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Introduction

The industrial challenges

DF Energy is one of the largest energy companies in the United Kingdom (UK), supplying
E around 5 million residential and business accounts with electricity or gas (20% of the UK)
(see Figure 1). EDF Energy is part of EDF Group and employs over 13,500 people across the
country. The headquarters of EDF Energy in UK are located in London and the branch dedicated
to the nuclear safety, EDF Nuclear Generation, is based at Gloucester.

8 Nuclear power 2 Coal power 25 Wind farms Other 1 Gas-powered
stations

station

)

X

stations
- -

73.7 % of our 17 % of our 8.3 % of our 1 % of our 0 % of our
electricity electricity electricity electricity electricity

Figure 1: EDF Energy Fuel Mix between the period April 2012 - March 2013 (EDF Energy).

In the coming years, the life of existing nuclear plants in the UK has to be extended in order
to achieve the company’s vision of generating 65 TWh over 9 years (see Figure 2).

The long term operation of Advanced Gas cooled Reactors (AGR) is a current research area
at the core of EDF Energy industrial strategy, due to the number of installed AGR plants (see
Figure 2), due to the power demand in UK and due to the planned end of operation of these
reactors. Some generalities on AGR design and operation are provided hereafter.

Description of Adanced Gas cooled Reactor

The AGR was a natural evolution from the MAGNOX (MAGnesium Non OXidising) technology
and is unique to the UK. The MAGNOX drawbacks were the limited thermal efficiency of the
plant and the reaction of austenitic stainless steels with water, limiting the lifespan of the reactor.
A greater thermal efficiency requires a higher temperature reactor: the reactor gas and fuel cans
temperatures can reach 650 °C and 800 °C respectively in normal operation of AGR reactor. The
secondary circuit is operated with a steam pressure of 165 bar and a temperature close to 540 °C.
In the AGR technology, carbon dioxide gas is used to transfer the heat produced in the reactor to
the boilers. The gas is pumped through the channels of the reactor at high pressure by gas circula-
tors (see Figure 3).
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Figure 2: EDF Energy exploits 8 nuclear plants of AGR design (blue circles), 2 coal-fired power
plants (COAL), 1 pressurized water reactor (PWR) and 1 gas power plant (CCGT) (EDF Energy)

The operating conditions of these reactors are very different from that of pressurized water
reactors operating in France:

* the temperature of operation in the primary circuit is more elevated and ranges from 500°C
to 550°C, which changes the damage modes of austenitic stainless steels (ASS) used in
several high temperature components such as boilers, steam headers, manifolds like bifur-
cations and tailpipes (see Figure 4). While ASS are prone to stress corrosion cracking in
pressurized water reactors, they will develop creep deformation in AGR operating condi-
tions.

* the environmental effects are different. Oxydation in PWR is strongly related with the water
chemistry, while in AGR it is driven by the carbon dioxyde, carbon monoxide and other
gases and elements present in the primary coolant.

* higher temperature in AGR also increases the diffusion rate in metals, promoting migra-
tion of intersticials and dislocation climb, nucleation and growth of cavities, and increasing
oxydation kinetics as well.



Introduction

|
|
\
| Fuelchannel || Control rod
l channel
800° C
h \‘\ \\‘ Gas

%e-ex‘;trant {flo\;y _—"T1 baffle
A 3000 C SLAAN 5400 C
|

1
\

\ -

2

—T

- —
——
—
i=8=E~R28=0
-~

| | ||| Boitef
b 630°C
'

120°C
X Y

——
| SRR {

rculator |

BaEs:
L;%”

Figure 4: Boiler modelling and description of stresses in tailpipe [2].

Due to the elevated pressures and temperatures in AGR, some areas of the boilers operate in
creep regime. As shown in Figure 4, the bifurcations and tailpipes in the steam header are com-
plicated components that require welding operations during their manufacturing. The probability
of crack initiation and propagation in the weld subjected to creep loading conditions due to the
presence of surface defects, residual stresses and other heterogeneities needs to be considered and
assessed in view of long term safe operation of the power plant.

The RS rule procedure (Volume 4/5), used in UK, provides assessment methods for defects
in structures operating at high temperatures and under creep-fatigue loading conditions [3]. The
information needed to perform analysis are operating conditions, defect nature, material data and
structural calculations to correlate materials data with the behaviour of complex structures [4].
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These rules rely on experimental validations that must be the most representative of operating
conditions and are statedly reviewed [5]. The creep cracking mechanisms are usually studied at
the macroscopical scale. Example of experimental assessments include creep tests on compact
tension specimens [6, 7, 8].

It is proposed in this work to study the creep cracking phenomenon at the microstructural scale.
This scale reduction is motivated by two main aspects. First, a microstructural study should allow
a much more accurate creep crack initiation and growth measurement. Second, a microstructural
study is more appropriate to study the correlations between environmental effects and material
performance. Improvements are expected from merging metallurgy-chemistry-corrosion and me-
chanical engineering disciplines.

This work is part of the environmental project lead by EDF Energy and known as the Environ-
mental Impact on the Structural Integrity of Nuclear Components (ENVISINC). It is itself part of
the High Temperature Behaviour of Austenitic Stainless Steels (HiITBASS) work program. This
project is based on the collaboration between universities (Manchester, Bristol, Imperial College
of London) and industrials (EDF Energy, EDF R&D, AMEC and Frazer-Nash).

Research objectives

The industrial issues of creep cracking in oxidizing environment require performing specific ex-
periments. During a conventional creep test, the post-processings consist in observing the macro-
scopic strain response and the evolution of the creep strain rate to identify the creep law parameters
and describe the material creep response.

Creep crack initiation and growth are phenomenon occuring at the microscopic scale, resulting
in detrimental instabilities. The choice of a specimen design with small dimensions allows a sur-
face preparation in view of imaging the specimen with different electronic microscopy techniques,
with the objective of understanding material changes, and monitoring the crack morphology and
extent and its evolution at the grain scale. To quantify the effects of AGR environment on material
mechanical properties, a specific ageing treatment has been set-up to reproduce the embrittlement
of components in service.

Some innovative developments are required to capture and measure relevant quantities from
the microscopical observations, making a mechanical assessment possible. The Digital Image
Correlation (DIC) has been chosen to derive kinematic fields associated with the creep crack sit-
uation. This technique is indeed well suited to situations where heterogeneities develop, such as
fracture, plasticity, localization, etc... The use of DIC has been already validated and demonstrated
in the literature for such situations, but its application to small scale creep remains experimentally
challenging. The PhD work adressing this objective is presented in this manuscript, structured as
follows:

1. The first part is focused on the material and mechanical properties of 316 stainless steels at
high temperature and provides a review of several works related with creep understanding,
creep cracking models and assessment procedures for this material.
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. The second chapter introduces microstructural and chemical caracterizations that were con-
ducted on 316H stainless steel cast provided by EDF Energy for this PhD thesis. After a
characterization of the as-received state, the effects of dry oxidation at high temperature in
CO, environment for 316 stainless steels are presented.

. In the Chapter 3, the experimental strategy for creep is presented. A comparison of creep
responses for different specimen geometries is proposed, as well as a comparison between
carburized and as-received material.

. The Chapter 4 introduces a specific digital image correlation technique proposed in this
work in view of monitoring creep cracks. This method requires the use of surface markers
that have been deposited using e-beam microlithography. Fracture mechanics theories are
introduced and used in a kinematic projection allowing to extract crack parameters.

. Finally, several experimental assessments are presented in Chapter 5. Full field measure-
ments are conducted on in-situ 316H and 316L single end notched tensile specimens loaded
at room temperature or at 500 °C.
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Chapter 1

Material and mechanical properties of
316 stainless steels at high temperature

The austenitic stainless steel AISI 316H has been commonly used in the AGR boil-
ers. Its good corrosion resistance and its creep properties make this material suit-
able to manufacture the components operating in the conditions of the reactor (550
°C, CO,). A literature review of the Grade 316 material properties and of its creep
properties is proposed.

Contents
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Presentation of 316H stainless steel

1.1 Presentation of 316H stainless steel

1.1.1 Use of Grade 316 in Nuclear Power Plants

The AISI 316L is one of the most popular austenitic stainless steel grades. The increased molyb-
denum content provides a better overall corrosion resistance, particularly a higher resistance to
pitting and crevice corrosion in chloride environments. The austenitic structure gives excellent
toughness, even down to cryogenic temperatures. This steel exhibits a combination of high yield
stress, high strain hardening and high ductility. It is often used in various high temperature ap-
plications such as defense or nuclear domains [9]. In 1977, the first Pressurized Water Reactor
(PWR) was built in France (see Figure 5). Several PWR in-core components such as baffle bolts
are made from cold worked 316L. The “L* in Grade 316L stands for the low carbon content. This
grade is highly resistant to sensitization associated to grain boundary carbide precipitation.

Secondary steam/
water loop  Steam line:
304, 316SS or C-

steel Turbine: Cr-Mo
Control rods: Steam generator; steel
Ag/Cd, 304SSH{ Inc 600 - f]
or Inc 627 b : '
Pressure
vessel: g __ Pump g
Inconel 617 0
Fuel: UO2
Cladding:
Zircaloy4

Containment
concrete

L

AN
I
L

-» Cooling

- water
- = ‘g '

Primary water Pump | | v tor line:
loop 304 SS

!
(2

Figure 5: Pressurized Water Reactor (PWR) design [10]

In 1986, the French sodium-cooled fast breeder reactor named Superphoenix started to produce
electricity. 316L material was chosen to manufacture Superphoenix intermediate heat exchangers
operating between 525 °C and 550 °C (see Figure 6). The pressure vessel was made of 316LN, a
nitrogen controlled specification of 316L. In the next years, the 316LN became a candidate mate-
rial for several components of the fourth generation reactor, named GEN IV, based on advanced
sodium-fast reactor design.

In UK, EDF Energy Nuclear Generation mainly operates plants of Advanced Gas cooled Re-
actor (AGR) design (see Figure 7). The temperature in the boiler is ranging between 500 °C and
550 °C. The boiler components operating at the higher pressure and temperature conditions are
made from 316H. Grade 316H is comparable to 316L but the carbon content is about three times
higher than that of 316 L from 0.04 %wt to 0.10 %wt (see Table 1). Grade 316H has higher
strength at high temperatures (above 500 °C) compared to the Grade 316 and is therefore a good
candidate to manufacture structural components subjected to high pressure and high temperature.
The chemical compositions of various 316 grades are provided in Table 1.
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Figure 6: Sodium-cooled fast breeder reactor. Source: EDF
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Grade C Mn Si P S Cr Mo Ni N
316 Min - - - - - 16.0 2.00 10.0 -
Max | 0.08 2.0 0.75 | 0.045 | 0.03 18.0 3.00 14.0 0.10
316L Min - - - - - 16.0 2.00 10.0 -
Max | 0.03 2.0 0.75 | 0.045 | 0.03 18.0 3.00 14.0 0.10
316H Min 0.04 - - - - 16.0 2.00 10.0 -
Max | 0.10 2.0 0.75 | 0.045 | 0.03 18.0 3.00 14.0 -

Table 1: Composition specification (in %wt) for the Grade 316 [11].

The mechanical properties (see Table 2) are specified for flat rolled products (plate, sheet,
coil) in ASTM A240/A240M at room temperature. It is admitted that similar but not necessarily
identical properties are specific to other products like pipes and bars.

Grade Minimal Minimal Minimal Maximum | Maximum Young’s
tensile yield elongation | Rockwell B | hardness elastic
strength strength (% in 50 hardness Brinell B modulus
(MPa) 0.2% proof mm) (MPa)
(GPa)
316 515 205 40 95 217 193
316L 485 170 40 95 217 193
316H 515 205 40 95 217 193

Table 2: Mechanical properties at room temperature for Grade 316 [11].

Between room temperature and 550 °C, the mechanical properties evolve. At 550 °C, the
Young’s modulus E equals to 140 GPa and the yield stength 0.2% proof equals to 170 MPa [12].

Now that some general properties have been discussed for Grade 316 stainless steel, we pro-
pose to introduce the evolution of the mechanical properties and the environmental performance
of Grade 316 in the AGR’s operating conditions.

1.1.2 Environmental performance of Grade 316 stainless steel

At high temperature (up to 500 °C), austenitic stainless steels are prone to the sensitization phe-
nomenon, that leads to Crp3Cg chromium carbide precipitation in the material. These carbides are
responsible for material embrittlement. Another important phenonemon that must be taken into
account at this temperature is the material oxidation. In the following sections, we will describe
the effects of sensitization and oxidation in nuclear power plant operating conditions.

1.1.2.1 The sensitization in nuclear power plant

Since the 1980’s, the sensitization phenomenon has been identified as a concern regarding the safe
operation of industrial components. Several research works aimed at characterizing the influence

10
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of the chemical content of the material used in nuclear power plant as well as the effects of the
operating conditions. In 1989, Beneke has studied the influence of nitrogen and molybdenum
on sensitization properties of low-carbon austenitic stainless steel [13]. The influence of neutron
on sensitization in neutron-irradiated austenitic stainless steel has been quantified by Kenik [14].
Further complementary studies dealing with material microstructure effects have been conducted
[15, 16, 17, 18, 19]. A study of intercrystalline corrosion of components made of stainless steel
was also conducted later for EDF [20]. Some main conclusions of this work are summarized
hereafter. The intercrystalline corrosion can be classified as a generalized corrosion phenomenon
that affects the grain boundaries (GB) of alloys, and is detrimental for the mechanical strength
or the structural integrity of the components. Intercrystalline corrosion is mainly induced by the
local chromium depletion in the matrix. In stainless steel, the chromium depletion is due to carbide
precipitation such as Cry3Cg at grain boundaries (see Figure 8).

Grain 3

Grain 4

@ Cr,;C due to sensitization
(550°C, thermal ageing)

& Cry;C, due to carburization

) Intergranular crack
Grain 1

— T \
Grain 2

oy

7
4
Diffusion of carbon and
oxygen elements

CO, from AGR environment

Figure 8: Description of combined carbide precipitation Cry3Cg from sensitization and carburiza-
tion at grain boundaries.

A temperature ranging from 500 to 750 °C, and a chromium content inferior to 12% is needed
to sensitize 316 steel. The growth of carbide results from the combined diffusion of carbon and
chromium atoms in the vicinity of grain boundaries. The diffusion rate of chromium in the matrix
is smaller than that of carbon, resulting in a local depletion of chromium in solid solution together
with carbide precipitation up to reaching a thermodynamic equilibrium (see Table 3).
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Element Op
(kcal/mole)
Fe 68
Cr 58.8
Mo 56
C 41
B 20

Table 3: Diffusion activation energies for some 316 SS elements [21].

Time-Temperature-Sensitization diagramms known as TTS diagramms are used to describe
the domain of intercristalline corrosion. The sensitization domains appear as delimited by parabo-
las of horizontal axes (see Figure 9). T is the upper temperature above which precipitates are not
existing and 7, is the temperature below which sensitization can occur. On the right side of the
sensitization domain, desensitization can occur: precipitates dissolve back in solid solution.

Temperature (°C)
1100
900

Onset of sensitization T

\\>
Tm
\ Onset of desensitization
400 >
10 10° " Time (s)

Figure 9: Illustration of a sensitization domain typically associated with a parabollic shaped
boundary.

1] o oe? 10% 1ot e Ternps Is}

Figure 10: Effect of carbon content on sensibilization behavior of a 18Cr10Ni steel (AISI 304).

T, is the maximal temperature for carbide existence and 7; is the maximal temperature for the
onset of sensitization [20].
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The TTS diagram provided in Figure 10 reports different sensitization domains in a 18Cr10Ni
steel (AISI 304) with different carbon contents [20]. Increasing the carbon content induces a shift
of the sensitization domains towards shorter times. Noel has shown that chromium and molyb-
denum are involved in the carbide equilibrium in the matrix and the diffusion flow during the
carburization. Increasing chromium and molybdenum content have a limiting effect on sensitiza-
tion.

Several studies have also demonstrated that welds have higher susceptibility to sensitization
[22, 23]. The microstructural heterogeneities generated by high temperature environment have
also been highlighted in the recent work of Warren on 316H [24] (see Figure 11). Recently,
Warren et al. has shown that ferrite can play a role on the susceptibility to creep cavitation by
preferential diffusion of vacancies at austenite-ferrite boundary jonctions [24]. Their material
has been removed from an attachment weldment of a boiler header component which has been
subjected to 65,015 h operation at temperature ranging between 490 and 530 °C and subsequently
aged during 22,000 h at 500 °C. It exhibits approximately 2 % mixed ferrite, of d and o phase.

In the 316H material provided by EDF Energy, no ferrite has been found during the optical
observations.

Austenite + ferrite 4 ¥ ! [y Ry HE "':; S ?F* ™4
+ MasCo ot Xs S AT T T
Residual areas of | f4).* T A £ i £t %
Cr, Mo and 3 ’ o it > : e
impurity ~ 3 "o ‘ Intergranular crack |
enrichment from | o o G T MR o
origical cast & T 4 - P L R AR
Structure e { P
b N : o
. i o T Intergranular M23Ce
K ' , ) 4 &
* { e P
p 3 i g 2 S
"X e iy ’ Rl
7 £y . ;} 3
2 " f s L ¥ X
L Sl : J ¥ AR

Figure 11: Optical micrograph of the ex-service Type 316H aged, showing the heterogeneities in
the material structure: intergranular cracks, carbide [24]. The scale bar is 200 pm.

1.1.2.2 Dry oxidation of metals containing iron at elevated temperature

At elevated temperature in AGR environment, oxidation phenomenon occurs. This oxidation leads
to the growth of an oxide layer at the metal surface (see Figure 12 a), the formation of passivated
film at the metal interface [25], diffusion of oxygen and other elements in the bulk [26, 27]. The
different oxidation studies have been motivated by several industrial issues such as the reduction
of mechanical properties, material embrittlement, undesired surface effects [28, 29, 30, 18, 31].
In fact, the oxidation leads to surface and grain boundary modifications that affect in turn fatigue
behaviour, tensile resistance [32, 33, 34, 35] and fracture toughness [36]. Moreover, the diffusion
of elements in the material is responsible for increased material hardness [37] and weaker fretting
fatigue limit [38, 39, 40, 41]
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Figure 12: Schematic illustrations of oxide layer formation: (a) oxide layer growth, (b) develop-
ment of discontinuities at the interface of oxide layer and material base metal [28, 31].

The oxide growth results from the underlying microstructure and metal properties. Several
oxide morphologies can be observed. A multilayer structure is generally obtained, with compact
(see Figure 12 a) or porous layers (see Figure 12 b) with similar or different compositions between
two successive layers (see Figure 12, Figure 13).

Fe203

i

FeO + Fe304
inclusions

Figure 13: Schematic cross section of the scale obtained after oxidation of an iron sheet in air, at
850°C for 4 hours. The observed magnetite (Fe30,) inclusions precipitated during cooling [42].

The oxidation of iron in air or pure oxygen environment, at high temperature (up to 600°C)
at atmospheric pressure or equivalent, may lead to three types of oxide growth : FeO (wustite),
Fe;04 (magnetite) and Fe,O3 (hematite). The oxide layer growth rate depends on the partial pres-
sure of oxygen and on the temperature.

During the growth of the initial oxide layer, compressional stresses arise. When their level
exceeds a given threshold, or bond strength, the oxide layer accomodates with buckling behavior
and scaling/spalliation (see Figure 14). The spalliation is followed by a renewal of the oxidation
process or eventually by a crack initiation in the metal layer as it can be seen during carburization.
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In Figure 15, the work of Evans is summarized. This figure depicts the spalliation sequence in
relationship with the oxiodation-induced stresses [43]. Two cases appear and depend on the me-
chanical properties of the oxide and the interface formed with the underlying metal. If the oxide
has a weak strength compared to that of the interface, oxide cracking happens before the spallia-
tion. If the adhesion between the metal and the oxide is strong compared to the oxide, spalliation
happens prior to the cracking.

When the external oxide layer cracks (see Figure 15), the base metal is in contact with the
gaseous environment again. Then, two cases are generally considered:

1. The chemical contents, the microstructure and the mechanical state of the freshly exposed
surface are the same as during the initial exposure and an oxidation sequence can restart as
initially;

2. The external surface is oxidised. The mechanical properties of this layer are different from
that of the base metal. The oxidising process is either stopped or has a modified kinetic.

compressive stress
”

G A I T i
s d /S A
B iy D

+— tensilestress —®

(a) Growth of the scale (b) Development of growth stresses

(c) Buckling and decohesion (d) Cracking of the scale
of the oxide scale

Figure 14: Schematic description of the oxide scale buckling and cracking due to compressive
stress [42].

Different possible reactions betwen gases and metals are illustrated in Table 4 obtained from
[29]. In AGR, the primary circuit gas contains carbon monoxide, carbon dioxide and moisture
so oxidation and carburization are prone to develop at the surface of austenitic stainless steels.
Protective atmospheres play a key role in avoiding the oxidation and/or the decarburization or the
carburization in the superficial layers of steel during heat treatment.

The AGR’s boilers operate at high temperature in CO, environment. The oxidation reactions
between iron and CO, gas are given as:

Fe + CO, = FeO+CO (1.1)
3FeO + CO,; = Fe;04 + CO (1.2)

The existence domains of FeO and Fe3zO4 are given by the diagram in Figure 16. At 550°C, it
is expected to form Fe3Oj4 layer.

15



Presentation of 316H stainless steel
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Figure 15: Illustration of different possible spalliation sequences [43].

400 600 800 1000

Figure 16: Equilibrium diagramm between Fe-FeO-Fe;0,4 in CO/CO, atmosphere. The temper-
ature is given in °C, Pco,, Pco are the partial pressures of CO, and CO respectively [29].
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Metals O, CO CO, H, [H»0]
Steel with Oxidation Reduction Oxidation Reduction Oxidation
carbon and decar- | and carbur- | and decar- and  decar-
burization ization burization burization
Stainless Oxidation Reduction Oxidation Reduction Oxidation
steels and carbur- | and decar-
ization burization
Cast irons Oxidation Reduction Oxidation Reduction Oxidation
and  decar- and  decar- and  decar-
burization burization burization
Al and alloys | Oxidation Neutral Oxidation Cripping Oxidation
Cu and Oxidation Reduction Oxidation Reduction Neutral
alloys
Ti and alloys | Oxidation Cripping Oxidation Cripping Oxidation

Table 4: Main chemical reactions between gases and metals [29].

1.1.2.3 Microstructural evolutions under creep loading at high temperature

Creep is also often combined with thermal ageing of the material. In 1980, Deleury studied the
influence of microstructure, temperature and stresses on creep response of Type 316L and Type
316H [21, 44]. Thermal ageing at 550 °C during 3 x 10* hours leads to Fey3Cg precipitation pref-
erentially at grain boundaries then in incoherent twin boundaries and finally within the grains on
dislocations. At this temperature, the precipitation is heterogeneous. Moreover, the capability of
316H to deform prior to fracture under creep loading is called creep ductility and this property
decreases due to this precipitation.

Several components of interest aim at transporting water or steam from boilers to turbine in
order to produce electricity. The steam pressure combined with the elevated temperature lead
to creep loading. Creep assisted by environment has been identified as one of the mechanisms
potentially leading to boiler components failure. In the next section, we propose to introduce the
creep theories and the characteristics of creep cracking in Grade 316 austenitic stainless steels.

1.2 Presentation of creep behaviour and mechanisms and of some
assesment methods

1.2.1 Introduction to creep

Creep is an irreversible deformation process which generally appears when the temperature ex-
ceeds one third of the melting temperature (7¢). The plastic strain can increase at constant temper-
ature with time and sometimes leads to failure even if the applied stress is smaller than the ultimate
tensile stress. The creep regime is thermally activated and it is widely considered that the strain
rate follows an Arrhenius law. Creep is often associated with other loadings such as creep-fatigue,
creep-relaxation or creep-oxidation [45]. A creep test consists in applying a constant load at one
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extremity of a tensile specimen whereas the other one is clamped. The crosshead displacement is
recorded as a function of time and an extensometer is sometimes used to monitor more precisely
the specimen gauge deformation. The macroscopic evolution of creep strain involves a continuous
variation of creep strain rate. A classical conventional creep curve is given in Figure 17.

€ failure

s ¥

111

Figure 17: Typical conventional creep curve.

* During the primary step (I) or transient step, the creep strain rate strongly decreases due to
the numerous modifications in the dislocation network introduced during the loading step,
resulting in strain hardening. The relative elongation under load is generally inferior to 1%.
For some material and some creep conditions, primary creep is not observed.

* During the second step (II), the strain-rate reaches its minimum and is nearly constant. The
minimal strain rate is often a useful creep information to derive and identify creep models.
This step is named the secondary creep.

* In the last part of the response (tertiary creep , denoted step III), the creep strain-rate strongly
increases and some specific damage phenomenons such as creep cavitation develops. More-
over, geometrical instabilities such as necking can occur. The combination of damage, neck-
ing or both lead to the creep rupture of the specimen. The transition from secondary to
tertiary creep regime is associated with an increase of the creep strain-rate compared to its
minimal value.

During creep, strains can be measured at the microscopic and macroscopic levels. The measure-
ments of plastic strain or slip transfer in grains at the microstructural scale have been widely
studied [46, 47, 48, 49]. These authors have found that these deformations are mostly intragran-
ular at room temperature. At higher temperatures in case of creep, the strain is accumulated at
the grain boundaries. The intergranular aspect of creep may responsible for crack initiation and
growth at grain interfaces.

Two creep theories can be separated with respect to matter diffusion in the grain structure: the
diffusion creep and the dislocation creep. The microstructure and the applied stresses affect the
dominant creep mechanisms (see Figure 18).

The diffusion creep:
In the case of the diffusion creep model developped by Coble, it is generally admitted that the
strain is not related to a displacement of dislocations but is mainly due to the migration of atoms
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Figure 18: Creep models in function of loading and material grain size [50].

along the grain boundaries [51]. Coble described the strain-rate as a diffusion phenomenon along

the grain boundaries:
) c —0cB
SZkCE <DGBexp< RT >> (1.3)

with Dgg, the coefficient of diffusion at the grain boundary in [m?s~!], k¢ an empirical constant
in [m? N~!], d the mean diameter of the grain in [m], Qgp an activation energy in [kJ mol ']
and R the gas constant in [kJ mol~' K~!] and the applied stress ¢ in [N m~2]. Temperature T
is expressed in Kelvin. In this work, the relationship between the strain rate and the stress has
been derived with the assumption of a uniform distribution of grain dimension. It is known that
the austenitic stainless steels have a polycrystalline structure with a distribution of grain size that
may be due to manufacturing or thermal ageing. In 1977, Crossland has studied the possibility
of diffusion creep in austenitic stainless steels [52]. Few years later, Schneibel and Coble have
studied the influence of grain size distribution [53]. As well as Hazzledine [54], they have shown
that Coble’s theory is influenced by the size, the shape and the arrangement of the grains. Their
assessment work was pursued by Henderson on the effect of impurities [55]. Soula confirmed that
creep strain rate is proportional to the stress in the diffusion creep regime [56] .

The dislocation creep:

The dislocation creep appears when the temperature is superior to 0.7 Ty. This theory is known
as the Nabarro-Herring creep [57, 58]. This model is convenient for larger grain sizes and higher
temperatures than the Coble creep. It results from a combined movement of dislocations: climbing
and sliding. The strain rate is constrained by the climbing step and the diffusion mechanism. It

can be expressed as:
. c —0L

with D, the diffusion coefficient in the lattice in [m2s '], Oy the activation energy of the lattice in
[kJ mol~ '] and kygy represents an empirical constant in [m2 N—1].

For very large grains, there is a competition between Nabarro-Herring creep and Harper-
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Dorn creep which happens at low stresses [59]. This transition has been studied since the 1970’s
[60, 61, 62] when creep data on copper was not suitable for the Nabarro-Herring creep. Recently,
Wong and Breton have summarized the creep and the creep fatigue models available [63, 64]. For
small grain sizes, Grain Boundary Sliding (GBS) dominates at intermediate stresses and tempera-
tures but won’t be discussed here.

1.2.2 Phenomenological creep models

In this section, we introduce classical macroscopic creep models developped to account for the
mechanical response at constant temperature. The impact of parameters such as temperature, time
or loading mode on creep mechanisms has been first studied by Larson and Miller [65]. Their
work was focused in particular on the effect of temperature on creep response and was pursued in
details by Hayhurst [66, 67], Murry [45], Soula [56] and more recently by Touboul [68]. For low
levels of stresses, the strain-rate follows a creep power law commonly named Norton law:

é:Am<G> (1.5)

(o))

in which oy is the reference creep stress, n the power coefficient and Apy [s7'] a power law
coefficicent. The power law coefficient, Ap; can account for the dependancy of strain rate to
temperature via an Arrhenius relation:

—0pL
RT

with C; [s~!] material constant parameter, Qp; the activation energy for the given deformation
process (diffusion or dislocation) ([kJ mol~']). Tt is usually known that for metallic alloys the
value of n ranges between 3 and 5. For very low stresses at high temperature, it can reach n = 1.
In this case, the main mechanism to consider is diffusion creep. At high stresses, the strain rate
can be expressed with an exponential formulation:

APL :Ctexp (16)

S—Aﬁm<c> (1.7)

e
So

with A, and 6f) adjustable parameters.

For intermediate stress levels, an hyperbolic sinus expression can be used:

o nHS
So

with Agg, GOH S nys adjustable parameters.

The double creep Norton’s law is a phenomenological model able to capture the transition
between the low level (i.e. creep dislocation) and the high level of stresses (i.e. diffusion creep)
(see Equation (1.9)). Gaffard has studied the influence of the stress level on the steady strain rate of
9Cr1MoNbV material using smooth round tensile bars [69, 70]. As initially proposed by Contesti
etal. [71] and Pugh [72], Gaffard has written the strain rate tensor € considering three viscoplastic

20



Material and mechanical properties of 316 stainless steels at high temperature

deformation mechanisms:

E=8,+8,,+E,+E (1.9)

where €, is the elastic strain rate tensor, £, refers to the quasi plastic flow regime, €,, refers to the
viscoplastic creep regime (given by a Norton law) and €, refers to the diffusional creep regime.
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Figure 19: Example of evolution of steady strain rate with respect of level stress for 9Cr1MoNbV
at 625 °C [69].

In Figure 19, Gaffard has studied the influence of level stress on the steady strain rate evolution
for 9Cr1MoNbV at 625 °C. By distinguishing the low level of stresses (< 70 MPa) and the high
ones (> 70 MPa) which corresponds to the transition between two regimes, he has identified that
for the diffusion creep, the creep power law exponent equals to 1 and for the diffusion creep, the
exponent equals to 8. Kloc and Sckenicka have obtained data on P91 helicoidal spring systems
[73]. An other example of the double Norton law use can be found in [74].

1.2.3 Creep strength in Grade 316

In order to estimate the remaining life span, the accumulated damage must be known. Creep dam-
age consist in microstructural evolutions associated with the creation of free surfaces, for instance
through the nucleation and growth of cavities and microcracks at grain boundaries. Creep damage
ultimately results in component failure. The deterministic evaluation of creep remaining life is
challenging due to common scatter in creep data or to the often needed data extrapolation for long
creep times.

The Remaining Life Assessment (RLA) of a component is often predicted from creep rup-
ture data using a temperature-time parametric method such as the Larson-Miller Parameter (Prys)
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method or the Monkman-Grant Relationship (MG).

In the context of sodium-cooled fast breeder reactor development in the eighties, a consortium
of French actors (CEA/EDF/AREVA) has studied the creep behaviour of 316L(N). The NIMS
institute in Japan has focused on 316 FR material behaviour which is a low carbon version of
316, specially designed for fast reactors (FR). Several test data are pooled in Figure 20. The
loading chosen by NIMS is ranging between 250 and 400 MPa. The tests performed by the ED-
F/CEA/AREVA have been carried out also at lower stress (down to 100 MPa). The material from
NIMS institute seems to exhibit better creep strength than the 316L(N).

400 ¢ :
—t< X + 4X
350}

300F

100} 1
-+ 316FR — NIMS
X 316L(N) — EDF/CEA/AREVA

50
10" 10° 10° 10 10
Time to rupture (h)

Figure 20: Creep tests on Grade 316. Database from NIMS institute and CEA/EDF/AREVA.

1.2.4 Creep strength assessments: the simplified models
1.2.4.1 The Larson-Miller method

The Larson-Miller method is a simplified method predicting creep rupture time in steady-state
creep, considering a given temperature and stress [65]. It was first used by General Electric in
the 1950’s to perform research on turbine blades. The Larson-Miller parameter Py, describes the
equivalence of time and temperature for a steel under the thermally activated creep process. This
relationship allows to define the equivalent time to rupture at different temperatures. This model
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is based on Arrhenius’ rate equation:

t
Py=T- (CLM+10g (zﬁ)) (1.10)

with Py the Larson-Miller parameter, 7/ is the time to failure [h], 7 the reference time [h], T is
the temperature [K] and Cpy, is a material constant.

If Cpp is known, to determine the rupture time under constant stress at a given temperature, an
accelerated test at the same stress at a higher temperature is performed, leading to Py, identifica-
tion. The desired rupture time at the smaller temperature can then be readily determined. Usually,
Cry equals 20 for C-Mn and low alloy steels and 30 for higher alloy steels as 9% Cr steels.

An example of Larson-Miller curve for AISI 310SS [75] is presented in Figure 21.
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Figure 21: Master curve for temperatures between 973 and 1073 K and stresses 66.6-94.6 MPa
for AISI 310SS [75]

1.2.4.2 The Monkman-Grant relationship:

The Monkman-Grant relationship relies on a near constant fracture ductility of the material and
a power law relationship between time and strain rate [76]. In this model, the time to reach the

failure (7) and €. the minimum creep rate are related as:

(émm)mtf:CMG (1.11)

where m and Cy; are constants. For metallic materials, m is usually ranging between 0.8 and
0.95 while the Cy;; constant varied between 3 and 20. If the minimum strain rate is related to
the stress through an exponential law, the Larson-Miller parameter Py, can be obtained using the
Monkman-Grant relationship with m = 1. An example of Monkman-Grant relationship for copper
is given in Figure 22.
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Figure 22: Relation between minimum creep rate £,,;, and time to fracture ¢ for copper [77].

1.2.4.3 The ECCC data sheet about the rupture of 316 stainless steel

The European Creep Collaborative Committee (ECCC) is a voluntary group involving over 35
European organisations. ECCC was formed in 1991 to co-ordinate Europe-wide development of
creep data for materials involved in high temperature nuclear reactors. The ECCC is involved in
the European data coordination on creep and in the ensuing activities of assessment and compar-
ison. The purpose being to gather the ressources available in each single member state, build up
an optimal assessment based on creep values and ultimately set up high production and design
standards.

The available data : average rupture time (T, ©)
In Table 5 and Table 6, we introduce the data available for tests at 550 °C. In 2014, 131 tests
points were available and 7 tests were still ongoing.

Test du- | < 10000 | 10000 to | 20000 to | 30000 to | 50000 to | 70000 to | >
ration h 20000 30000 50000 70000 100000 100000
93 19 9 3 1(2) 3(D) 3(4)

Table 5: Quantity and duration of data used in assessment of 316 stainless steel behaviour at 550

°C. Ongoing test numbers are reported between parentheses [78].
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tr (h) 10* | 3x10* | 10° | 2x10°
Stress (MPa) | 247 | 218 | 188 | 172

Table 6: Average rupture time at 550 °C [78].

The Larson Miller curve
Subsequently to the analysis of the data (see Figure 23), a master equation linking the tempera-

ture, the stress and the time to rupture has been identified (Equation 1.12).
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Figure 23: Master equation resulting from analysis of data about the 316 stainless steel [78].

D (¢
loge(t;?) = A+Blogo(T)—C logiooo+ <T) —E70 (1.12)
with A =-234.18, B=62.14, C="7.78, D = 71314.4609, E = 19.32 and where tj*r is the predicted

failure time [h], T is the absolute temperature [°C] and oy is the applied stress [MPa]. Considering
this equation with temperature and loading as input parameters, a time to failure can be estimated.

1.3 Creep crack models

Creep crack can initiate and grow in austenitic stainless steels in their creep regime. Creep crack-
ing of components is a severe industrial issue that has to be addressed in view of safe and long
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term operation. Creep cracking is a complex scientific problem combining environmental effects
such as in stress corrosion cracking, diffusion effects leading to the void formation ahead of the
crack tip, interactions between the crack and plasticity.

In term of long time operating conditions and safety assessment, several european actors ac-
tive in nuclear industry have funded between 1996 and 2000 the HIDA European project whose
objective was to harmonize the assessment procedure of high temperature cracking [79]. The aim
of this project was to be able to predict the behaviour of features type specimens or components
containing manufacturing, in-service or process related defects submitted to creep and/or high
temperature fatigue sollicitations under standard laboratory testing conditions.

Several codifications or standards are currently used to predict creep cracking in nuclear power
plants, such as the RS procedure in UK, RCC-MR in France, PNAE in Russia, KTA in Germany
or JSME/JIS in Japan.

The knowledge of the creep crack growth (CCG) in components containing defects is essential
to predict their lifetime in service. To characterize creep crack growth rate denoted dccg, exper-
imental tests are usually performed on CT specimen. From these experiments, the C* parameter
is determined and gives access to dccg through a linear relationship. The standard relative to this
specific test and the creep crack theories allowing to determine C* parameter will be discussed in
the following section.

1.3.1 Creep crack growth prediction using C* methods

Considering an industrial approach, this CCG must rely on simple concepts and on measures easy
to implement, as the knowledge of the loading applied to the component. Riedel and Rice have
shown that for ductile material at high temperature a unique parameter C* may be used to describe
the mechanical fields surrounding the crack tip [80, 81]. C* is always considered as similar to J,
the Rice’s integral [82].

The objective was to describe the cracking kinematics using a parameter representative of
loading C* and material constants A and g:

dcce = A (C)1 (1.13)

where A and ¢ are material constants.

The standard specimen used for creep crack growth measurements is the Compact Tension
(CT) specimen. The general geometry and its dimensions are presented in Figure 24 and Figure 25.
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Figure 24: Compact Tension specimen design. Source: ASTM E1921-13
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Figure 25: Schematic representation of Compact Tension specimen design.

27



Creep crack models

The creep crack sequence can be separated in three different steps described in Figure 26:

e Incubation: At t < t; with #; the time to reach the initiation of crack, the initial crack is
blunting and damage develop ahead of crack tip (see Figure 26 a). Data obtained prior to a
crack extension §, of 0.2 mm are considered to be part of the incubation period and should
be excluded for the C* estimation;

e Initiation: when the Crack Opening Displacement (COD) reaches a critical value §;, a short
crack of length J, resulting from the coalescence of the previous damages appears (see
Figure 26 b). At this time, t =1;;

* Propagation: the crack has formed during the initiation step and its length increases &/, > &'

(see Figure 26 c).
- < @
6i

Figure 26: Description of the three steps of creep crack development [3, 4, 83]

Creep crack initiation occurs when reaching a critical local crack tip strain. Prior to the onset
of creep cracking, there is an incubation period in which sufficient creep damage develops ahead
of the crack starter (in the CT for example) to initiate creep crack extension. Dean et al. expressed
the incubation time #; in terms of a critical crack tip opening displacement d; or for widespread
creep conditions by a relationship of the form [7]:

H(CP =y (1.14)

where 3 and y are material constants.
The parameter C* is defined by the standard ASTM-1457-00/01 as:
: aU;
C*:/W(t)dy—Ti—’ds (1.15)
r ox

where T is a contour around the crack tip, W(¢) the strain energy density rate, 7; the components
of the traction vector and U; are the components of the velocity vector [84, 85].
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To achieve the application of a deterministic C* based approach to a nuclear power plant safety
assessment, the CCG behaviour of Type 316H steels has been widely studied [8, 86, 87, 88, 2].
Several tests have been performed on compact tension specimens at 550 °C considering the ASTM
E1457-00 (the standard test method for CT testing). The creep crack growth rates have been
caracterised using C* parameter (see Figure 25). C* can be expressed as [8]:

_n (PAc)
Tl B (W—a)
where n is the exponent in Norton’s law, P the applied load, B, the net specimen thickness (dis-
tance between the side grooves), W the specimen width, a the current crack length and Ac the
creep component of load-line displacement rate (monitored using an extensometer inserted in the
machined front face notch of the CT) (see Figure 24). m is given by:

*

(1.16)

n=2+0.552(1— (a/W)) (1.17)

Ac is given by:

Ac=Ar— (A, +A,) (1.18)

with Az, A,, A,, are the total, elastic and plastic load-line displacement rates. The elastic load-line
displacement can be expressed with respect of the crack growth rate:

. 24B, K?
A = 7 5 (1.19)
/ E .
E = 7 for plane strain (1.20)
E' = E for plane stress (L.21)

E is the Young modulus and v the Poission ratio. An expression of Ap is given in [89].

These values can be obtained by considering the load-displacement curve (see Figure 27).
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A A A A

p e c

Figure 27: Definition of plastic, elastic and creep displacement respectively denoted A, A, and
A.. A, is the plastic area under the load-line displacement curve, generated during a constant load
creep crack growth test and C, is the linear elastic compliance function, which is a function of the
crack length a [90].

The plastic displacement A, is obtained using the following equations:

Ay
Ap= [ Pas, (1.22)

Ay =Ar —A, = Ar —C,(a)P (1.23)

with C, is the linear elastic compliance function, which is a function of crack length a.

For SENT specimen, C* can be expressed using the same equation (Equation 1.16) with n =
5.0 (57) - 0.06 for:

a

0.1< (5;) <0.5 (1.24)
L

1< () <3 (1.25)

The validity criteria for C* are regulated by the ASTM E1457-07 [89]. A criterion is that the
material must be identified as creep-ductile’ (true when A¢/ A7 > 0.5). The time for 0.2 mm crack
extension, #p, must also be exceeded as it is considered to encompass the transient crack growth
region, during which creep damage is building up to a steady state distribution.
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A review of the different methods leading to an accurate estimation of C* has been proposed
by Molinie in [91]. Chronologically, Landes and Begley have described C* with an energetic
approach [92]:

. 18U
C =z (1.26)

with B the specimen thickness and U the potential energy rate.
. A .
U= / PdA (1.27)
0

where P is the applied load or with if A (displacement) constant,

. P .

U:—/ AdP (1.28)
0

To calculate C*, several tests have to be performed to get an accurate estimate.

Then, Harper and Ellison [93, 94] have developed a methodology based on Landes and Beg-
ley’s work and considering inputs from Nikbin’s researches [95]. The analytic expressions depend
on the sample geometry and for a CT specimen, the following relationship is derived:

(2PA)

e = B —a))

(1.29)

with W for width and a for crack length.

Finally, Molinie propose to explore the Kumar and Shih numeric method [91] . It is based on
an analogy between C* and J-integral and on calculations performed by Kumar considering the
non-linear elastic case and introduced an hypothesis of crack stationarity. For a CT sample, the
expression is:

a P mtl
Crxs = By(W—a)h(— 1.30
e (CT TRy (130
o = 1.455 in the plane strain case (1.31)
o = 1.072in the plane stress case (1.32)
Molinie specifies that & ((a/W),n2) is a tabulated fonction and o (a/W) is given as [91]:
a 5 a 1/2 a
a(a/W) = [2(5) —a? +20(5) —a) +2] - [2(5) —a)+1] (1.33)

The advantage underlined by Molinie is that the results of C* don’t depend on the scatter in
values of U.
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1.3.2 NSW and modified NSW models

Virtual methods for the prediction of creep crack growth (CCG), using finite element analysis
(FE), have been implemented. Since finite element CCG rate predictions can be compared to
experimental data and to the Nikbin Smith Webster model [95] (NSW) and its modified version
(NSW-MOD) which are based on ductility exhaustion argument. These models will be presented
in the following sections.

1.3.2.1 The NSW model

This model proposed in the 1980’s assumes that a creep process zone r. exists ahead of the crack
tip where creep damage accumulates and that creep damage could be measured in terms of creep
ductility exhaustion. The material experiencing creep damage for the first time meets the fracture
process zone and the material failure occurs when the creep ductility is exhausted at the crack tip.
The steady state creep crack growth rate in the NSW’s model is given as [95]:

, n+1) (c\ W i
docs = - )<1> (Are)/mt) (1.34)
Sf n

where €7* is the critical multiaxial failure strain obtained for a given crack tip stress state and /,, is
a parameter only depending on the creep exponent 7.

sji- = €y in plane stress condition (1.35)
8} = ¢£7/30 in plane strain condition [96] (1.36)

Yatomi has corroborated the good agreement of this model with CCG rates measured for a
wide range of materials [86].

1.3.2.2 The modified NSW model

This new model, named NSW-MOD, is presented in [86]. It takes into account the dependence
of creep strain with the crack tip angle 6, the material creep exponent n and the stress state. A
Multiaxial Strain Factor (MSF) estimated by a Cocks and Ashby model is added to achieve this
new relationship. This parameter takes into account the void growth and coalescence model. The
crack growth rate equation is:

%\ (n/n+1)
aceg 0 = (:1) <f> (Are) /) max(&7(8,n) /MSF (8,n)) (1.37)
f n

with 6,,, 6, which are respectively the mean (hydrostatic) stress and the equivalent (Mises) stress.

This two stresses and MSF are dependant of 6 and n.

1.3.3 The creep crack growth behavior of type 316H steels

316H material creep crack growth (CCG) at high temperature has been widely studied by re-
searchers to improve the understanding of its cracking behaviour. Mehmanparast, Nikbin, Dean
and Davies have contributed to the most recent CCG data at 550 °C available on CT specimens
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[90, 86, 12, 87, 97, 88, 98, 99]. The following results have been extracted from their respective
work.

In Table 7, we introduce some results from 316H tests from EDF Energy partners. The thermal
ageing, the presence of residual stresses and the microstructure influence the CCG.

Material Upper bound Mean bound Lower bound
Weld metal A=0.021,q=0.811 | A=0.005,q=0.811 | A=0.001,q=0.811
Heat affected zone | A=0.221,q=0.891 | A=0.088,q=0.891 | A=0.035,q=0.891
metal

Table 7: Comparisons between A and g parameters for weld 316H material and 316H Heat Af-
fected Zone metal (from EDF Energy partners)

By performing comparisons between 316H stainless steel parent and weldment, they have
found that creep crack growth rates for the cracks located within the Heat Affected Zone are
higher and the initiation times lower than the parent values [90], probably due to the grain size
difference. Davies [90] has recorded the creep load line displacement for several CT specimens
machined in 316H weldment (see Figure 28). In this work, they have noticed that little crack
growth is observed for the first 80 % of the test time. CT1 and CT2 results are indicated with
square symbols because the dimensions of these specimens are larger than the standard ones. fccg
refers to the creep crack growth test duration.

1.0

0.9

A (mm)

Figure 28: Creep load line displacement (A¢) with respect of the normalised time [90].

Dean has summarized all the results obtained from creep crack growth tests performed on
316H from four ex-service components [8]. Creep crack growth tests are often performed during
short term period to obtain results within a practicale time scale (< 4,000 h, i.e. six months).
It means that the load applied to the specimen is much higher than the yield stress leading to
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plasticity development. Davies et al. has studied long-term tests (> 16,000 h) performed onto
316H CT specimens (denoted C(T)) at 550 °C and have made some comparisons with the previous
model NSW-MOD for various specimen geometries (see Figure 29) [12].

1.E+00 - —
1 -----....NSW-MOD Plane strain o a
. o
————— NSW-MOD Plane stress EaRy
—o—C(T) - e
1.E-01 = R
DEN(T)2} Long term /,. J
1 —a— DEN(T)I Ay
o LE-02 - —— DEN(T)3
% — 4+ SEN(B)
g —e— CS(T)
T 1E-03 -
I ] _+"Short-term C(T) data band
1.E-04 : £ /z £
:
JI
1 r
l!
1.E-05 e

1.E-07 1.E-06  1.E-05 1.E-04 1.E-03 1.E-02 1.E-01
C* (MPam/h)

Figure 29: Comparison of creep crack growth rates from short and long-term tests of various
specimen geometries with the NSW-MOD model’s predictions [12].

The long-term C(T) test data follow the plane strain prediction lines and the CCG is higher
compared to the long and short-term tests for a given value of C*. The creep parameters for the
model prediction and the power law are given in Table 8. The creep failure strain €, has been
obtained by measuring the reduction of area during an uniaxial creep test.

A (stress in MPa, time in h) n re (um) | €7 (%)
1.56 10733 1195 | 50 21

Table 8: Creep parameters for material 316H steel at 550 °C [12].

Moreover, Dean has observed a change in cracking mode from ductile to brittle intergranular
fracture when increasing test duration. At the microscopic scale, the changes can be observed at
the grains. In the ductile case, the grains are deformed contrary to the results found studying the
brittle fracture surface.

In [90], they have shown that a disctinction can be done with respect of plane stress conditions
or plane strain conditions for parameters max (&% (0,n)/MSF (8,n)) and I, (see Table 9).

34



Material and mechanical properties of 316 stainless steels at high temperature

Plane stress | Plane strain

max(67(0,n)/MSF(0,n))

2 10

I,

3.1 4.4

Table 9: NSW-MOD model values used for 316H parent material at 550 °C [90].

Considering the NSW-MOD model, failure occurs when (67(0,n)/MSF(0,n)) reaches its
maximum value. By performing comparison of the two models with experimental data (type
316H at 550 °C), Yatomi shown that the NSW-MOD solution provides the best estimate of CCG
rates over a wide range of C* parameters examined (see Figure 30).
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Figure 30: Comparison of NSW and NSW-MOD predictions with experimental data [86].



Industrial needs and conclusion

1.4 Industrial needs and conclusion

The austenitic stainless steel AISI 316H has been commonly used in AGR boilers. Its good cor-
rosion resistance and its particular creep properties make this material suitable to manufacture the
components operating in the conditions of the reactor. In view of safe operation engineering, the
creep crack initiation and growth needs to be well predicted for 316H components in CO, envi-
ronment. This objective is challenging since the creep fracture is potentially affected by a number
of parameters:

* material heterogeneities such as carbide-induced stress heterogeneities,
* microstructure and grain boundary properties,
* effect of carbides at grain boundaries on the grain boundary toughness,

 environment effect and diffusion of elements from the surrounding environment in the ma-
terial,

* temperature effect,
e stress effect:

— normal stress to the grain boundaries,
— stress triaxiality,
To improve the knowledge of creep crack mechanisms in this context, it is proposed to conduct
experiments allowing to collect data on crack initiation and growth, with the objective of identi-

fying a creep crack law for an environmentally aged material. Environmental effects on the 316H
microstructure have been characterized during this PhD and will be presented in the next chapter.
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Chapter 2

Environmental effects on 316H
microstructure evolution

In the context of environmentally assisted creep crack growth, the impact of environ-
ment on the material behaviour must be studied to better describe the interaction
between chemistry and mechanics at the microstructural scale. The as-received ma-
terial has been aged without being exposed to AGR environment. A preconditioning
treatment has been set-up to reproduce a carburized and oxidized condition similar
to that observed during operation. The aim of this chapter is to highlight the ef-
fects of both carburisation and oxidation on 316H at the microscopical scale and to
present the specimen preparation methods, developped to study the carburization
effects on creep response.
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Introduction

2.1 Introduction

This chapter aims at precising the carburized and oxidized condition of the specimens subjected to
creep loading during this PhD work. A reference 316H material was provided by EDF Energy. Test
specimens from this material have also been subjected to a carburization treatment, mimicking the
exposure to an AGR environment. The as-received and carburized materials have been thoroughly
characterized to highlight the microstructural effects of both oxidation and carburization.

2.2 Presentation of as-received 316H stainless steel

The material was provided by EDF Energy Generation Ltd. It has been obtained from an ex-
service AGR superheater header of about 65 mm wall thickness from Hartlepool power plant (see
Figure 31). Hartlepool is located on the North-East coast of England (EDF Energy, Hartlepool
power station, Tees Road, Hartlepool TS25 2BZ (see Figure 2)). This site regroups two AGR
reactors built between 1969 and 1984.

This component has been in service for 98,704 hours at a typical temperature ranging between
490 and 530 °C. Despite this long service time, the material was not exposed to the AGR gas
environment; therefore the service has only led to thermal ageing since stresses were too low for
any significant creep deformation or damage [2]. Two different sections of header 1C2/3 from
Hartlepool A (HRA) named MT(0920/13 and MT0920/14 have been cut (see Figure 31).

The reference given to the material is Cast 55915. The chemical results in Table 10 have been
reported by EDF Energy [100, 101]. The mean grain size of this material is 76 & 11 um. These
authors have explained the grain size variation by the different thermomechanical histories used
during the part manufacturing.

Grade B C Cr Co Mn Mo N1 P Si S

316H | 0.003 | 0.05 16.9 | 0.09 1.56 | 226 114 | 0.021 | 0.49 | 0.009
55915

Table 10: Chemical contents of 316H Cast 55915 (%wt) [100, 101].

A specimen and material sampling was performed by AMEC to study creep crack initiation
and growth in the Cast 55915. A preliminary study has consisted in characterizing the microstruc-
tural state of the as-received Grade 316H. This study needed some specific machining at different
places to highlight possible material changes with respect to the sampling location in the thickness.
The designation of the locations is:

e ES, for External Skin,
¢ IS, for Internal Skin,
e AC, for At Core;

Combining X-ray fluorescence analysis using AXIOS device (FE Gene) and combustion tests
using HORIBA EMIA-920, the chemical compositions in AC, in IS and ES of the header 1C2/3
have been obtained. The results are summarized in Table 11.
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Figure 31: Drawing illustrating the machining of the two slices sent by AMEC.



Presentation of as-received 316H stainless steel

Element ES (External IS (Internal AC (At Core) AISI 316H
Skin)(%wt) Skin) (%wt) (%owt) (%owt)
C 0.051 0.050 0.051 0.04-0.10
N 0.082 0.080 - -
(0] 0.011 0.016 - -
Si 0.49 0.49 - <1.0
P 0.019 0.019 - <0.04
S 0.013 0.013 0.013 <0.03
Ti 0.01 0.01 - -
Cr 16.8 16.8 - 16.0-18.0
Mn 1.6 1.6 - <2.0
Fe Bal. Bal. - Bal.
Co 0.069 0.069 0.051 -
Ni 11.5 11.5 - 10.0-14.0
Mo 2.3 2.3 - 2.0-3.0

Table 11: Chemical contents of 316H as-received in the Header 1C2/3 (%wt).

Before characterizing the mechanical properties of carburized 316H material, it is essential to
accurately describe the material microstructure. Several metallographic observations of the 316H
material subjected to environmental ageing have been done. Three rombohedral specimens (5 mm
x 6 mm x 8 mm) have been machined to study separately the different areas of the AMEC’s slices.
Specimens were mechanically grounded using abrasive sheets from 9 pm to 1 um in a Struers’
TenuPol-5 instrument. A final treatment relying on chemical attack using oxalic acid (10 %) has
been performed to reveal the microstructure.

The microstructure appears as rather heterogeneous (see Figure 32): the smallest grain diam-
eter is of a few microns and the largest one is around a hundred microns. Nevertheless, a similar
microstructure morphology is observed in the three different areas. The scatter in the grain size
could be due to chemical segregation or to heterogeneous cooling during the manufacturing pro-
cess of Cast 55915. In the vicinity of the smallest grains, numerous carbides have been found and
could be partly responsible for the microstructure heterogeneity. A reasonnable assumption is that
these carbides pin the grain boundaries during the initial quench of the material.
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100 microns

Figure 32: Microstruture in the three areas of the sample (AC/ES/IS).
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Due to intergranular aspect of the creep cracking issues, a fine characterization of the as-
received 316 H microstructure and its evolution surrounded by oxidizing atmosphere at high tem-
perature is necessary. Several microscopic systems have been used to finely characterize the 316H
material received from EDF Energy.

Scanning Electron Microscopy (SEM) was used to evaluate the mean grain size and the crys-
tal misorientations using Electron Back Scattered Diffraction technique (EBSD). This technique
requires a fine polishing preparation allowing to remove the hardened layer due to the machining
or mechanical polish step. The final step of this preparation relies on an Oxide Polishing Solution
(OPS) finish that produces a scratch-free and deformation-free surface. The EBSD maps have
been obtained using OIM TSL software.

Comparing the grain size histogram presented in Figure 33 for the external skin (ES) in the
three directions, we observe that the grains are larger in the LS direction. It can be attributed to the
manufacturing process. The identified mean diameter for this as-received material is around 65
um, which is consistent with the value found by EDF Energy. The mean grain sizes along the LS
direction in the external skin (ES) and in the internal skin (IS) are close but as mentioned above,
numerous large grains are found in the external skin. The microstructure reveals numerous X3 twin
boundaries (see Figure 32, Figure 33, Figure 34, Figure 35) with a characteristic misorientation
angle of 60 °.

After characterizing the microstructure and the chemical content of the as-received Grade
316H, a specific procedure is developped to obtain test specimens allowing to study the creep crack
growth in this material. The methodology to get these specimens and the preparation procedure to
obtain a material representative of the embrittled carburized 316H in service are presented in the
following section 2.3.
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Figure 33: Comparison of microstructure in External Skin (ES) along LS direction (a), TS direc-
tion (b), TL direction (c) and in Internal Skin (IS) along TS direction (d).
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Figure 34: Comparison of misorientations in the external skin and in the internal skin.

Figure 35: Representation of twin grain boundaries (red segments) on Index Quality maps for (a)
ES along LS direction and (b) ES along TL direction.
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2.3 Specimen preparation

2.3.1 Microsized creep specimen preparation

To study crack initiation and propagation at the microscopical scale, we propose to follow the
propagation resulting from the stress field induced by a sharp defect. The propagation will be
monitored at the scale of few grains using SEM technique coupled with DIC methods on mil-
limetric fields of view. To experimentally obtain a sharp defect, fatique cycles are applied to a
CT specimen. These specimens are then cut in a stack of thin slices and the crack location is
determined for each slice. Single Edge Notched Tensile (SENT) specimen are then machined in
order to precisely locate the crack in the middle of the specimen. The creep loadings are then
applied to SENT samples using two microcreep rigs available at EDF Lab Les Renardicres. This
methodology for obtaining microsized samples and for performing microcreep tests is described
in Figure 36.

625mm , 5 25mm o
z Electric discharge

A Fatigue crack o
4 propagation machining (EDM) o

Machining of microsized
specimen (SENT)

F constant

-

60 mm

Single Edge Notched Tensile specimen (SENT)
Figure 36: Methodology description for performing creep tests on microsized sample (SENT).

As mentioned above, the preparation starts by CT25 compact tension specimen machining
from as-received material. Loading cycles are then applied to the CT25 to propagate a sharp crack
from the notch, representative of defects that can potentially nucleate in service. Then, the CT is
cut into 1 mm thick slices using Electric Discharge Machining (EDM) and polished up to 4000
SiC paper to allow the crack tip detection from SEM imaging. The SENT are machined so as to
locate the crack in the middle of the gauge part with a desired ratio of a/W = 0.15, a being the
crack length and W being the width of the specimen. The obtained fatigue crack path seems to be
mainly intergranular with a few transgranular segments (see Figure 38). In some samples, some
bifurcations are visible.
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13.
CIEST S

(b)

Figure 37: Preliminary machining of pre-cracked CT sample (a) before performing the final EDM
of the SENT (b).

Figure 38: Inter/trans-granular fatigue crack path appears at SENT surface after fine polishing.
The scale bar is 500 um.
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2.3.2 The in-service sensitization

Preliminary studies conducted by EDF Energy have led to the conclusion that carburization results
in grain boundary embrittlement. This has motivated several research works, as for instance the
Oxide Monitoring Scheme (OMS) conducted by Bristol and Manchester Universities [2]. This
work is devoted to understanding how carburization develops during service in an AGR environ-
ment, for 316H stainless steel exposed to CO, gas whose composition is given in Table 12. The
gas pressure is constant at 41.3 =1 bar.

Element CH4 CcO CO, H, H-»0
Content | 230 £ 50 vpm | 1 £0.01% | Balance | 260 + 50 vpm | 400 £ 50 vpm

Table 12: Chemical contents of AGR’s gaseous environment (vpm = volume per million) [2].

At room temperature, the oxidation of 316H is very limited (see Figure 39 a) but at high tem-
perature in CO, environment, the surface starts to oxidise into Fe3O,4 and into duplex oxide made
of chromium-rich spinel. As soon as the magnetite grows, a chromia-rich layer is formed (Cr,O3).
It acts as a barrier to diffusion from the gas environment containing carbon and oxygen (see Fig-
ure 39 b). When the chromia layer fails, the carbon and oxygen can diffuse from the surface to
the bulk material. Duplex oxide layer grows as well as carbide precipitation (see Figure 39 d).
When the integrity of chromia layer is guaranteed, the carbon and oxygen use the grain boundary
as preferential diffusion path. A faster diffusion along the grain boundaries is expected due to the
local disorder. Carbide can be found deeper than the Cr, O3 layer (see Figure 39 c). If the chromia
spalls from a surface intersecting grain boundaries, the two last phenomena can be combined (see
Figure 39 e).

The combined diffusion of carbon and oxygen elements has been highlighted by metallo-
graphic studies. Duplex oxide forms in the early stages of carburisation and carbon diffuses from
the surface to the bulk material using grain boundaries as preferential path (see Figure 40).

The aged 316H received from EDF Energy, referenced to as "as received material”, has not
been exposed to carbon containing gas environment. To get a representative material of the em-
brittled component, an industrial preconditioning treatment has been set-up by EDF Energy with
the collaboration of Manchester University. The procedure is described in the following section.

2.3.3 The preconditioning treatment in autoclave

The industrial preconditioning of 316H lab specimens has been performed by AMEC following
specifications provided by EDF Energy. Chevalier proposes in [2] to reproduce the carburization
process using the following protocol:

1. Increase the surface reactivity (ultra fine polishing leading to deformation-free surface) [102,
103],

2. Control the corrosion environment by confining the specimen in an autoclave,

3. Accelerate the corrosion kinetics by increasing temperature (and pressure).
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Figure 39: Representation of both oxidation and carburization at 550 °C in CO, environment: at
room temperature (a), combined diffusion of oxygen and carbon due to Cr,Oj3 layer failure (d) the
phenomenon presented in (d) can be coupled with preferential diffusion at grain boundaries (e).
If the Cr, O3 is formed, no oxidation and carburization generally occur (b) but the grain boundary
presence can generate carburization or oxidation deeper as the grain boundaries act as preferential
path for oxygan and carbon elements (c).

The depth of carburized layer is related to chemical interactions between surface and gas en-
vironment and thus mainly depends on the gas composition and the surface preparation. The
University of Manchester focused on determining how modification of gas composition and of
material conditions at the surface play a role in the rate and extent of carburisation. For instance,
elevating H,O and/or CO contents may accelerate the carburisation process. A review of gas
chemistry effects on oxidation and carburisation was proposed by Lloyd [104].

In order to be as representative as possible and to obtain a reasonable carburization time, OPS
polishing has been performed followed by an exposure at 600 °C using the gas composition of
AGR reactor (see Table 12). In these conditions, 2,000 hours treatment were required to get about
100 um of “carburized material“ at the surface of creep and fatigue specimens (see Figure 41).

For the specimen used in this study, the sample surface preparation was performed on Rotopol-
31/RotoForce 4 from Struers with abbrasive SiC paper and sheet from 6 pm to OPS finish (see
Table 13). The polishing of the specimens may introduce bending or twisting due to their small
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Figure 40: Both oxidation and carburisation develop at high temperature in CO, environment [2].
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Figure 41: Influence of the preconditioning treatment on the microstructure of a round bar 316H
specimen [100].

width and thickness. In order to limit these risks, it has been decided to polish only one face of
the specimen. Consequently, a slight bending is generated during the preconditioning process due
to the development of residual stresses induced by the oxide growth on the activated surface. It
has been shown that unnotched flat dogbone samples polished on both faces do not exhibit this
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bending (see Figure 42).

N° Paper type Lubricant Time (minutes) | Load (N) | Rpm
1 SiC-paper 320 Water 3 15 150
2 SiC-paper 500 Water 2 15 150
3 SiC-paper 800 Water 2 15 150
4 SiC-paper 1000 Water 2,5 15 150
5 SiC-paper 1200 Water 2 15 150
6 SiC-paper 2400 Water 4 15 150
7 SiC-paper 4000 Water 4 15 150
8 MD-FLOC 6 pm DP-Lubricant 3 10 100
9 MD-MOL 3 um DP-Lubricant 8 10 100
10 MD-NAP 1 uym DP-Lubricant 10 10 100
11 MD-NAP 1/4 pm DP-Lubricant 3 15 100
12 | MD-CHEM 0.02 um OPS 30 5-7.5 20-30

Table 13: Polishing programm for SENT design.
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Figure 42: Asymmetrical surface preparation has led to asymmetrical oxide growth and residual
stresses apparition (a). Conversely, a symmetrical preparation allows a homogeneous oxide growth
on both sides (b).

(©)

2.3.4 Validation of the preconditioning treatment

The precise determination of the carburized zone thickness is not easy to achieve because of the
carbide small dimensions. Consequently, the validation of the carburization treatment was per-
formed by comparing the hardness profiles on ex-service components (submitted to the real car-
burization process) and the preconditioned samples. Considering that hardness variations are only
attributed to material carburization is a rather rough approximation since surface effects like ma-
chining or grinding can also increase hardness. Chevalier reports that in the uncracked carburized
sections, hardness typically reached values up to 300Hv whereas the bulk hardness was around
180Hv [100]. He defined the carburized zone as the region of increased hardness, typically 300-
500 pum from the surface. In the cracked regions, hardness can reach 600Hv and he associated
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this hardness increase to the carburization process. After the carburization treatment, our precon-
ditioned samples showed a 200 um penetration and a 600Hv peak hardness. These values are
consistent with the ones obtained for ex-service samples (300-500 um depth with a 300-600Hv
after 50,000 hours of service).

The microhardness indents were post-processed using the commercial software of the microin-
denter and a manual monitoring performed on SEM observations (see Figure 43). In Figure 44,
the peak hardness reaches 600Hyv in the preconditioned sample.

d=0.32 mm, HV1 =189

d=0.62 mm, HV1=172.2

d=0.92 mm, HV1 = 195.8

_‘ 500 pm

Figure 43: SEM image in BSE mode (Z contrast) of sample after 2,000 h of preconditioning
exposure time. The scale bar is 500 pm.
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Figure 44: Vickers hardness profile through a cross section in preconditioned sample after 2,000
h exposure time at 600 °C.
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2.4 Chemical study of carburisation on 316H aged

2.4.1 Chemical characterization

The chemical study has been performed on the as-received material using the microscopy facilities
available at EDF Lab Les Renardieres. An Electron Probe MicroAnalyser (EPMA), an Energy-
Dispersive Spectrum (EDS) technique using SEM and Transmission Electron Microscopy (TEM)
have been used to obtain chemical cartographies of preconditioned samples. The resolution of
SEM techniques was about 1 um?.

After a polishing preparation up to paper SiC 400 um and alumina polishing solution, the dif-
ferent layers resulting from oxidising treatment have been identified. In agreement with Chevalier
(see Figure 40, Figure 41), two distinct areas corresponding to magnetite (FezO4) and duplex ox-
ide layers have been observed. Imagings with a low current and a very small beam interaction
zone have highlighted the carbon and oxygen diffusion fronts (see Figure 45). Hereafter, the du-
plex oxide layer will be named “Layer I and the underlying area embedding the diffusion front
will be denominated “Layer II”. The thickness of the magnetite layer ("Layer 07) is about 50 um
and the layer I thickness is ranging between 50 and 60 um. The diffusion front thickness is not
uniform and can reach 200 um in thickness.

Figure 45: SEM image in SE mode using a Figure 46: SEM image in SE mode using a
very small beam current (5.5 nA) highlights very small beam current (5.5 nA) highlights
the formation of several areas resulting from the formation of several areas resulting from
the simulated carburisation. the simulated carburisation: layer 0O, layer I

and layer II. The scale is 100 pum.

Chemical analyses have been carried out in each layer to characterize the chemical content
and to highlight the diffusion of chemical species responsible for intergranular cracking. The
results will be presented layer by layer. Figure 46 illustrates the different layers resulting from the
carburization process. Layer O refers to the magnetite. This layer is well characterized [105, 106,
107, 108, 109]. Its structure doesn’t contain any carbide and thus, was not investigated further.
Layer I corresponds to oxidised layer. Layer II refers to the carburized zone.
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2.4.2 The oxidised layer: layer I

In order to get an overall estimation of the chemical composition of the material in the oxidised
layer, EPMA analyses are made by coupling a SEM with an Wavelength-Dispersive X-Ray Spec-
troscopy (WDS). A wavelength-dispersive spectrometer uses the characteristic X-rays generated
by individual elements to enable quantitative analyses and to create element composition maps.
The spatial resolution of these techniques gives access to 50 pm width observation fields. As a
consequence, the observed fields show the oxidised layer and a small part of the carburized zone
(see Figure 47). A match between chromium (see Figure 48 b) and oxygen (see Figure 48 c) chem-
ical maps can be found, that is an indication of chromium oxide presence. The lack of agreement
between carbon and chromium suggests a less significant chromium carbide presence.

Figure 47: Zone Of Interest at the interface between the layer I and the layer II (a) in SE mode,
(b) in BSE mode and (c¢) using EPMA.
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Figure 48: Chemical maps for the same ZOI as in Figure 47 b, Figure 47 c: Carbon elements (a),
Chromium elements (b) Oxygen elements (c) using EPMA.

These results were confirmed using EDS mode from the SEM FEI Quanta 600. The EDS
detector is used to separate the characteristic X-rays of different elements into an energy spectrum
and to find the chemical composition of materials down to a spot size of a few microns and to
create element composition maps. The preconditioned 316H material exhibits a slight increase of
chromium and nickel contents in the layer I. These chemical contents are given in Table 14.
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C o Si Cr Fe Ni Mo
Layer I close to Layer O | 1.93 | 18.18 | 0.63 | 23.05 | 37.64 | 15.34 | 3.24
Layer I close to Layer II | 2.2 | 17.68 | 0.68 | 22.32 | 36.05 | 17.72 | 3.34

Layer II - 0 0.53 | 17.74 | 65.54 | 11.91 | 2.51

Table 14: Chemical compositions obtained by EDS in the layer I and the layer II regions (% wt).

The layer I is also extremely rich in oxygen elements. Some manganese sulfide (MnS) pre-
cipitates are also present and have been detected using EDS technique. With this technique, the
confidence in results for carbon content is also limited by the possible contamination of the sample
surface. Nevertheless, the oxidised region contains less carbon elements than the carburized layer.

The EDS/EPMA chemical resolution is not sufficient to highlight chromium carbide presence
in the material. So we used Transmission Element microscopy (TEM) to investigate the precipita-
tion of Cry3Cs. The resolution of this technique using available TEM (about 1 x 0.1 pum) is higher
than the one of EDS/EPMA technique. As an example, this technique has already been used in the
field of stress corrosion cracking to study the influence of oxidation in the alloy 182 and 82 [110]
and more recently in alloy 600 for PWR issues [111]. To produce a sample thin enough to allow
electronic transmission, a Focused Ion Beam (FIB) Helios SEM has been used (see Figure 49).
The ion beam is used to locally remove material: the sample has been prepared using a multi-pass
scanning in order to get the required precision on its dimensions. A platinium deposition was per-
formed on the sample before cutting to protect the surface from the ion beam detrimental effects
(grain deformation) (see Figure 49 b). The chosen area is located at the grain boundary interface
in the layer I (see Figure 49 a) to highlight possible chemical gradients in the vicinity of the grain
boundary that would suggest the role of the interface in the carbon and oxygen diffusion.

(b)

Figure 49: An area containing a grain boundary in the layer I is chosen (a). A platinium layer is
deposited to protect the surface for ion beam (b). Then, successive cuts are performed using the
ion beam of FIB (c) to extract a thin sample convenient for TEM imaging (d).

At the end of the thin slice preparation, the specimen is about one hundred nanometers thick.
Due to the grain boundary presence as well as the porosity, the sample cracked during the prepa-
ration (see Figure 50). Nevertheless, one of the specimen remaining sections has been observed
using TEM TECNALI Osiris in Scanning Transmission Electron Microscopy (STEM) mode pro-
viding elementary composition and crystal information at atomic scale. The STEM works on the
same principle as a normal SEM by focusing an electron beam into a very small spot which is
scanned over the sample. This electron beam interacts with the sample and the transmitted beam
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is collected by a detector. In Figure 50, the Region Of Interest (ROI) is observed with an High
Angle Annular Dark Field (HAADF) detector which provides a dark rendering of dense areas.

-
L]
J ——————————————
WD |det | mag O| curr HFW HV 4 pm
4.1 mm |[ETD|20 000 x| 0.69 nA [12.8 pm| 5.00 kV

Figure 50: SEM image of the thin sample in SE mode before its failure and TEM observations of
a1 um x 4 um zone. The black scale bar of the TEM image is 1 um.

The chemical maps provided in Figure 51 highlight the enrichment in oxygen elements and
the FeCr spinel duplex oxide with nickel presence which are characteristic of oxidation at high
temperature. Here again, only traces of carbon have been found and they were attributed to con-
tamination arising during specimen preparation and microscopy.
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(b)

(d)

>

®

Figure 51: Image in HAADF mode of the ROI (a) and the chemical maps of Chromium (b), Iron
(c), Nickel (d), Oxygen (e). A combined representation of the above maps is proposed in (f).
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2.4.3 The carburized layer: layer 11

No carbide precipitation has been found in layer I. Both carbon and oxygen elements may have
diffused deeper in the material using the grain boundaries as preferential paths. A new thin sample
embedding a grain boundary has been machined in the layer II at the interface of layer II and
316H base material (see Figure 52). The grain boundary appears as a thick layer (>1 um) in
which a high amount of porosities/cavities is observed. Nevertheless, the structure in the grain
boundary vicinity seems to be stronger than in layer I and the sample hasn’t failed during the FIB
preparation.

WD  det mag = curr  HFW 2\%
4.2 mm ETD 1 500 x 0.69 nA 171 um 15.00 kV

WD det mag o curr HFW 2\%
4.1 mm ETD 25 000 x 0.69 nA 10.2 um 5.00 kV.

(b)

Figure 52: SEM image of the chosen Region of Interest (a) for thin sample extraction using FIB
(b). The grain boundary is located close to the identified diffusion front of carbon and oxygen
elements. The grain boundary is thick (> 1 um) and contains porosity/cavities.
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The TEM observations using the HAADF mode have revealed the presence of elongated struc-
tures of about 200 nm in length and a few nanometers in width (see Figure 53).

(b)

Figure 53: SEM image in HAADF mode of the thin sample extracted at the interface between
the layer II and the 316H substrat (a). Expanded view shows the grain boundary vicinity and
numerous long and thin structures (b).

Chemical analyses have been performed in the vicinity of the grain boundary in order to better
understand the path diffusion of additional elements in the material resulting from oxidizing en-
vironment at high temperature. The grain boundary acts as a preferential path for the carbon and
oxygen elements, which have been coroborated by the correponding cartographies presented in
Figure 54 and Figure 55. A correspondance between chromium and carbon maps has highlighted
that these elongated structures should be carbide precipitates (see Figure 54 and Figure 55). Sev-
eral of them have been found on the left side of the grain boundary towards the environmentally
exposed side. Fewer of them have been found on the right side of the grain boundary in the bulk
material direction. This observation highlights the key role played by the grain boundary in the
carbon and oxygen diffusion process, as well as the precipitation heterogeneity resulting from
oxidizing environment at high temperature.
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Figure 54: SEM image in HAADF mode of the Region of Interest close to the grain boundary
(a). The chemical maps of Carbon (b), Chromium (c), Oxygen (f) are in good agreement with a
combined diffusion of oxygen and carbon along the grain boundary path. A correlation between
iron and nickel can be observed between subplots (d) and (e).

Figure 55: The chemical maps performed in the area shown in Figure 53 b show Carbon (b) and
Chromium (c) concentration, as an evidence that the thin structures are carbide precipitates. The
red scale bar is 300 nm.
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2.4.4 Conclusion about chemical effects generated by carburization

The 2,000 hours preconditiong treatment has led to the formation of three successive layers (0, I,
II respectively from the outside to the bulk material).

Layer 0: magnetite Fe;O,

During the treatment, a superficial layer made of magnetite (FesO4) has grown from the ini-
tial surface. The thickness of this layer is about 50 um and is non uniform due to crystallographic
orientation dependance (see Figure 41 and Figure 45). Its structure is rather porous suggesting
weak mechanical properties.

Layer I: (FeCr) spinel and Nickel

Preconditioning led to carbon and oxygen diffusion from the surface to the bulk material. Only
oxygen atoms reacted with the metallic elements to create FeCr spinel and enriched nickel zones
corresponding to the duplex oxide layer formation. The chemical analyses have not shown the
presence of carbon element or carbide precipitation in this zone.

Layer II: enriched with Cr,3Cq

Using low beam current SEM imagings, the diffusion front of carbon and oxygen has been
identified. In this region, a thin sample has been machined using FIB technique. Numerous
carbides of ellipsoidal morphologies have been found. The chemical maps suggest a dispersed
carbide precipitation from grain boundary to the grain center.

2.5 Surface modifications due to oxidation in Type 316 in air at 550
°C

The preconditioned SENT samples are prepared in view of being submitted to high temperature
(550 °C) creep loading in oxidising gas environment (air). It is expected in these conditions that
sample surface will react with the surrounding gas. Oxygen and carbon elements continue to dif-
fuse in the material and the oxide layer will grow at the surface.

DIC has been chosen to perform fine measurements of kinematic fields around the crack tip
during the mechanical loading. The oxidation may generate significative surface modifications
that would be detrimental to kinematic measurements. As an example, Touboul has shown that
at 625 °C even in vacuum, oxide could be responsible for pattern deterioration (see Figure 56 a)
[68].
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He showed that after 500 h of creep test under a loading of 60 MPa, some cracks appeared
perpendicularly to the loading axis disturbing the kinematic fields measurements for a few level of
deformation (see Figure 56 c). After three months in high vacuum (10~ bar), the tungsten pattern
was completely covered up by an oxide (see Figure 56 b) (50 um) preventing any measurement
from the reference state.
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Figure 56: (a) SEM imaging of tungsten grid onto P91 after 3 months at 625 °C in SE mode (left)
and BSED Z contrast (right) vacuum 10~* bar. The scale bar is 20 um. (b) Optical imaging of
tungsten grid onto P91 after 500 hours at 625 °C vacuum 10~ bar. The left scale bar is 40 um and
the right one is 20 um. (c) SEM imaging of tungsten grid onto P91 after 3 months at 625 °C in SE
mode (left) and BSED Z contrast (right) vacuum 107 bar. The scale bar is 1 um [68].

Soula has also observed the effects of temperature on grid pattern in WSi, at high temperature
(see Figure 57). Submitted to thermal ageing at 750 °C during 460h in high vacuum environment,
grid patterns have been damaged. Even if oxygen trappers have been used, the kinematic fields
cannot be measured (see Figure 57 b).

As it has been shown that Type 316 stainless steel is prone to oxidise at 550 °C in air, a pre-
liminary study was performed to study the oxide development (chemistry, kinetics) in the creep
experimental conditions to avoid DIC pattern damage during creep tests. To improve the accuracy
of the kinematic measurements, the observed surface has to be patterned. This pattern must be
stable during the loading involving high temperature creep in an oxidising atmosphere. The pro-
posed strategy relied on the deposition of a mixed pattern made of regular grids and speckle using
microlithography technique. This pattern choice represents a good compromise between spatial
resolution and accuracy (small scale speckle pattern) and robustness with respect to surface modi-
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(b)

Figure 57: Grid pattern made of WSi, (a) after 460h at 750 °C in high vaccum environment with
oxygen trappers [56].

fication (regular grid). In order to modify the surface reactivity, the patterning was performed after
two different surface preparations:

1. OPS finish surface, of high reactivity,

2. OPS finish surface covered by a protective metal layer of Chromium, Nickel, Hafnium or
Niobium reducing the reactivity.

Before introducing these aspects, we will start by describing the development of oxidation in Type
316 at 550 °C in air.

The surface modifications associated with the oxidation were monitored on OPS surface fin-
ish. The pattern was deposited directly on the finely etched surface without protective metallic
coating. A sample, named B3-3, made of 316LN has been covered with a tungsten pattern of
20-nm thickness and placed in the furnace at 550 °C under air flow during five weeks. After the
thermal ageing, the contrast has changed and an oxide has grown at the surface leading to pattern
damages (see Figure 58). This figure demonstrates that DIC will not be possible in the current
situation where the preconditioned sample is solely etched and patterned.
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Before oxydation, BSE mode

After oxydation, BSE mode

After oxydation, SE mode

Figure 58: SEM imagings in SE/BSE mode of B3-3 sample before and after oxidation during
five weeks at 550 °C in air.

Then, the oxide layer seems to be very brittle. A simple handling leads to oxide damage. As a
consequence, it is unlikely that the strains measured at the specimen surface will be a good indi-
cator of the underlying material deformation.

And finally, the oxidation induces changes between images that are detrimental for DIC. The
oxide grows from the metal and covers the pattern preventing the correlation between successive
SEM images. Between two creep interruptions, it is really important that the pattern stays unmod-
ified to insure the crack monitoring. Touboul has already raised this issue in high vacuum [68].
He has tried to strictly control the environment of the creep test using a high vacuum of 10~ bar
without fully preventing the oxide growth. Some cracks appeared perpendicularly to the loading
axis (see Figure 56). Afterward, he tried to cover the pattern with a chromium layer to protect

63



Surface modifications due to oxidation in Type 316 in air at 550 °C

50 pm

(@

10 um

(®)

2 pm

©

Figure 59: SEM imaging of studied area for the oxide thickness identification (a) magnification:
x1500, (b) magnification: x5000, (c¢) magnification: x35000.

the sample surface from oxidation. In this work, we will introduce the two strategies chosen to
insure the pattern integrity during creep test at high temperature in air. The detailed results of these
strategies are presented in Appendix A.
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2.6 Conclusions

The 316H stainless steel has been used to manufacture boiler components operated at high tem-
perature in CO, environment under creep loadings. These specific conditions potentially lead to
creep crack initiation and growth at the component surface. To better predict the 316H cracking
behaviour, an aged but uncarburized and non-oxidised 316H material was provided by EDF En-
ergy for this PhD work and is referred to as “as-received* material. The as-received 316H stainless
steel has been submitted to several investigations in order to characterize its microstructure and to
highlight the effects of both oxidation and carburization on its behaviour.

The microstructure of the 316H as-received material is heterogeneous and contains numerous
twin boundaries. The deposited component wasn’t exposed to AGR’s environment and to creep
loading during its lifetime in operation. As the occurrence of the intergranular crack is due to
spread precipitation of chromium carbide Cry3Cg, a preconditioning treatment has been set-up by
EDF Energy to reproduce the in-reactor environmental exposure. This oxidising treatment re-
quested a fine polish state of the sample to maximize the diffusion of oxygen and carbon elements
from the surface to the bulk material. After 2,000 hours at 600 °C, the depth of carburization
can be monitored using microhardness or Vickers hardness cartography. The Vickers’ hardness
increase at the surface compared to the bulk material is due to the crystal lattice deformation. The
diffusion of the addition elements (oxygen and carbon) has been highlighted by combining several
microscopy techniques as the Electron Probe MicroAnalyser (EPMA) or the TEM microscope.
Fine measurements of the chemical content have highligthed a match between the chromium and
carbon cartographies as a proof of chromium carbide presence deep in the specimen (200 um deep
from the initial surface).

To monitor the crack growth and the kinematic fields, Digital Image Correlation technique
will be used. This technique relies on gray level conservation and the surface marker have thus
to remain stable in SEM images. One of the preliminary studies has been devoted to the surface
protection from oxidation. At elevated temperature in air, an oxide layer thicker than one micron
is expected to form at the surface. Two strategies have been explored: the chemical solution to re-
move the oxide layer without damaging the protective chromium-rich layer and the metal coating
to avoid the interaction between the austenitic stainless steel and the oxygen elements. Despite
these efforts, no conclusive results have been obtained and monitoring the crack in the foreseen
experimental conditions will be extremely challenging.

As a consequence, an alternative solution to the crack monitoring in air is proposed. An in-situ
tensile device has been used to apply loading to SENT specimen. Two SEM suitable for high tem-
perature mechanical testing are available at EDF R&D Lab Les Renardieres: the FEI Quanta 600
and the Tescan Mira. The FEI Quanta 600 can be used up to 500 °C. The vacuum environment
in the SEM chamber will reduce the oxidation that was observed in this chapter, and images can
be acquired continuously that will also improve the correlation between successive images. The
results of these tests are presented in the Chapter 5.

Before adressing the micromechanical creep crack test issues, standard creep tests are needed

to characterize the creep behaviour of several 316H specimens in absence of cracks. This experi-
mental work is presented in the next chapter.
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Chapter 3

High temperature mechanical testing of
Grade 316H stainless steel

In operating conditions, the components are subjected to steam pressure at high
temperature leading to creep deformation. During creep, creep cracks can poten-
tially nucleate and grow. To better understand the creep cracking mechanisms, we
propose to conduct creep tests at 550 °C in air. The creep tests are conducted on
previously carburized material. Since environmental creep would require specific
experimental facilities, creep is only conducted in air. This methodology allows to
study the effect of carburization on the crack initiation and initial growth. Three
types of specimens are considered: round bar samples, microcracked specimens
and flat dogbone tensile specimens. The first type of specimen allows obtaining the
effective behaviour of the material and the others allow fine measurements with the
objective to characterize initiation and growth of crack from a single notch.
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Introduction

3.1 Introduction

The final objective of the PhD thesis is to monitor creep cracks using microscopy techniques.
The objective of this experimental work is to obtain mechanical quantities of interest: the dis-
continuities associated with the crack, plasticity field in the process zone and intergranular and
intragranular mechanisms.

Since creep cracks are strongly interacting with the creep deformation of the surrounding ma-
terial, it is also important to characterize the creep behaviour of the material. For this reason, it was
chosen to also conduct conventional creep tests and not only microcracking tests. An overview of
the full experimental program is provided in the following.

Our experimental program is integrated in a larger project involving several universities and
research labs in UK. No description of this project will be provided since it is beyond the scope of
this PhD, however some results will be provided for comparison when needed. A list of proposed
experiments is given in Table 15. Three different specimen designs are considered: the conven-
tional round bar tensile sample (RBT), the Single Edge Notched Tensile specimen (SENT) and
the flat dogbone tensile specimen (FT) (see Figure 60). In this table, the last column provides the
conventional nominal creep stress for RBT and FT experiments and the remote far field stress for
SENT experiments. The specimen designs are given in Figure 60 ¢ and Figure 60 d. The SENT
and the FT have the same outer dimensions. Two different creep rigs are used to conduct these
experiments.

Specimen design | Carburized | 6. (MPa)

RBT No 270
RBT No 290
SENT Yes 64
SENT Yes 96
SENT Yes 128

FT No 270

FT Yes 270

Table 15: Experimental creep program at 550 °C in air.

A convention for the test designation is proposed as:

Institute Material | © Shape Test label
EDForUMor ICL | CorN RBT or SENT or FT

with Institute referring to EDF, University of Manchester (UM) or Imperial College of Lon-
don (ICL), with Material refering to carburized (C) or non-carburized (N) 316H, ¢ providing the
applied stress in MPa and Shape being substituted by the specimen designation and Test label
referring to the number attributed to the test (see Table 15).
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In the following sections, we will introduce the results of creep tests and we will mainly focus
on two aspects: the comparison of different specimen geometries and the comparison of carburized
and non carburized material.

3.2 The effects of carburization on creep response

3.2.1 At different loading levels: comparison with other laboratories

In this section, we only consider the response of large specimens: RBT and conventional creep
specimen tested in UK labs. Creep responses will also be compared for the microsized specimen
design in a subsequent part.

Two tests at 270 MPa and two tests at 290 MPa have been performed in air at 550 °C using
conventional creep rigs. The specimens are made from non carburized material. As a consequence,
the specimen designation is EDF-N-270-RBT and EDF-N-290-RBT. The creep strain response of
each specimen is presented in Figure 61. The areal reduction at failure was measured using a
binocular lens and ranges between 9 % and 17 %. From these test results, it is possible to extract
the minimum creep strain rate (see Table 16). These values are useful to identify the parameters
of a Norton’s law.
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Test denomination | min(€) (') | Time to rupture 77 (h)
EDF-N-270-RBT-1 | 1.148 x 107 13488
EDF-N-270-RBT-2 | 1.15x107° 12279
EDF-N-290-RBT-3 | 2.19x 107 5348
EDF-N-290-RBT-4 | 1.72x107° 7496

Table 16: Minimum creep strain-rate and time at failure 7; for EDF-N-270-RBT and EDF-N-290-
RBT tests at 550 °C in air.
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Figure 61: Creep strain as a function of time (T = 550 °C in air) for EDF-N-270-RBT and EDF-
N-290-RBT (a) and corresponding creep strain-rates (b).

For each stress level, the creep responses are in good agreement one with each other. The
relative deviation between the two tests on the time to rupture is 8.9 % for EDF-N-270-RBT
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and 28.6 % for EDF-N-290-RBT, corresponding to an absolute deviation of 604.5h and 1074h,
respectively.

Although the stress values are close and the number of experiments is limited, it is still possible
to identify a simple Norton creep model (Equation 3.1).

min(¢) = A.c" 3.1)

A linear regression is performed between log(€) and log(S) leading to identify A and n pa-
rameters. These values are compared to available literature data in Table 17.

A n Experimental conditions
(124 10727738 MPa— 73 h=1 | 738 316H at 550 °C in air
44107377 MPa—79 h! 7.9 316 at 650 °C [80, 81]
(1.56 10731195 MPa~ 115 h=1 | 11.95 | HAZ from 316H at 550 °C [90]

Table 17: Creep Norton law parameters for Type 316 at high temperature.

The macroscopic tests performed on large specimens at high stress levels on the carburized
material could lead to several percents of deformation during the initial creep load application
step (temperature ramp from 20 °C to 550 °C and load ramp). For example in EDF-N-270-RBT
and EDF-N-290-RBT, the deformation has reached 3.5 % and 5 %, respectively during the creep
pre-loading (see Figure 62 and Table 18).
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Figure 62: Creep loading strain (%) during the initial creep loading step for EDF-N-290-RBT and
EDF-N-270-RBT specimens.
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Test designation | €999 (%)
EDF-N-270-RBT-1 3.58
EDF-N-270-RBT-2 3.85
EDF-N-290-RBT-3 4.96
EDF-N-290-RBT-4 4.09

Table 18: Maximum value of the creep loading strain (%) during the creep loading for EDF-N-
270-RBT and EDF-N-290-RBT.

Several creep tests on conventional round bar sample have been performed by the University of
Manchester (UM) and the Imperial College of London (/CL). Specimens have been machined both
in carburized and as-received 316H coming from the same header component (see Section 2.2). A
comparison between the results of the tests conducted in the different labs is shown in Figure 63.
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Figure 63: Comparisons between creep curves from ICL, UM and EDF on carburized and as-
received RBT samples.

The minimum creep rate and the time to reach the failure for the tests of different labs are
summarized in Table 19. These data can be collected to build a Monkman-Grant diagram (see
Figure 64). A linear trend is generally observed but it is not the case when considering the results
from the Imperial College London and the University of Manchester. The results may be influ-
enced by the carburization and by the diameters of the round bar samples which are different for
the RBT from UM (6.996 mm) and from EDF (5 mm).
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Test denomination Minimum creep rate (h~!) Time to failure 77 (h)
ICL-N-300-RBT-ABS20 3.428 x 1073 3183
ICL-N-320-RBT-ABS22 3.429 x 1073 1480
ICL-C-320-RBT-ACS26 3.429 %1073 649
ICL-C-300-RBT-ACS22 1.875%x 1073 1199
ICL-C-300-RBT-ACS31 40x107* 1153
UM-C-320-RBT-ACS48 7.774 % 10°° 2565
UM-C-320-RBT-ACS06 2.759 x 1074 2310
UM-C-320-RBT-ACS19 3.189 x 107 637
UM-C-300-RBT-ACS38 1.3x1073 592
UM-C-320-RBT-ACS38 6.899 x 104 169
UM-C-320-RBT-ACS46 1.283x 1073 330
UM-C-320-RBT-ACS05 9.096 x 10~* 1094
UM-C-320-RBT-ACS08 1.3399 x 103 1056
UM-C-280-RBT-ACS36 12x1073 592
UM-C-320-RBT-ACS07 2.515%x 1074 2704

Table 19: Minimum creep rate and time to failure ¢ for the different tests: University of Manch-
ester and the Imperial College of London. Source: University of Manchester and Imperial College
of London
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Figure 64: Monkman-Grant diagram for ICL, UM and EDF on carburized and as-received RBT
samples.

3.2.2 Effect of carburization on the creep response for small specimens

A flat dogbone has been machined in a carburized plate received from EDF Energy in order to
perform a comparison with the same specimen geometry made of as-received 316H. The two
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samples have been submitted to a loading of 270 MPa in air at 550 °C. After 4,000 h, the non
carburized EDF-N-270-FT sample hasn’t reached the tertiary creep (see Table 20 and Figure 65).

Test designation | min(€) (h~") | Time to rupture 77 (h)
EDF-C-270-FT-9 | 4.79 x 1073 297
EDF-N-270-FT-1 | 9.01 x 10~ > 4,000

Table 20: Minimum creep rate and time to reach the failure ¢; for EDF-N-270-FT-9 and EDF-C-
270-FT-1- tests at 550 °C in air.
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Figure 65: Creep strain response for the EDF-N-270-FT-1 and EDF-C-270-FT-9 (a) and creep
strain rate curve (b).

We have seen that carburized material has different mechanical properties than that of the base
metal. To explain the change in the minimum creep rate of preconditioned sample compared to the
as-received material (see Table 20), we propose to consider that carburized layer of thickness 7.4,
was not supporting the load during the creep test. Thus, the material section is decreased to take
into account this assumption leading to the expression of an “effective” specimen cross section
(supporting the creep loading).
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Scarb - 2(W tcarb)
Stot - Wt

Then, the creep loading (6. = 270 MPa corresponding to %) is modified to take into account
the presence of carburized material:

G - 5 <1 . ( Scarb >>
1 - Stot - Scarb

Several thickness values of carburized material have been considered. Thus, an effective stress
has been identified. From the Norton law presented above, a minimum creep strain rate can be
obtained. The results are presented in Table 21.

fearp (mm) | Gerp (MPa) | min(€) (h~1)
0.05 300 2.50 x 107°
0.1 337.5 598 x 10°°
0.2 450 5.01 x 1073

Table 21: Minimum creep strain rate identified from a Norton law (see (Equation 3.1)) considering
that creep loading is only supported by uncarburized material.

The experimental minimum creep strain rate is close to 5.0 x 107> h~!. From Table 21, it
corresponds to 200 pum of carburized material thickness from each face which is consistent with
the SEM observations presented in Chapter 2. This study has shown that carburized material did
not support the loading during the creep test, explaining the decrease of the minimum creep rate
compared to the as-received material.

3.3 Effect of geometry on the creep response

Flat dogbone specimens have been machined in the as-received 316H. It is proposed to study the
effects of the specimen geometry on the creep response by performing a comparison between
the creep responses of the round bar tensile specimens of Smm diameter (EDF-N-270-RBT-1,
EDF-N-270-RBT-2) and the flat tensile specimen of 1mm thickness (EDF-N-270-FT) tests (see
Figure 66).
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Figure 66: Comparisons between EDF-N-270-RBT-1, EDF-N-270-RBT-2 and EDF-N-270-FT-1:
creep strain response (a) and creep strain rates (b).

The creep response of the round bar samples and the flat dogbone seem to be similar for a 270
MPa creep but a strain difference of 1.2 % in the 500h following the load application is observed.
After this stage, the creep strains and strain rates are similar between small and large specimens,
even if the process of manufacturing of the sample used was slightly different. In fact, the FT
specimens have been obtained from a CT sample (L = 62.5 mm and & = 60 mm) whereas the RBT
have been machined directly in the MT092/13 and MT092/14 cuts (see Section 2.2). Moreover,
the machine finish of round bar sample is rougher leading to very small surface defects. An other
important point is that the gripping system and the deformation measurement are different for
conventional creep rigs and microfluameter. For the small specimen, the deformation is measured
by monitoring the crosshead displacement.

3.4 The effects of carburization on the deformation mechanisms

In this section, we propose to study the effects of carburization at miscropical scale by performing
SEM observations such as fractography.

* A general view obtained by stitching for the EDF-N-290-RBT spcimen is proposed in Fig-
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ure 67. From this image, the fracture mechanisms are assumed to be a combination of creep
cavities and inter/transgranular crack propagation or cleavage (see Figure 68);

- .

o ~ 3 st

Figure 67: Global view of fracture surface for EDF-N-290-RBT test.
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inter/
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Figure 68: Magnified area of Figure 67: observations of primary and secondary creep cavities
and intergranular fracture.
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» Several tests have been performed on SENT specimens at 550 °C in air. All the samples

have been submitted to preconditioning treatment in order to study the influence of both
carburization and oxidation on creep crack growth.

The first test, C-128-SENT, was used as a reference to find a time convenient for the creep
crack monitoring. For this specimen, the initial crack length is 300 pm. When conducting SEM
observations, the crack was hidden by an oxide layer. The specimen has been submitted to a creep
load of 128 MPa which corresponds to a stress intensity factor of 5 MPa.\/m [112]. After three
weeks (see Table 22), the specimen was unloaded and removed from the creep rig to conduct SEM
observations. During the cooling down period, the sample has failed (see Figure 69).

Test denomination min(€) (k1) | Time to rupture 7 (h) ‘
EDF-C-128-SENT-12 | 1.56 x 107 530 ‘

Table 22: Minimum creep rate and time to reach the failure ¢y for EDF-C-128-SENT-12 test at
550 °C in air.
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Figure 69: Creep strain response for the EDF-C-128-SENT-12 (a) and creep strain rate curve (b).

79



The effects of carburization on the deformation mechanisms

As discussed in the literature review, three different creep mechanisms can be active depending
on the temperature and stress conditions (see Chapter 1 paragraph 1.2). A comparison between
the C-270-FT and the C-128-SENT is proposed. Failure seems mainly inter/transgranular for the
specimen C-270-FT (see Figure 70 a). At lower stress, cavity initiation and growth can develop
corresponding to a creep-diffusion mecanism in pre-cracked sample (see Figure 70 b). On the right
side of the C-128-SENT specimen, the fatigue pre-crack has propagated following an inter/trans-
granular path which is consistent with the SEM observations conducted at the specimen surface
before carburization.

- wcarburized Tayer -

B d

ack

(b)

Figure 70: Comparisons between C-270-FT (a) and C-128-SENT (b). The specimen width is 2
mm.

SEM observations of the SENT specimen after failure have been conducted (see Figure 70).
The fatigue pre-crack with an inter/transgranular path is visible on the right side of the specimen C-
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128-SENT. At the top surface, a partial spalliation of the oxidised/carburized layer is observable.
The embrittlement of these layers can be explained by their complex structures (see Figure 51
and Figure 52 in Chapter 2). In the specimen center, primary creep cavities and secondary creep
cavities are present and characteristic of a ductile fracture (see Figure 70 b).

In Figure 71 a, the superficial layer has cracked and had been shredded. The cracks are per-
pendicular to the loading direction and seem to be deep. For these cracks, a depth of 250 um has
been quantified by performing SEM observations of sample edges (see Figure 72). Contrary to
the pre-conditioned surface, no crack has been observed on the uncarburized face. This result sug-
gests the fact that the reactivity of the surface to oxidation is increased by the preliminary surface
polishing. Then, the oxide cracked under creep loading leading to crack initiation and growth on
the sample pre-conditioned surface.

cracks

(b)

Figure 71: General view of the specimen after failure in SE mode of carburized surface (a) and
uncarburized face (b). The red scale bar is 500 um.
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fracture

crack

Figure 72: General view of the specimen after failure in SE mode of carburized surface (a) and
uncarburized face (b). The red scale bar is 500 um.

For C-128-SENT, the creep loading strain, gloading , equals to 0.0984 % (see Figure 73) and the
global creep strain developped during this test is close to 0.25 %.

Several academic partners of EDF Energy have identified a deformation thresholdof 0.5%
associated with crack initiation in the carburized layer. We have shown that the deformation gen-
erated by the loading can be greater or equal to this threshold value (see Table 18 and Figure 73).
This deformation limit is confirmed by SEM observations of failed specimens. Numerous cracks
perpendicular to the loading directions have been observed. The cracks formed during the initial
loading may also be detrimental for the creep response of carburized specimen subjected to more
than 0.5 % of loading strain, as opened cracks may lead to stress concentrations in the underlying
uncarburized material.
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Figure 73: Creep loading strain (%) during the loading of C-128-SENT specimen. e,l%f ing (%)
equals to 0.0984 %.

Conclusions from microscopy:

By comparing SEM images of flat specimen containing a fatigure pre-crack (EDF-C-128-
SENT-12) and uncracked flat dogbone specimen (EDF-C-270-FT-9), we have observed that:

* the load level triggers several failure modes. These stresses could lead to a change in the
fracture mechanisms. Considering low stresses, creep cavity initiation and growth has been
observed and is attributed to ductile fracture. At high stresses, the creep time is not sufficient
to allow the creep cavities to nucleate and grow;

* the preconditioning treatment has led to the growth of oxidised and carburized layers. These
layers are less ductile and numerous cracks perpendicular to the loading direction appeared.
This multiple cracking phenomenon generate stress concentration and multiple discontinu-
ities in the kinematic fields. In Chapter 5, we will introduce an example of in-situ multiple
crack monitoring using DIC and the method specifically developped to identify each crack
tip position.
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3.5 Conclusion

In operating conditions, the components are subjected to steam pressure at high temperature lead-
ing to creep loading. To better understand the creep crack mechanisms, we have proposed to
conduct creep tests at 550 °C in air. Three types of specimens were considered: round bar sample,
microcracked specimen and flat dogbone.

The conventional specimens, RBT, have been submitted to two loadings: 270 and 290 MPa.
The creep responses of the as-received 316 H have allowed to identify the Norton’s law coeffi-
cients A and n. The results are consistent with the literature [81]. A comparison with some tests
performed at the Imperial College of London is proposed. The preconditioning treatment has a
negligible effect on the conventional round bar tensile specimen creep response. At microscopical
scale, both preconditioned and uncarburized samples have been tested. The oxidising treatment
has reduced the ductility of the material.

The effect of geometry has been quantified using the as-received material. The microsized
specimen deformation happened faster than with the Round Bar Tensile specimen (RBT). To
reach 2% of creep strain, it took about 3,000h to the flat tensile specimen N-270-FT and more
than 10,000h to N-270-RBT for a same load. Nevertheless, the slope of the three curves seem
similar. The minimum creep rate has not been reached yet. The difference between the creep
response of the two geometries can be explained by the manufacturing of the sample: the location
in the cuts and by the Electric Discharge Machining (EDM) finish. The microsized specimens
have been obtained from Compact Tension (CT) sample. These dimensions requested a particular
positioning in the MT092/13 and MT092/14 cuts.

By comparing the fracture surface of two microsized specimens (C-128-SENT and C-270-
FT), a variation in the failure mechanism is highlighted. At low stresses, numerous primary and
secondary cavities are observed that are characteristic of diffusion creep. At higher stresses, the
microstructure is revealed by the inter/transgranular path of the crack.

An interrupted creep test on a preconditioned Single Edge Notched Tensile specimen (SENT)
has been performed in order to get a crack monitoring at the microscopical scale. Between each
creep period, some SEM images of the ROI have been taken. These images has been used to obtain
the kinematic fields. A DIC method handling discontinuities has been developped. The crack
propagation is measured by comparing the position of the crack tip identified by this procedure.
The theory, the principles and the numerical validation of the proposed DIC method are presented
on reference tests in Chapter 4. These tests will be part of the experimental validation program
adressed in the Chapter 5.
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Chapter 4

Development of a crack tip

identification procedure using DIC

By using advanced experimental techniques providing full field measurements, it is
expected to detect mechanical fields singularities induced by cracks and other ma-
terial discontinuities. In the context of creep crack growth, image analyses and Dig-
ital Image Correlation (DIC) are relevant techniques to monitor the crack advance
and the plasticity and strain fields surrounding a propagating crack. Moreover,
by performing acquisitions well sequenced in time, it is also possible to measure
kinematic fields before and after crack initiation, and to precisely determine initia-
tion time under a given load. The aim of this chapter is to introduce the numerical
strategy developped to monitor kinematic fields in the presence of a crack, and to
identify the crack tip position from SEM images using DIC.
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Introduction

4.1 Introduction

Advanced experimental techniques such as Digital Image Correlation (DIC) provide spatially
dense kinematic fields that are usefull to characterize material behaviour when mechanical hetero-
geneities develop. This technique is therefore interesting in the context of predicting the lifetime
of industrial components operating in specific conditions, when mechanical heterogeneities are in-
volved. Coupling between DIC measurements and mechanical models (analytical or numerically-
based such as FEM) has already been introduced with the objective of better characterizing the
material behaviour. Several works have been devoted to the study of plasticity [113, 114], dam-
age mechanics [115], fracture mechanics [116, 117, 118, 119] and plasticity at the microscale
[120, 121, 122, 123, 124]. It is now possible to determine mechanical fields induced by cracks and
other material discontinuities [125, 126, 127, 128, 129, 130]. Fracture mechanics problems have
been adressed by introducing the linear elastic fracture mechanics (LEFM) displacement shape
functions in the digital image correlation criterions [131, 132]. In specific cases of brittle failure, a
single field expressed only using LEFM expressions is sufficient to properly describe the kinematic
field surrounding a crack, allowing in turn to derive stress intensity factors [133, 127]. Extension
of this approach to an X-FEM description of the kinematic has also been proposed, increasing the
flexibility of the method [132]. Another way of characterizing a crack has been proposed in [134],
and consists in obtaining first a kinematic field using conventional subset-based (or local) DIC,
and then projecting the field using LEFM-based expressions. This second technique is of great
interest when plasticity develops in the crack process zone, and the plastic zone can be depicted
when plastic yield criterion is known.

The aforementionned methods developped to study fracture mechanics can potentially be ap-
plied to study a creep crack problem. By performing acquisitions well sequenced in time, it is also
possible to measure kinematic fields before and after crack initiation, and to precisely determine
initiation time under a known loading. Better determining initiation time leads to expected indus-
trial method improvements, since conventional approaches are often conservative due to the lack
of precise data and to their scatter. Being able to predict crack initiation between inspection times
would also lead to improve safety.

While so-called global approaches have already been proposed in the literature to identify
stress intensity factors in brittle failure [131], the focus is here to better locate crack tips from
SEM images where the crack tip is not always easy to detect due to an oxide layer formed at high
temperature. Possible plastic strains need to be captured as well. To achieve these objectives, an
identification procedure of crack parameters relying on kinematic fields projection on a specific
base is proposed. The choice of this method has also been motivated by the lack of knowledge on
the material behaviour at the microscopic scale, for this creep crack problem.

This section is structured as follows: first, some generalities and literature review of digital
image correlation will be provided. Then, some fundamentals of fracture mechanics will be dis-
cussed, and they will be used as a limestone to build the crack identification procedure described
after. Finally, an assessment of the procedure will be proposed, considering two cases. The sim-
plest assesment is conducted on virtual experiments obtained using Code_Aster finite element
software, and directly providing the displacement fields. A second assesment is proposed by con-
sidering virtually deformed images using dispacement fields obtained during the first assessment.
The application of this method to real experimental data will be discussed later in Chapter 5.
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4.2 Kinematic fields measurement using Digital Image Correlation
(DIC)

4.2.1 Principle

Digital Image Correlation (DIC) has been introduced in the early 80’s in a mechanical context
[135], and then became extremely popular due to its capability to measure heterogeneous strain
fields. The method aims at comparing images of solids subjected to mechanical loads in order to
derive kinematic fields of observable surfaces (and now volumes by using 3D images [136, 137,
138, 139]). To follow the displacement by image comparison, some markers have to be present on
the surface, whose displacements are assumed to be equal to that of the underlying material.

The surface markers constitute one fundamental aspect of the DIC process impacting the mea-
surement accuracy and performance. In this work, a microlithography technique has been chosen
to pattern the specimen surface.

4.2.2 E-beam microlithography technique
4.2.2.1 Literature overview

The microlithography technique has been first used for mechanical properties measurements in the
1990’s. Then, it has been widely applied in the domain of microelectronic device manufacturing
due to its good resolution at the micrometric and nanometric scales. The patterns that can be
obtained with this technique are particularly convenient for DIC when it is desired to conduct
measurements at the micron scale for materials not exhibiting natural random surface pattern and
therefore sufficient imaging contrast.

In general, to improve imaging contrast at a material surface, some markers can be deposited
at the surface using different techniques such as:

 paint coating: two different paint colors can be used to create pattern with a convenient
contrast (see Figure 74);

* microlithography coating: the pattern is obtained using interactions between polymer resins
and SEM beam. This technique will be detailed in the following Section 4.2.2 [140, 110,
121, 141, 123] and in Appendix B;

e chemical etchant: the surface is etched using a chemical solution to reveal material mi-
crostructure. It is performed here with Nital 3 etchant which is a solution of 3 % in weight
of nitric acid in ethanol. The sample is placed in the solution during a few tens of second.
The acid etches preferentially grain boundaries revealing the microstructure. This technique
can be used in addition to e-beam microlithography;

The microlithography relies on combined use of photosensitive polymer resins and the elec-
tron beam of a Scanning Electron Microscopy (SEM). This technique is divided into five steps
described in Figure 75. Prior to the e-beam microlithography, the sample is subjected to a fine
polishing treatment until Oxide Polishing Suspension (OPS) finish to provide a surface with good
flatness and low roughness. Then, the principle consists in depositing a thin photosensitive film
and expositing it with the electron beam of the SEM.
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Figure 74: Sample with a pattern performed using black and white paints [122].

The obtained patterns are particularly convenient for DIC at the micron scale (the finest scale
corresponding to around 100 nm) on material without natural random surface markers.

exposed
resins  resins tungsten

w  ®n  © @ ®

Figure 75: Surface tungsten patterning using e-beam lithography : (a) resin film deposition, (b)
electron beam exposure, (¢) exposed resin film development, (d) tungsten deposition and (e) resid-
ual resin film dissolution

* First of all, a polymer resin is deposited onto the sample surface (see Figure 75 a);

e Then, the sample is placed in the SEM chamber using a specific stage holder to avoid unde-
sired movements during the process of e-beam exposition. Following a pattern design, the
sample is exposed only at specific positions (see Figure 75 b) using the e-beam.

» After the e-beam exposition, the specimen is subjected to a chemical treatment using a
“developper” solution. This chemical product interacts with the polymer and permits to
remove the exposed area (see Figure 75 c);

* Then, a metal layer is sputtered over the specimen surface (see Figure 75 d);

* Finally, the unexposed resin is removed using a “remover” solution. At the end of the pro-
cess, a pattern made of chosen metal following a given design is obtained (see Figure 75 e).

A detailed description of material required and chemical solutions used for e-beam microlithog-
raphy is given in Appendix B.
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Particularly efficient for gold deposited metal, the removing step is less adapted when using
tungsten. In fact, the ultrasound cleaning convenient to remove resin from the sample surface
may lead to pattern damage without completely achieving this process. The metal-metal bounds
created during the coating step are stronger for tungsten than for gold due to its higher atomic
number. An enhancement of this “classical” e-beam microlithography has been used. A thin layer
of polymethylmethacrylate (PMMA) was initially used for the first method but the improved one
relies on the use of two polymer resins with different sensitivities to e-beam (see Table 23 and
Figure 76 a). First, a MMA copolymer resin is spin coated, then a PMMA layer is spin coated on
the top of the cured MMA layer.

Polymer Time (s) | Temperature (°C) | Photosensitivity
MMA(8.5)MAA EL 6 120 150 +
950 K PMMA 4 120 180 +++

Table 23: Curing conditions for the two polymer resins from Microchem.

exposed

| EEN
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Figure 76: Surface tungsten patterning using e-beam lithography : (a) resin film deposition, (b)
electron beam exposure, (c) exposed resin film development, (d) tungsten deposition and (e) resid-
ual resin film dissolution. Gray color is used for the copolymer resin and the blue color is used for
the PMMA.

This difference in the resin photosensitivities leads to a specific shape of exposed holes in
“cap” (see Figure 76 c). During the coating process, the cap limits the creation of bounds between
tungsten and resins (see Figure 76 d). These metal free areas allow an easier removal step. The
last microlithography step is also less time consuming (see Figure 76 e).

4.2.2.2 The choice of the convenient pattern design

Various geometries could be chosen for the pattern (grid, dot, circle, cross). Doumalin studied and
compared the quality of each pattern morphology to conclude that the cross was the elementary
pattern that could allow to get the best subpixel informations (in x and y directions) [142]. The
pattern showing the best accuracy is constituted of an array of circles.

The chosen pattern for our intergranular crack problem is a combination of dots and microgrids
(see Figure 77 and Table 24). It has been obtained using SEM Quanta 600 coupled with the RAITH
system which controls the electron beam position (see Appendix B). The microgrids are particu-
larly convenient to detect grain boundary sliding and shear. In the forseen experimental conditions
of air environment at 550 °C, it is expected that patterns will interact with the atmosphere leading
to potential damage detrimental for DIC. The dimensions and the periodic properties of the mi-
crogrids make them easier to monitor. Moreover, they remain visible after some surface damage
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compared to a random speckle pattern. The dots are used to confer random characteristics to the

pattern and to get kinematic information with a better spatial resolution compared to a periodic
grid alone (see Figure 77).

(a) (b)

Figure 77: SEM images of tungsten pattern. The pattern size is 400 um and the grid step is 10
pm.

Dot size (um) | Grid size (um) | Space between microgrids (um)
0.7-0.8 0.8-1.0 10

Table 24: Parameters of the microgrids/dots pattern.
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Figure 78: Index quality and inversed pole figure maps from EBSD of a crack tip region of a

316L SENT specimen after loading (see Chapter 5). The pattern appears in black (due to the poor
indexation on the deposited tungsten).
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After testing, the evolution of the microstructure can be studied using EBSD technique. The
Quality Indice of the method can be used to reveal the tungsten pattern at the sample surface
and a correspondance between kinematic fields and polycrystalline structure can be done (see
Figure 78). In the performed experiments, we used a pattern similar to that shown in Figure 77
which is particularly convenient for DIC at the micron scale (the finest scale corresponding to some
100 nm) but a methodology to get a DIC analysis at several material scales using a double-scale
pattern has also been set-up. The results are introduced in Appendix C.

4.2.3 Imaging distortion quantification
4.2.3.1 Literature results on image distortion quantification

The acquisition of SEM images leads to distorsions due to the imaging technique. These distor-
sions are specific to each optical system and must be quantified. In fact, if the level of distorsion
is too high, it could generate errors or biases in the kinematic fields and reduce the DIC accuracy
and performance. Using SEM, the distorsions are more important at large scales. The influence of
distorsions on displacement measurements is higher for large displacements.

In 2001, Garcia described in the context of kinematic field measurements the different optical
distorsions due to the use of a standard camera in the visible spectrum [143]. Few years later,
the distorsions of electronic imaging systems (such as SEM) have been widely studied by Sutton
[144, 145, 146] (see Figure 79) or in Grediac [147]. The metrology Guery performed relied both
on DIC measurements and rigid body motion to decorrelate the distorsions due to the patterning
errors and due to the imaging technique. This quantification of errors can be extended to other
measurements performed with SEM such as EBSD [148].
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Figure 79: Measured horizontal and vertical distorsion fields in FEI Quanta 200 SEM at magnifi-
cations of (a) x200 and (b) x10000 for translations less than 50 pixels [145].
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In Figure 80, we present the classical distorsions (barrel and pincushion shape). An example
of distorsion effects on displacement fields after a vertical translation are presented in Figure 81
[149]. In this example, the standard deviation of the errors on displacements due to distorsion

exasfiusi
+

(@) (b)

Figure 80: Classical distorsions observed on SEM images (a) a barrel shape and (b) a pincushion
shape [147].
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Figure 81: Displacement fields with distorsions (pixel) (a) and (b) with distorsion corrections
[149].

In this PhD thesis work, the FEI Quanta 600 SEM has been used to perform most of the SEM
imagings as well as e-beam microlithography (see Section 4.2.2) and in-situ experiments (see
Chapter 5). The quantification of distorsions for this apparatus has already been performed by
Guery in his work on the identification of cristal plasticity law parameters for 316L(N) stainless
steel using DIC [150]. Guery has shown that the distorsions were negligible (see Figure 82). He
used a method based on the acquisition of an a priori known calibration target, which led him to
distinguish the errors due to the imaging system (see Figure 82 a,b) and the ones from the pattern-
ing errors (see Figure 82 c,d). The images have been taken at a working distance of 14 mm, with
an acceleration voltage of 10kV. Images were acquired with a physical size of 240 nm per pixel
and stored in 16 bit format.
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Figure 82: Imaging distorsions of a SEM along the horizontal (a) and the vertical (b) directions,
and patterning errors along the horizontal (c) and the vertical (d) directions. The fields are ex-
pressed in pixels, whose physical size is 240 nm [121].

Another method to quantify the distorsions of SEM Quanta 600 is proposed in the following.
Contrary to what has been used by Guery, this distorsion quantification method does not require the
knowledge of the calibration targer pattern in advance and thus anihilates the ”patterning errors”.
The characterization of the distorsions is performed by determining the transfer function of the
“imperfect® imaging system. Several translations are imposed to the target. The displacement
measured by DIC accounts for the actual translation and the distorsion. The optical distorsions are

modeled through a displacement field expressed with a radial distorsion model constructed with
polynomial laws as presented in [143, 149]:

ugis(M(x,y), Pa) = Zb 0;(x,y) (4.1)

where (¢ j) j=1:n, Tepresents the basis functions used to describe the distorsions, P, is the vector
regrouping the distorsion parameters, typically the optical center (x,.,V,.) and the distorsion coef-

ficients (b;)j—1.,,. Classically, radial polynomial distorsion models are used [143], and they are
limited to the first order terms:

0;(r)="r/

with j=1:ngand r = \/ (x — Xoc)? + (¥ — Yo )? representing the distance to the optical center.
The principle of the method used in this PhD thesis work and the main results are presented in
the following section.
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4.2.3.2 Imaging distortion quantification methodology

It is important to characterize the effects of distorsions on the kinematic measurements and we
proposed to quantify SEM distorsions considering translations consistent with the expected dis-
placement during the real experiments. The calibration target consists in a sample similar to that
illustrated in Figure 77.

Two sets of displacements have been applied using the SEM translational stage, with an incre-
ment of 50 pixels (i.e 4.85 um) between each image. In the following, a reduced set of two cases
have been considered for DIC analysis:

* Case 1: set of two images, with a dispacement increment of 250 pixels in the horizontal
direction.

e Case 2: set of two images, with a dispacement increment of 250 pixels in the vertical direc-
tion.

The global idea is to characterize the distorsions due to the “imperfect™ imaging system by
performing imposed translation along the directions x and y. The total displacement considered
is consistant with the expected displacement reached during an in-situ tensile test. Then, the dis-
placement field is decomposed to study the mismatch between the DIC measurements and the
imposed displacement using the stage. This procedure will allow to identify the presence of opti-
cal distorsions.

The sample used for this study has been machined in the mid-thickness of a plate made of
an Inconel alloy 600. After the EDM, it has been polished until OPS finish for microlithographic
purposes (see Figure 77). A tungsten pattern made of grids/dots (20 nm) has been deposited and
covers a Region of Interest of 400 um. The acceleration voltage was 10 keV at a working distance
of 12.4 mm. The chosen magnification was 635 corresponding to a ZOI of 200 um. The BSE
detector in Z contrast mode is well adapted to increase the contrast between the alloy (nickel base)
and the tungsten. The images are encoded using 2048 x 1780 pixels on 16 bits. The physical size
of a pixel is 0.097 um. Between each image acquisition, an incremental displacement of 50 pixels
is performed using the SEM stage (i.e. 4.85 um). As suggested above, displacements have been
successively carried out in the two directions x and y. Then, DIC analysis have been performed
with a local approach using Kelkins routine. Firstly developped by Wattrisse in VisualC++ [151],
Kelkins is a component integrated in MAP platform developped by EDF R&D [152]. It has already
been used to highlight the strain localisation in single grain of a 304L aggregate [153] or on
Zircalloy-4 cladding material.

The displacement operated by the SEM stage is a rigid body translation motion and the mea-
sured displacement should correspond to pure translation. In Figure 83, we introduce the kinematic
fields resulting from a vertical translation of 250 pixels. The displacement field is not strictly con-
stant.

The distorsions generate heterogeneities resulting from magnification variations or induced by
slight variations in the sample tilt with respect to the focal plane. To quantify the transformation
homogeneity, we propose to calculate the transformation gradient F then to perform a polar de-
composition of F as F = R U. This polar decomposition can be interpreted as the transformation
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Figure 83: Kinematics fields after a vertical translation of 250 pixels: u, (a) and u, (b).

from the initial point to the current point separated by a ”deforming transformation* U and R, an
orthogonal rotation matrix.

F(X.) = 9%y mX 4.2)

In practice, a dense field u(X) is obtained using square subsets of 20 pixels dimension. This
displacement is then projected on a polynomial field of the form:

u, = ax+by+c 4.3)
u, = dx+ey+f (4.4)

with x and y the components of the position X, and a — f polynomial coefficients.

Once the fields are projected using the polynomial expressions of Equation (4.3), the transfor-

mation gradient simply writes:
Juy  Juy
p) J a b
F= (a;fy auyy> = (d ) 4.5)
n oy ¢

The rotation angle 8 is obtained by applying arccos to R(1,1): 6 = arccos(R(1,1)).
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Case 1 Case 2
41 .02 —0.0004
Polynomial fit Ux —566.0413 0.0008 0.0295 0.000
—0.005 0 0.0003 0
—3.2133 —0.0005 —258.5009 0
Polynomial fit Uy
0.004 0 —-0.0001 O
¥ 1.0008 —0.0005 0.9996 0.0003
—0.0005 1.0004 0 0.9999
R 0 1 0.0001
0 1 —0.0001 1
U 1.0008  —0.0005 0.9996 0.0001
—0.0005 1.0004 0.0001 0.9999
0 4.1558x10~* 0.0085

Table 25: Polar analysis of transformation gradient F. The horizontal et vertical translation cases
are respectively denoted Case 1 and Case 2.

The distorsion fields are obtained by substracting homogeneous fields resulting from a homo-
geneous deformation (due to misalignments) and a pure translation to the kinematic fields obtained
with Kelkins routine. The effects of SEM distorsions are an order of magnitude smaller than the
displacement measured by DIC (see Figure 84). The horizontal periodic artefacts (see Figure 84 a)
and the vertical periodic artefacts ((see Figure 84 b) are due to the grid pattern. The amplitude of
these residual displacements are the same order than the classical displacement noise ranging be-
tween 0.01 and 0.1 pixel. It is thus assumed that there is no need to correct distorsions.

pixels pixels
0.03 0.03
0.02 0.02
0.01 0.01
0 0
-0.01 ol
-0.02 002
-0.03 00

(b)

Figure 84: Distorsions u, field in pixels after a translation of 250 pixels in the vertical direction
(a) and distorsions u, field in pixels after a translation of 250 pixels in the vertical direction (b).
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4.3 Linear Elastic Fracture Mechanics

Fracture Mechanics is the science that focuses on the mechanical state associated with cracks,
as well as crack initiation and growth. In the 1920’s, Griffith initiated researches on brittle frac-
ture [154]. His work was pursued by Irwin [155, 156, 157, 158, 159, 160] and Rice [82]. The
researches of George R. Irwin on fracture of steel armor plating during penetration by ammu-
nition has led to the theoretical formulation of fracture. Loadings applied to cracked structures
generate discontinuities in the material stress fields or in the kinematic fields. Fracture Mechan-
ics makes use of continuum mechanics laws (equilibrium equations, constitutive equations, etc
...) and of boundary conditions due to the geometrical discontinuity to determine stress, strain
or displacement fields. Considering the case of a linear elastic medium, closed form solutions of
displacement and stress fields have been derived by Westergaard [161]. In the other cases, it is dif-
ficult to identify the relationship between the continuum mechanics expressions and the boundary
conditions generated by the crack. For example, Bassani and Qu have obtained complex solutions
of stationary cracks in elastic bi-crystals, and they cannot be easily and directly applied due to the
non unicity of solutions often given as complex polynomial roots [162, 163, 164, 165, 166, 167].

In case of non-linear behaviour such as plasticity, Hutchinson [168] and Rice-Rosengren [169]
have studied the crack-tip stress field shape for a power-law hardening material. Their work is well
known as HRR (Hutchinson-Rice-Rosengren) theory (semi-infinite crack in a power-law harden-
ing material). Hutchinson began by defining a stress function & expressed for mode / crack
problem as an asymptotic expansion:

CI>:C1(9)r5+C2(9)r’+... (4.6)

where C; and C; are constants that depend on 0, the angle from the crack plane. This equation is
analogous to the Williams’ series for the linear elastic case. Restricting the ROI in a region near
the crack tip, Hutchinson has expressed the stresses and the displacements in polar coordinates for
both plane stress and plane strain conditions. The HRR theory stipulates that the J-integral can be
used to characterize the singular stress and strain fields in the crack tip region. Nevertheless, close
to the crack tip, the theory is not valid because it neglects finite geometry changes at the crack tip.
Their work has been used to study crack growth in aluminium alloy [170, 171] or to adress creep
problems [81].

Cracks in solids provide one of the strongest mechanical heterogeneity. Contrary to the circular
hole studied by Inglis, the stress is infinite close to the crack tip in a linear elastic medium [172].
To overcome numerical or computational issues associated with the absence of finite limit, two
approaches have been developped: the energetical approach [154] and the local approach [173,
161]. In this work, we will only focus on the local approach without performing energetical
considerations.

Three elementary crack loadings can be defined. Each of them leads to analytical expressions
of stress (o) or displacement (u) fields. These different modes can be superposed to obtain mixed
mode loading.

* The mode /, known as opening mode, is generated by applying a symmetric plane loading
compared to the crack plane.

* The mode /I named plane sliding is obtained by applying opposite loads parallel to the crack
front.
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* The mode /I leads to out-of-plane sliding of the crack lips and is called antiplane shear
mode.

The analytical expressions describing the mechanical fields in the vicinity of a crack are gen-
erally obtained on simple (infinite or semi-infinite) geometries. For example, a representation of a
crack with a length of 2¢ in a infinite plate is given in Figure 85.

2¢

Figure 85: Representation of a crack with a length equals to 2c¢ in a infinite domain.

The closed-form solutions generally express the mechanical fields in the polar coordinate sys-
tem centered on the crack tip (see Figure 86).

eZ A RO ™
r 7
\ N0
¢

Figure 86: Local coordinate system around the crack tip.

When dealing with a finite geometry, it is necessary to locate the crack frame R, in the global
frame Ry (see Figure 87).
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Figure 87: Local coordinate system around the crack tip R, (c, e;, e;) expressed in the global
coordinate system (here chosen as the initial image coordinate system Ry (0, X, Y)).

In the particular case of a crack in 2D infinite domain, Westergaard has identified the analytic
solutions of displacement fields as [161]:

K, K,

u,(r0) = \/—2171 ;tcosg(lc—coseﬂ—\/%l ésing(lc+cos6+2) 4.7)
K, 0 K, 0

up(r,0) = ! Lsinf(l{—cosﬁ)—i LCOS*(K-l-COSG—z) (4.8)

V2u\ 2w 2 V2u\ 2n 2

with k the Kolossov’s constant, ¥ = (3-v)/(1+u) for plane stress or Kk = (3-4u) for plane strain
conditions.

The mechanical fields near a crack can also be described using the Williams series formalism.
The Williams series are validated for a straight semi-infinite crack in a homogeneous isotropic and
linear elastic 2D material. The expression of the displacement field relies on a double sum. It
can be expressed in the polar coordinates or using complex fields. Introducing solely mode / and
mode /1, the displacement field u is expressed using the complex notation as [173]:

u(re) =Y Y d'¢}(re) 4.9)
i=LII n
where a} are the coefficients of the displacement field on the reference fields @} that form the
complete set of linear elastic fields satisfying a condition of zero traction along the crack path.
The components of the decomposition are denoted by the modes i € S; and the orders n € S,,. The
expressions of the basis functions @7 are respectively for mode I and mode /I:

o) (r) = r? (Kejn(e/z) _ gej(4—")(9/2) + (g + (_1)")_e—jn(9/2)) (4.10)
oL(r) = j.r? (Kejﬂ(e/z) + gej(4—n)(9/2) _ ((g _ (71)n).e—jn(6/2))) 4.11)
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Using the complex notation, the displacement vector in the polar coordinates reads:
u(r,0) = u,(r,0) + jue(r,6) (4.12)

where j is the perfect imaginary number (j = e'/Tn).

The displacement components in the global coordinate system can then be written:

u(r0) = 92( ) Za;%p,’f(r,e)> (4.13)
i=1II n

uy(r,8) = 3 ( Y Za,’.’cp;’(r,e)> (4.14)
i=IIl n

with R(a) the real part and 3 (a) the imaginary part of complex a.

According to the value of order n of the decomposition, the fields have different meanings and
can be separated into two categories:

* subsingular terms (for n > 0). These terms vanish when r tends to 0.

* supersingular terms (for n < 0). The displacement fields are singular when r tends to 0.

Let us remark that for n = 1, the fields are proportional to the analytic expressions given by Irwin
and are defined hereafter as Westergaard’s expressions. The amplitude is a linear function of stress
intensity factors (Kj, Kj7, Kjir). The stress intensity factors for mode / and I/ (K; and Kj;) depend
on the magnitude of the load, the crack length and further geometrical parameters of the considered
configuration.

More recently, Barranger has studied the displacement fields in a cracked SENT specimen in

mode [ [174]. He compared theory with 3D experiments obtained with Digital Volume Correla-
tion. He used the first and the second terms of the Williams’s series.

u (r,0) = (&) \Vr/2m cos(g) <(1 —v) +sin2(g)> — (VGWCOS(G)> (4.15)

u (I4+v) E
ug(r,0) = (]Z’) \r/2m sin(g) <(1 iv) —cosz(g)> + (G”En(e)> (4.16)

with v the Poisson coefficient.

These analytic expressions of displacement can be used as shape functions for the DIC [133,
175, 176]. In this case, the DIC procedure aims at identifying the coefficients a} of the shape
function considering the crack tip position as known. These approaches rely on the linearisation
of the correlation criterion provided by the linear shape functions. The expressions in this section
can be used as a basis of shape functions and combined with a classical DIC procedure with
local approach. A functional between the displacement measured by DIC and from the LEFM
expressions can be used. By minimizing this functional, the a} can be identified as well as the
crack tip position (x,y.). This method is presented in the following section.
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4.4 Crack parameters identification procedure

Using Williams’ series displacement field provided in Equation (4.9), kinematic fields (u,, ug) are
provided in the local coordinate system R..

The displacement has to be expressed in the image coordinate system Ry using the following
relationships ':

ro= Jax) -y (4.17)

@ = arctan (x — xc> (4.18)
y—=Ye

U = uycos(0)+uysin(0) (4.19)

up = —usin(0)+u,cos(0) (4.20)

Let us call u}v{v the displacement field expressed by Williams’ series (Equation (4.9)), and u;”

a displacement field obtained experimentally on a set of control points S., = (xk, yk, k=1...N).
Let us introduce a set of coefficients p allowing to parameterize the crack displacement field on
the same control points ukW (p). The crack parameter identification consists in minimizing the gap
between the modelled and the experimental field as follows:

N
p”” = Argmin Y (uf (p) —ui™)? @.21)
k=1

The set of identified parameters p°”* can include several unknowns to be determined, among
which:

e the crack tip coordinates (x., y.),
e the crack orientation ®,
* areduced set of Williams’ coefficient a7, for a choice of orders i € S; and of modes n € S,,.

In the numerical method developped here, the subset of orders S; is included in {/,1I} and
the subset of modes S, is a set of natural integers (thus potentially including subsingular and
supersingular terms). If the subsingular modes are neglected, S,, C N™

The crack tip position identification needs displacement fields as input data. Let N represent
the total number of measured displacements. A restriction on the uzx‘p values can be done using
the parameter R,,,, (see Figure 88). This parameter defines a Region Of Interest (ROI) for the

est est

projection around the crack tip position estimation (x§”, y5*, ). The cost function minimization
(Equation (4.21)) is then performed on a restricted area of the kinematic fields:

Sk = {k= 1N with /(v —x0) + (% —30)* < Ruar)
p’” = Argminz (u,‘év(p)—uzx‘”)2
P keSg

l9=0ifx.=0and y. =0
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Assessment methodology and robustness of the crack parameters identification

The linearity of w)’(p) is verified for the Williams series coefficients but not for the crack
parameters (x., Y., ®). Thus, to identify the optimal values of the set of parameters (a, (xc, yc,
®)), a three steps minimization is proposed:

1. Firstly, the estimated crack parameters are considered and a linear minimization is per-
formed to identify the corresponding a;.

2. Secondly, a non-linear minimization is used to identify the optimum crack parameters by
considering all the crack parameters ( x¢, y., a}'). The non-linear minimization is performed
using an unconstrained gradient-based algorithm.

3. To validate the convergence and the stability of the procedure identification results, the non
linear minimization is performed a second time using the optimized parameters as initial
guess and the distance between the parameters identified at each procedure iteration djs
is calculated.
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Figure 88: Different sizes of Region Of Interest R, for a crack position estimation in the center
of a 1024 x 1024 image.

4.5 Assessment methodology and robustness of the crack parameters
identification

Finite element (FE) simulations of intergranular cracks in bicrystals have been performed and used
as reference fields to develop an identification procedure of the crack tip position. The virtual ex-
perimental fields are considered as u®*” in the minimisation problem of Equation (4.21).

Several constitutive behaviours will be considered: homogeneous elasticity, homogeneous
isotropic plasticity (J2) and crystal plasticity (anisotropic and heterogeneous). The crystal plas-
ticity law proposed by Meric and Cailletaud has been chosen [177]. Then two kind of boundary
conditions can be used to load the structure: the Westergaard’s expressions in displacement pre-
scribed for the global boundaries (Equation (4.9) with n = 1) or imposed uniform displacement on
the upper and lower boundaries while the others are traction-free.

The different cases will be studied considering an increasing level of errors compared to the
LEFM model (Figure 89). The comparison between u®? from isotropic elasticity case and u"
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Development of a crack tip identification procedure using DIC
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