from
traditional CVN test

Based on the interpretation of
the SPT data from EPRI
approach and there is no

standard that can be adopted

Test condition

Test can be carried out at an
interested condition such as
determining stress-strain
parameters at certain
temperature

Not always possible to test at
any temperature when
performing a normal
mechanical test

Tests can be carried out on a
live system (with limitations)
such as turbine casings and
pipes with large wall
thickness (non-destructive)

Not possible to test on a live
system when performing
normal mechanical testing. A
large amount of test material is
required and it is therefore
destructive.

Economic benefit

Test is easy to carry out and
is relatively low cost

Conventional mechanical
testing requires weld repair
after extraction of test samples,
and the repair incurs labour and
requalification (radiographic
testing) costs.

Safety

It is fairly safe to carry out
the SPT and it is also safe for
the components or materials
that are tested. There is a low

risk of compromising the
structural integrity of the
component.

Mechanical testing is normally

destructive and damaging to the

components or materials that
are tested.




2.3 Evaluation of embrittlement using the SPT technique

Embrittlement can be evaluated by using mechanical testing (loss of ductility and toughness)
or metallurgical testing (microstructural change). In this research, mechanical testing
techniques such as uniaxial tensile, CVN and fracture toughness testing are used to correlate

the SPT results as a means of quantifying embrittlement.

Table 2-5: Mechanical test technique to evaluate embrittlement.

Mechanical test Parameters evaluate Sign of embrittlement
Uniaxial tensile test Yield stress, UTS, elongation Reduction 'n.dUCt'“ty
(elongation)
Absorbed energy Reduction in absorbed
CVN energy and increase in
DBTT or FATT change of FATT or DBTT
Fracture toughness Kic Reduction in fracture
toughness
Yield stress, UTS, Decrease in all parameters
SPT elongation, absorbed energy, | €xceptfor FATT or DBTT,
increase in transition
DBTT or FATT and Kic temperature is expected

2.3.1 Adopted approaches to evaluate embrittlement

This research adopted two approaches, namely, the FATT/DBTT approach based on work
from authors in papers [9-12] and the EPRI approach of the SPT from technical reports
[1],[13-15]. The two approaches (FATT and EPRI) can be used to estimate the mechanical

parameters mentioned in Table 2-5.

2.3.2 FATT approach to estimate Kic

The SPT are carried out at different testing temperatures, normally from room temperature to
liquid nitrogen temperature (-196°C), in order to determine the SPT transition temperature,
Tsp [6], [24]. Each test (out of seven tests as per CWA 15627) will consist of a load
displacement curve (LDC), with a decrease in ductility as the test temperature decreases. The
integral of LDC is energy absorbed (SPT energy, Esp) by sample up to a fracture point as
seen in Figure 2-26 [1], [26], [20], [31]. The fracture point is located by a 10% drop in load
past the peak load, as recommended by EPRI [19], and is normally determined using FEM.
The CWA 15627 recommends the fracture point to occur at a 20% drop past the peak load




[18]. It is important to note that Tsp is material dependent and can be empirically correlated to
Charpy FATT and Kic [6]. Tsp is expected to occur at very low temperatures as compared to
Charpy FATT. There are a few reasons for this behaviour, namely: i) the size effect of the
SPT specimen being smaller than the Charpy specimen, ii) the slower strain rate (almost
static) used on the SPT as compared to the quick CVN test and iii) possibly the notching on
the CVN that is absent on the SPT specimen [35]. FATT as a parameter has been used to limit
significant component operating stresses to always be at temperatures above the FATT, in
order to minimise the potential for brittle fracture [36]. Since the AFATT is directly
proportional to embrittlement and it tends to increase as the specimen degrades due aging, it
is desirable to have the FATT as low as possible [23], [31] for steels that operate above room

temperature.

Figure 2-26: Esp — Small punch energy, area under LDC [23].

FATT becomes unknown as soon as the material is thermally exposed and it can be monitored
by observing the flaw tolerance through empirical correlation [26]. Through the flaw
tolerance, the empirical correlation to find fracture toughness can be obtained [26].
According to EPRI [1], there are two sources of material properties uncertainty that
contribute to the level of operating conservatism that may be excessive and prohibitively

costly:

e The material FATT is unknown because (1) original material test records are not
available, (2) it was never tested, (3) there was embrittlement of the mechanism in-
service, such as temper embrittlement, or (4) FATT at a concern area cannot be
reliably estimated due to unknown spatial variation of FATT.

e The empirical correlation between FATT and fracture toughness, Kic, is uncertain and
is therefore interpreted conservatively.




2.3.2.1 Correlating Tsp with charpy FATT using small punch energy

Tsp is correlated with Charpy FATT to determine the fracture toughness (Kic). This is done
through extensive laboratory experimental tests that are carried out between -196°C and room
temperature (see Figure 2-27). Tsp is determined using the code of practice CWA 15627:2007
[18], and Charpy FATT is determined using ASTM E23 [37] and is correlated by the
following general equations.

TSP = o FATT

Equation 2-4: Coefficient of transition temperature for Tsp correlated to charpy FATT
[20].

Where « is a coefficient variable which is material dependent (0 < a <1). Coefficient a = 0.4
for ferritic steel as has been found by Mao and Kameda, however Cheon and Kim prove that
the coefficient lies between 0.36 and 0.59 [24].

Tsp = A+ B - FATT
Equation 2-5: Tspcorrelated to charpy FATT [2].

Foulds and Viswanathan [20] have offered Tsp-FATT correlations for low alloy steels, given
in Table 2-6.

Table 2-6: Tsp-FATT correlation for low alloy steam turbine steel [20].

Steel type Correlation
CrMoV steam turbine rotor FATT (°C) =457.61 + 2.536Tsp (°C)
Low alloy NiCrMoV FATT (°C) = 363.80 + 2.312Tsp (°C)
CrMo (1Cr %Mo, 2 ¥Cr 1Mo) FATT (°C) =506.96 + 2.857Tsp (°C)

Tsp-FATT correlation has a linear relationship as shown above in Table 2-6 and Figure 2-27.
There are other mechanical properties such as uniaxial stress strain properties that can also be
estimated when using this FATT approach prior to predicting fracture toughness. Tsp and
DBTT are correlated by plotting mean energy per upper shelf energy in percentages against
each test temperature. A 50% DBTT line can be drawn to cut both the SPT and CVN
transition temperature curves. The following limitation of estimating FATT using the SPT

technique have been noted in the paper of Foulds et al [1]:

e The scatter in the correlation can be large enough to make the choice of the lower
bound FATT estimate potentially conservative.




e This approach relies on an empirical correlation that is material dependent; this means

that the application is limited to the alloys or class of alloys for which the correlation

has been developed.

e Conservatism can be introduced into flaw tolerance-based integrity assessment when

estimating Kic.
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Figure 2-27: Tsp for unirradiated Beaver Valley plate A533B [6].

2.3.2.2 Uniaxial stress-strain parameters using FATT approach

With reference to Figure 2-26 and Figure 2-28, the LDC can be used to extract uniaxial

tensile properties as shown in the work of Rodriguez [24]. Figure 2-26 illustrates a yield point

on LDC whereby the yield strength of the SPT can be calculated using Equation 2-6 and UTS

can be calculated using peak load by applying the same linear relation that is expected for

low carbon steel materials.
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Figure 2-28: Variation of SPT (oy and ou) with temperature AE460 [24].




0y=a1+a2-(%)

Equation 2-6: SPT yield stress [24].

Where oy = yield stress, a1 and a2 are empirical constants that are material dependent, Py = Fe

load at yielding and lastly, t = specimen original thickness.
Pm
o= +5(3)

Equation 2-7: SPT ultimate tensile strength [24].

Where oy = yield stress, f1 and B2 are empirical constants that are material dependent, pm =
maximum load and lastly, t = specimen original thickness. Tensile elongation can be found
by using displacement at maximum load, dmax, displacement at fracture, d. fracture strain, &

is given as: Where t = original thickness and tr = thickness at final fracture
Ef = ln(t/tf)
Equation 2-8: Fracture strain [24].

Figure 2-28 shows a typical uniaxial tensile property graph that is achieved at a range of

testing temperatures. It also shows the linear relationship that is expected as well as unstable

crack growth ((”’t"%) graph) at low temperature (below -180°C) at which the material has

become brittle.
2.3.2.3 Estimating Kic using FATT approach

Tsp can be obtained by carrying out the SPT at a wide range of test temperature. Applying the
correlated equation between Tsp and FATT shown in Table 2-6, FATT can be estimated with
its impact energy by using energy curves of the SPT. The advantage of this approach is that it
gives ductile to brittle transition parameters, i.e. temperature, Esp (small punch fracture

energy), estimated impact energy and Kic value correlated from impact energy.

Researchers in the past have developed empirical approaches to correlate Charpy impact
energy (FATT) with plane strain fracture toughness Kic [2]. The ASTM standards (other
equivalent standard techniques can also be used), ASTM E23 for notched bar impact test and
ASTM E399 for fracture toughness were used to develop these empirical correlations in
Table 2-7 [2].




This approach allows a quantitative assessment of the critical flaw size and permissible stress

and give, necessary toughness information related to operating conditions [2]:

e Transient conditions (Lower shelf energy related to brittle fracture)

e Operating conditions (Upper shelf energy related to ductile fracture)

Table 2-7: Correlation of impact energy/transition temperature and fracture toughness

[2].

Correlation

Comments

Barsom-Rolf

KZ/E = 2(CVN)*/2

oy = 269 to 1696MPa static
test

KZ/E = 0.22(CVN)*/2 [38]

CVN energy = 3 to 82J

KZ/E = 2(PCVN)

Pre-cracked Charpy test

Sailors-Corten

KZ/E = 8(CVN) or K;c = 15.5(CVN)'/?

Static test

K;q = 15.873(CVN)3/8

Dynamic test (high strain-rate)

K;c = 14.6(CVN)/2 [38]

710 68J

Marandet-Sanz

K;c = 20(CVN)/?

Tk,cat Kic = 100MPavm

Ty, = 16.2 + 1.37Tg

T,gat CVN = 28]

Begley-Logsdon

Kic at FATT = 1/, (K¢ from Rolf
— Novak relationship + 0.50,,)

gy, =269 to 1696 MPa

Lwadate-Watanabe-Tanaka

For -40°C > (T-FATT)

Kic/Kic—us = 0.623 + 0.406exp[—0.00286(T — FATT)]

For 350°C > (T-FATT) > -
40°C




Table 2-8 can be used as an important aid to component assessment for operating condition,
which is normally in the upper shelf energy parameters (permissible stresses and ductile
fracture) [2].

Table 2-8: Correlation between upper shelf impact properties (ductile condition) and
fracture toughness [2].

Correlation Comments
Rolf-Novak
2
(ch /Gy) = 5[(CVN/a,) — 0.05] oy = 269 to 1696MPa static test

Woullaert-Server

K;q = 20(DVN)/2 oy = 345 to 483MPa

Kic = 2.1(0y, - CVN)Y2 or (K,C/ay)z = 4.41(CVN/a,) Dynamic J-integral initiation
All loading rates with
appropriate oy

Lawrence Livermore Laboratory

(Kjc/E)" = CVN(9.66 + 0.040, ) Kic = (B J;c)? or Kj¢ =
(E - Ji)™?

Ault-Wald-Bertolo

2 :
(Kic/o,)" = 1.37(CVN/a,) — 0045 High strengir;étl;ljsw toughness

Lwadate-Karushi-Watanabe

(ch/dy)z = 0.6478(CVN /g, — 0098) Pressure vessels steel

2.3.3 EPRI approach to estimate Kic

The Electric Power Research Institute (EPRI) is an American institute that researches
industrial challenges that are faced by power plants worldwide. EPRI developed an approach
to quantify direct fracture toughness using the SPT in the mid-1990s. EPRI’s approach for
Kic estimation was adopted from a summarised continuum fracture toughness concept by

researchers from the US Naval Research Laboratory [1].

The concept was developed to estimate the fracture initiation toughness by making use of

strain energy density, also referred to as ‘critical strain energy density’, Wc, as a fracture




criterion to determine fracture toughness. This fracture criterion occurs at a crack initiation
and can be identified using a high magnification video camera or acoustic emission sensors.
Figure 2-29 illustrates identified points of crack initiation on a load displacement curve
(LDC) of the SPT.
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Figure 2-29: Examples of small punch load-displacement curves for macroscopically
ductile and brittle behaviour; note point of crack initiation [26].

(eij),

Wc=2f o;jde;j
Lj o

Equation 2-9: Strain energy density [1].

Where g;; and ¢;; are stress and strain, (Sif)c is a critical fracture condition, the summation

indicates that the energy density, which is energy per unit volume is the sum of integrals of

all stress—strain components.

According to a report by EPRI [1], this concept resolved the limitation that the previous
developed approaches had at the time (in 1989), such as: (a) mathematical prediction of stress
at crack tip, strain and strain energy density associated with J-integral as a failure criterion,
(b) failure criterion which is not limited by the local deformation prior to fracture when
dealing with a material with a large strain and (c) measurements of conventional fracture

parameters or criteria require that a crack is present in the test specimen.

The EPRI approach ia a model that is developed in the following stages [1]:




e Stage I: perform the SPT to obtain LDC,

e Stage II: estimate uniaxial tensile stress-strain parameters (e.g. yield stress, etc.),

e Stage I1l: compute strain energy density at crack initiation of the SPT specimen,

e Stage IV: model compact tension specimen to compute strain energy density at crack
tip open noted and equate it to the noted/computed strain energy density from Stage
I, i.e. Wsp = Wer,

e Stage V: determine the load that corresponds to Wcrand

e Stage VI: determine fracture toughness, Jic and Kic the load found in Stage V.

These stages are explained below in details with figures generated to aid the explanation,
Figure 2-30 illustrates how the EPRI approach/model works in determining the fracture
toughness from a single SPT specimen. This approach is reasonably accurate, with an error
band of 5% of stress at given strain and a +25% error bounding line of estimated Kic as
compared to the £50% error bounding line of estimated Kic when using the FATT approach
[1].[34].

2.3.3.1 EPRI approach to estimate wuniaxial tensile stress-strain

parameters

A constitutive model used in the EPRI approach is a modified Ramberg-Osgood model that
accommodates dual yielding [34]. This model is used to describe the plastic mechanical
behaviour of the material and it consists of four parameters: E, D, n and epy. The model is
mostly used in low alloy steels and is proven to be a good tool to estimate the stress-strain

parameters using the SPT LDC. The model is defined by the following behaviour:
oc=¢E for  e<e,
Equation 2-10: Ramberg-Osgood for perfect elastic material [1].
o =0, for Eoy S E S &gyt &py
Equation 2-11: Ramberg-Osgood for elastic-plastic material [1].
o=D(e—- ee)l/n for €2 Epy + Epy
Equation 2-12: Modified Ramberg-Osgood for elastic-plastic dual yielding material [1].
Where:

e ¢ is the total strain, &, is elastic strain, &, is strain at yield point and &,,, is plastic

strain accumulated during dual yielding,
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Figure 2-30: EPRI approach to determine fracture toughness from a single test [1].

e o isstress and g, is stress at yield point,
e D is power law hardening constant,

e n is strength coefficient and exponent

Numerical parameters D and n are expected to change with ageing of the material, i.e. both
parameters will increase with ageing of the material (a sign of hardening in the material and
possible embrittlement forming). A set of database LDCs of the same alloy steels (exposed to
different temperatures, stresses and ageing) can be generated with different parameters, D and
n, as shown in Figure 2-31. Figure 2-31 above illustrates how the experimental LDC is fitted
and compared to the already correlated database curves. Each of the curves shows different
parameters, the D value that is the power law hardening constant and the n value that is the
strength coefficient and exponent. The closest two matching curves that the experimental
curve fits in between are chosen. These two curves are then used through the optimisation to
model a new best fitting the SPT LDC, as shown in Figure 2-32. The optimisation is done by
interpolating between the database curves by attempting to reduce the number of squares of
residuals using Powell’s Algorithm [1]. The procedure attempts to minimise the function of

(observed and matching loads curves), F(X) [1]:




Equation 2-13: Optimisation procedure for observed and matching LDC [1].

Where:

e X is the vector of tensile stress-strain, constitutive parameters to be estimated; D, n in

this instance (&,, has been taken to 0.01 and 0.02 for the dual and continuous yield

cases)

Np

FOO = ) wilP(8, X) ~T(6)]?
i=1

e P isthe predicted load at each point of observed displacement, &;

e T isthe observed (measured) load at each §; and

e n, and w; are the numbers of discrete points and associated weights used for the

procedure
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This procedure was developed by Failure Analysis Associates Inc. and was used to determine
the Mooney-Rivlin coefficient for rubber materials and for the relaxation of moduli and
characteristics times of viscoelastic materials [1]. The procedure uses a sequential
unconstrained minimisation technique known as the Augmented Lagrange Multiplier Method

which can handle equality and inequality constraints [1]. The SPT does not include these

constraints.

Figure 2-31: Set of the SPT LDC database [1].
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Figure 2-32: Optimised SPT LDC [1].

Once the SPT experimental LDC matches the optimised database LDC, the tensile uniaxial
stress-strain parameters can be called out using FEM. and Figure 2-33 below is an example of

predicted tensile stress-strain parameters.
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Figure 2-33: Correlation of modelled SPT stress-strain with conventional tensile test [1].
2.3.3.2 Estimating K,c using EPRI approach

Plane strain fracture toughness, Kic, is estimated using stress-strain fracture toughness, Jic,

using the critical strain energy density, Wsp, of the SPT as a fracture criterion. Wsp is then




equated to modelled energy density at the crack tip of a compact tension specimen test, Wcr),
that complies (by geometry) to the ASTM standard [1]. The load is computed at the strain
energy density at the crack tip of the FEM CT specimen that equate to the strain energy
density that was computed from the SPT. The procedure is explained in detail below.

2.3.3.2.1 Computing critical strain energy density (Wsp) from predicted the SPT true stress —

true strain curve using FEM

The uniaxial tensile true stress-true strain curve is used to compute strain energy density
(using FEM) up to a point of observed crack initiation in the SPT (i.e. the area under the
graph of true stress-true strain curve up to a point where the crack initiates). The strain energy
density computed is then termed ‘critical strain energy density’, Wsp [1]. The procedure of
identifying the crack initiation is applied using a video camera mounted on the bulge surface
of the specimen; the video is started simultaneously with the SPT. The crack is identified
when the video is watched and marked on the LDC using the time at which the crack initiated
from the start of the SPT, see Figure 2-34 below that shows crack initiation extracted from a
video recorded during the SPT. It is recommended to use a video camera that is capable of

30X magnification or more [1].

1.5 mm (0.06 in.)

Figure 2-34: SPT specimen showing crack initiation at 1.5 mm away from centre [1].

A 2D axisymmetric FEM which is displacement driven is used to compute Wsp at crack

initiation and below is an example of the SPT FEM extracted from an EPRI paper [1].
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Figure 2-35: SPT FEM [1].

2.3.3.2.2 Determining Jic from Wsp fracture criterion

CT FEM with a geometry based on the ASTM E399 is used to determine fracture toughness,
Jic. The CT specimen’s geometry is: B = 25.4 mm, W = 50.8 mm, crack length a, a/W = 0.5
mm and crack tip radius is assumed to be 0.025 mm [1]. This model is 2D plane strain and
below is an example of how the model looks.
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Figure 2-36: CT FEM [1].
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Figure 2-37: CT FEM showing tip radius of 0.025mm [1].

The strain energy density is averaged over some expectedly material-dependent distance, X,

ahead of the crack tip and it is denoted as Wcr. Jic is determined directly from the load level




at which Wer = Wsp and it has also been recommended that the material dependent distance is

x = 0.7Aa (Aa is a crack length) for low alloy steel.

Kic = ((f jfZ))

Equation 2-14: Brittle fracture toughness.

Where: E is Young’s modulus, Jic is the ductile fracture toughness and v is Poisson ratio.

2.3.4 Finite Element Modelling (FEM)

Finite element analysis (FEA) software packages use numerical techniques to solve complex
scientific and engineering questions. FEA, which is also referred to as FEM, estimates an
approximate solution by minimising error using variation methods from calculus variation
[39]. FEM software packages, such as Abaqus and Ansys, have built-in popular models like
the Ramberg-Osgood model, which is used when plastic deformation of metals is analysed
under small displacement. Abaqus version 6.14 consists of three main analysis products:
Abagqus/standard, Abaqus/Explicit and Abaqus/CFD [39].

According to Abaqus documentation [39], Abaqus/standard is a “general-purpose analysis
product used for linear/non-linear problems involving the static, dynamic, thermal and
electrical response of components.” Abaqus/explicit is a special-purpose analysis product that
uses an explicit dynamic finite element formulation and it is suitable for impact and blast
problems, especially for highly nonlinear problems [39]. Abaqus/CFD, which stands for
Computational Fluid Dynamics, is suitable for incompressible flow problems. Abaqus/CAE,
which stands for Complete Abaqus Environment, is an interactive and graphical for Abaqus
analysis [39]. Abaqus/CAE allows users to create models that can be decomposed to required
meshes and assign material properties. Geometries can be imported from compatible CAD
software, and load and boundary conditions are also assigned by the user. When the ‘job’ or
analysis is completed, the user can export the required results. The results can differ slightly
depending on the complexity of the model and element type used to mesh the geometry
part(s), refer to Figure 2-38. Figure 2-38 shows a 2D continuum element with a full and
reduced integration. Linear element CPS4 mean continuum element for plane stress analysis
with four nodes and four integration points within the element and one integration point for

reduced
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Figure 2-38: a) Fully and b) reduced integration point for linear and quadratic element.

integration (CPS4R). More integration points can improve the accuracy of the results. CPS8

is a quadratic element that doubles the nodes and integration points of the linear element type

and is, therefore, more sensitive on the results than the linear element type. This study makes

use of reduced integration for computational efficiency while it is known that full integration

is better for crack type investigation. However, J-Integral can be used to overcome the issue

of using full integration.

2.3.5 Comparison of two approaches

Table 2-9 is compiled based on two approaches. Summary of the accuracy and parameters

that can be extracted from each approach are shown in the table.

Table 2-9: Comparison of research approaches [1],[20].

Characteristic

EPRI’s approach

FATT’s approach

Number of specimens
required

Two specimens/temperature
test and prediction can be

Seven
specimens/temperature test
for a full DBTT curve

done . )
(requires many specimens)
Direct estimation using Indirect estimation
Kic modelled compact tension (empirical correlation using

specimen

FATT parameter)

Output parameters

Uniaxial tensile stress-strain,
modelled compact tension
and fracture toughness
properties

Uniaxial tensile stress-strain,
Charpy transition
temperature and fracture
toughness properties




Characteristic

EPRUI’s approach

FATT’s approach

Accuracy of estimated

Uniaxial tensile stress-strain
(within £5-10% error

Uniaxial tensile stress-strain
(within £10-20% error

conventional mechanical margins) margins)
tests Fracture toughness (within o
+25% bounding line) Fracture toughness (within
+50% bounding line)
Material independent,
therefore no prior
knowledge is required. A material dependant Tsp
Limitation However, the database of set | FATT correlations required

of curves for similar group
of material is required (for
stress-strain curve
estimation).

before prediction can be
done

2.4 Guide to evaluate in-service material using SPT

EPRI [28] has developed three stages of assessing the turbine-generator material. The guide
entails decision trees that analyse the benefits and risks of sampling and testing. This sub-

chapter summarises the EPRI [28] guide to evaluating turbine-generator material.

2.4.1 Step 1: The preliminary benefits analysis
Component Geometry w‘gConditions
Stressand Fracture
Mechanics Analysis
i Is the difference between
Estimate a location-specific “\Worst-Case” and “Best-
Component Evaluation-)—» Critical Crack Size for assumed | — Case” Critical Crack Size
Triggering Event Worst-Case and Best-Case large enough to imply
Material Fracture Toughness significant difference in
lifetime?
Inspection ~ OEM Notice re: Other Cracking- ‘
Indications of Concern for Related Reasons i
Cracking Cracking (e.g., User/Fleet
Experience)
Yes No
Component
Component Sampling Can_ near-surface sampling and
and Testing Can Be material toug.hness. be Testing Not
Beneficial - Go to Step 2 used for an integrity Warranted
assessment?
Figure 2-39: The preliminary benefits analysis (Step 1) of the roadmap of general guide

to SPT of steam turbine-generator components [28].




Step 1 considers the following before removing the sample from the suspected component

(component evaluation triggering event):

e Inspection indications of cracking — it will be discovered during component life
assessment that is normally carried out using NDE, the NDE results can be used to
determine what repairs/replacement/operation window will be or future inspection
intervals. Assumptions based on the crack growth estimated from operating stresses
and temperature can be used to estimate when critical crack size will be reached.

e Operating equipment manufacturer (OEM) monitors the critical components and
notifies the utility/power plant owner of any crack growth of concern. The crack
growth is associated with lower fracture toughness than the design fracture toughness.
OEM suggests replacement such as retro fit replacement of major overhaul based on
the risk of crack growth reaching critical crack size.

e Operating Experience (OE) of the plant owner which is quantified in terms of
inspections data (NDES) collected over a long period to monitor component integrity.

OE will precede any consideration of sample removal.

Once these three considerations are assessed, the sample removal can be decided on based
upon on the decision tree/road map as shown in Figure 2-39 which will lead to Step 2.

2.4.2 Step 2: Component sampling

Sampling is supposed to be beneficial after it is done, however, there are negative factors that
can be introduced to the component. The following factors are to be evaluated when

sampling:

e Accessibility — areas of interest are generally not accessible or are too risky to be
sampled. LP turbine and generator rotors are known to not be affected by thermal in-
service exposure on properties and therefore it would not matter where the sample
was removed. Properties will, however, differ based on chemistry, microstructure and
the inside to outside of the large surface of forgings. Cracking in the bore can be done
by sampling near bore areas if accessible. If not, measured properties from an
accessible area can be extrapolated to the area of interest.

e Sample removal effect on future integrity — it is important to note that the removal of
sample may introduce local geometry-related stress intensification. If the sample
removal imposes a stress condition like compressive from peening, such a condition

may affect the future integrity of the component.




e Sample removal effects on future inspections — once the sample is removed where
surface inspection such as ultrasonic testing (UT) is used for evaluation, UT may be

ineffective and pick up flaws at sampled areas (UT at sampled turbine rotor bore).

Penetrant test (PT) or magnetic test (MT) may be used as a substitute.

e Removal plan — it considers the number of samples required based on the properties
that are being evaluated (e.g. Charpy FATT or Kic=). Refer to Table 2-1 for the

required minimum number of samples for different mechanical properties.

Refer to Figure 2-40 for more details on how the sampling should be carried out, considering

risks involved and offering solutions/mitigations for such risks.

Isthe target
location for
useful properties
accessible?

Is there another
accessible location
that can provide

useful properties?

A
<«

Will sample remova
unacceptably

compromise future
integrity?

Sample
removal not
an option

A

Y

Sample material examination

and testing plan

3 - 3 Proceed with a
sample removal plan

Will sample removal

unacceptably compromise
future inspectability?

T—‘ Number of samples ‘

Figure 2-40: Component sampling (Step 2) of the roadmap of
turbine-generator components [28].

2.4.3 Step 3: Material testing and evaluation

This stage is where the actual test is carried out and depending on what the user’s interests

are, both mechanical and metallurgical properties can be evaluated using sampled material.

a general guide to SPT of

Figure 2-41 summarises the SPT outputs that can be correlated to mechanical properties.
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Figure 2-41: Material testing and evaluation (step 3) of the roadmap of general guide to

SPT of steam turbine-generator components [28].




CHAPTER 3: SMALL PUNCH TESTING EQUIPMENT

This chapter is an overview of choices made for the final concept of the SPT design. This was

achieved through the literature review of old and current designs. It is, however, noted that

details of these designs were limited in the literature. The most important part of the design is

the working parts (covered in Chapter 2), which consist of dies and punches. These parts are

supposed to have insignificant friction during testing for the sake of recording the accurate

test data.

3.1 Design of the SPT rig

3.1.1

3.1.3

Design scope

Design the SPT rig to be used to evaluate embrittlement of power plant steel
Supply detailed manufacturing drawings

Select suitable material to be used for manufacturing

Design user’s requirements

The SPT rig to be fitted on 5kN Instron or 200kN Zwick tensile tester,
The SPT rig to test between LN and room temperature,

The SPT rig to comply to CWA 15627 guide,

The SPT rig to evaluate embrittlement of power plant steels

Easy user interface

Design specifications

Comply to CWA 15627: 2007,
o Sample dimensions (8 mm (x1%) diameter x 0.5 mm (0.5%) thickness),
o Load-displacement data to be within 1% of error band,
o Test temperature tolerance is £0.25% of test temperature,
o Constant displacement rate of 0.2-2 mm/min,
o Receiving die to have 4 mm through hole chamfered 0.2 mm at 45° angle,
o Working parts to be hardened at or above 55 HRC,
o Receiving die shoulder height (i.e. 0.4 mm) to be 20% shorter than the sample
height to allow for sufficient clamping,

o Punch to have ball bearing or hemispherical head of 2-2.5 mm in diameter.




3.1.4 Design constraints

e Budget limit not to exceed R50,000.00,

e Material availability for manufacturing of the designs which will be non-corrosive
and can be hardened to minimum 55 HRC,

e Time constraint was limited to less than 24 months including commissioning and

testing for embrittlement.

3.1.5 Electronic hardware and software

A 6V DC supplied Linear Variable Differential Transformer (LVDT - stainless steel) was
intended to be used to log the linear displacement. The LVDT consists of a stainless-steel
casing that is mounted with magnetic coils and a sliding core, which induces voltage between
itself and the coil in the casing. The LVDT used in this project had an analog output data in a
format of induced voltage. The NI USB-6009 data acquisition card was connected to the
LVDT to acquire displacement data. This card has eight single-ended analog input (Al)
channels, two analog output (AO) channels, 12 digital input/output (DIO) channels, and a 32-
bit counter with a full-speed USB interface (refer to Figure 3-1 and Figure 3-2).

 Stanless Steel Housing and End Caps

High Permeabilty  High Densaty Glass Filled
« Magnetic Shell Polymet Cod Form

Coil Assembly
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Z y
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Figure 3-1: LVDT device showing: a) 3D CAD drawing [40] and b) photograph.




Figure 3-2: a) 6V DC supplier and b) NI USB-6009 data card.
3.2 Concept designs

The SPT design concepts were based on the reviewed designs from the literature and the
CWA 15627 workshop guide. The purpose of the design concepts was to run trial
experimental tests in order to improve or design a final concept based on the experience
obtained from trials.

3.2.1 Concept 1: Room temperature design

This design was to be used with a Zwick 1484 200kN tensile tester machine. The rig was
designed to the final dimensions as shown in Figure 3-3. The size of this rig design was
concluded based on the physical size of the Zwick 1484. The purpose of this design was to
determine the critical design factors that influence the SPT experimental data (compliance of
the SPT rig), such as friction between moving parts, deformation experienced by the rig
during test, repeatability of the SPT test results, etc.

Figure 3-3 consisted of a 3 mm deflection rod, made from round stainless steel (316L) stock
bar. This rod was cut into a two-section threaded couple as shown in Figure 3-5. The
deflection rod is located below the sample while remaining in contact with the sample; it is

supported by a spring at the bottom and has an LVDT core rod connected at the bottom side.
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Figure 3-4: Photographs showing: a) setup during test and b) calibration of

displacement.
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Figure 3-5: SPT sketch showing the LVDT configuration on design Concept 1.
3.2.1.1 Experimental tests

Experimental testing was carried out to validate the SPT rig for design Concept 1. The
validation of the rig was done so as to identify the critical factors as discussed above. This
process included the evaluation of the repeatability of tests performed and results are as

shown below for the tested material.

3.2.1.1.1 Material used for validation

Aluminium and a commercial bohler steel, grade M300, were used. The bohlerM300 steel
was heat treated to differentiate the plastic behaviour on untreated and treated steel. Table 3-1

illustratse the material type, grade and chemical compositions.
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Figure 3-6: SPT rig setup for design Concept 1 (photograph).

Table 3-1: Material tested for design Concept 1.

Chemical composition

Material type
C Si Mn Cr Mo Ni Fe - -
Bohler M300
0.38 0.40 0.65 16 1 0.80 bal - -
Aluminium Al Si Mn Cu Mg Fe Zn Ti Other
1050 995 | 0.25 | 0.05 | 0.05 | 0.05 | 0.07 | 0.40 | 0.07 | bal
63 Lavhelesani Oliet Tshamano
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3.2.1.1.2 Material identification

Four samples for each condition (heat treated or as received/untreated) were identified as
‘sample n’, n — number 1, 2, 3 and 4. Table 3-2 gives details about the heat treatment

conditions of the samples tested.

Table 3-2: Material identification for design Concept 1.

Material identification Heat treatment Number of samples
Aluminium - 4
Bohler M300 - tempered 650°C for 45min, vacuum
cooled @20°C/h to 300°C 8

then air cooled

Bohler M300 - hardened 1000°C for 1hour and
quenched in oil

3.2.1.1.3 Specimen preparation

Specimens were machined to cylinders of 8 mm diameter and sliced using wire cut method to
a final thickness of 0.7 to 0.8 mm. Polishing of samples/specimens followed in accordance to
the CWA 15627 workshop guide.

3.2.1.1.4 Specimen polishing

This method required the following tools: aluminium holders, a specimen picker, a
micrometre, an aluminium holder picker, crystal bond, a hot plate burner, acetone and a small
specimen. This method required the aluminium holders to be heated to a temperature at
which the crystal bond melts. Small specimens were placed on melted crystal bond and the
hot plate burner was switched off to allow the small specimen to bond with aluminium
holders (see Figure 3-6). It is important to note that this method has a success rate of 60-70%

of useful polished specimens.

3.2.1.1.5 Test results

The SPT experimental tests were carried out at room temperature and each test was repeated
four times, which was twice the time of the minimum required tests in accordance with the
CWA 15627 guide. Each test was carried out at a constant displacement rate of 0.2 mm/min

or 2 mm/min and it is specified on the results title.
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Figure 3-7: Polishing tools.
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Figure 3-8: SPT LDCexp at 23°C for aluminium — 2 mm/min.
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Figure 3-9: SPT LDCexp at 23°C for tempered steel — 2 mm/min.
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Figure 3-10: SPT LDCexp at 23°C for tempered steel — 0.2 mm/min.
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Figure 3-11: SPT LDCexp at 23°C for hardened steel — 2 mm/min.

3.2.1.1.6 Discussion of the results

The purpose of this experiment was to determine the SPT rig compliance and identify the

critical factors that affect the compliance. Each of the factors and the relevant results are

discussed below:

a) Compliance of elastic-region behaviour

This method of evaluating the compliance is adopted from literature review and it is expected

of material to behave the same on first stage (i.e. elastic region) of the SPT LDC.
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Figure 3-12: Snap shot of the elastic region: a) aluminium, b) & c¢) tempered steel and d)

hardened steel tested at specified displacement rate.




When referring to Figure 3-12, it is evident that the SPT rig for design Concept 1 did not
comply. The LDCs were supposed to coincide with each other, not as seen as in Figure 3-12

(linear curves deviated from each other).
b) Compliance of test repeatability

The SPT LDCs were not repeatable as can be seen in the test results under Section 3.2 (see
Figure 3-8, to Figure 3-11). The rig was not in compliance with the CWA 15627.

3.2.1.1.7 Conclusion on test results

The test results obtained were not satisfactory and valid as per the CWA 15627 and the rig
compliance test. The following factors were the contributors to error incurred during testing.

a) Punch

The punch was fixed to a 10kN load cell and experienced minor misalignment during the test.
The problem of fixing the punch to the load cell resulted in the punch rubbing against the side
of the clamping die.

»
4
{

Figure 3-13: Punch mounted to load cell piece.

b) Rigsize

The SPT experimental data is in micro scale data, specifically the displacement measured
against the load. This means that the percentage error factor (e.g. 0.1% of 200 kN is 200 N)
on both load cell and linear displacement on the tensile tester has a higher margin and cannot
be used without supplementary hardware such as an external LVDT or strain gauge. The rig
size was designed to suit the 200 kN tensile tester machine size. Thus, it was bigger and
therefore compromised both the load and displacement acquired data as there was a higher

probability of the rig deforming during testing because of the height.




c) Working parts material

CWA 15627 recommends the working material to be hardened to a minimum of 55 HRC, and
it is important to know the hardness of the material (hard materials and those that are
suspected to be embrittled) being tested.

3.2.2 Concept 2: Low & elevated temperature design

Concept 2 consists of a design that has eight thermoelectric coolers (TEC), also referred to as
Peltier devices. The TEC device operates like an evaporator and condenser at the same time;
it absorbs heat from the cold side and deposits the heat on its opposite side [41], refer to
Figure 3-15 below for details. The TEC device operates at a maximum temperature of 90°C
for longer periods while it operates for shorter periods at 135°C, with maximum change in
temperature (AT) of 60-65°C [41]. These devices can be stacked on top of one another to
achieve AT of up to 120°C [41].

1: Lower die

2: Upper die

3: Allan screw

4: Sample

wh

: TEC (Peltier)

6: Mounting piece

Figure 3-14: SPT design Concept 2 with TEC devices.

Figure 3-14 illustrates design Concept 2 that uses TEC devices. After purchasing two of the
TEC devices, tests were conducted to evaluate if these devices could be applied to the SPT
design Concept 2. The results of the conducted tests indicated the following with regard to
the application of TEC devices to design Concept 2:

e Temperature varies with varied current; however, the varying of current reduces the

TEC device design life,




e The heat sink fans are required for more effective AT (as shown in Figure 3-15),
e Itis not clear how long TEC devices can last when stacked, especially when there will
be switched on and off for every test at an average of 20 minutes per test.

It was concluded that this design would not be tried as the time constraints and uncertainties
with the TEC devices were challenging.
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Figure 3-15: a) TEC 3D CAD and b) assembled TEC to heat sink fan for effective heat
transfer [41].

3.3 Lessons learnt from concept designs

This sub-chapter summarises the important lessons learnt from the tests carried out and what
the critical factors were of the design. These factors are mentioned below and are

incorporated in the new final concept design.




e Rig size —when the rig is smaller, it is easier to eliminate unaccounted deformation of
the steel structure during the test. It is also easier to mount and align measuring
devices closer.

e Tensile testing machine — Using a smaller tensile testing machine of a 5 to 25 kN
frame reduces the load and displacement error factor (e.g. 0.1% of 2 kN is 2 N, which
is insignificant).

e LN2 ordry CO2 is to be used as a cooling medium and, therefore, the design has to
include a small cooling chamber (a smaller chamber will ensure effective heat transfer
from cooling medium to sample).

e Punch - friction load experienced between the punch and clamping die could not be
quantified and affected the test results. The punch head was a hemispherical head and
small dents were noted that confirmed minor deformation of the head. The punch
design was changed to be independent from the load cell and the head was changed to
be flat (¢p2.5 mm steel ‘bearing’ ball was used together with the punch).

e LVDT - the accuracy of the displacement measured with the LVDT could not be
verified as the LVDT was housed in a closed casing. The synchronising of the LVDT
with the load cell was not possible and the tensile machine used recommended same
brand accessories to be plugged in. The LVDT mounting design was changed to be
fixed in parallel to punch and allowed the LVDT core to move together with punch.

e Load cell —asmall load cell (5 kN) was recommended after evaluating the percentage
error factor, which affected the acquired load data. Synchronising of displacement and
load data could not be met because the LVDT was not compatible with the tensile test
machine’s software. It was decided that a 1000kgf load cell would be purchased and
used separately with the LVDT.

e Linear displacement measuring devices, which were compatible with the tensile test
machine, were not affordable in accordance with the project’s budget and the existing
LVDT was used.

3.4 Final concept design

The final concept design was developed based on the literature review and experience gained
from the trials with the concept designs. Lessons learnt from 3.3 were applied during the
designing of these two final concepts, namely, the SPT rig for: a) DBTT testing (low

temperature) and b) elevated temperature. Detail design drawings for manufacturing are




attached as Appendix-1. The LVDT was later replaced with a magnetic sensor as it was not
acquiring reliable data, refer to Figure 3-16 for test result acquired at room temperature
testing the LP rotor material. More details about the replacement of the LVDTs are discussed
under Section 3.5. A number of the SPT FEM LDCs were developed using FEM packages, as
explained in 3.7.1 and in full details in Appendix-2.

NiCrMoV - LDC (23°C)

0 0.5 1 1.5 2
Displacement (mm)

—@—-LVDT —@®-FEM1 —®-FEM2 —x—Magneticsensor

Figure 3-16: SPT LDC comparison between LVDT and magnetic sensor.

Figure 3-17: SPT design with: a) LVDT and b) magnetic sensor.
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Figure 3-18: SPT setup for DBTT test: a) schematic and b) photograph.

Figure 3-19: SPT rig for: a) elevated temperature and b) DBTT during testing.
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Figure 3-20 SPT rig for elevated temperature: a) schematic and b) photograph.

In Figure 3-18, Figure 3-19 and Figure 3-20 are the fully manufactured SPT rigs for both
DBTT and elevated temperature experimental tests. Two rigs were designed and
manufactured using tool steel (bohler K110) and stainless steel (SS 304) for the purpose of
performing experiments at room temperature (SS 304) and at elevated temperatures (bohler
steel). The rig manufactured from bohler k110 steel was hardened using a vacuum hardening
furnace at 1020°C and held for a %2 hour, followed by quenching in oil in order to obtain a
minimum hardness of 55 HRC (as per the manufacturer’s hardening instructions). Detailed
manufacturing drawings are attached under Appendix-1. The SPT rigs were operated attached
on a 5 kN Instron 3365 universal testing machine; refer to Figure 4-18 for the detailed SPT

rig setup.

The SPT rig for DBTT consisted of a mixer polystyrene box, a squeeze tube pump, rubber
tubes for low temperature application, cable ties, two type K thermocouples and the SPT rig,
see Figure 3-18 for details. The SPT rig for elevated temperature consisted of a 250 W mica-
band heater, one type K thermocouple, a temperature controller and the SPT rig. See Figure
3-20 for details.
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The SPT equipment test setup is detailed in Chapter 4. A 5 kN Instron tensile testing

machine was used for both SPT rigs.

3.5 SPT data logging hardware

There are two sets of output data that are logged from the SPT, which are load and

displacement. Hence, a load displacement curve is obtained from the test.

3.5.1 Load and displacement hardware

The test frame used is Instron 3365 (maximum load cell of 5 kN) and it is advisable to utilise
Instron hardware (a strain gauge or LVDT) that can read displacement from the strain output
sockets. However, it was costly to do so in this research as the computer software required an
upgrading for it to allow for strain attachment. The plan to make use of the LVDT and
independent load cell was evaluated and worked but unfortunately the LVDT had an
analogue data output that had an error in its raw data. The reason to make use of an
independent load cell was to allow synchronisation between itself and the LVDT.

The LVDT was replaced with an NSE-5310 magnetic sensor that has a digital output with a
minimum capability of reading a linear scale of 4,8 um. A 10 kN load cell was mounted in
series with a 5 kN load cell of Instron. The 5 kN load cell was used as a safety limit to not

overload the testing machine frame, since 10 kN was independently controlled.

Magnet Field Intensity

N N N N 4 > 20mT @ maxgap
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(Reguires @ mim length magnet) Magnet

centered 2 mm
dp—— over 0.5 mm
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qualified centerline of Centerdine
Seiko sensors in IC of IC
magnet

Figure 3-21: Magnetic sensor alignment [42].

Figure 3-21 illustrates how the magnetic strip of 2 mm segments should be aligned in order to
correctly record the output raw data. Figure 3-22 shows the assembled magnetic sensor unit
with a built USB converter that was used to record linear displacement during the SPT.




AR - I 7
Magnetic sensor’ fgi

|

Punch & holder /I

Magnet strip

USB converter

Figure 3-22: Magnetic sensor unit with aluminium holders and punch.

The 1000 kgf ULP load cell and TDC/1/0550 load cell digital transmitter were used to log the
load for the LDC. As seen in Figure 3-23(a) below, the TDC supplied ULP load cell was
connected with a threaded reducer to a 5 kKN Instron load cell and the hardened stub was
connected to the opposite side of the ULP load cell. The TDC load cell and transmitter were
supplied connected and calibrated with the calibration certificate supplied. The RS232 serial
to USB cable connector was connected to the load cell transmitter and the transmitter was
programmed to allow digital output from the serial output to the computer USB input port in
accordance with the supplied manual [43].

SOLFHTN QYO HOTSII0WSOUINN

Figure 3-23: TDC: a) ULP load cell connected to 5 kN Instron load cell with a hardened
stub and b) load cell TDC/1/0550 digital transmitter.
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The magnetic sensor was calibrated using a depth gauge of 2 um. The magnetic sensor
calibration was run over 5 mm and it was found to be 100% accurate. During the calibration,
the Instron LVDT for frame was evaluated for accuracy. Below are Figure 3-24 and Figure 3-
25, showing the setup of the depth gauge and correlation for the magnetic sensor and Instron
LVDT.

3.5.2 Thermocouple data logging hardware

Two type K thermocouples were used to measure temperature, one placed in the polystyrene
mixer box and one placed inside the SPT chamber of the DBTT rig. These two thermocouples
were connected to thermocouple data logger TC-08, which was connected to the computer
using a USB cable. TC-08 has 8 input channels for thermocouples and is capable of reading 8
different types of thermocouple [44]. PicoLog data acquisition software, which made it easy
to read and record temperatures during testing, was used as shown in Figure 3-26 below. The

consideration of accuracy of temperature read, which is £0.2% and +0.5°C, was met [45].

Instron frame vs magnetic sensor displacement
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Figure 3-24: Instron LVDT vs magnetic sensor displacement.
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Figure 3-26: a) Thermocouple data logger TC-08 [44] and b) PicoL.og data logger
software.

3.5.3 Borescope camera

A borescope camera model WRS-108C was used as a device that would record a video in real
time during the SPT. The video was then reviewed after each SPT to identify the crack
initiation time and the location (distance away from the bulge surface centre). These two
parameters were supposed to be synchronised with the SPT raw data and be applied to the




SPT FEM in order to determine the strain energy density for SPT (Wsp) in the SPT FEM.

Unfortunately, the camera specification (pixel size) was not sufficient to identify these two

parameters and an alternative method (fracture toughness test at room temperature to

correlate with the SPT data and identify the two required parameters) was used to identify

these parameters, which is covered in Chapter 4. Table 3-3 shows the camera specifications.

Table 3-3: Borescope camera WRS-108C [46].

Specification Camera Monitor
Model no GB8803 GB7303
Total pixel (PAL) 704 x 576 640 x 480

Power supply/waterproof

4 x AA batteries/IP67

2 hours and 3 hours to charge

Operating time/temperature

As per batteries/-10 to 50°C

2 hours/

Camera

Flexible
Tube °

Camera «
and LEDs

Monitor

Menu «
Down «

Power
ON/OFF °

Power ON/OFF
Power Indicator «

USB Socket «
Video Output «
SD Card Socket *
Power Supply *
Socket

Resete

Signal Inpute

» Power Indicator

«Signal Output

WRS-108C

with 9mm camera

¢)

Figure 3-27: Borescope camera showing: a) camera, b) monitor and c) assembled unit

[46].




3.5.4 Mica band heater

A customised Mica band heater of 250W and 230V supplied was used as a heating method
for samples performed above room temperature up to 100°C. A temperature controller (with
3-points plug input of 220/230V), as well as a type K thermocouple input, was built by the
UCT Electrical Engineering Department and was used as input voltage to a Mica band heater.
The temperature controller allows the user to program the temperature output of the Mica
band heater by monitoring the temperature using the thermocouple (type K). This is achieved
by varying the heat of the heater to maintain the required output temperature. The
thermocouple was mounted directly to the SPT sample (as required by CWA 15627) at 50
and 100°C. Refer to Figure 3-28 below for details.

Figure 3-28: a) Temperature controller and b) Mica band heater with type K
thermocouple.

3.5.5 Data logging software and data synchronisation

The LabVIEW system design software of 2014 was used to log the load data from load cell
through the load cell transmitter and linear displacement data through magnetic sensor. The
software allows the user to design, create or code with visualisation of engineering and
science design system symbols [47]. This software has been in existence for a few decades
and, with its graphical programming syntax, it is one of the few unmatched softwares used by
engineers and scientists [47]. LabVIEW consists of a block diagram where all graphical
programming codes are written and a front panel or user interface that displays the main data
that is being logged.
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LabVIEW software is a National Instruments (NI) product and, therefore, is supported by all
NI devices as well as other engineering and scientific devices. LabVIEW software is easier
and better to use to code than the traditional text based programming software because of its
graphical programming. Figure 3-29 shows two split block diagrams made to fit in a page.

Figure 3-30 illustrates the designed user interface. Two load cell output wave charts and a
magnetic sensor output wave chart were placed on the front panel with digital readings next
to each wave chart. Calibration and alignment keys were also placed on the front panel in

order to ensure accuracy in data logging.
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Figure 3-29: LabVIEW designed user interface.
3.6 Determining SPT equipment compliance

There are two methods discussed in the Literature Review that are used to test for the SPT
equipment compliance. The hardness tests of the material used for both final designs were

heat treated to meet the minimum requirement hardness as prescribed in the CWA 15627.
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3.6.1 Hardness test

Three SPT parts (the punch and the upper and lower dies) and a pressing stub, which is
connected to the load cell, were hardened to Vickers hardness of above 596 HV (or 55 HRC).
A hardness test was also performed on the rotor steel to evaluate for the possible change in
hardness over the service life exposure. Brinell hardness of 244-256 HB (256-269 HV) was
reported on a commissioning report [48] of prior service life. Vickers hardness test was

carried out on ex-service rotor material and no change was noted, 256 HV.
3.6.1.1 Hardness test setup equipment

A hardness test was carried out at the Centre of Materials Engineering (CME) at UCT. This
test was carried out for compliance with the SPT requirements as specified in the CWA
15627: 2007. Working parts (i.e. punch, upper and lower die and pushing stub which pushes
the punch) were hardened to a minimum of 55 HRC to ensure no deformation of these parts
during testing. Zwick Roell ZHV, which tests at various loads ranging from 0.2 to 30 kgf was
used to perform Vickers hardness (HV) test. The test was performed in accordance with the
ASTM E 92 standard. Refer to Figure 3-32 for details on the Vickers hardness testing

machine.

3.6.1.2 Hardness test results

SPT parts - Vickers hardeness (HV)

800

723
700

600

500

400

300

200

100

Upper die Lower die Punch Stub

H Before hardening W After hardening

Figure 3-31: Hardened SPT parts.




Figure 3-32: Hardness test machine — Zwick Roell ZHV.
3.6.2 Modelling the experimental LDC

An LDCrem using tensile properties of the steel investigated gets compared to an LDCexp. It
is not expected for the curve to fit/match 100%; less than or equal to 5% error margin is
expected and the rig is supposed to reproduce the same LDCexp. Figure 2-21 illustrates the
LDCrem compared to the LDCexp with the percentage error between the two LDCs. The rig
did reproduce an acceptable LDCexp with a slight 5% error margin in the plasticity region;
refer to the SPT LDCexp results in Figure 3-33.

3.6.3 Determining Young’'s modulus

This method was explained in detail in Section 2.2.4.4.2 of the Literature Review. The
method entails investigation of rig compliance by making use of a thicker sample of 5 mm to
determine the elastic slope or Young’s modulus. There are two ways this method can be
achieved: firstly, the slope can be expected to fit 100% elastic region of the SPT LDCrem or,
secondly, stress can be determined using load and contact area of punch and strain can be
estimated using FEM. Below is Figure 3-33, showing the compliance of the two rigs. The
three graphs are offset by 0.002 m to illustrate the parallelism in all three curves up to ~150
N.
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Figure 3-33: SPT rigs compliance.
3.7 Analytic procedure for SPT results

The procedure developed was used in both the FATT and EPRI approach for estimating Kic,
which were both explained in detail in Chapter 2.

3.7.1 Finite Element Modelling (FEM) software package

The FEA software package used in this research was Abaqus version 6.14-1. The analytic
model is a 2D-axisymmetric model. Three parts (the punch and the clamping and receiving
dies) are deformable and elastic with no plasticity defined in the model. The sample is a
deformable elastic-plastic material that is loaded using a punch displacement of 3 mm in
total. Figure 3-34 shows the 2D axisymmetric SPT FEM used to estimate the fracture
properties and mechanical properties. Please refer to Appendix-2 for the FEM instructions

and model validation used in this research.

3.7.2 Ramberg-Osgood model

The model used to describe the elastic-plastic mechanical behaviour of the material is the
Ramberg-Osgood model, which was also explained in Chapter 2. The numerical values of D
and n were determined using uniaxial tensile true stress and true strain raw data of the plastic

region of the curve.




Figure 3-34: a) 2D axisymmetric and b) 2D revolved SPT FEM.

The true stress is plotted against true strain and a power trend line is used to predict the

numerical values of D and n. Figure 3-35 is an example used to illustrate how parameters D
and n are determined.
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Figure 3-35: NiCrMoV LP rotor steel showing true stress — true strain.




CHAPTER 4: EXPERIMENTAL METHODOLOGY

4.1 Research approach

A research approach was developed based on the two adopted models, namely, the EPRI and
the FATT. The two approaches were used as a guide and provided the required mechanical
test data for validation and correlation purposes. Figure 4-1 illustrates the basic approach
used in this research. The approach consists of three stages and four mechanical testing
techniques, namely: the uniaxial tensile test, the CVN, the fracture toughness and the SPT.

Each mechanical test is explained in terms of the research approach, as given in Figure 4-1.

( ) 4 ) 4 )
1. Sampling 2. Testing 3. Correlation
e Small punch test e SPT * SPT LDCq,, - SPT
(SPT) * Tensile, CVN LDCrep
e Standard and K¢ * SPT - Tensile
mechanical test o T, - FATT
Tensile, CVN . )
gnd fracture >PT-Kic
toughness)
. J . J . J

Figure 4-1: Basic research approach.
4.1.1 Stage 1: Sampling

Stage 1 is the sampling process for all four mechanical tests. It details the requirements of
preparing each test sample in accordance with applicable ASTM or BS EN standards. Table

4-3 shows the samples’ geometry and their applicable mechanical standards.

4.1.2 Stage 2: Testing

The four tests are performed in accordance with ASTM (fracture toughness and CVN tests)
and BS EN (tensile and SPT) standards. This stage summarises the required test data from
each standard mechanical test. These output data are either used as input for the SPT FEM or

for correlation (Stage 3: Correlation) between the SPT and mechanical tests.

The material description and characteristics are detailed in the next section.




4.2 Material investigated

A series of the SPTs on the ex-service low alloy steels of a low pressure (LP) steam turbine
rotor (see Figure 4-2 below) were conducted to evaluate embrittlement, tensile properties and
fracture toughness. The materials’ composition and identification are given in the tables

below.

Figure 4-2: NiCrMoV rotor steel showing: a) rotor stub and b) sliced rotor.

Table 4-1: Chemical composition of alloy steel [48].

Chemical composition

Type/Element C S P Si Mn Ni Cr Mo \/

NiCrMoV 0.249 | 0.007 | 0.009 | 0.100- | 0.335 | 293 | 1.61 | 0.435 | 0.060
LP rotor 0.110

Specimens were identified as ‘as-received’ or ‘heat treated’. Heat treatment at the
temperatures stated in Table 4-2 were performed to remove any susceptible temper
embrittlement in the LP rotor steel (de-embrittling), as described by Shekhter [38], and were
hardened to introduce material damage to the LP rotor steel (i.e. changing material
mechanical properties).

Table 4-2: Material identification.

Ml = Component | Alloy grade | Heat treatment SLCLL e

ID in hours | carried out
Tensile,
As Received LP steam . . Exposed CVN, CT
(AR) turbine rotor NiCrMoV As received for 26 test and
years for SPT
1527743

. hours
De- LP steam NiCrMoV | 600°C/1,5hours Tensile,




Material — Exposure Tests
ID Component | Alloy grade | Heat treatment in hours. | carried out
Embrittled turbine rotor and quenched CVN, CT
(DE) in water test and
SPT
o Tensile,
Hardened LP steam NiCrMoV 7{3? q C{%g?ﬁ:és CVN, CT
(HD) turbine rotor - test and
in water SPT

Specimens were prepared in accordance with the standard(s) given in Table 4-3 below and

each process of preparing the samples is explained in each test sub-section below.

Table 4-3: Mechanical tests geometry size.

T Standard Specimen Specimen size Crack plane
est name . . .
compliance type (mm) identification
. BS EN 10002: _ _
Tensile test 2001 Part 1 and 5 Round bar D=8,L=30 L-R
Fracture ASTM E399-09 |  SOMPaCt |\ _ o5 195 L-R
toughness test tension type
CUNtest | ASTME23-12c | TypeA | ' - 100 Vg; 10,1 L-R
CWA Round _ _ .
SPT 156272007 specimen D=8, T=05 Not applicable

*** BS EN 1002: D — Diameter, L — Gauge Length, ASTM E399: W — Width, B — Thickness, ASTM E23: T — Thickness, W — Width and L

— Length***

4.3 Experimental matrix

Specimens were tested in accordance with standards (in Table 4-3) at the following testing

conditions. The SPT matrix for certain test temperatures was not completed as required by

the code of practice. Table 4-4 illustrates the number of specimens required to be tested and

the actual number of specimen that were tested.




Table 4-4: Experimental matrix.

Test temperature (°C)

Test name

-80 | -65 | -60 | -40 | -30 | -20 | -10 0 23 50 | 100

Tensile = X X X X X X X X 2/2 2/2 2/2
(D)

Kic é§ X X X X X X X x | 23| x X
-0
O o

CVN (%-’.% 3/3 X 3/3 | 3/3 | 3/3 | 3/3 | 3/3 | 33| 33| 33| 3/3
O
(D)

SPT X 714 X X V4 4 O A I 0 S T A O S e i R R

4.4 Uniaxial tensile test

Figure 4-3 is an approach used to acquire tensile test data for the SPT correlation.

4 ] A 4 ] ) 4 ] A ,F ST 1
1. Sampling 2. Testing 3. Required [ I
Inputs to SPT
*BS EN 10002: *BS EN 10002: data 1P .
2001 Part 1 and 2001 Part 1 and  Yield stress I LDCeey using
5 5 () I Ramberg- I
¢ Elongation I Osgood I
eTrue stress - | model I
true strain data |
\ J \ J \ J .~ e e — — )

Figure 4-3: Tensile test approach SPT LDCrewm.
4.4.1 Tensile test specimen preparation

The specimens were prepared as per the BS EN standard shown in Table 4-3 above. Part 1 of
the standard was applied for specimen geometry tested at room temperature and Part 5 was

applied for specimen geometry tested at elevated temperatures.

4.4.2 Uniaxial tensile test setup and equipment

The tensile test was carried out at Eskom’s Research, Testing and Development (Eskom
RT&D) laboratory. The equipment used to perform the uniaxial tensile test was the Instron
5582 screw driven tensile testing machine with a maximum load cell of 100 kN. Specimen
gauge lengths were punched on each specimen. A strain gauge (up to approximately 3,5% of
total strain) was attached to each test specimen to monitor changes in gauge length and
served as an accurate method in determining Young’s modulus. Figure 4-5 illustrates the

strain gauge fit up for both room and elevated temperature with the heating furnace in place.




4-4: Photograph of the tensile specimens for elevated temperature (D = 8 mm) and room
temperature (D =6 mm).

Figure 4-6 shows the test setup for the tensile test at the Eskom RT&D laboratory.

Figure 4-5: Strain gauge attached during: a) room and b) elevated temperature test.

4.5 Charpy V-Notch (CVN) test
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Figure 4-6: CVN FATT approach to SPT transition (Tsp) temperature.




(1) Cross head, (2) Temperature controller, (3) Remote control
(4) Clamp/Chunk with loadcell, (5) Heating furnace
(6) Computer and (7) Test frame

Figure 4-7: Instron 5582 tensile testing machine.
4.5.1 CVN specimen preparation

Specimens were machined using a milling machine and surface grinder to the geometry size
given in Table 4-3 and Figure 4-8. The ASTM standard for notched bar was applied during
preparation and the notch cutter of 2 mm with an inclusive angle of 45° was used to cut the
notch (see Figure 4-8 below).

4.5.2 CVN test setup and equipment

The CVN test was carried out at the Eskom RT&D laboratory. The equipment used to
perform the CVN test was the Instron Sl series motorised pendulum impact testing machine,




Figure 4-8: Photograph of CVN specimens.

model SI-1M, with a maximum energy of 450 joules. The CVN specimens were placed in the
testing position using a specimen holder (centring tong) that ensures that the specimen notch
is positioned in the centre with reference to the applied load. The CVN testing temperature
ranged from room temperature to -80°C and specimens tested below room temperature were
soaked in thermal H5 oil or dry CO2 mixed with methanol and held for a minimum of a %2
hour. The notches of the samples were cut using a notch cutter, as shown below in Figure 4-9.

Figure 4-13 shows the universal testing machine for the CVN test below.

MCMEEe EEEEECCCCCCCECE G T T T T T«

Figure 4-9: Cutting machine for V-Notch for CVN specimen.
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4.6 Fracture toughness test

EEE— S N - ———- N
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Figure 4-10: Kic approach to correlate modelled compact tension (CTrem) using Wsp -
Wer.

4.6.1 Fracture toughness specimen preparation

CT specimens were machined to size using an electro discharge machine (EDM) method
called wire cutting. The process was used to save the minimum material that was present. The

specimens were marked with 1 mm gaps with reference to the notch. Refer to Figure 4-11.

Figure 4-11: ASTM CT specimen (with 1 mm gap marks from the notch).
4.6.2 Fracture toughness test equipment setup

The fracture toughness test was carried out at the Centre of Materials Engineering (CME) at
UCT. The fracture toughness test was performed using an ESH testing machine with a
maximum load cell of 45kN that uses Instron data acquiring software. The crack was grown
to crack length that complies with the recommended length specified in the standards
presented in Table 4-3. Applied fatigue load of 8-10kN was used to grow a fairly straight
crack prior to strain gauge attachment. Figure 4-12 shows the equipment used to perform the

fracture toughness and specimen setup prior to testing.




Figure 4-12: Fracture toughness: a) 45 KN ESH testing machine and b) setup with
specimen prior to fatigue.

(1) Safety glass/door, (2) Swinging hammer, (3) Computer,
(4) Sample holder and (5) Cooling bath using HS thermal oil

Figure 4-13: Instron SI-1M for CVN test.
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4.7 Small punch test (SPT)

4.7.1 SPT specimen preparation

The SPT specimens were prepared in accordance with the CWA 15627 as explained in
Section 2.2.4.2 of the Literature Review and Figure 4-14, which addresses the risks involved

when sampling the SPT samples.

Figure 4-14: SPT sampling for LP rotor steel showing: a) the big sample before wire
cutting, b) 3D CAD round bars wire cut to $8 mm x 0.8 mm thick and c) unpolished
samples.

Specimens were required to be lapped using metallographic lapping or grit paper. The
sequence of lapping/grinding and polishing is shown in Error! Reference source not found.
below. A new method of lapping/grinding was developed to improve the success rate of

polishing the sample and is explained below.

Figure 4-15: Comparison of size factor of: a) R2 coin, b) unpolished specimen (¢$8 mm x
0.8 mm) and c) polished sample ($8 mm x 0.5 mm).
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Figure 4-16: SPT sampling risk analysis.




4.7.1.1 Manufactured specimen holder and specimen

A sampling holder was designed and manufactured using 316L grade stainless steel. The
sampling holder was made to minimise the time taken to lap samples and improve the success
rate of the useful sample from 60-70% to 95%. The specimen holder has a 1 mm deep seat
that allows the 0.8 mm wire cut disc to sit securely. The locked nut is used to adjust the

height of the sample, which is to be grinded/lapped until the required height is obtained.

b)

Figure 4-17: Specimen holder showing: a) sectional CAD drawing and b) photograph.
4.7.2 SPT setup and equipment

Testing equipment used to carry out mechanical tests was calibrated and in compliance with
the standards mentioned in Table 4-3. These tests were carried out at the Eskom RT&D

laboratory and UCT’s Materials Engineering Laboratory.

Liquid No/dry CO, mixer

Independent load cell
SPT rig (DBTT)
LVDT/Magnetic
displacement sensor
Controller

PC-1: LabVIEW
PC-2: Instron

Pump

@M=

O ND> O

T1 —Thermocouple 1
T2 — Thermocouple 2

UCT Testing Machine

Figure 4-18: Schematic UCT SPT rig setup.




Figure 4-18 illustrates the SPT rig setup for both DBTT and elevated temperature. When
elevated temperature experiment tests are carried out, items 1 and 8 are not required. The rig
is exchanged with the relevant type as shown in Figure 3-18, Figure 3-19 and Figure 3-20 in
Chapter 3. Items 5 and 7 are the control and the PC is connected to the testing machines.
These items (5 and 7) are used to control the cross bar at the required constant displacement
and the data that have been acquired through the Instron software can be used as raw test

data.

4.8 Testrequired data for correlation

Standard mechanical tests are performed to validate the SPTrem and the SPT rigs and
correlate with the SPT experimental data. Comments in Table 4-5 correspond to the same

letter numbering i.e. comment a) and b) correspond to test data a) and b), respectively.

Table 4-5: Mechanical test data for correlation.

Type of standard Test required data for SPT .
. A : Comment for correlation
mechanical test validation/correlation
b) SPTrem
a) Yield stress b) Raw true a) elasticity Input data
. . stress and - for
Uniaxial tensile (ovy) and . _ | and ductility
%Elonaation strain (GTRUE; oroperties Ramberg-
g ETRUE) Osgood
model
b) SPT
energy (Esp)
at test
a) Transition b) Raw a) Material ;femrig?;grfn
temperature absorbed transition %F:aner
(DBTT/FATT) | energies (Ex) | temperature with C\g/yN
and absorbed and properties
CVN . energy
energy at corresponding | (Ecvn and (Ecwn) graph
transition test Esp Vs (iCeVNLSgE t%
temperature temperatures | DBTT/FATT .U.SE) to
(Err) (M) and Tse) | optain SPT
transition
temperature
(Tsp)
Fracture load (Pq), crack length | gpT.c\ determines strain
Fracture toughness (aior Aa) and fracture energy density (Wsp). Wsp is
toughness (Kic) applied to CTrem to




Type of standard Test required data for SPT

, S ) Comment for correlation
mechanical test validation/correlation

determine strain energy
density (Wct = Wsp). Pg at
Wcr determines Kic
(ASTME E399) or J-Integral
at Wcr determines Jic

4.8.1 SPT procedure

The mechanical tests were performed in accordance with the applicable standards as shown
in Table 4-3. The SPT test was carried out as per the instructions detailed below.

The procedure entails the pre-testing procedure requirements, testing instructions and end of
test instructions. The procedure is developed for both the SPT rigs and the instructions that

are not applicable are noted for each SPT rig.
4.8.1.1 Pre-testing setup instructions

1. Fit up the required SPT rig (DBTT or elevated temperature rig) in position and lock it
using the sliding pin.

2. Ensure the SPT rig is secured, fixed and not moveable.

3. Connect the magnetic USB converter to the USB extension cable.

4. Fit the magnetic strip onto the punch and fix it at the required height using grab screws.
5. Fit the polished sample on the receiving die.

6. Fit and tighten the upper die using Allan screws to hold the sample in place (please note

that if performing room or elevated temperature experiments, skip steps7 and 13).

7. Close and tighten the upper housing casing if it was removed (it is not necessary to remove

this part to insert or replace the sample).
8. Insert the hardened ball into the upper die self-centring hole.
9. Insert and tighten the guide nut until it is flush with the face of the upper housing casing.

10. Connect tubes from/to the mixer and from/to the SPT casing via the pump and tighten

with cable ties.

11. Insert the thermocouple in the SPT rig and seal with thread tape, and another

thermocouple in mixer.




12. Connect the thermocouples to the TC-08 card.
13. Open the PicoLog software to monitor temperatures.

14. Insert the punch and ensure it is resting on top of the ball (for an elevated temperature
SPT rig, bond the ball to the punch tip using crystal bond chemical prior testing).

15. Insert the camera in its designated slot (only applicable to the SPT rig of room/elevated

temperature).

16. Start-up Instron Bluehill software from the PC on the left and the LabVIEW file named
‘test 7°.

17. From the Bluehill software, setup a compression method with a displacement rate of 0.2
mm/min under test and activate limits (Load = 4 kN and displacement = 4 mm) and press
save (note: the Instron 5 kN load cell has to be connected in series with the ULP load cell for
safety limits to work).

18. From the LabVIEW ‘test 7’ file, ensure all lights are green from the front panel (note: the
magnetic strip and sensor are allowed to be in contact or leave a small gap. The magnetic

position light will turn red if these two are misaligned).

19. From the Bluehill software, open the test and select the setup compression method and

name the test.
48.1.2 Test instructions

1. Manually move the crossbar downward until there is a clearance gap of approximately 0.5
mm between the stub connected to the ULP load cell and punch head.

2. Using the reset keys, zero the load and displacement.

3. From the LabVIEW front panel, click the white arrow positioned under the file tab and

name the test excel file.

4. Press ok from the LabVIEW pop-out window and start the Bluehill software

simultaneously.

5. Start the video camera recording 10 seconds after starting the test (ensure the recording is

in real time)).
48.1.3 End test instructions

1. Observe the LDC from the Bluehill software.




2. Stop the test on both the video camera and LabVIEW simultaneously when the peak load

drops.

3. Press stop test on Bluehill and move the crossbar upward with a clearance of
approximately 200-250 mm for sample replacement.

4. The excel format LDC raw data (with real time as additional raw data on the third column)

will save after stopping the LabVIEW front panel.
5. Determine the total time taken to run the test from the excel time recorded.

Watch the video and estimate the position of the punch displacement and crack initiation

(consider the delayed 10 seconds).

4.9 Correlation

The correlation between the standard uniaxial tensile, CVN and fracture toughness with the
SPT is carried out using FEM. Details of FEM instructions, comments and correlations are
attached in Appendix-2 and in Table 4-5. Figure 4-19 and Figure 4-20 are the detailed
research approach and correlation procedure between the SPT and tensile and Charpy impact

energy.
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Figure 4-19: Detailed research approach.
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Figure 4-20 Approach to correlate: a) SPT LDC to uniaxial tensile test and b) Esp to Charpy impact energy.
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CHAPTER 5: RESULTS AND DISCUSSION

This chapter focuses on the test results of the standard mechanical test and the SPT. The test
results are given in the sequence of the standard mechanical tests, followed by the SPT results
and correlation between them. The details of the results are discussed at the end of each
section and critical data (as shown in Figure 4-19 and Figure 4-20) required for correlation

are summarised and evaluated against embrittlement.

5.1 Standard mechanical test

The standard mechanical test results are compared to pre-service exposure tests results [48]
where possible, depending on the historical availability of such commissioning tests.
NiCrMoV LP rotor steel was designed to operate at a nominal pressure of 10.77 bars and an

operating temperature of 252°C. The total time of service exposure was 26 years.

5.1.1 Tensile test

Tensile test results are reported in two formats, namely tables and graph sketches. Figure 5-1
is a template for how the graph sketch should be interpreted. The following interpretation

should be applied to all tensile test result figures unless stated otherwise:

A: Title material designation, which is NiCrMoV,

B: Sample identification, AR (only As-Received samples were used for the tensile
test),

e C: Test temperature,

e Dand E: Strain (in mm/mm or %) and Stress (in MPa), respectively,

e F and G: Number of samples (i.e. Sample 1 or Sample 2, etc.)

The title of the plotted graph will only show the material designation (NiCrMoV) whenever
average raw data at different test temperatures are plotted. Strain gauge attached to samples
during tests (up to 3.5% of each test) was to determine the Young’s modulus (E) and 0.2%
yield stress (0.2cy). This is done to improve the accuracy of the raw data of the elastic region,
which is required to determine these two test parameters (E and 0.2cy). Refer to Figure 5-2,
Figure 5-3 and Figure 5-4 for details.

The plastic region of the tensile test is used for Ramberg-Osgood model parameters (D and

n), as explained in Chapter 3, Section 3.7 and in Appendix-2. Raw data for true stress and




true strain is smoothened and plotted against the two samples at each test temperature (see
Figure 5-5, Figure 5-6 and Figure 5-7). Table 5-1 summarises the tensile test showing and
comparing the important tensile test parameters. The test data/parameters are plotted as
Sample 1/Sample 2 for the commissioning test and the test temperatures carried out in this
research.

5.1.1.1 Tensile test results

Refer to the figures and table below.
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Figure 5-1: Tensile test template.
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Figure 5-2: Tensile test showing method of determining E and 0.2cy at 23°C.
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Figure 5-3: Tensile test showing method of determining E and 0.2cy at 50°C.
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Figure 5-4: Tensile test showing method of determining E and 0.2cy at 100°C.
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Figure 5-5: True stress vs true strain curve at 23°C.
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Figure 5-6: True stress vs true strain curve at 50°C.
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Figure 5-7: True stress vs true strain curve at 100°C.
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Figure 5-8: Average true stress vs true strain at different test temperatures.
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Table 5-1: Tensile test results of virgin and exposed NiCrMoV turbine rotor.

| Testtemp | 0.20y UTS Elongation | Reduction E
Service of area
(°C) | (MPa) |  (MPa) (%) (%) (GPa)
Virain 692.02/ 817.01/ 19.00/17.40 61.51/ i
g 717.01 832.00 60.01
23
687.31/ 825.87/ 20.35/ 63.96/ 197.44/
687.23 825.58 18.61 63.10 214.30
Exposed 50 679.35/ 810.74/ 19.48/ 64.69/ 212.35/
P 677.84 809.38 19.41 65.13 202.46
100 654.22/ | 777.56/786.57 17.36/ 62.98/ 186.70/165.03
663.89 18.79 66.33

5.1.1.2 Tensile test discussion

Table 5-2 was generated from Table 5-1 in order to illustrate the differences that occurred

over the exposure life of this LP rotor steel. The discussion is divided into the three regions of

the stress-strain curve, namely, the elastic, elastic-plastic and plastic region. The parameters

within these three regions are compared and evaluated as shown in Table 5-2. 0.2% Proof

Stress has dropped by about 2.51% while Young’s modulus has increased by 2.85%. The

elastic region of the exposed material seems to have both less 0.2% Proof Stress and strain as

compared to the virgin material (assumed E = 200GPa as it was not supplied with history test

reports).

Table 5-2: Tensile test comparison at room temperature.

Servi . Reduction of
ce 0.20y E Elongation area UTS
. - Elasticity/
Elasticity Plasticity Plasticity
Avg Chg Avg Chg | Avg | Chg | Avg | Chg Avg Chg
(MPa) | (%) | (GPa) | (%) | (%) | (%) | (%) | (%) | (MPa) | (%)
Vgn | 704.52 200.00 18.20 60.76 82451
-2.51 2.85 6.57 4.36 0.15
Expd | 687.27 205.87 19.48 63.53 825.73

***Avg — Average, Chg — Change, Vgn — Virgin material and Expd — Exposed material.




The comparison of the plasticity determines if the material ductility is affected over the
period of service exposure. The decrease in elongation or area reduction can symbolise
material hardening due to temper embrittlement or other material degrading mechanisms.
Elongation has increased by 6.57% and the reduction of the area has also increased by 4.46%,
which indicates no sign of embrittlement from the ductility mechanical properties. The
procedure of operating steam turbine rotors, which includes tempering during shutdowns and
start-ups, is recommended by the Operating Equipment Manufacturer (OEM). This is done to
minimise the risk of incurring turbine rotor temper embrittlement during cold shutdown. The
tensile test of the ex-service has proven that the OEM’s recommendations are part of ensuring
the operation of full design life. The tensile strength (UTS), which can affect either the elastic
or the plastic region, has an insignificant increase of 0.15%. The increase in UTS can be a
sign of loss of ductility (elongation) and it can increase the yield stress in the process.

The Ramberg-Osgood model parameters were determined from the true stress-true strain
curve (power trend line equation) as explained in Appendix-2 for all three test temperatures,
refer to Table A2.1 under Appendix for details. These parameters/numerical values were
determined at three dual yielding plastic strain values (as per raw data, gpy = 0.01 and 0.002
for perfect plastic strain of low alloy) [20]. The first gpy Was determined using

w3

Equation 5-1: Plastic strain for Ramberg-Osgood model.

The initial epy was determined using Equation 5-1 above. The MS Excel goal seek function
was then used to determine new numerical values (D, n) when gpy = 0.01 & 0.002. Table 5-3

shows the dual yielding strain values at each test temperature from the tensile raw data.

Table 5-3: Derived Ramberg-Osgood numerical values from tensile raw data.

Plastic strain Test temp (°C) Sample 1 Sample 2
Epy 23 0.008 0.008
Epy 50 0.006 0.008
Epy 100 0.01 0.01

The main purpose of performing the tensile test was to validate both the SPTrem and the SPT
rigs which will be applied during the tensile test — SPT correlation.




5.1.2 Charpy V-Notch (CVN) test

The Charpy results were reported for both virgin and service exposed material. The test
results of prior service were supplied by the manufacturer [48] of the rotor and were

performed during commissioning of the rotor.
5.1.2.1 CVN test results

The comparison of the virgin and exposed material was conducted to evaluate any sign of
embrittlement in the material. The polynomial third order term was used to estimate both
DBTT and FATT as shown in Figure 5-9. The test data supplied by Operating Equipment
Manufacturer (OEM) in Quality Assurance Data Package (QADP) [48] was used to develop
Figure 5-9.

NiCrMoV rotor steel
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Figure 5-9: CVN test results for virgin NiCrMoV adopted from QADP [48].

Table 5-4: CVN test results of virgin and exposed NiCrMoV turbine rotor.

. DBTT/FATT | . **SE (J) Energy at
Service (°C) BRI @-80°C | DBTT/FATT (J)
Virgin 326/-473 | 109.9@10°C 31.89 70.89/46.98
Exposed 31.9/-336 | 156.33@23°C 6.78 81.55/67.39

** USE — Upper shelf energy and LSE — lower shelf energy.




These results are the averaged value of three samples tested at each test temperature as per
ASTM E23. Figure 5-10 and Figure 5-11 illustrate the change in impact energy and transition
temperature on both DBTT and FATT, respectively. The small punch transition temperature,
Tsp, for low alloy steel (NiCrMoV) is provided by Foulds and Viswanathan [20] in Table 2-6
in the Literature Review. Table 5-5 provides the correlated values of Tsp for both virgin and
service exposed materials at FATT and DBTT. The correlation is developed based on the

energy absorbed and, therefore, the correlated FATT represent Charpy DBTT.
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Figure 5-10: DBTT results of NiCrMoV rotor steel.

Table 5-5: Tsp correlated to FATT for low alloy steel (NiCrMoV) [20].

FATT (°C) = 363.80 + 2.312Tsp (°C) [20] Tse (°C)
FAT Tvirgin -47,3 -177,8
FATT aged -33,6 -171,9
DBT Tvirgin -32,5 1714
DBTT aged -31,9 1711
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Figure 5-11: FATT results of NiCrMoV rotor steel.

Using developed empirical correlation between CVN impact energy and fracture toughness
test for Lower Shelf Energy (LSE), Kic was determined. The conversion of Jic from Kc was

adopted from the ASTM E399 where the material ductility is regarded to be nil.

5.1.22 CVN impact energy — Kic correlation

The known impact energy from experimental results was used to determine fracture
toughness using the established correlation relationships in Table 5-6. The intent of these
correlated Kc (referred to as ‘FATT approach’ in this study) was to compare these results to
the experimental Kic as well as the predicted EPRI approach Kc in order to establish the error
band between the predicted Kic, and the experimental Kic.

Table 5-6: CVN and Kic correlation for transition temperature & lower shelf energy

[2].

LSE DBTT RT

Correlation Property Comments
(-80°C) | (-31,9°C) | (23°C)

Kic (MPavm) | CVN (J) 6,78 81,55 | 156.33 -

Units

Jic (kI-m?) v 03 03 0.3 -




) LSE DBTT RT
Correlation Property Comments
(-80°C) | (-31,9°C) | (23°C)
o (MPa) - - 687.3 -
KIZC/E Kic 0.88 5.69 9.27 CVN energy = 3
= | 3/
g | =022V =1 50 | 353E3 | 014 | 039 t0 82J
e
| KZJE Kic 2.65 1716 | 27.96 & I\:/||§69ttot'
m | _ 3/ a static
= 2(CVN) 72 Jo | 3213E-3| 1.34 3.57 test

Table 2-7 in Chapter 2 shows the list of correlation established through experimental tests

between CVN and fracture toughness. Barson-Rolf correlation was the only correlation

applied to this study as the rest of the other correlations did not meet the requirements (i.e.

comments as shown in Table 5-6). Figure 5-12 shows the difference in estimated Kic values

when considering CVN and tensile test data.
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Figure 5-12: Estimated Kic using CVN correlation.

5.1.2.3 CVN test discussion

a) Transition temperature results

The transition temperature signifies the temperature at which the material is vulnerable to

embrittlement. The transition temperature (DBTT or FATT) occurs at a low impact energy at




which materials are not supposed to be operated, close to and/or below DBTT/FATT. The
change in transition temperature was insignificant while the change in impact energy was
significantly noticeable (refer to Table 5-7 for summarised results). DBTT is derived from
impact energy against test temperatures and, therefore, human error in interpreting the results
is very minimal. This is because the data is automatically stored via the hardware of the
equipment used, which means the results are accurate. FATT is derived from fracture
appearance, which is manually interpreted by looking at the fracture appearance area of
fractured specimens. The material showed insignificant change at DBTT, which implies that
the OEM manual was correctly applied during its service life. The difference noted in FATT

is questionable based on what is stated above but it is still very low.

Table 5-7: CVN test summary.

Properties Change in property Comments
DBTT 0.7°C Decreas_e in D_B_TT which is
insignificant
FATT 13.7°C Decrease in I_ZATT which is
significant
USE @DBTT 10.6J Increase in impact absorbed
energy
LSE @FATT 20.5] Increase in impact absorbed
energy

b) Impact energy results

With reference to Table 5-7, impact energy at transition and above seems to have increased,
which can mean that the material has become a bit more ductile than before commissioning.
It is regrettable that the opposite occurred, as seen in Figure 5-17, the impact energy below -
32.6°C has decreased significantly, which can imply that the material is more brittle than it

was below DBTT (e.g. impact energy difference at -60°C is approximately 321).
c) Correlated Kic using CVN impact energy

The estimated Kc values seemed significantly small. The FATT approach is known to have
an error band of up to 50%, which could be the reason for the achieved results. The ductile
fracture toughness values were derived from the elastic behaviour equation as shown in the
ASTM E399 (E was assumed to be 200 GPa, which is the known value for steel).




5.1.3 Fracture toughness

This test was performed to validate and compare the EPRI modelled Kic. The modelled

parameters were required to be confirmed through experimental fracture toughness.
5.1.3.1 Fracture toughness results

Fracture toughness pre-test requirements included fatigue load to initiate the crack and to

grow the crack. Sample 1 was subjected to trial pre-test requirements and the fatigue

parameters in Table 5-8 were reported.

Table 5-8: Crack growth caused by fatigue loading for NiCrMoV rotor steel.

Fatigue load to Number of Eatioue load to
Sample name | initiate crack | fatigue cycles to rowgcrack (kN) W/B (mm)
(KN) initiate crack | 9
Sample 1 8-10 86280 10 25/12.5
Sample 2 8-10 82310 10 25/12.5
Sample 3 8-10 81590 10 25/12.5

Crack length, a, for each sample was grown to meet the requirement of 0.45W<a<0.55W as
per the ASTM E399 [15]. Table 5-9 shows the fracture toughness test results.

Table 5-9: Fracture toughness results of NiCrMoV rotor steel.

Sample Crack
b length, a Pmax (KN) Po (kN) *Puax/Po | Ko (Mpaym)
name
(mm)
Sample 1 11.74 26.23 23.25 1.13 103.82
Sample 2 11.41 27.18 23.74 1.17 99.87
Sample 3 11.56 2451 21.62 1.13 94.51

*Pmax/Pq of 1.10 was not met and therefore Kq does not equal to Kc as per ASTM E399.

Compliance of the results was evaluated using the compliance method(s) prescribed by the
ASTM E399 and Table 5-10 shows non-compliance of the results.

Table 5-10: Fracture toughness test compliance.

Sample name 2.5(Kaoloy)? (mm) W-a (mm) 2.5(Kaoloy)? < (W-a)

57.05 13.25

Sample 1 No, non-compliance




Sample name 2.5(Kqlay)? (mm) W-a (mm) 2.5(Koloy)? < (W-a)

Sample 2 52.79 13.59 No, non-compliance

Sample 3 47.28 13.44 No, non-compliance

5.1.3.2 Fracture toughness discussion

The ASTM E399 was followed to perform the fracture toughness test as shown above and
regrettably the Kic requirements were not met. The ASTM 1820 should have been used to
carry out the experiment since the material tested was a non-linear (elastic-plastic) behaviour
material. However, the results were used as Kq because the load ratio (refer to Table 5-9) was
out by a small margin of 2-6%. Pq was used to validate the strain energy density of modelled
compact tension, which is explained in detail in Section 5.2.

5.2 Small punch test

This sub-section entails the experimental results and discussion of the SPT. Figure 5-13 is a
template of how the SPT LDC graph sketch should be interpreted. The following
interpretation should be applied in all the SPT LDC result figures:

e A: Title material designation, which is always NiCrMoV in this research,
e B: Sample identification, AR (As-Received), DE (De-Embrittled, HD (Hardened),

C: Test temperature (RT — room temperature, i.e. 23°C),
e DandE: Load (in N) and Displacement (in mm), respectively,

e Sn: Sample number (i.e. Sample 1, Sample 2, etc.)

5.2.1 SPT LDC experiment test

These results are reported in the sequence of material condition of AR, DE and HD LDCs at
room and above room test temperatures (i.e. 23, 50 and 100°C). Seven LDCs at each
temperature were generated in accordance with CWA15627 requirements for embrittlement
tests. The average LDC was derived from seven SPT LDCs of each test temperature per
material condition. These average LDCs were compared at each test temperature. The test
temperature below room temperature was only performed for AR material specimens. These
SPT LDCs below room temperature were plotted for average LDCs only. The discussion of
the experimental SPT LDCs follows after the results (which were observed to be consistent

for all three compared specimen conditions) given in Section 5.2.1.1.




52.1.1 SPT LDC experiment results
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Figure 5-13: SPT LDCexp template.
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Figure 5-14: SPT LDCexpr — AR at 23°C.
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Figure 5-15: SPT LDCexp — DE at 23°C.
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Figure 5-16: SPT LDCexp — HD at 23°C.
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Figure 5-17: Comparison of SPT LDCexp —at 23°C.
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Figure 5-18: SPT LDCexpr — AR at 50°C.
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Figure 5-19: SPT LDCexp — AR at 50°C.
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Figure 5-20: SPT LDCexp — HD at 50°C.
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Figure 5-21: Comparison of SPT LDCexp - at 50°C.
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Figure 5-22: SPT LDCexpr — AR at 100°C.
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Figure 5-23: SPT LDCexp — DE at 100°C.
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Figure 5-24: SPT LDCexp — HD at 100°C.
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Figure 5-25: Comparison of SPT LDCexp (Incorrected linear portion) - at 100°C.
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Figure 5-26: SPT LDCexr — AR at 0°C.
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Figure 5-27: SPT LDCexpr — AR at -10°C.

2500

2000

1500

Load (N)

1000

500

NiCrMoV-AR_-20°C

0.4 0.6 0.8 1 1.2 14

Displacement (mm)

——AR_-20

Figure 5-28: SPT LDCexp — AR at -20°C.
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Figure 5-29: SPT LDCexp — AR at -30°C.
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Figure 5-30: SPT LDCexpr — AR at -65°C.
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Figure 5-31: SPT LDCexp — at different test temperatures.
52.1.2 SPT LDC experiment discussion

The SPT results were consistent and prove to be valid because of the repeatability that was
maintained at each test temperature. The difference between AR and DE (this can be seen in
Figure 5-17, Figure 5-21 and Figure 5-25) samples at each test temperature was minimal,
which implies that the AR material had no damage in it. It was evident that the HD samples
had damage in them, which was indicated by the high hardness in terms of load and less
ductility and less displacement (this can be seen in Figure 5-17, Figure 5-21 and Figure 5-25).
Less displacement in HD samples illustrated that the material could not absorb more energy
before it fractured than the AR and DE samples. The minimum obtainable test temperature
was -65°C, this low temperature was not sufficient to determine the small punch transition
temperature, Tsp. Figure 5-31 illustrates the impact of test temperature to load and
displacement of the SPT samples. As the test temperature is lowered, the displacement
decreases while the load increases. These results are in agreement with the expected low
alloy steel SPT results (FATT - Tsp already established by Foulds [1] and EPRI [16]), which
are shown by this relationship. Small punch energy, Esp o test temperature (up to room
temperature) and small punch load, Psp a test temperature while the displacement reduced at
lower temperatures. The SPT LDCs were smoothened using the polynomial 6™ order term

trendline equation, as illustrated in Figure 5-32 below.
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Figure 5-32: Smoothened LDC with an offset of 0.05 mm.

5.2.2 Modelling SPT LDCexp

The modelling of the SPT LDC (SPT LDCrem) at room temperature and above (23, 50 and
100°C) was validated using the tensile test true stress-true strain raw data as shown in
Appendix-2: A2.2 and Table A2-1. The Ramberg-Osgood model parameters (D and n)
determined from the tensile test were used to develop the SPT LDCrem, Which were plotted
with the averaged SPT LDCexp for the three test temperatures mentioned above. Parameters
for the LDCs below room temperature were estimated using the validated models from the
three test temperatures that had known tensile test data. The Ramberg-Osgood model
parameters were changed to improve the SPT LDCrem in order to make it fit to the SPT
LDCexp (i.e. SPT LDCexp # SPT LDCrem). Stage 1 (elastic part) and Stage 2 (elastic-plastic
part up to crack initiation point) are the only parts of the curve that have to fit, stages beyond

this are not predictable as the crack introduces unstable behaviour of the material.
52.2.1 SPT LDCrem with different coefficient of friction

During the experimental SPT, friction between the punch (or ball) and sample is expected but
it is not measurable during testing. It is important to include friction during modelling and
standardise the friction based on the impact and repeatability that it has towards the SPT
LDCexp. Figure 5-33 shows the SPT LDCrem with different coefficients of friction, p (Mu). It
was observed that coefficients of friction between 0.1 and 0.3 had a slight change in peak
load (strength) and displacement (ductility). These two changes do not affect the part of the
LDC that has to be estimated (Stages 1 and 2), refer Figure 5-33.
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Figure 5-33: SPT LDCrem showing different coefficients of friction and the part of the
LDC to be estimated.

5222 SPT LDCgrewm fitted onto SPT LDCexp

The modelled LDC from known tensile test data were plotted against the experimental LDC
at room and above room temperature. The SPT LDCexp for AR and DE specimens were
plotted together for one SPT LDCrem. The tensile test data used were from the minimum
number of two specimens tested and are shown in combined SPT LDCs as ‘S1 for Specimen
1 and S2 for Specimen 2, D and n parameters, respectively. It was observed that the SPT
LDCrem did not fit to the SPT LDCexp using the originally determined Ramberg-Osgood
model parameters. The Ramberg-Osgood model parameters had to be improved to make the
SPT LDCrem almost fit to the SPT LDCexp. The original Ramberg-Osgood model parameters
were suspected to have a certain percentage of error due to scatter found in the tensile test
true stress and strain raw data. Secondly, it was suspected that the Ramberg-Osgood model
parameters were affected by the user’s cut off point of raw data (the raw data was cut off at
UTS) to avoid negative slope of the true stress and true strain data curve. Upon investigation
of improving the Ramberg-Osgood model parameters from the tensile test raw data, it is
advised to cut off the true stress-true strain curve at about 10% before the UTS, as this has a
slight impact on the positive slope when fitting the power law curve as explained in Section
3.7.2.
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Figure 5-34: SPT LDCrem showing numerical values D & n from true stress and true
strain compared to SPT LDCexp — AR at 23°C.
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Figure 5-35: Improved SPT LDCrewm to fit SPT LDCexpr — AR & DE at 23°C.
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Figure 5-36: Improved SPT LDCrewm to fit SPT LDCexp — HD at 23°C.
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Figure 5-37: SPT LDCrem showing numerical value D & n from true stress and true
strain compared to SPT LDCexp — AR & DE at 50°C.
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Figure 5-38: Improved SPT LDCrewm to fit SPT LDCexr — AR & DE at 50°C.
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Figure 5-39: Improved SPT LDCrem to fit SPT LDCexp — HD at 50°C.
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Figure 5-40: SPT LDCrem showing numerical value D & n from true stress and true
strain compared to SPT LDCexpr— AR & DE at 100°C.
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Figure 5-41: Improved SPT LDCrewm to fit SPT LDCexr — AR & DE at 100°C.




5.22.3 Derived small punch energy (Ese)

The small punch energy curve is an integral of the small punch load displacement curve and
is achieved using FEM. Superimposed LDCrem from LDCexp is used to determine small

punch energy, Esp.
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Figure 5-42: Small punch energy, Esp for AR, DE & HD at 23°C.
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Figure 5-43: Small punch energy, Esp for AR, DE & HD at 50°C.
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Figure 5-44: Small punch energy, Esp for AR, DE & HD at 100°C.
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Figure 5-45: Small punch energy, Esp for AR.




5.2.2.4 Modelling strain energy density (Wsp)

According to the EPRI approach, the camera mounted on the bulge surface is supposed to
identify the crack initiation during SPT. This process involves real-time recording of the
video during SPT and the synchronisation of the video to SPT in order to estimate the
location at which the crack initiated and the punch displacement at that point. Strain energy
density is computed using FEM as small punch strain energy density (Wsp). This process was
modified due to poor quality of images/videos that could not aid in identifying the point of
crack initiation. The modification of this process is illustrated in Figure 5-46. This approach

was also used to validate the compact tension model (CTrem).

2. Determine fracture 3. Model compact
1. Perform fracture load, Po as ASTM tension test as per
toughness test, Kic E399 or ASTM ASTM E399 and
E1820 EPRI (fig 5-45)
=
0
2= v
=
6. Compute strain 5. Identify nodes at < 4. Determine strain
energy density (Wsp) which crack initiate energy density (Wcr)
at crack initiation (ref on SPT model (ref to at crack tip opening
to fig 5-49/5-50) fig 5-49/5-50) when P is achieved

Figure 5-46: Approach to model strain energy density (Wsp).
Steps 1 and 2 in Figure 5-46 are covered in Section 5.1, Table 5-9.
5.2.2.5 Modelling compact tension test (Step 3)

The modelling was performed as in Appendix-2 and sketch dimensions were in accordance
with the ASTM E399. W = 25 mm and B = 12.5 mm to maintain a/W = 0.5, note a is crack
length. For room temperature estimation of Kg as per experimental results, Table 5-8 and
Table 5-9 were used to model the compact tension specimen. For other test temperatures,
crack extension (for model), amoder = 0.7a, was adopted from EPRI [19]. The model is plane
strain and had 2570 nodes and 2466 elements (i.e. 2416 linear quadrilateral elements
(CPS4S) and 50 linear triangular elements (CPS3)). The half pin consisted of 88 linear
quadrilateral elements (CPS4S). A crack tip radius of 0.025 mm was assumed and the

minimum element size was about 0.02 mm (refer to Figure 5-47).




Crack tip radius =
0.02mm

Figure 5-47: FEM for CT specimen used to compute strain energy density.
52.2.6 Compute strain energy density (WcT) (Step 4)

The sum of reaction loads taken at the centre and edges of the horizontal diameter of the pin
gives fracture load, Pg.rem. Po-rem is computed until the required room temperature

experimental Pq. Wcrat crack tip element is observed and computed (Pg-rem = Pg).

Pa-rem

\

WCT

Figure 5-48: FEM CT specimen showing applied Po-rFem.
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Table 5-11 gives computed Wcr data which were interpolated between the known fracture
properties. The highlighted rows are experimental data Pq and Kq. Jg is determined from the
rearranged equation below:

=K5-(1—v2)

Jo -

Equation 5-2: Ductile fracture toughness as per ASTM E399.

Pq (or Pexp) could not be computed from CTrem, Prem closest to Pq had to be computed and
thereafter applied for interpolation to compute Wcr that corresponds to Pq. Ko that

corresponds to Prem Was estimated using experimental fracture properties in Table 5-9.

Table 5-11: Fracture properties obtained from CTrem using raw data of fracture
toughness performed at 23°C.

P (kN) Wer (MJ/md) Ko (MPavm) Jo (kJ/m2)
Sample no — Erom K
EXP | FEM | FEM | INT | EXP E399 Q
- 20.45 | 86.18 - - 91.30 37.93
. 21.62 - - 98.47 | 94.51 - 40.64
é 23.25 - - 115.61 | 103.82 - 49.04
@ 23.74 - - 120.77 | 105.99 - 51.11
- 2441 | 127.81 - - 108.98 54.04
- 19.05 | 75.93 - - 85.05 32.91
21.62 - - 92.81 | 96.53 42.40
% - | 2187 | 9445 - 97.37 43.14
% 23.25 - - 113.91 | 103.82 - 49.04
23.74 - - 120.82 | 105.99 - 51.11
- 25.54 | 146.2 - - 114.03 59.16

Table 5-12 shows the error band between the experimental Kg and the estimated Ko-rem

through using Wer.




Table 5-12: Validation method for CTrewm.

Average Ko
EXP ASTM E399 (CTrem) Error band
101.44 100.14 1.28%
102.11 98.82 3.22%

5.2.2.7 ldentify crack initiation and compute Wsp (Step 5-6)

Wecr at room test temperature was used to compute Wsp at room test temperature. The nodes at
the bulge surface are observed where strain energy density develops. The test is continued up
to punch displacement where Wsp = Wecr. The model is supposed to validate the crack
initiation point that is captured by the video camera. The video camera used in this study did
not have sufficient magnification pixels to identify this point (see the images taken in Figure
5-49 and Figure 5-50). The borescope video camera had four adjustable LED lights that
produced poor images due to the reflections of light caused by the shiny polished SPT

specimen.

Figure 5-49: a) Photograph of SPT specimen showing an estimate point of crack
initiation recorded by video camera and b) 3D CAD drawing showing the configuration
of how the camera is mounted.
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Figure 5-50: Two different specimens recorded with different LED lighting.

Figure 5-51 shows the SPT LDCrem with the bulge surface showing the strain energy density
within each element. Wcr contour at the node 919 on the bulge surface illustrates the point at
which the crack initiates. The distance from the centre of the sample at 23°C (0.25 mm) and
the punch displacement (0.22 mm) were noted. The SPT at 50°C was analysed using the
same method and its behaviour towards crack development can be seen in Figure 5-52.
Details of properties (punch load and displacement, distance at which the crack initiates)

required for computing Wsp are in Table 5-14 for all test temperatures.

Figure 5-51: 2D Axisysmentry SPTrem showing crack initiation at 23°C.

This technique was applied to identify the load and displacement at the crack initiation point
during the SPT LDCrem shown in Section5.2.2.2. Figure 5-53 and Figure 5-54 illustrate the
strain energy density plotted against punch displacement for 23 and 50°C test temperatures.

Figure 5-53 was extracted from three different nodes.

Figure 5-52: 2D Axisysmentry SPTrem showing crack initiation at 50°C.
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5.3 SPT correlation to standard mechanical tests

The correlation is carried out in the same sequence as that by which the mechanical test

results were reported: tensile, CVN and fracture tests.

5.3.1 Correlation between the SPT and the tensile test

Two methods to estimate tensile properties were explained in Chapter 2. The first method
makes use of elastic load (measured from Stage 1 of the SPT LDC) and peak load, dividing
both loads by thickness (t and tf) to get oy and UTS, respectively (refer to FATT approach in
Section 2.3.2.2 and Figure 2-14 for the SPT LDC stages). This method was proven to have
10-20% scatter on estimated tensile test data on past studies and it was not investigated in this
study.

This research focussed on an EPRI approach when it came to the correlation between the SPT
and the tensile test. This approach requires database SPT LDCs to use as reference in order to
estimate the SPT LDCs, which are modelled without any knowledge of tensile test behaviour.
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Figure 5-55: a) Experimental SPT LDC, b) experimental true stress — true strain curve,
¢) SPT LDCrem and d) modelled true stress — true strain curve showing dual yielding at
the beginning.




Figure 5-55 illustrates the approach of correlating the SPT to the tensile test, which comprises
of: a) the SPT LDCexp, Which represents b) experimental tensile test. The experimental
tensile test raw data (using the Ramberg-Osgood model) is used to develop c) the SPT
LDCrem, Which d) the modelled tensile test is exported from. The plastic strain curves
(shown in Figure 5-56) for the tensile test performed in room temperature showed behaviour
similar to that which the EPRI paper [20] recommended for low alloy steel turbine material,
i.e. gpy 0.008 —0.01.
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Figure 5-56: Tensile true stress — true strain for different dual plastic yielding at 23°C.

Equation 5-3 is used to determine plastic strain using yield stress and Ramberg-Osgood
model parameters. Table 5-13 shows the summary of plastic strains at the test temperatures of
the tensile test.

-3

Equation 5-3: Plastic strain for Ramberg-Osgood model.

Table 5-13: Derived Ramberg-Osgood numerical values from tensile raw data.

Plastic strain Test temp (°C) Sample 1 Sample 2
Epy 23 0.008 0.008
Epy 50 0.006 0.008
Epy 100 0.01 0.01




5.3.2 Correlation between the SPT and the CVN test

The small punch transition temperature could not be achieved through experimental work due
to inabilities to test below -65°C. Table 5-5 illustrated the Tsp derived from the EPRI
established Tsp - FATT correlation (refer to Table 2-6 in Chapter 2:. Figure 5-57 illustrates
the energy curves between the SPT and the CVN test. Tsp was predicted using experimental
Charpy FATT.
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100 .y . /_,.—-—' 100
J

70

50

SPT: Energy/Upper Shelf Energy {%:)
5
CVM: Energy/Upper Shelf Energy (%)

30

20

10

o o
-200 -180 -1E0 -140 -120 -100 80 -£0 -40 -20 0 20 40 60 a0 100

Test temperature (°C)

e C W » ESP

Figure 5-57: Tsp and FATT correlation achieved using NiCrMoV Tsp correlation [20].
5.3.3 Correlation between the SPT and the fracture toughness

The correlation between the SPT and the Kic is achieved through strain energy density (Wsp =
Wecr). Table 5-14 summarises the fracture properties that were estimated using FEM. The

following, as shown in the table stands for:

e Dist, x — distance from the centre of the SPT specimen at which the crack initiated

e P-d - punch displacement corresponding to the crack initiation




Table 5-14: Estimated fracture properties using FEM for NiCrMoV at different test temperatures.

Dist, x (mm) | P-d, x (mm) | Wsp (MJ/m?) | WcTt (MJ/m?3) Po(kN) Ko (MPaym) | Jo (kd/m?2)
Sample ID Test temp
SPT fracture criterion parameters CT fracture criterion ASTM E399
AR -65°C 0.19 0.27 157.55 - - - -
AR -40°C 0.19 0.22 150.86 150.86 25.59 114.25 59.39
AR -20°C 0.19 0.25 164.65 - - - -
AR -10°C 0.18 0.21 134.63 - - - -
AR 0°C 0.19 0.22 137.04 137.04 24.61 109.88 54.93
AR 0.25 0.24 110.39 110.39 22.87 100.76 46.27
DE 23°C 0.23 0.24 113.21 113.21 23.01 102.71 48.00
HD 0.19 0.28 243.32 243.32 32.23 143.89 94.20
AR 0.19 0.19 114.85 114.85 23.37 104.34 49.54
DE 50°C 0.19 0.20 114.96 114.96 23.45 104.69 49.87
HD 0.19 0.25 239.59 239.59 31.87 142.29 92.12
AR 0.18 0.15 117.27 117.27 - - -
100°C
DE 0.18 0.18 125.55 125.55 - - -




CHAPTER 6: CONCLUSION AND RECOMMENDATION

6.1 Conclusion

The purpose of this study was to develop the SPT rig(s), which can be used to test power
plant materials as a life assessment technique using small specimens. Furthermore, the SPT
technique was supposed to evaluate the embrittlement in these materials. This purpose was
achieved and, in addition to this, the SPT data were successfully correlated to traditional
mechanical tests involved in this study, which were tensile, CVN and fracture toughness
tests. The conclusion is divided according to the main objectives and discussed below.

6.1.1 The SPT equipment and FEM

The SPT rigs were designed in accordance with the CEN Workshop Agreement (CWA
15627: 2007). The compliance of the SPT rigs was investigated through the following:

e Ability to produce repeatable LDCs for the same materials (AR, HD and DE) tested at
the same temperatures with a minor error in load of +20N for the same punch
displacement,

e Further to comply, the SPT rigs with Stage 1 of the SPT LDC, which is a linear elastic
region. Stage 1 consists of evaluating the behaviour of the linear elastic region, which
is Young’s modulus (E). A 5 mm thick specimen demonstrated that Young’s modulus
is in fact correct when compared to the SPT LDCFEM, as shown in Section 3.6.3,

e Data acquisition hardware and software required detailed attention in the block
diagram design and programming and, thereafter, synchronisation of load with

corresponding punch displacement occurred.

The SPT equipment includes the two rigs that were successfully designed and commissioned
through multiple tests. The multiple tests were carried out as a method of verifying or
qualifying the model parameter inputs (oy, D and n). The model parameters were confirmed
to be accurate as compared to derived parameters from true stress-true strain raw data. It was,
however, noted that the perfect dual plastic strain (epy) suggested by EPRI paper [20], which
is 0.002 to 0.01, was found to be slightly higher by 0.008. When the model parameters were
changed to 0.002 and 0.01, the yield strength changed within a £5% error band, which was
within the £10% error band that the EPRI approach claims. The SPT LDCrem for unknown
tensile test data (DE and HD samples) was evaluated assuming the gpy 0f 0.002 and 0.01,




which then implies that the yield strength was estimated from the known database (AR
samples) SPT LDCrem. The modelling of the CT specimen was verified by a traditional
fracture toughness test carried out at room temperature. However, the test results did not
comply with the ASTM E399 because the NiCrMoV steel being tested was an elastic-plastic
material. The fracture toughness value, Kq, was applied with its known parameters to qualify
the model, thus Wcr was achieved through Pg noted on the pin. The fracture criterion, Wsp,
could not be estimated or identified using the available camera due to its poor pixel size.
Hence, the CTrem was verified using Ko.

6.1.2 Components susceptible to embrittlement and its types

The details of the components that are susceptible to embrittlement and techniques used to
assess embrittlement have been covered in Chapter 2, Appendix-4 and Appendix-5. Most
types of embrittlement were incurred during steel processing, service life and/or shutdown
(e.g. temper embrittlement in turbine material during cold shutdown). In this study,
mechanical tests were applied to evaluate embrittlement and the material was found to have
no embrittlement in it. The SPT technique was then used to differentiate the effect of
embrittlement between damaged (HD samples) and non-damaged (AR and DE samples)
materials. The results were satisfactory and in agreement with the basic factors (absorbed
energy, Esp, and ductility as punch displacement) known to decrease when a material is
embrittled.

6.1.3 The SPT correlation to standard mechanical tests

The correlation between the SPT and standard mechanical tests was achieved through an
established correlation in the EPRI and FATT approach. The EPRI approach was adopted to
correlate the SPT data with tensile test data (yield strength and elongation). The correlations
between these two tests were derived from reference to the SPT LDCrem database, which was
developed from known tensile test data at 23, 50 and 100°C. The SPT LDCs on HD samples
were proof of loss of ductility of between 30 to 50% loss as compared to AR samples. It was
evident that the NiCrMoV steel was still ductile and it was still as good as the virgin material

with regards to tensile properties.

The CVN test was correlated to the SPT through absorbed energies at each test temperature.
However, the SPTs were performed up to -60°C. These energies are used to determine the

small punch transition temperature, Tsp, which gets correlated to FATT. In this study, Tsp was




achieved through developed EPRI Tsp-FATT correlation due to the constraints of performing

at temperatures lower than -60°C.

The fracture toughness test, Kic, would be determined using fracture load, P, at corresponding
Wecr. The CTrem relied on Wsp, which equates to Wcr, and thereafter used fracture load in
accordance with the ASTM E399. This correlation was achieved and the error band is

expected to be within £25%.

6.1.4 Life assessment using the SPT technique

Embrittlement is evaluated through the assessment of ductility and toughness of the material.
Embrittlement is known to be one of the most failure-causing mechanisms of power plant
components. The SPT technique has demonstrated with capability that it can be employed to
evaluate embrittlement through investigating the ductility that can be directly extracted from
the SPT data and/or the LDC. The SPT technique is able to assess the Tsp-FATT, which is
determined through the energy absorbed. Life assessment is related to the critical crack that
the material can withstand prior to fracture, i.e. fracture toughness. The SPT technique
currently is able to estimate the fracture toughness with an error margin of 25% when using
the EPRI approach used in this study. This technique is an advantage to utilities or other
related industries such as the petrochemical industry as its test data can be used to estimate

tensile, CVN and fracture toughness test data through correlation.

6.2 Recommendation for future work

The SPT rigs are currently independent and do not rely on the frame calibration and tensile
tester’s software/program. This is an advantage as the rigs can be used on any tensile testing
machine without the effort of aligning and synchronising the rigs to the frame. It is, however,
better to apply a much more user-friendly interface that will include the hardware used for
logging load and displacement. The following are recommended tasks for future work to

simplify the testing procedure and the acquisition of required raw data:

e A strain gauge that is compatible with the tensile testing machine (e.g. an Instron
strain gauge for the 5kN Instron tensile testing machine), as this will mean that the
Instron program can be used to run and acquire data as compared to the current
method of acquiring raw data. The latter involves a basic knowledge of the LabVIEW
program and conversion of data with correction where necessary to accommodate the

2 mm segment of which the magnetic strip consists.




A better cooling automated system for the DBTT SPT rig. This may require the use of
a solenoid valve or thermostatic valve and better insulation around the tubing and the
rig’s outer casing. This adjustment will ensure maintenance of the required testing
temperature for longer and be able to test as low as -196°C.

A higher magnification camera with a minimum of 50X magnification to be
incorporated into the rigs. This type of camera will be able to identify the point of
crack initiation on the bulge surface during the SPT. Acoustic emission (AE) sensors
can be investigated further with reference to the work that the EPRI has already
published as this will mean that the £25% error band can be reduced. Another option
to include is the use of digital image correlation techniques to detect the crack
initiation.

Do not use the recommended CWA chamfering during modelling as this complicates
the model with stresses being experienced at sharp chamfering. Apply the EPRI
rounding of 0.5 mm on the receiving die.

Modelling scripts can be written in such a manner that the user can just change the
Ramberg-Osgood parameters D and n and run the job to get the required results as an
exported file (e.g. select a node and then get the tensile, strain energy density and
energy displacement curve as an exported excel file).

Sampling methods from in-service components need to be verified as there were two
sampling methods covered in Section 2.2.4.2. These two methods were not assessed
as the material tested was available ex-service.

Metallurgical testing correlation with the SPT on a fractured surface can be looked at
to identify metallurgical defects by looking at the microstructure.

Superimposed LDCs were not optimised. The optimisation method adopted from the
EPRI that is explained in the Literature Review needs to be explored. The
optimisation will allow the user to have 100% curve fitting by manipulating the

Ramberg-Osgood parameters D and n.

Furthermore, to FEM, J-Integral method can be used on CTrem for elastic-plastic
material, which means that Jic can be determined without investigating the fracture

load.
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Appendix-1 Design and manufacturing drawings of small punch test rigs
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holder.
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Figure A1-9: 1) SPT rig (CAD drawing) and 2) SPT rig (photograph) for DBTT test.




A1.2 SPT rig for room to elevated temperature
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Figure A1-10: 1) Upper die and 2) lower/receiving die.
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Figure A1-11: 1) Punch guide and 2) Mica band heater.




Type K thermocouple

N\ Camera slot

Figure A1-12: 1) SPT rig (CAD drawing) and 2) SPT rig (photograph) for room to elevated temperature.
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Appendix-2 FEM instructions

There are three ways that were explored as to how to input tensile raw data to analyse the
SPT LDC. Tensile test raw data is required to determine the Ramberg-Osgood model
parameters D and n, which were explained in Section 2.3.3.1. The Ramberg-Osgood model

uses the true stress and true strain values and engineering stress and strain can be converted

as follows.

A2.1 Engineering stress-strain to true stress-true strain

This only applies when the tensile tester’s software is unable to convert stress-Strain data.

Most of the tensile tester’s software are advanced and can export the common output data

that are necessary for analysis.

or = O-E(l + SE)

Equation A2.1.1: true stress equation [49].

er =In(1+¢g)

Equation A2.1.2: true strain equation [49].

A2.2 Determining Ramberg-Osgood model parameters

True stress and true strain raw data can be plotted in a graph in order to apply a power

equation trendline in MS Excel. Refer to Figure A2-1 below.

o=D(e— ee)l/n

Equation A2.1.3: Ramberg-Osgood model [34].
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Figure A2-1: Ramberg-Osgood model parameter: D and n.




o=D(e—- se)l/n

o= D(spy)l/n

y=C-X"

D =1202.64MPa and n = 1/0.11728018 = 8.5

A2.3 Creating a sketches/part(s) model in Abaqus

A2.3.1 Create a CAE file from the start-up window.
A2.3.2 Create a 2D deformable Axisysmentry parts (punch, sample and two dies) under the

model using geometry dimensions.

Table A2-1: FEM sketch properties.

Sketch parts

Part name Model space Type Dimensions
Punch Axisysmentry | Deformable D=25xL=10
Upper die | Axisysmentry | Deformable OD=30,ID=26and T =5
Sample Axisysmentry | Deformable D=8and T=0.5
Lower die Axisysmentry | Deformable | OD =30, ID =2 and T =5 [Sample seat:
ID=81,H=04andr=0.5]

*** D — Diameter, L — Length, OD — Outside diameter, ID — Inside diameter, T — Thickness, H — Shoulder height and r — rounding radius.

A2.4 Assigning material property to parts

A2.4.1 Under module, drop-down to property or collapse the model tree on the left to
property.

A2.4.2 Create two sets of materials and name one: ElastSteel (i.e. elastic steel) and the other:
SampleSteel (i.e. sample steel).

A2.4.3 On each pop-up screen create under general, density and under mechanical elasticity
with elastic properties as shown in Table A2-2.

A2.4.4 On SampleSteel, under mechanical, define plasticity using applied determined true
stress-true strain data from the Ramberg-Osgood model (define hardening as isotropic).

A2.4.5 Use the example in A2-2 to determine the Ramberg-Osgood parameters. Rearrange

the equation as shown in Equation A2.4.1 below and determine the true-strain at given




true-stress starting from 0.2cy at strain = 0. Plot data on XY data on MS excel with a
small increment of stress (e.g. 50MPa) up to 10-20% high of UTS.

=3

Equation A2.4.1: Rearranged Ramberg-Osgood model [34].

Table A2-2: Define and assign material property.

Material

property Create material Create section Assign material to

parts

Part name | General Mechanical

Elastic (E =
200GPa and
Punch v =0.3),
name it:
ElastSteel

Assign ElastSteel
material

Elastic (E =
200GPa and
Upper die v =0.3),
name it:
ElastSteel

Assign ElastSteel
material

Create two sections (solid

_ Elastic (E = and _homogenous), name

Density | 550GPa and section 1: ElastSteel and

= 7850 _ select ElastSteel for material
v =0.3) and i

kg/m3 and name section 2:

SampleSteel and select

SampleSteel material

Plastic (Gtrue
VS &true from
Ramberg-
Osgood
model), name
it:
SampleSteel

Assign SampleSteel

Sample material

Elastic (E =
200GPa and
Lower die v =0.3),
name it:
ElastSteel

Assign ElastSteel
material

e Other options to define material properties can be used; there are another two options

that were investigated.




o Using the Abaqus written script (py file) that describes the model, see the

example below in Figure A2-2.
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Figure A2-2: Abaqus macro script.

o The script allows the user to easily change parameters and reload to Abaqus

with less effort as compared to manual input data from MS Excel.

A2.5 Assembly

A2.5.1 Under module drop-down, select assembly.

A2.5.2 Create instance and select mesh independent and apply for each part.

A2.5.3 Translate instance to assemble the parts, click on instance to select the part that is
required to be assembled.

A2.5.4 Click the point on the part and translate it using vectors.

Figure A2-3: Assembled parts.

A2.6 Step

A2.6.1 Under module drop-down, select step.
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A2.6.2 Create step (static, general) and refer to Figure A2-4 for details.
A2.6.3 Create field output and select outputs as shown in Figure A2-5.

< Edit Step X
Name: DegC23_1
Type: Static, General 1
Incrementation  Other
Description:
Time period: | 1
Nigeom: On
Automatic stabilization: | Specify dissipated energy fraction ||} |0.0002
Use adaptive stabilization with max. ratio of stabilization to strain energy: | 0,05
[] Include adiabatic heating effects
%> Edit Step p) X
Name: DegC23_1
Type: Static, General
Basic || Incrementation ;| Other
Type: @ Automatic O Fixed
Maximum number of increments: | 500
Initial Minimum  Maximum
Increment size: | 1E-003 1E-008 1

Figure A2-4: Create step.

A2.6.4 Create the history output for the whole model and punch load-displacement data.
Refer to Figure A2-5 for details. This step is performed in order receive the output data
required (e.g. von misses stress vs equivalent strain and/or punch displacement vs punch

load) after each test run.




% Edit Field Output Request X

Name: F-Output-1
Step: DegC23_1

Procedure: Static, General

Domain: | \Whole model

Frequency: Every n increments

Timing: Output at exact times

Qutput Variables

(® Select from list below (O Preselected defaults (O All O Edit variables
CDISP,CSTRESS,ELEDEN,ELEN,ENER, LE, MISES,NE,PE,PEEQ,PEMAG,PS,RF,RM,S,U,

P [m] Stresses ad
[m] Strains

[®] Displacement/Velocity/Acceleration

[®] Forces/Reactions

[m] Contact

Energy

[ Failure/Fracture

=1

' v vvvVvywy

Figure A2-5: Create field output.
A2.7 Interaction

A2.7.1 Under module drop-down, select interaction.

A2.7.2 Create interaction property before interaction. On the pop-up screen, select contact,
name it ‘HardContact’ and press continue.

A2.7.3 Click on the mechanical tab, select tangential behaviour and on the drop down arrow
of the friction formulation, select penalty and add a friction coefficient of 0.1.

A2.7.4 Click on the mechanical tab again, select normal behaviour and on the drop down
arrow of the pressure-overclosure, select hard contact and leave constraint as default.

A2.7.5 Click on create interaction and create three different surface to surface interactions by
selecting the edges that are in contact between: 1) sample and punch, 2) sample and upper
die and 3) sample and lower die. Each interaction must be named and saved separately
and ensure that the sample is a slave at all times. Apply the ‘HardContact’ contact
interaction property in all interactions created.

A2.7.6 Constraints may be applied at the top horizontal edge of the punch; this ensures that
the reaction load (RF2) at this edge is vertical by using equation constraints with degree

of freedom. In this research model, the constraint did not affect the results data.




% Edit History Output Request 1 X

Name: H-Output-1
Step: DegC23_1

Procedure: Static, General

| Domain: | | Whole model ™

Frequency: | Every n increments von 1

Timing: | Qutput at exact times

Output Variables
(® Select from list below (O Preselected defaults (O All () Edit variables
ALLAE,ALLCD,ALLDMD,ALLEE,ALLFD,ALLIE,ALLID,ALLKE,ALLKL,ALLPD,ALLQB,ALLSD,ALLSE, ALLVD ALLWK ETOTAL,IRAT,IRAZ,|

P [ Displacement/Velocity/Acceleration
Forces/Reactions

[] Contact

Energy

[] Failure/Fracture

M1 Tharmal

vV vevewvywy

% Edit History Output Request 5, X
o~

Name: H-Output-2
Step: DegC23_1

Procedure: Static, General

Domain: Set ~| 1| Punch-1.RefPt Y

Frequency: | Every n increments M|

Timing: [ Qutput at exact times

Output Variables
(@) Select from list below (O Preselected defaults (O All (O Edit variables
INV3,IRF1,IRF2,IRF3,IRM1,IRMZ2,IRM3,MISES,PRESS,RF1,RF2,RF3,RM,RM1,RM2,RM3,511,512,513,522,523,533,5P, TRESC,U1,U2,U3,L

P [m] Stresses £X
[] strains

[®] Displacement/Velocity/Acceleration

[®] Forces/Reactions

[] Contact

—ee

rvVvwvyw

Figure A2-6: Create history output.
A2.8 Load

A2.8.1 Under module drop-down, select load.

A2.8.2 Create three boundary conditions for: 1) move punch, 2) fix bottom and 3) upper die.

A2.8.3 Create a boundary condition to move punch by selecting displacement/rotation step,
mechanical category and on the drop down arrow select the model name (not
initial).Click continue and select the top edge point as shown in Figure A2-7. Select Y-
axis (U2) displacement and enter the displacement size (e.g. -3 mm, downward

displacement).




A2.8.4 Create a boundary condition to fix the bottom die from moving when the punch

moves against the sample. Select symmentry/antisymmentry/encastre on type of selected

step and mechanical category. Select initial step under the step drop down arrow and click

continue. Select the bottom edge as shown in Figure A2-8 and select encastre to fix all

degrees of freedom to zero.

A2.8.5 Create a boundary condition to fix the upper die from moving when the punch moves

against the sample. Select symmentry/antisymmentry/encastre on type of selected step

and mechanical category. Select initial step under the step drop down arrow and click

continue. Select the top edge as shown in Figure A2-9 and select encastre to fix all

degrees of freedom to zero.

4 Edit Boundary Condition X
Name: Move Punch

Type:  Displacement/Rotation
Step: DegC23_1 (Static, General)
Region: Punch-1.RefPt [

CSYS: (Global) [y L

Distribution: | Uniform U
Jut

vz [-0003 |
[JUR3: radians
Amplitude: |(Ramp) B Po

Note: The displacement value will be
maintained in subsequent steps.

oK Cancel

4 Edit Boundary Condition X

Name: FixBottomDie

Type:  Symmetry/Antisymmetry/Encastre

Step:  Initial

Region: BottomEdge [y

CSYS: (Global) [y L

(O XSYMM (U1 = UR2 = UR3 = 0)
(O YSYMM (U2 = UR1 = UR3 = 0)
(O ZSYMM (U3 = UR1 = UR2 = 0)
! (O XASYMM (U2 = U3 = UR1 = 0; Abaqus/Standard only) :
(O YASYMM (U1 = U3 = UR2 = 0; Abaqus/Standard only) '
O ZASYMM (U1 = U2 = UR3 = 0; Abaqus/Standard only) I8
(O PINNED (U1=U2=U3=0)

(® ENCASTRE (U1=U2=U3=UR1=UR2= UR3 = 0)

oK Cancel

Figure A2-8: Boundary condition for fixing bottom die.
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i
| Name:  FixUpperDie
| Type:  Symmetry/Antisymmetry/Encastre

Step:  Initial
Region: TopEdge [}

{Csvs: (Global) Ny A

J O XSYMM (U1 = UR2 = UR3 = 0)
1 O VSYMM (U2 = UR1 = UR3 = 0)
] O ZSYMM (U3 = UR1 = UR2 = 0)

OPINNED (U1=U2=U3=0)
|© ENCASTRE (U1=U2=U3=UR1=UR2=UR3=0)

1 4 Edit Boundary Condition X W

‘ (O XASYMM (U2 = U3 = UR1 = 0; Abaqus/Standard only) i3
| .
(O YASYMM (U1 = U3 = UR2 = 0; Abaqus/Standard only)
(O ZASYMM (U1 = U2 = UR3 = 0; Abaqus/Standard only) :

oK Cancel

Figure A2-9: Boundary condition for fixing upper die.

A2.9 Mesh

A2.9.1 Under module drop-down, select mesh and on object, select part in order to mesh each

part at a time.

A2.9.2 Select seed part when mesh elements are the same size and use seed edge for more

refined mesh elements.

A2.9.3 Complete the meshing of parts as per Table A2-3.

Table A2-3: Mesh properties for parts.

Assign mesh Assign element Number of
Part Seed
control type elements/nodes
Edge (radius: As per partition Standard linear
number, for punch without reduced
elements = 40, hemispherical intearation 881
Punch single bias ratio head and g elements/958
_ - : (CAX4) under
=5 and height: seeding for . . nodes
. axisymmetric
number, punch height stress famil
elements = 35) | (quad element) y
Edge (diameter: _
number, Element sha_pe ~ | Standard linear
_ quad, technique .
elements = 60, B without reduced
Unper die single bias ratio a? gfi?hamnd_ integration eIemS?\?s/671
PP =5and gor N (CAX4) under
. ) advancing front, . . nodes
thickness: axisymmetric
use mapped .
number, meshin stress family
elements = 10) g
Edge (diameter: | Element shape = | Standard linear 840
Sample number, quad, technique | without reduced
" = . ) elements/923
elements = 60, = free and integration




Assign mesh Assign element Number of
Part Seed
control type elements/nodes
none bias and algorithm = (CAX4) under nodes
thickness: advancing front, | axisymmetric
number, use mapped stress family
elements = 12) meshing
. Element shape = .
Edg;m(jrzggtt.jmg quad-dominated, j;?ﬁg&r?eggiza CAX4 elements
' technique = free . ) = 1635, CAX3
Lower die number, and algorithm = Integration elements =54
elements = 40, . (CAX4) under _
) advancing front, . . and nodes =
none bias for axisymmetric
use mapped . 1773
each : stress family
meshing

Figure A2-10: Meshed FEM SPT.

A2.9.4 Skip optimisation step and run the job. Export required test data such as load,
displacement, stress, strain and strain energy density (refer to results for this data).

University of Cape Town

174

Lavhelesani Oliet Tshamano




A2.10 Created database Ramberg-Osgood numerical values

Table A2-1: Numerical parameters of the Ramberg-Osgood model for NiCrMoV rotor

steel.

Name Tes(f, ée)mp D (MPa) n . E(GPa) | o, (MPa)
Sample — 1 120264 | 852 0008 | 197.44 | 68731
Sample - 2 120586 | 852 0.008 2143 | 687.23
Sample — 1 120264 | 821 0.01 197.44 | 687.31
Sample — 2 = 120586 | 821 0.01 2143 | 687.23
Sample - 1 120264 | 1056 0002 | 197.44 | 68731
Sample — 2 120586 | 1051 0.002 2143 | 687.23
Sample - 1 109720 | 10.38 0006 | 21235 | 67935
Sample — 2 113926 | 9.18 0008 | 20246 | 677.84
Sample - 1 109720 | 947 0.01 21235 | 67935
Sample - 2 » 113926 | 885 0.01 20246 | 677.84
Sample 1 1097.20 | 1228 0002 | 21235 | 67935
Sample - 2 113926 | 11.38 0002 | 20246 | 677.84
Sample 1 110069 | 9.12 0008 | 18670 | 654.22
Sample - 2 111659 | 9.19 0008 | 16503 | 663.89
Sample 1 110069 | 868 0.01 186.70 | 654.22
Sample - 2 0 111659 | 8.4 0.01 16503 | 663.89
Sample - 1 110060 | 1117 0002 | 18670 | 654.22
Sample - 2 111659 | 1135 0002 | 16503 | 663.89




Appendix-3 Mechanical test specimen

2um —
e \/— F
\U N
[} i i £
DETAIL C
SCALES8: 1
i L/2 -
L N
Dimensional Data and Description

S Specimen sze (mm) 25 33 S &7 7.5 10

H | Specimen Height (mm) | 104 0.075 10£0.075 10X 0075 10%£0075 1020075 | 100075

T Notch depth (mm} 240075 2% 0075 2% 0075 2% 0075 240075 | 20075

L |tengthof Specimen (mm)| 55+0,-25 | 5540,-2.5 | 5540.-25 | 5540,-25 | 55+40,-25 | 55+0,-25

L/2 | Centering of notch (mm) | 275 +1 275+ 275 %1 75+ 1 275 +1 275 +1 TILE:

Charpy Impact

® Radius of notch (mm) 1 0.25 *0.025 | 0.25 *0.025 | 0.25 £0.025 | 0.25 * 0.025 | 0.25 +0.025 | 0.25 * 0.025 Specimen

A | Angle of notch [Degree) 45+ 45% 4t 4511 &t 45t STE ey
A= For manufacturing '

Purpose only
SCALE | DONOTSCALE DRAWING
s ! 4 ! 3 ' 2 : i
Figure A3-1: CVN specimen drawing.
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R1

e B
E - —— --G—-
Dimensional Data and Description
Small-Size Smali-Size Smgll-Sze
Specimen Specimen Specimen
Nominal Dicmeter 8.75 mm 625 mm 4 mm
Description {mm) {mm) (mm) &
Gauge Length 35* 0.1 28.2* 0. isx0.1
D Dicmeter 8.75 + 0.18 6.25 £ 0.12 40 +0.08
R1 | Radius of filet 1. [min] 6 s 4 “‘
R2 Radius of fillet 2. [min] 2 1.5 1
Length of reduced
£\ section. [min] 45 32 20 TITLE:
width of grip end o . z
c section. [min] 14-15 12-13 7-8 Round Tensile Specimen -
- Lengt:\ecgfri%rrl‘p end &-7 4-5 3.3.5 Type 2
- - A =
g |Ltength o[frg;;i) section 15+ 0.2 12+ 0.2 10+02 SEZE | For manufacturing &V
= Width of gnp end — = —— A\ | purpose only
secfion. [min} : s : SCALE: | DO MNOTSCALE DRAWING
s % 4 . 3 . 2 : 1

Figure A3-2: Normal room temperature tensile specimen drawing.
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() MxP
v WYYy YYY w ‘VIJ
P 45°
B C -"I |"'
DETAIL B
SCALE2:1
Dimensional Data and Description

M Thread size M8 MI10 Mi12
B | Thread length (mm) 15+-0.5 15+-0.5 15+-0.5
c | Gauge length (mm) 32 32 32 e
D Diameter (mm) 4 é 8 Hot Tensile Specimen
R Fillet redius (mm) 4 S &

SIE : REV |
P | Thread Pitch (mm) 1.25 1.25 1.25 A For manufacturing

purpose only
SCALE | Do NOT SCALE DRAWING

Figure A3-3: Hot tensile specimen drawing.
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Appendix-4 Types of power plant embrittlement

Table A4-1: Summary of embrittlement types, causes and susceptible materials

[17],[38], [50]-[59],[31].

Types

Manufacturing
causes

In-service causes

Materials/Components

Embrittlement due to
phase change

Graphitization of C-
Mn and C-Mo steels

During welding
process at HAZ at
about 725°C

When operating
between 427-
550°C and during
welding process
at HAZ at about
725°C

C-Mn and C-Mo steels

Embrittlement of
stainless steel

Tempering of

strengthening and
hardening with
decreasing of
ductility and

martensitic
stainless steel at
around 500°C
Secondary resulting in the * Martensitic stainless
hardening formation of large steel
numbers of
precipitates that
reduce energy
toughness
Martensitic and
ferritic stainless
steel embrittled
with extended
exposure to
temperature
between 400-
475°C - 510°C and at Martensitic and ferritic
embrittlement maximum at stainless
475°C. The
results are
normally




Types

Manufacturing
causes

In-service causes

Materials/Components

toughness of
these steels

Grain size

Grain growth on
ferritic stainless
steel that has no
addition of second
phase particles (Ti
or Nb) which is
normally added to
this steel to limit
grain growth.
Coarse grains
cause
embrittlement by
increasing FATT
(result in loss of
toughness) which
is normally low on
fine grains

Ferritic stainless steel

Sigma phase

During welding
process and post
weld heat
treatment (PWHT)
on the weldments.
Mostly found on
austenitic stainless
steel and can be
found on both
ferritic and
martensitic
stainless steel as
well

Very hard (about
60 HRC), brittle
and non-magnetic
forms during
thermal exposure
between 550-
900°C in
austenitic
stainless and
nickel based
super alloy

Ferritic, austenitic,
martensitic and nickel
based super alloys

Carbides effects

Carbon content

Carbon content is
proportional to the
fraction volume of
pearlite (iron
carbides or
cementite (FesC)
and ferrite).
Cementite or
carbides is
proportional to

C-steels




Manufacturing

Types In-service causes | Materials/Components
causes
Charpy FATT and
inversely
proportional to
impact energy
When martensitic
Tempered steels are tempered
per at 200-400°C to
martensite , * Low alloy CrMoV,
. improve toughness »
embrittlement . martensitic steel
and ductility and
(TME) o .
maintain sufficient
hardness
Carbides will
grow when
surface energy is
Solution treatment | reduced. Small
on maraging steels | precipitates are
results in replaced by fewer
martensitic large precipitates _
Thermal structure with fine by diffusion. Maraging steel

embrittlement

precipitates (Tic
and TiN), which
increase tensile
strength and reduce
reduction area.

Diffusion tends to
be faster in the
grain boundaries
than within grains
which causes
aging at grain
boundaries (e.g.
CrMo alloy steel)

Low alloy steel

Sensitization of
austenitic steel

Alloying
chemistry, heat
treatment and
tailoring the nature
of grain boundaries
can affect
sensitization during
austenitic steel
processing

When exposed to
temperatures
within the range
of 430-900°C,
chromium
carbides form at
grain boundaries
and deplete
chromium along
the grain
boundary

Austenitic steel

Dissimilar metal
welds

Carbides form at
the weld interface
and promote
nucleation and
growth of voids

Joining low alloy steel
(e.g. CrMo) with
austenitic stainless steel
using nickel based filler




Types

Manufacturing
causes

In-service causes

Materials/Components

Temper embrittlement

Occurs during slow
cooling of big
power plant
components
following
tempering or
PWHT. Impurities
such as P, Sh, Sn
and As diffuse at
grain boundaries
and reduce the
critical flaw size

When operating
low alloy, high
strength alloy
steel and stainless
steel at a range
between 345-
550°C

LP rotors, generators,
boiler headers, steam
pipes, turbine casing,
pressure vessels, turbine
blades, fasteners, to HP-
IP turbine rotors, alloy
steels and combustion
turbine disks

Environmental assisted

Hydrogen
embrittlement

Retained hydrogen
during processing
(melting, casting

and pickling)

Inadequate
control during
welding
(moisture, grease
and other
contaminants),
picked hydrogen
during in service
of steel (may be
due to corrosion
in aqueous
medium,
excessive
cathodic
protection),
introduced to
steels during
chemical milling
or plating
operations and
present from an
external
molecular gas
environment

Boiler evaporator tubes,
300 series austenitic
stainless steel (primary
system piping in nuclear
power plant) depending
on austenite stability,
HAZ and weldments

Oxygen
embrittlement

Oxygen in air is
harmful and causes
intermediate
temperature
embrittlement

Oxygen reacts
with: (1) carbon
to form a COz gas
bubble that
initiates grain

Most metals such as iron,
copper, nickel and nickel
or cobalt based super
alloy




Types

Manufacturing
causes

In-service causes

Materials/Components

sulphide to

creep voids.

boundary voids,
(2) manganese

release sulphur,

which results in
embrittlement and
(3) oxide to form
fine oxide which
provides sites for
the nucleation of

Liquid
embrittlement

It occurs above the
melting point of
alloys when
stressed solid and
embrittling
elements have
intimate contact

Alloy steels and weld
metals

Neutron irradiation
embrittlement

When atoms of
reactor fuel split
during the fission
process, neutron
particles are
released. Neutron
irradiation
deteriorates
material fracture
toughness.

Nuclear plant critical
components such as
reactor pressure vessel,
primary piping and
valves that are exposed
to neutron irradiation etc.




Appendix-5 Embrittlement management techniques

The literature review covered the techniques used to evaluate embrittlement in the power plant industry. The techniques are mechanical or

metallurgical and Figure A5-1 below shows the embrittlement management options that are typically used in nuclear power plants.

Embrittlement
Management Options

[ i I
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Figure A5-1: Embrittlement management option for nuclear power plant [7]




Appendix-6 Dry ice handling

When handled properly, dry ice is safe and easy to use. Please follow these guidefines for the safe handling
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and disposal of dry ice.

Avoid contact with skin and eyes,
Dry ice is extremely cold, -78°C and can cause severe frosthite within seconds of direct

contact. (Frosthite s a freezing injury resembling a burn).

Never handle dry ice with your bare hands.
Always wear insulated gloves. Safety glasses, long-sleeved shirt, long pants and shoes

are also recommended. Use a plastic scoop to handle dry ice pellets.

Da not put dry ice In your mouth or otherwise ingest it.
If dry ce is accidentally ingested, it can cause severe internal injury. Never put dry ice in

beverages to cool them.

Keep out of reach of children.
Only adults should handle dry ice.

Da not use dry ice In confined areas.
Dry ice releases dense carbon dioxide vapour that can cause rapid suffocation.

Transpart dry ice outside your vehicles cockpit.
If forced to transport inside a vehicle then always leave windows open to allow for fresh

air drculation. Never |eave dry ice in a parked vehicle. Sublimation of dry ice in a closed
vehicle can result in the accumulation of dangerous concentrations of asphyxiating
carbon dioxide vapour.

Dry ice can be safely transparted without special ventilation in the closed cargo area of
a truck if all occupants are restricted to the cab. When opening a closed cargo area
containing dry ice, allow the closed space to ventilate for 5 minutes before entering.

Ne'.ier store dry Ice in glass or ather sealed (alrtight) containers or
coolers.

Storage in a sealed container can result in a rupture or explosion of the container from
Over-pressurization.

Da not place dry ice in direct contact with perishable foods or
bottled/canned beverages.

Produce may sustain severe freezer burns and bottle/canned beverages can spit or
explode.

Figure A5.1: Dry ice handing [60].
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