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Nomenclature

Symbol Description Unit

A, dA surface area, area element m2

d lattice spacing m

dhkl lattice spacing of hkl lattice plane m

d0,hkl free of stress or reference lattice spacing of hkl lattice
plane

m

E Youngs modulus Pa

Ehkl diffraction elasticity constant corresponding to
Youngs modulus

Pa

F force N

hkl indices for a (set of) lattice plane(s) -

ki, kf wave vectors of incident and diffracted beams m−1

l-l0 deformation m

l0 original length of deformed object m

n positive integer -

Q scattering vector m−1

V, dV volume, volume element m3

W wall thickness m

X1, X2, X3, coordinate systems -

X ′
1, X

′
2, X

′
3

x1, x2, x3 coordinates -
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viii Nomenclature

δi,j Kronecker delta -

ε strain -

ε strain tensor -

εi,j , i, j ∈ {1, 2, 3} component of strain tensor -

εi, i ∈ {1, 2, 3} normal component of strain tensor -

εhkl lattice strain for hkl lattice plane -

εφ,ψ normal strain observed in direction (φ, ψ) -

2θ peak position degrees

2θhkl peak position obtained for hkl lattice plane at given
wavelength

degrees

2θ0,hkl peak position obtained for free of stress or reference
hkl lattice plane at given wavelength

degrees

λ, Δλ wavelength, bandwidth of wavelength m

ν Poissons ratio -

νhkl diffraction elasticity constant corresponding to Pois-
sons ratio

-

σ mechanical stress, vector format Pa

σ mechanical stress, tensor format Pa

σ’ mechanical stress, tensor format, in dashed coordi-
nate system

Pa

σeq. von Mises stress Pa

σi,j , i, j ∈ {1, 2, 3} component of stress tensor Pa

σi, i ∈ {1, 2, 3} normal component of stress tensor Pa

σI , σII , σIII type I, II and III residual stresses Pa

σn normal stress component in a direction normal to a
cross section or a surface

Pa

σφ,ψ stress observed in direction (φ, ψ) Pa

τ shear stress, vector format Pa

φ, ψ orientation angles with respect to the specimen degrees
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Chapter 1

Introduction

In most industrial sectors welding represents an important family of manufacturing
processes for both fabrication and repair, as it allows (metal) parts to be joined to
form almost homogeneous units. Many industrial products and installations could
not be achieved without the capability to make such joints. There are many reasons
why welding techniques have become so widely used; the feasibility of a technical
or engineering solution is one aspect, but economic considerations can also play an
important role. Welding can be less labour intensive and more advantageous in terms
of material consumption than competing joining techniques.

Welding can, however, involve aspects that are technically disadvantageous. This
thesis will focus on one characteristic of almost all welding methods: residual stresses
that develop in welded components; i.e., stresses that are present in a structure
in the absence of any external loads. These residual stresses can reach significant
magnitudes, approaching or exceeding the yield strength of the material. In addition,
it is in the nature of almost all welding processes that the material that is formed in the
region of the joint has characteristics different from those of the base materials. This,
combined with local tensile residual stresses, often leads to a higher susceptibility
to the formation and propagation of cracks in the fusion and heat affected zones.
As a result weld zones attract most of the attention when the integrity of a welded
component is assessed.

Figure 1.1 gives an impression of the potential consequences of a weld failure. In
this case, a small hydrogen induced crack in one of the welds led to the complete
destruction of a pressure vessel during a hydraulic test performed to demonstrate
fitness for service [1].

In many industrial sectors, and in particular in the aerospace and nuclear power
industries, the consequences of component failure during operation can be severe, and
failure probability must be kept to a minimum. In such cases, component integrity
must be maintained in all foreseeable loading conditions. This generally leads to
thorough regulatory supervision of equipment and plant operators, during the design,
construction and operational phases. In the nuclear industry for example, detection of

1



2 Introduction

Figure 1.1: Pressure vessel failure during hydraulic test [1].

flaws can necessitate an in-depth analysis of component integrity before authorization
for continued use can be granted. An entire installation can therefore be taken out of
service while such an analysis is taking place. In order to put this into an economic
perspective, it is helpful to consider for example that the cost to the utility of an
average day out of operation for a nuclear power plant in Europe is of the order
e 106.

In countries with relevant industrial installations, dedicated codes; e.g., for struc-
tures containing defects or for components operating at high temperatures, are applied
for integrity assessments. These assessments take into account both the static and
dynamic loads acting on a component, and the associated stresses. Examples for such
assessment codes are the R6 and R5 procedures [2; 3] that are used in the UK.

There are several types of loads and consequently stresses that have to be taken
into consideration when a structure is designed. In the first place there can be service
loads which may include pressures, thermal gradients, gravity and inertial forces.
Further there can be environmental impacts from factors such as wind, rain, snow,
ice, thermal gradients, running water, earthquakes etc. Residual stresses can add up
with the stresses caused by external loads such that the maximum acceptable external
load for a structure may be reduced.

It is therefore important to be able to quantify all stresses in a given structure. In
most cases residual stresses are more difficult to evaluate or predict than external loads
[4]. For this reason, it is often necessary to use upper bound residual stress profiles as
input data for defect analyses; i.e., to assume a worst case scenario as far as residual
stresses are concerned. This approach forces engineers to apply conservative safety
margins in the design of safety critical components.

Generally speaking, a structure with a large cross sectional area can support a
higher load than a structure, made from the same material, with a smaller cross
sectional area. Consequently, applying upper bound profiles for the residual stresses
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results in thicker walls implemented in component designs. Knowledge of realistic
residual stress distributions permits a fitness for purpose design approach instead of
an overly conservative approach, which may generate economies in the construction
and operation of safety critical installations. In addition, improved knowledge of the
welding residual stresses could also lead to improved application of welding procedures
and to safer and more economic operation of installations.

In order to validate the component integrity assessment models, experimental de-
termination of residual stresses is needed. A number of techniques are available for
this. Most of these techniques are categorized as either strain relaxation methods or
as non-destructive techniques; the former measure the strain response due to unloa-
ding, achieved in most cases by cutting. The non-destructive techniques comprise the
diffraction methods (X-ray and neutron), and the magnetic and ultrasonic techniques.

Neutron diffraction for stress analysis has only been available for the last 30 years
[5], and was the first non-destructive technique capable of measuring spatially resolved
strains and stresses in the bulk of a component. Nowadays in addition to neutron
diffraction [6] synchrotron X-ray diffraction [7], deep hole drilling [8] and the contour
method [9] are available for measuring bulk residual stresses. The availability of these
new stress measurement techniques has triggered a significant increase in the number
of applications to real engineering problems.

As with other diffraction based stress measurement techniques, neutron diffrac-
tion measures changes of lattice spacing; i.e., lattice strain, caused by the presence
of stresses. From multi-dimensional measurements of the lattice strain, the residual
stress can be derived through formalisms based on a generalized Hooke’s law [10].
Due to the high penetration power of neutrons, neutron diffraction is still the only
technique capable of non-destructively measuring residual strains in three dimensions
in the bulk of a component at a reasonable spatial resolution. The method is, howe-
ver, only applicable to crystalline materials; i.e., metals and ceramics.

Focus of the Present Work

In this work neutron diffraction is applied for the measurement of welding residual
stresses in thick section components of primary systems of a pressurized water nuclear
power installation. Figure 1.2 shows a cut through the reactor pressure vessel of a
pressurized water reactor. Typically, for a 1000 MW plant such a vessel would be
about 12 m high and about 5 m in diameter, with a wall thickness in the range 200
to 250 mm [11]. The vessel wall and the nozzles connecting the vessel to the primary
piping system can be seen in the figure. Such a system contains a large number
of welds. For example, the nozzles are welded into the vessel walls and the piping
system is connected to the nozzles through girth welds. The vessels themselves are
also welded structures, mostly made from low alloy steels. Such steels are prone to
corrosion in the operating environment of a light water reactor. Therefore a clad layer
of stainless steel, several millimetres thick, is welded over the entire inner surface of
the vessel, including the nozzles.

Under normal operation conditions the primary system of a pressurized water
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reactor is subject to pressures that can be in excess of 150 bar. In order to contain
such pressures, thick walls are needed; as stated above the reactor pressure vessel
wall is typically 200 to 250 mm in thickness, the piping walls of the primary coolant
piping are in the range between 20 and 80 mm in thickness. In installations, where the
primary piping systems are fabricated from austenitic stainless steels, joining these
to the pressure vessel nozzles involves the application of dissimilar metal girth welds.
Welding dissimilar metals introduces an additional source of residual stress through
the mismatch of the thermo-mechanical properties of the materials.

The weld components investigated here were full-thickness mock-ups of real reactor
components, representing pressure vessel nozzle to primary piping dissimilar metal
girth welds (2 specimens), and a welded clad layer on the reactor pressure vessel wall.
The structure and typical dimensions of a pressure vessel nozzle to a stainless steel
primary piping joint as well as the location of the clad layer are illustrated in Figure
1.3. The welds investigated in this work were accomplished by multi-pass fusion
welding using austenitic stainless steel consumables. The two piping components had
a wall thickness of 25 and 51 mm and outer diameters of 168 and 453 mm, respectively.
The thinner pipe was about 400 and the thicker pipe about 500 mm long. The clad
component was a 200 by 225 mm block of 146 mm thickness with a 10 mm clad layer.

The neutron diffraction measurements were challenging because (i) the compo-
nents were relatively thick and thus strongly attenuated the neutron beams, and (ii)
the locations for the neutron stress measurements were difficult to access. These
difficulties necessitated the development of dedicated cutting schemes to remove ma-
terial to allow sufficient access for the neutron beams to the required measurement
locations.

This work describes the experimental examination of the welding residual stresses
in these three nuclear components. At the same time the suitability of the expe-
rimental approaches has been critically assessed. The experimental work comprises
the development of the specimen cutting schemes, the execution of the neutron dif-
fraction measurements, with subsequent analyses of the measurement data, and the
design and preparation of the reference specimens to calibrate the stress measure-
ments. In addition a thorough assessment of the strain measurement uncertainty is
undertaken.

As stated earlier, reliable estimates of the residual stresses are essential for the
assessment of the integrity of welded components. The residual stress measurements
presented here thus formed part of larger research programmes addressing integrity
related questions relevant to the respective components. These also involved residual
stress simulations and the application of alternative stress measurement methods.
While these latter investigations do not form part of the present research, the expe-
rimental and numerical data obtained are included for comparison with the neutron
results in order to facilitate an assessment of the experimental approaches presented.

This thesis has the following structure: chapters 2, 3, and 4 provide the scienti-
fic/technical background for the work in a condensed form. This includes the concepts
of stress and residual stresses and the associated formulae (chapter 2). In chapter 3
the technique for measurement of residual stresses by means of neutron diffraction
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Figure 1.2: Cut through a reactor pressure vessel (courtesy of B. Forssgren).
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Figure 1.3: Cross section of a pressure vessel nozzle to primary piping connection repre-
sentative of a VVER440 type reactor [12].
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is explained and a brief overview of other stress measurement techniques is given.
The neutron diffraction equipment is presented and details of the neutron diffracto-
meter used in these investigations are provided. An introduction to welding is given
in chapter 4, which covers the industrial relevance, a brief overview of welding tech-
niques, and aspects relevant to this work, including residual stress generation and
microstructural features of the welded materials.

Chapters 5, 6, and 7 present the residual stress investigations in a 25 mm thick
bi-metallic piping weld, a clad layer specimen and a 51 mm thick bi-metallic piping
weld, respectively. These three chapters also address the manufacturing of the welds
themselves, the design of the neutron diffraction and reference specimens, the ex-
perimental arrangement, the measurement results and the comparisons with other
measurement techniques and numerical analyses.

Chapter 8 provides a general discussion of the work, including the assessment of
the measurement uncertainties, comparisons with results from other methods and
from stress modelling, and an assessment of the experimental methods and specimen
preparations used in this investigation.

The outcome of the work is presented in chapter 9 in the form of conclusions and
general recommendations derived from these investigations.





Chapter 2

Residual stresses

In this chapter the engineering concepts of applied and residual stress are intro-
duced. The relevant definitions for stresses are provided in the first two sections.
Furthermore, mathematical descriptions are introduced and the most important rules
governing the distributions of residual stresses in a component are explained. These
rules are important in the appraisal of the quality of experimental and numerical
assessments of residual stresses. The relationships between stress and strain that are
relevant for the present work are presented in section 2.3. Finally, sections 2.4 and
2.5 give a brief overview of the possible origins of residual stresses and explain why
these are important for the integrity of components.

2.1 Definitions and mathematical concepts for ap-
plied stresses

A material object of cross section, A, which could be a structure, a component, a
specimen, a volume element within a test piece etc., subjected to a force F experiences
a stress σ that is equal to the force divided by the surface area over which it is acting.

σ =
F

A
(2.1)

A distinction is made between normal stresses σ generated by forces normal to the
cross section under consideration, and shear stresses τ generated by forces parallel to
the observation plane. Figure 2.1 illustrates this.

Normal and shear stresses cannot be treated separately. If an observer would
decide to use a different co-ordinate system to describe the force F in Fig. 2.1,
he/she would obtain a force component giving rise to a normal stress and another
component giving rise to a shear stress within the object. Therefore, in order to
completely describe a stress state, a co-ordinate system needs to be defined and the
normal and shear components of the stress must be obtained.

9
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Figure 2.1: Normal and shear stresses

In three-dimensional space, a second rank tensor is obtained, describing the stress
state at the location of interest within an object:

σij =

⎛
⎝σ11 σ12 σ13

σ21 σ22 σ23

σ31 σ32 σ33

⎞
⎠ . (2.2)

Indices 11, 22, and 33 represent normal stresses, while the other combinations
are used for the shear components. Figure 2.2 illustrates the situation. A force
F = (F 1,F2,F3) defined in co-ordinate system (X1,X2,X3) acting on a small cubical
volume element at the location of interest, gives rise to a stress state at this location
that can be described by the stress tensor in equation (2.2).

The normal stresses are classified as tensile or compressive, depending on whether
the force causes the object to expand (tensile stress) or to contract (compressive
stress) at the location of interest. Tensile stresses are quantified by positive numbers,
while negative values describe compressive stresses.

2.2 Residual stresses and their characteristics

Residual stresses are stresses present inside a component or test piece in the absence
of any externally applied load [6]. They are caused by the interaction of material
elements within a component with the surrounding material. Through this they are
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Figure 2.2: Components of the stress tensor σ in co-ordinate system (X1,X2,X3), (see also
[13] or [10])

distinguished from applied stresses, which are caused by external loads acting on a
component or test piece1. Residual stresses can arise from many materials processing
routes applied in manufacturing of components or structures [10]. Sometimes they
can also be introduced locally after manufacture through proof testing and service
loads.

In general, residual stresses vary with location. Depending on the length scales
of these variations they are classified as type I, type II or type III stresses. Type
I residual stresses, also called macrostresses, vary over a length scale comparable to
the dimensions of a component. Residual stresses of type II vary in the range of the
grain size of a poly-crystalline aggregate, and type III stresses are variable on the
atomic scale [6]. Type II stresses are caused by differences in the thermo-mechanical
properties of grains with different orientations or grains of different composition in
a poly-crystalline material. Type III stresses are caused by crystal imperfections,
such as dislocations, interstitial atoms, voids etc. Residual stresses of types II and
III are often jointly described as microstresses. Attributing a common term to type
II and III residual stresses makes sense, as there are basically no well-established
techniques available for experimentally determining their magnitude independently
of type I stresses. Nevertheless in recent years novel high resolution techniques have
emerged based on; e.g., electron backscattering diffraction [14] or high-energy X-ray
diffraction [15], by which location, orientation and crystallographic strain of individual
grains can be determined. Figure 2.3 illustrates the differences between type I, II and
III residual stresses.

1NB: The distinction between residual and applied stresses is not completely obvious, when it
comes to stresses caused by the component’s or structure’s own weight. Stresses caused by an object’s
own weight are of interest only in cases where the supporting walls of an object are thin with respect
to its length or height.
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Figure 2.3: Residual stresses, σ, of types I, II and III in a poly-crystalline 2-phase material
(courtesy of R.V. Martins).

For the following discussions, static equilibrium conditions and ambient tempera-
tures are assumed.

Stresses inside a structure in equilibrium balance the externally applied forces. In
the case of residual stresses, by definition no external forces are present, which means
that all components of the residual stress tensor over the entire volume of a structure
must integrate to 0 MPa [6].

∫
V

σijdV = 0 ; i, j ∈ {1, 2, 3}. (2.3)

Equilibrium considerations lead to the balance of the normal stresses across any
complete cross section of the structure [13]; i.e.,

∫
A

σndA = 0 , (2.4)

with A being the area of a complete cross section through the structure and σn

the residual stress component normal to cross section A. In stress measurements this
condition is sometimes used as a check of consistency of the results. This check can
only be rigorously applied when measurements of the normal component of the re-
sidual stress across an entire cross section have been obtained. This can rarely be
achieved, as only few techniques offer the possibility for such measurements. Never-
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theless, the criterion is sometimes used as a qualitative indicator for the consistency
of a measurement.

Equilibrium considerations concerning moments require that the shear components
sharing the same indices in reversed order are identical [13]; i.e.,

σij = σji , i, j ∈ {1, 2, 3}. (2.5)

Finally, residual stresses normal to a free surface of a component must be zero.
As stated in section 2.1, the residual stress tensor σ is based on the co-ordinate

system (X1,X2,X3) used. A different choice of co-ordinate system (X ′1,X
′
2,X

′
3) renders

a different residual stress tensor σ’ describing the same stress state in the new co-
ordinate system. The transformation of the stress tensor follows the transformation
rules for second rank tensors, involving the cosines of the angles between the old and
the new co-ordinate axes. In the case of a residual stress tensor it is always possible
to find a co-ordinate system such, that all components of shear stress σij , i �= j, are
0 MPa [10]. This process is called diagonalisation of the stress tensor. The normal
stress components σ11, σ22 and σ33 of this particular stress tensor are called the
principal stresses. When residual stresses are measured, in many cases it is assumed
that a good prediction of the directions of the principal stresses can be made and
measurements are only performed in these directions.

Another possible consistency check for residual stress measurements is the com-
parison of the measured figures to the yield strength of the material concerned. Ac-
cording to the von Mises criterion a ductile material yields when the equivalent, or
von Mises stress exceeds the material’s yield stress [16]. Measured residual stress
tensors could therefore be assessed against this criterion; i.e., the equivalent stresses
derived from the measured data should not exceed the yield value. For the purposes
of this work the measured normal stresses are assumed to be principal stresses. The
equivalent stress is then derived as follows:

σeq. =

√
1

2

(
(σ11 − σ22)

2
+ (σ22 − σ33)

2
+ (σ33 − σ11)

2
)
. (2.6)

2.3 Stress-strain relationships

Stresses and strains [10] are the normalized quantities used in load-displacement as-
sessment. A fundamental problem with the experimental determination of stresses is
that they cannot be measured directly by any technique. The quantity that is mea-
sured in stress analyses based on diffraction methods is strain. In order to facilitate
the calculation of stresses from the measured strains, stress-strain relationships are
needed.
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Strain, ε, is defined as deformation, l − l0, per unit length, l0:

ε =
l − l0
l0

(2.7)

In analogy to the stress tensor introduced in section 2.1, the strain tensor at a
given location inside a material specimen is composed of normal strain components
and shear strain components.

εij =

⎛
⎝ε11 ε12 ε13
ε21 ε22 ε23
ε31 ε32 ε33

⎞
⎠ , i, j ∈ {1, 2, 3} (2.8)

As for the stress tensor, the shear components are the non-diagonal components,
representing the angular distortion at the location of interest caused by external forces
or by residual stresses. The normal components represent the relative change in length
(dilatation) of the material element under consideration.

In the elastic regime, for a material with isotropic elastic properties a normal stress
gives rise to normal strains of magnitudes:

ε11 =
1

E
σ11, (2.9)

ε22 = ε33 = − ν

E
σ11, (2.10)

with E and ν as the applicable macroscopic linear elasticity constants, known as
Young’s modulus, and Poisson’s ratio, respectively. Young’s modulus is defined as
the ratio of the uniaxial stress over the uniaxial strain in the range of stress in which
Hooke’s Law holds. Poisson’s ratio is the negative of the ratio between the strains in
directions orthogonal to this stress and the strain parallel to the stress. Taking both
normal and transverse stresses into account, a normal component of a strain tensor
is derived as:

ε11 =
1

E
σ11 − ν

E
(σ22 + σ33). (2.11)

A corresponding relationship applies for the normal strain components ε22 and
ε33.

The relationship between shear strains and shear stresses is characterized by the
same elasticity constants E and ν that define the relationship between normal stresses
and normal strains:

εij =
1 + ν

E
σij , i �= j. (2.12)

Combining (2.11) and (2.12) yields the following relationship between the stress
and strain tensors:
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εij =
1 + ν

E
σij − δij

ν

E
(σ11 + σ22 + σ33) , (2.13)

with δij being Kronecker’s delta. Rearranging to obtain the stresses at the left
side of equation (2.13) yields:

σij =
E

1 + ν
εij + δij

νE

(1 + ν)(1− 2ν)
(ε11 + ε22 + ε33) . (2.14)

2.4 Origin of residual stresses

Residual stresses are present in almost every object or structure [17]. As stated before,
residual stresses are caused by the interaction of material elements within an object
with the surrounding material. The surrounding material exerts a force on a volume
element causing it to adopt a shape different from the shape it would have without
the influence of its surroundings. There are a number of basic phenomena that lead
to the generation of residual stresses, and at least one of them is involved in almost
all material/structure fabrication processes [18; 19]; these phenomena are:

a. Non-homogeneous plastic deformation of the material
b. Temperature gradients within the material or between separate parts of the

structure
c. Phase transformation of a fraction of the material
d. Mismatch of the thermo-mechanical properties of the constituents of composite

materials

A distinction is made between plastic and elastic deformation and between single-
phase and multi-phase materials. Plastic deformation occurs in ductile materials
when loaded beyond their elastic limit. This type of deformation is in general irrever-
sible; i.e., the material does not return to its original shape once the load is removed.
Elastic deformation on the other hand is recovered after removal of the load. Pure
elastic deformation in a single part object from a monolithic material cannot give rise
to residual stress. A monolithic material is composed of one single constituent, whe-
reas in multi-phase materials there are constituents distinguished from one another
by chemical composition, or different molecular, microstructural or material phases.
The following examples illustrate the above mechanisms and how they lead to the
generation of residual stresses.

a. Permanent deformation of materials or structures is deliberately applied in
many production processes for one of two reasons: it is either necessary in order
to achieve a desired shape or it is applied in order to introduce a desirable residual
stress state. Typical component shaping processes are cold rolling and bending. An
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example for a residual stress distribution caused by a bending process is the diametri-
cally compressed ring described in [20]. Examples for processes introducing beneficial
compressive residual stresses in surface regions are peening processes, deep rolling or
cold expansion of rivet holes.

Many machining processes, like grinding or milling introduce surface residual stres-
ses into components without specifically aiming to do so.

b. Many production processes involve the application of heat. In most cases this
leads to the formation of a thermal gradient when the structure undergoes differen-
tial cooling. Surface regions normally cool faster than the interior of the material.
In extreme cases the thermal gradients can be sufficiently large that the material
undergoes plastic deformation, leading to the development of residual stresses. In
quenching processes this effect is further enhanced, mostly aiming at the introduction
of beneficial compressive surface residual stresses.

With so-called interference fits, residual stresses are used to generate a stable
connection between two otherwise separated component parts. In this case the outer
part of the component, with an annular shape, is brought to an elevated temperature,
while a slightly oversized insert is cooled down. The cold insert is then positioned
inside the hot annular part, and the temperatures are left to equilibrate. The size
mismatch between the two parts now generates residual stresses and the frictional
forces generated by these residual stresses produce a firm connection of the two parts
[21]. In this example, a purely elastic deformation leads to the formation of the
residual stresses.

The most important example for the application of heat in production processes
are welds. Most welding processes involve material melting in the area where the joint
is generated, while the surrounding areas, outside of the heat affected zone, stay at
relatively low temperatures, far below melting. In this way significant temperature
gradients can be present during welding, giving rise to high residual stresses, as shown
by the examples presented in this thesis.

c. Phase transformations are another possible cause of residual stresses. Two
important examples are martensitic transformation of low alloy carbon steels causing
the volume of the crystallographic cell to increase rapidly by about 3.5% [22], and the
transformation of low alloy steels from a body centered cubic (bcc) to a face centered
cubic (fcc) structure at high temperatures and vice versa, which again corresponds to
a rapid change of the specific volume of the crystallographic cell. Both phenomena
generate residual stresses, particularly in the presence of other material phases.

Solid state phase transformations strongly influence the residual stress field around
welds in ferritic steels. With better knowledge of the behaviour of the materials
involved, tailoring of such stress fields by making use of the phase transformations
could be considered in future welding applications [23].

d. Composite and multi-phase materials are functional materials making use of a
combination of the attractive features of their constituents. In most cases the joining
of these constituents involves the application of high temperatures. When cooling
down to room temperature different coefficients of thermal expansion lead to a shape
mismatch of the constituents at room temperature and therefore to residual stress.
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Typical examples are fibre-reinforced materials, metal or ceramic matrix composites
and duplex steels.

One of several possible classifications of residual stresses [19] is by the manufac-
turing process that generated them. Such a classification employs terms, such as
welding residual stresses, bending residual stresses, quenching residual stresses, etc.
Other distinctions, such as normal and shear stresses, or Type I, II and III stresses
have already been introduced in section 2.2.

2.5 Effects of residual stresses

In section 2.2 residual stresses are defined as stresses present in a structure, component
or test piece in the absence of external loads. A state of mechanical and thermal
equilibrium is considered in this definition. Where they are present, residual stresses
by themselves do not have any additional effects on the components. However, this can
change (rapidly) when additional thermal or mechanical loads are applied, or when
the material properties change, for example by hydrogen embrittlement, irradiation
embrittlement or thermal ageing.

Applied and residual stresses in a component simply add up as long as the sum
of the stresses does not lead to plastic deformation or crack formation/failure. In
the case of plastic deformation in a ductile material, able to sustain a considerable
amount of plastic deformation, the residual stresses after removal of the external load
differ from the original distribution. The same holds for brittle materials developing
cracks or complete failure with little or no tolerance for stresses in excess of the elastic
limit. Also in such materials the residual stress distribution is different after removal
of the external load. Hence in (quasi-)static loading conditions residual stresses are
of much more concern for brittle materials than for ductile materials, because in the
latter case residual stresses are re-distributed (relaxed to a certain degree) before the
material fails [24].

In the dynamic regime, cyclic loads are applied to a component in service, leading
in the long run to fatigue damage; i.e., crack formation, even in cases where the
combined service and residual stresses never reach the static elastic limit. It makes
a significant difference whether the residual stress at the crack location is tensile or
compressive. Tensile residual stresses open the crack and support its propagation
through the material, while compressive stresses in the surface region counteract and
delay crack growth and are therefore generally considered beneficial to the fatigue life
of a component [25]. This is the main reason for the implementation of processes such
as surface peening, deep rolling and others, which introduce significant compressive
residual stresses in the surface region.

Residual stresses by themselves can cause deformation of a component, when it is
cut or material is removed from it. In accordance with equation (2.3) residual stresses
equilibrate over the entire volume of a component. When parts of the material,
which contain residual stresses, are removed, the stresses become imbalanced, which
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is compensated by a (small) deformation of the component. This effect of residual
stresses is most disturbing in surface finishing of components manufactured within
small tolerances [26]. Conversely, this very same effect is employed for measurement
of residual stresses using strain relaxation methods (see also chapter 3).

Residual stresses are in many cases deliberately used to stabilize a structure or
component, an example of this is the interference fit discussed in section 2.4. Another
example is a bicycle wheel, where the radial tension, applied to the rim by the spokes,
thus generating compression in the circumferential direction, gives stiffness to the rim,
which would not be there without the stresses applied.

Another effect associated with residual stresses is stress-corrosion-cracking [27].
This phenomenon can occur when a susceptible material constantly experiencing ap-
plied or residual tensile stresses is exposed to a corrosive environment. Cracks nor-
mally initiate at intergranular locations and propagate in a direction more or less
normal to the stress. The phenomenon does not occur in the absence of tensile stres-
ses or in a non-aggressive environment. However, in the presence of both conditions,
stress-corrosion-cracking can become the prevailing failure mode, because it can oc-
cur at stress levels significantly below yield [28]. Stress-corrosion-cracking can be a
particular threat to welded components in corrosive environments, because welded
components often exhibit significant tensile residual stresses at their surfaces.

Residual stresses can also contribute to is the development of creep cracking. In
austenitic stainless steel welds residual stresses can be a contributor to the initiation
of creep cracking; and where this phenomenon occurs during stress relieving heat
treatments - in the absence of applied loads - residual stresses are even its only driver
[29]. In the case of welded 9-12 wt-% ferritic-martensitic steels residual stresses are
also considered to be one of the drivers of a form of creep cracking that has frequently
been observed in the heat affected zones around the welds [30].



Chapter 3

Measurement of residual
stress

This chapter provides information on how residual stresses can be determined expe-
rimentally. A brief overview of existing measurement techniques is given in section
3.1, followed by a detailed description of the neutron diffraction technique in section
3.2. Here, the underlying concepts of the technique are outlined and the princi-
pal measurement geometries are discussed. The two principles (monochromatic and
time-of-flight) are presented followed by an explanation of the different methods for
converting strain into stress. Subsequently, the equipment typically used in neutron
diffraction stress measurements is described, and the HFR Large Component Neutron
Diffraction Facility that has been used for these investigations is presented.

3.1 Techniques for measurement of stress and strain

There are several basic principles that can be used for the determination of stresses
in materials and components. The most commonly used classes of measurement
techniques are the strain relaxation methods and the diffraction methods. Other
existing techniques exploit the magnetic, acoustic or optical properties of materials.

Strain relaxation techniques record the strain developing after cutting into the
specimen. Stresses can be derived from such strain data recorded in various directions.
Diffraction techniques employ the Bragg principle [31; 32] to measure changes in
lattice spacing. Again, stresses can be inferred when such changes have been recorded
for several measurement directions.

A few important strain relaxation and diffraction techniques for measurement of
stress are briefly described in the following sections.

19
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3.1.1 Strain relaxation techniques

It is common to these techniques that they measure strain relaxation due to material
removal. Stresses are subsequently derived from the strain data. Depending on the
technique used it is possible to derive stresses 1-, 2- or 3-dimensionally.

Strain gauge based methods: hole drilling, ring core, crack compliance etc.

These techniques measure strain relaxation due to material removal using strain
gauges applied on the surface of the specimen. For surface hole drilling and the
ring core method strain gauge rosettes with three strain gauges are applied on the
specimen. In hole drilling, material is removed in the centre of the rosette by electro
discharge machining (EDM) or mechanical drilling [33]. With the ring core method,
an annular groove is cut around the strain gauges [34]. Stress analysis, which is
essentially two-dimensional, is then based on the readings of all three strain gauges.
Originally, hole drilling was only applied to measure uniform near surface stresses,
but later incremental approaches were developed that facilitated determination of
non-uniform stress vs. depth profiles as well [35]. The test resolution in the drilling
direction can be as high as 0.1 mm, but is limited in the other directions by the
size of the strain gauges applied. A rosette diameter of one centimetre is typical. A
measurement range of several milimetres depth from the surface can be covered.

The crack compliance method [36] measures in one direction only, but facilitates
the establishment of stress distributions through somewhat thicker test pieces. It
can actually be applied to specimens of different geometries, including circular cross
sections. Strain gauges can be applied on either surface of the test piece; then an ar-
tificial crack is applied stepwise by means of EDM. The stress distribution is derived
from the recorded strains.

Deep hole drilling

The deep hole drilling technique is related to conventional hole drilling and the
ring core method. Here, a reference hole is drilled through the entire thickness of the
component using a gun-drill. The diameter of the hole is measured using an air probe
system at several angles around the axis of the hole and in pre-selected steps along
the axis of the hole. Afterwards, a larger cylinder, co-axial with the original hole, is
cut from the test piece by EDM. The distortion of the hole diameter, caused by strain
relaxation in the surrounding material after extraction of this cylinder, is measured
by repeating the measurement sequence previously performed with the air probe. The
data are corrected for thermal effects caused by EDM, and subsequently stresses in
the planes normal to the drilling axis are calculated using elasticity theory [8]. The
method can measure through thickness stress distributions through thick components.
Test pieces of more than half a meter have been investigated. The achievable spatial
resolution is similar to that of the surface hole drilling and ring core methods.
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Contour method

The contour method [9] allows for high-resolution 1-dimensional stress mapping
across entire cross sections of test pieces. It is applied in three basic steps. First,
the component is cut by EDM into two pieces along the cross-section, where the
measurement is taken. Then the deflections caused by residual stresses are measured
across the cut surface by means of a co-ordinate measurement machine. Finally, by
analytical or numerical methods, the residual stress field is derived that would force
the cut surface back into the shape it had before cutting, namely flat. This way a
high-resolution map of the stresses normal to the cut is obtained. The method can
not easily be applied on components with complex shapes.

3.1.2 Diffraction based techniques

Diffraction techniques apply the Bragg principle to measure the change in lattice
spacings, from which subsequently stresses can be derived. Synchrotron X-rays, la-
boratory X-rays and neutrons are the probes that can be used. The latter technique
is described in detail in sections 3.2 and 3.3 as it is the measurement technique used
in this study.

Synchrotron X-ray diffraction

Synchrotron X-ray diffraction uses a high energy X-ray beam extracted from a
synchrotron source. Because of the brilliance of the source and the energy of the
photons considerable penetration of materials can be achieved. For example, at the
European Synchrotron Radiation Facility in Grenoble, beams with photon energies
in excess of 100 keV can penetrate several centimetres of steel.

The high photon energies, and hence the short wavelengths, result in the appli-
cation of small diffraction angles, typically in the range 3◦ to 20◦. For this reason
normally only 2-dimensional measurements can be obtained because of unacceptably
long beam paths through the material for the third measurement direction.

The source brilliance facilitates the application of small sampling volumes, some-
times with linear dimensions in the order of 0.1 mm or less. It is also possible to work
with short testing times in the order of seconds.

Laboratory X-ray diffraction

In X-ray diffraction based on laboratory photon sources, one of the characteristic
lines of the anode material of the X-ray tube is used for the incoming radiation.
Typical photon wavelengths are in the range 0.1 to 0.2 nm and typical diffraction
angles are between 70◦ and 180◦.

Normally beam penetrations are limited to a few tens of micrometres into most
materials of interest. Stress measurements can thus only be performed at surfaces
and the sin2 ψ method [10] is usually applied.
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The necessary equipment is available at many laboratories worldwide. There are
even portable X-ray diffractometers for residual stress applications.

3.2 Residual stress measurement by neutron dif-
fraction

3.2.1 Measurement of lattice strain

All diffraction methods for residual stress analysis are based on the Bragg principle
[31; 32]. It relates the lattice spacing of a crystalline material to the positions of the
diffraction peaks in the scattering pattern. For a given wavelength, λ, of the incident
radiation and a given family of lattice planes, (hkl), the Bragg equation is

2dhkl sin θhkl = nλ , (3.1)

with θhkl being the diffraction angle for this particular family of lattice planes.
The lattice spacing, dhkl, can thus be determined by measuring the angle of diffrac-
tion provided the wavelength is accurately known and the angular response of the
diffractometer has been calibrated against a certified standard.

The presence of residual stresses will cause the lattice spacing, dhkl, to deviate
from its stress-free value, d0,hkl. Such deviations will be reflected in shifts of the
diffraction peak positions. The (residual) strains are then obtained via the definition
of lattice strain:

εhkl =
dhkl − d0,hkl

d0,hkl
. (3.2)

A measurement is obtained from the test piece exhibiting residual stress and a
corresponding measurement for d0 from the same material that is free of stress. Com-
bination of eqs. (3.1) and (3.2) yields:

εhkl =
sin θ0,hkl
sin θhkl

− 1 , (3.3)

which suggests that the lattice strain, εhkl, can be measured by diffraction methods
without actually determining any lattice spacing. In order for this ”self-calibrating”
approach to be reliable, measurements from the test piece containing residual stress
and from the stress free materials must be obtained using identical instrument set-
tings; i.e., the wavelength, λ and the angular settings of the detector must be the
same. Furthermore, the angular position of the neutron detector needs to be known
to within 1◦ or 2◦ [37]. When such conditions cannot be fulfilled, lattice spacings
for the stress free material and the stressed specimen must be measured using a fully
calibrated diffractometer, and subsequently lattice strain can be determined using eq.
(3.2).
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3.2.2 Stress from strain

In chapter 2 stress has been introduced as a 2nd rank tensor quantity. Because of
the associated stress-strain relationships, it is not possible to derive the local residual
stress state from a single measurement of strain. In general, strains are determined
in several directions in order to enable the calculation of the stress. Three methods
for stress determination are presented here:

a) Measurement of strain in three mutually orthogonal directions

In this case the generalized Hooke’s law is applicable in the following form:

σi =
E

1 + ν
εi +

νE

(1 + ν)(1− 2ν)
(ε1 + ε2 + ε3) , (3.4)

with i ∈ {1, 2, 3}, representing the three orthogonal measurement directions X1,
X2, and X3. Equation (3.4) corresponds to the previously derived eq. (2.14)) with
the difference being that eq. (3.4) does not consider the shear terms of the stress and
strain tensors. Normally the measurement directions are chosen to have a relation to
the specimen geometry; e.g., parallel to the edges in a rectangular specimen, or the
circumferential, axial and radial directions in a cylindrical specimen. The elasticity
constants used for the strain to stress conversion can be determined by measuring the
strains during a load experiment, but for many materials there are literature values
available. When the strain measurement is based on a single diffraction peak, the
corresponding diffraction elasticity constants for this peak are used [38; 39].

In cases where X1, X2, and X3 represent the directions of principal stress, the
stress components represent all non-vanishing components of the stress tensor; i.e.,
the complete stress state at this location has been determined [39]. When this is
not the case, the values thus determined for σ1, σ2 and σ3 are still correct, but they
only represent the normal stresses at the test location and the shear terms remain
unknown.

This method is most commonly used in stress determination by neutron diffrac-
tion and has been used for all investigations presented in this work.

b) The sin2 ψ method

The sin2 ψ method is mostly applied in X-ray diffraction, but the principle is also
used occasionally in neutron diffraction. It is based on the co-ordinate transforma-
tions described briefly in chapter 2.2. A detailed account on the principles is given
in [10]. The method represents a simplified approach for obtaining stress information
experimentally when measurements in three mutually orthogonal directions are not
practicable. Figure 3.1 illustrates the principle. In an isotropic material, measure-
ments of normal strain in a direction (φψ) relative to a chosen co-ordinate system
(X1,X2,X3) are performed. Based on co-ordinate transformation the measured strain
is related to the stress tensor defined in (x1,x2,x3) by:
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Figure 3.1: Stress and strain components at a measurement point (x1,x2,x3) in the speci-
men co-ordinate system (X1,X2,X3) [39]).
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εφψ =
1 + ν

E
(σ11 cos

2 φ+ σ12 sin 2φ+ σ22 sin
2 φ− σ33) sin

2 ψ

+
1 + ν

E
σ33 − ν

E
(σ11 + σ22 + σ33)

+
1 + ν

E
(σ13 cosφ+ σ23 sinφ) sin 2ψ .

(3.5)

Subscripts 12, 13 and 23 correspond to the shear components of stress. If the
choice of the co-ordinate system is such that X1, X2, and X3 correspond to the
principal stress directions at the measurement location, eq. (3.5) simplifies as follows:

εφψ =
1 + ν

E
(σ11 cos

2 φ+ σ22 sin
2 φ− σ33) sin

2 ψ

+
1 + ν

E
σ33 − ν

E
(σ11 + σ22 + σ33) .

(3.6)

In the case where the orientation angle φ can be chosen to coincide with the
X1-axis, the problem is reduced even further:

ε0ψ =
1 + ν

E
(σ11 − σ33) sin

2 ψ

+
1 + ν

E
σ33 − ν

E
(σ11 + σ22 + σ33) .

(3.7)

Accordingly, in the case where φ coincides with the X2-axis:

ε90ψ =
1 + ν

E
(σ22 − σ33) sin

2 ψ

+
1 + ν

E
σ33 − ν

E
(σ11 + σ22 + σ33) .

(3.8)

When measuring the normal strain at various angles of inclination ψ, stress in-
formation can be obtained from the slope and the axis intercept of the strain as
a function of sin2 ψ-curve. In the optimum situation the entire stress tensor could
be determined from measurements based on eqs. (3.7) and (3.8). In the case of
standard X-ray diffraction, applicable only on the surface of the test piece where σ33

is 0 MPa, the slope of the sin2 ψ-curves render directly the magnitudes of σ11 and σ22.

c) Full stress tensor determination based on multiple direction measurement of
strain

In order to determine the complete stress state at a given location, measurements
of normal strain in at least six independent orientations are necessary [39]. The
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principle of co-ordinate transformation is again applicable. The stress components
can thus be derived by solving the following linear equation based on the strains
measured in directions φψ:

εφψ =
1 + ν

E
[(σ11 cos

2 φ+ σ22 sin
2 φ+ σ12 sin 2φ) sin

2 ψ

+ σ13 cosφ sin 2ψ + σ23 sinφ sin 2ψ + σ33 cos
2 ψ]

− ν

E
[σ11 + σ22 + σ33] .

(3.9)

Again, subscripts 12, 13 and 23 correspond to the shear components of stress.
Figure 3.1 illustrates the situation. Full stress tensor determination is rarely done by
neutron diffraction. It is a complicated and time consuming procedure, which would
in many cases only provide limited additional information, in particular when the
directions of principal stress can be predicted.

Diffraction elasticity constants

The relationship between stresses and strains involve the elasticity constants E and
ν. The elasticity constants are material and treatment specific and can be determined
experimentally; for example, through tensile tests. In non-diffraction experimental
stress determination, as well as in numerical modeling, bulk elasticity constants are
normally used to describe the stress-strain relationship.

Diffraction based measurement of stresses employs crystallites with a distinct
crystallographic orientation as ”internal strain gauges”. In general, grains of dif-
ferent crystallographic orientation exhibit a different strain response to an external
load, even if embedded in a matrix of grains with randomly distributed orientations
[38; 39]. This means that the amount of strain observed in a diffraction experiment
depends on the crystallographic plane, on which the measurement was undertaken.
To account for these differences in stress determination, diffraction, rather than bulk,
elasticity constants need to be used for the strain to stress conversion. Diffraction
elasticity constants can be determined experimentally during tensile tests; i.e., ma-
king lattice strain and mechanical strain measurements as a function of an applied
load. The tensile test specimens have to be manufactured from the same materials
as the stressed specimens under investigation. Lattice strains need to be determined
by the diffraction process itself, and the crystallographic orientation relevant to the
envisaged experiment must be used.

Elasticity constants can also be derived analytically or numerically from single
crystal elasticity constants. For polycrystalline materials, methods proposed by Voigt
and Reuss [40; 41] in the late 1920s are used frequently. The Voigt method is based
on the assumption of identical strain across all grains and grain orientations, whereas
Reuss based his concept on the assumption of identical stresses. Another concept
involved the usage of the average values of results obtained from the Voigt and Reuss
methods [42]. Kröner developed a method to calculate diffraction elasticity constants
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Table 3.1: E-modulii for the (111) and (200) crystallographic orientations obtained for
several similar stainless steels by the Voigt-Reuss average and by a neutron dif-
fraction measurement; the bulk modulus for such a steel would normally be in
the range 200 GPa to 210 GPa.

Austenitic steel, 18% Cr,
12% Ni, Voigt-Reuss ave-
rage [38]

Austenitic steel, 18% Cr,
8% Ni, Voigt-Reuss ave-
rage [18]

Experimental (neutron
diffraction) values for
austenitic steel 18.25%
Cr, 13.5% Ni [45]

E111 = 247 GPa E111 = 259 GPa E111 = 261 GPa
E200 = 139 GPa E200 = 138 GPa E200 = 155 GPa

by considering individual grains as single crystalline, elastically anisotropic elliptical
inclusions in a homogeneous, isotropic matrix [43]. Subsequently developed methods
are often derivatives of the Kröner method (for example [44] on the influence of
morphological texture). Eigenmann and Macherauch [18; 38] gave an overview of
such analytically derived diffraction elasticity constants for a number of different
materials. For example, Table 3.1 shows the diffraction elasticity constants for the
”stiffest” and the ”most compliant” crystallographic orientations for austenitic steels,
which differ by a factor of almost 2 in their E-modules.

The differences between the crystallographic orientations demonstrate that in ma-
terials with pronounced elastic anisotropy it is indispensable to employ diffraction
elasticity constants in diffraction based stress analysis, and to avoid using bulk elas-
ticity constants.

3.2.3 Measurement geometry

The basic geometry of a measurement of lattice spacing, d, following the Bragg prin-
ciple is shown in Fig. 3.2. The left part of the figure (a) indicates how the Bragg
equation (3.1) is derived from the geometric concept. The path difference between
two waves scattered from neighbouring lattice planes with distance d under scattering
angle θ, is 2 · d · sinθ. When this path difference is a multiple of the wavelength λ
of the radiation, constructive interference is obtained and a diffraction peak can be
observed in that direction (cf. eq. 3.1).

Figure 3.2 (b) shows how the diffraction geometry is normally presented in neu-
tron strain measurements. Incident and diffracted radiation are represented by the
wave vectors, ki and kf . The length of these vectors is inversely proportional to the
wavelength of the radiation. The lattice spacing is determined in the direction of
the scattering vector, Q, which is the difference of the diffracted and incident wave
vectors, and, by default, is in the direction normal to the lattice planes [46]. The
angle that is recorded is the angle between the direction of the incident beam and
that of the diffracted beam. This corresponds to 2 times the Bragg angle θ and one
should note that the measurements of the scattering angles reported in this work are
cited in accordance with Fig. 3.2 (b).
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Figure 3.2: Geometry of Bragg diffraction.

A schematic of a neutron diffraction set-up is shown in Figs. 3.3 (a) - (c). The
wave vectors are replaced by the incident and diffracted neutron beams. The mea-
surement direction bi-sects the angle between the orientations of these two beams.
The intersection of the incident and diffracted beams is called the sampling volume.
This is the volume in space, from which the diffraction signal is obtained. In Fig.
3.3 (a) the measurement direction is normal to the long side of a rectangular shaped
specimen.

As the incident beam is strongly linked to the source, which has to be either a
nuclear reactor or a spallation source, the beam cannot be moved; and because, in ge-
neral, the detector also has a fixed position, the position and orientation of the beams
is fixed. In order to change the location of measurement, or its direction with respect
to the specimen orientation, one needs to change the position (b) or orientation (c),
of the specimen with respect to the incident and diffracted beams. These changes are
normally facilitated by a sophisticated positioning system supporting the specimen.

In order to illustrate the above, a few typical dimensions applicable to neutron
diffraction stress analysis are given:

The lattice spacings of relevant crystalline engineering materials; i.e., metals and
ceramics, that can be investigated, ranges from ∼0.1 nm to ∼0.35 nm. Normally,
neutrons in the wavelength range 0.12 nm to 0.3 nm are used. These wavelengths,
in accordance with the de Broglie principle [47], correspond to a kinetic energy range
of ∼55 meV to ∼9 meV. Neutrons in this energy range are generally called thermal
neutrons, because the kinetic energy of particles at room temperature (∼25 meV)
also falls into this range.

The width of the incident and diffracted neutron beams is chosen in accordance
with the desired spatial measurement resolution and the thickness of and attenuation
through the material to be investigated. Typical widths are in the range 1 to 5 mm,
for very thick components the experimenter might choose to go up to 10 mm. The
beam height, the dimension normal to the drawing plane in Fig. 3.3, will also be
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Figure 3.3: Schematic of neutron diffraction stress measurement: (a) basic set-up of a
measurement, the average lattice spacing is measured over the sampled volume
at the test location in a direction normal to the long side of the specimen; (b)
in order to change the test location, the specimen is moved with respect to the
neutron beams; (c) in order to change the measurement direction, the specimen
is rotated.
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chosen based on the desired spatial and strain resolution and material thickness, but
it could actually be up to 50 mm (matchstick shaped sampling volume), in cases
where no significant variation of stress is to be expected along this dimension of the
sampling volume.

For the purposes of neutron stress measurement, neutron path lengths through
steels of up to 70 or 80 mm can be attained, through aluminium alloys up to a few
hundred mm and through nickel alloys up to 30 or 40 mm.

3.2.4 Monochromatic instruments

It is typical at steady state sources; i.e., sources with a constant flux of neutrons,
such as reactors, to perform stress measurements on monochromatic instruments. On
a monochromatic stress diffractometer, a neutron beam containing neutrons with a
small bandwidth of energies (Δλ/λ ≈ 10−3 to 10−4) is directed to the specimen.
The wavelength can be selected by a crystal monochromator based on the Bragg
principle. The specimen is located in the direction of the beam diffracted from the
monochromator. For a given wavelength of the neutrons scattered, the lattice spacing
of the lattice plane, (hkl), chosen for the measurement, prescribes the diffraction angle
in accordance with eq. (3.1).

Figure 3.4 shows an example of a neutron diffraction peak obtained from a mono-
chromatic instrument, together with a Gaussian fit to the measurement data. Fitting
parameters in this case are the angular position of the peak (corresponding to 2θ), the
amplitude, the width and the level of the background. In addition, the fitting provides
an estimate of the uncertainty for these quantities. The quantity, relevant for strain
determination, eqs. (3.1)-(3.3), is the peak position. Peak width, height and peak
height to background ratio play an important role for the fitting uncertainties that
can be attained. The rule of thumb is that the uncertainty is inversely proportional
to the peak amplitude and directly proportional to the square of the peak width [48].
For this reason it can be beneficial to sacrifice intensity in favour of peak width; for
example, by installing a different monochromator or using a different monochromator
reflection plane.

3.2.5 Time-of-flight methods

Next to the monochromatic instruments for neutron diffraction there are installations
operating on the time-of-flight principle. Such machines do not only measure the lo-
cation where the neutron impinges on the detector, but also the time the neutron has
traveled before reaching the detector. This flight time is associated with the neutron
wavelength via the de Broglie principle [47]. Time-of-flight methods generally facili-
tate the measurement of multiple peak diffraction spectra, unlike the monochromatic
instruments presented above. For an overview of the time-of-flight technique see [6].
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Figure 3.4: Example of a Bragg peak from a steady state source based diffractometer. The
data obtained have been fitted with a Gaussian distribution and a constant
background.
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3.3 Measurement equipment

The neutron diffraction technique for residual stress measurement is still relatively
young. Krawitz [5] published an overview of its early history. According to him, the
possibility to apply neutron diffraction for strain measurement was first considered in
the mid 1970s in the USA. The first journal article on neutron strain measurements
was only published in the early 1980s by a UK based group [49]. The same principles
had been applied in X-ray diffraction for stress analysis and in neutron diffraction
structural analysis (powder diffraction) decades before. In the early days the cor-
responding neutron diffractometers were therefore derivatives of powder diffraction
facilities. In principle, there are only two characteristics that fundamentally distin-
guish the diffractometer for residual stresses from the powder diffractometer: a) the
sampling volume, i.e. the volume, from which scattered neutrons reach the detector,
needs to be carefully selected by means of beam defining optics (mostly neutron masks
and/or collimators) in the incident and diffracted beams, and b) a sample positioning
stage, facilitating the positioning of the sampling volume and of the orientation of the
scattering vector with respect to the sample. Since the early 1980s the performance
of residual stress diffractometers has improved considerably. The development of po-
sition sensitive and multi-detectors allowed simultaneous measurement of complete
diffraction peaks; dedicated instruments featured incoming beam optics optimized
for resolution or intensity (e.g., no second order filtering, dedicated monochroma-
tors, beam focusing etc.); and heavy sample manipulation tables with large ranges
for linear displacement facilitated investigations of large engineering components. In
the early 1990s the introduction of time-of-flight methods; e.g., at pulsed spallation
sources, gave access to simultaneous observation and analysis of complete diffraction
spectra, allowing new insights into material response to mechanical loads.

The following components are common to all neutron diffractometers for residual
stress analysis operating in the world today.

3.3.1 Neutron source

A neutron source has to offer a medium to high flux of thermal neutrons (109 − 1012

n/m2s) at a considerable distance from the source itself. This distance, mostly in the
range 5 m to 50 m, facilitates the availability of a low divergence beam and helps to
reduce the background neutron count. The typical thermal neutron flux at the core
of a suitable research reactor is in the range 1016−1019 n/m2s. To date such neutron
fluxes cannot be offered by portable neutron sources, which means that the technique
can only be applied at nuclear research reactors and spallation neutron sources, both
being large research infrastructures.

At a reactor, neutrons are produced by fission, normally of U-235. Among the
fission products of one uranium atom in a light-water reactor there are on the average
2.4 free neutrons [50]. One of these neutrons is needed to sustain the chain reaction,
and some of the remaining free neutrons reach the beam ports of the facility.

At a spallation source a heavy metal target (tungsten, mercury, uranium etc.)
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is bombarded with high energy protons from an accelerator. The impact of a high
energy proton on a heavy nucleus causes the latter to disintegrate into several smaller
nuclei. This reaction releases, on the average, 20 to 30 free neutrons [51], some of
which again becoming available for the neutron beams.

In both cases the free neutrons emanating directly from the source, are fast neu-
trons, i.e. their energy is too high and their wavelength too short for diffraction
measurements. Slowing down of neutrons is accomplished by moderators, like water
or methane, which are very effective in slowing neutrons down because of the mass
equivalence between the abundant hydrogen nuclei and the neutrons.

3.3.2 Wavelength selection

With a continuous neutron beam containing a white spectrum of neutron energies
impinging directly onto the specimen under investigation, the experimenter would
not be able to obtain distinguishable diffraction peaks. For this reason the following
types of ”beam conditioning” are applied:

• At steady state sources in most cases the neutron beam is monochromatised.
This leads to a neutron beam with a narrow band of neutron wavelengths being
directed to the specimen and the response of one chosen diffraction plane is
studied in the experiment.

• At pulsed sources the flight time of neutrons between the source and the neu-
tron detector is accurately measured. Through this technique measurements
with a ”white” neutron beam are possible and complete diffraction spectra are
obtained.

3.3.3 Definition of the sampled gauge volume

In stress measurements it is important that the signal is obtained from a defined
volume in space that contains part of the specimen material. This is achieved by
placing beam defining apertures in the incoming and diffracted beams, either in the
form of slits, or in the form of radial collimators. Such apertures define size and shape
of and flux distribution in the beams. Such equipment is manufactured from materials
with a very high absorption cross section for thermal neutrons. There are in principle
four elements with isotopes having such a high cross-section: gadolinium, cadmium,
boron and lithium (given in order of decreasing neutron absorption cross section) [51].
For collimators, in most cases, materials containing gadolinium are applied, for slits
it is often cadmium. Cadmium has the advantage that a thickness of 1 to 2 mm
suffices for a neutron mask. In addition, cadmium is relatively easy to machine and
to deform.

The shape of the gauge volume is also defined by the diffraction angle 2θ chosen.
Preferred diffraction angles for residual stress analysis by neutron diffraction are as
close as possible to 90◦; and it is advisable not to use angles outside of the range 60◦

to 120◦. This requirement is related to the geometries shown in Fig. 3.3. When the
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measurement angle is too far from 90◦, the sampling volume becomes skewed with
its diagonals too different from each other. This causes the sampling volumes for
different testing directions to occupy different parts of the specimen material, hence
compromising the reliability of 3-dimensional stress measurements. In addition, the
neutron path through the specimen material then becomes very long in at least one
of the test directions.

3.3.4 Collimating elements

Collimation is necessary to ensure that the beam impinging on the specimen is suf-
ficiently parallel, or that the sampling volume seen by a particular element of the
neutron detector is sufficiently small. This is usually achieved by linear collimators
for the incoming beam; the diffracted neutrons are usually collimated by a linear col-
limator for a ”point” detector, whereas radial collimators can be applied in front of
a position sensitive detector. In many cases the collimation secured by the geometry
of the instrument suffices, and no dedicated collimation equipment is necessary for
successful execution of stress measurements. For example, a monochromator width
of 50 mm and a slit of 2 mm at 2.5 m from the monochromator already render a
maximum angular range of admissible neutron flight paths of only ±0.6◦, which is
sufficient for the execution of stress measurements without using extra equipment for
beam collimation.

3.3.5 Specimen positioning table

Positioning table assemblies are an important part of neutron diffraction stress measu-
rement facilities. Such an assembly facilitates linear specimen translation along three
mutually orthogonal axes, and specimen rotation about at least one axis through the
centre of the sampling volume. Different capabilities in terms of weight capacity and
movement ranges distinguish facilities from one another.

With modern positioning equipment linear movement in the range 100 to 500 mm,
with a resolution of 0.01 mm is easily available. Clever guidance of the cables can
facilitate rotation ranges bigger than 270◦ needed for the selection of multiple orien-
tations of the specimen without remounting. The motor and encoder assembly can
render a stepping resolution of 0.01◦ or better.

The whole set-up has to be able to carry and position the weight of the specimen
and the auxiliary equipment installed together with the specimen. Nowadays there
are instruments that can handle specimens of the order of 103 kg (for example at Paul
Scherrer Institute, Institut Laue-Langevin, ISIS, Los Alamos Neutron Science Center,
Joint Research Centre). A small weight capacity and/or a small range of linear mo-
vement constitute a substantial limitation to the application for stress measurements
in engineering components.
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3.3.6 Neutron detector

The neutrons that are diffracted from the specimen are detected in a neutron detector
that is normally located at the horizontal level of the incoming beam at a given
distance from the sampling volume at the diffraction angle chosen for the particular
measurement.

Various detector types can be applied, but the most common are gas chambers
(He-3) and scintillator arrangements.

Nowadays position sensitive detectors are in use covering one or several complete
diffraction peaks in a single measurement, while in the past, measurements were per-
formed by scanning a single wire detector over the diffraction peak. At some instru-
ments (e.g. SALSA at Institut Laue-Langevin or E3 at Helmholtz Zentrum Berlin),
the detectors used are position sensitive in two dimensions; this permits visualization
of grain size effects and the umbrella effect [52] for scattering angles deviating strongly
from 90◦. With this information available, these effects can be taken into account in
data analysis or for adapting the measurement procedure. Two-dimensional detec-
tors with sensitive areas as big as 30 by 30 cm2 are installed at some monochromatic
instruments; e.g., E3 at Helmholtz Zentrum Berlin. Larger detectors sample larger
fractions of the diffracted neutrons, enabling better counting statistics. Conversely, a
large detector collects neutrons from a wide range of scattering angles, which is only
acceptable within certain limits in a stress measurement. Many instruments offer a
range of ±10◦ to ±15◦ for the acceptance angle of the neutron detector; e.g., E3 (see
above) or ENGIN-X at ISIS [53].

At time-of-flight instruments, scintillator detectors are mostly used. Also in this
case one and two dimensional detectors are applied. Two dimensional detector arrays
can cover an area considerably bigger than that quoted above for the detectors at
monochromatic instruments, although the same limitation in acceptance angle also
applies. The major difference compared to the steady state instrument is that the
flight time of the neutrons is recorded in addition to the angle of scattering. As a
consequence, at a time-of-flight instrument, the entire detector surface contributes to
the diffraction signal, while at a monochromatic instrument, only the detector area
covered by the diffraction peak contributes.

3.4 The Large Component Neutron Diffraction Fa-
cility

At the HFR in the late 1990s the author of this thesis coordinated the development
of the Large Component Neutron Diffraction Facility. The facility has replaced the
older dedicated stress diffractometer at beam tube HB4, of which the monochromator
and some other components were maintained.

The objective of this development was to produce a novel type of diffractometer,
suitable for performing measurements in heavy engineering components, and offering
an extended range for linear specimen positioning. The choice has been made to
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Figure 3.5: The Large Component Neutron Diffraction Facility at the HFR during strain
measurements on a 25 cm thick 600 kg block of ferritic steel featuring a clad
layer and a letterbox repair weld.

develop a double frame facility, where the horizontal positioning stages and the spe-
cimen rotation stage are carried by the inner frame lifted by three heavy ball bearing
spindles, which facilitate vertical specimen positioning (see Fig. 3.5).

Similar spindles and wide frames with sliding bearings enable a linear positioning
range of 400 mm in the X and Y directions.

In view of the considerable size of the equipment, new beam-defining apertures
and shielded beam path encapsulation had to be designed, which are mechanically
supported from the top, rather than the bottom. Beam defining apertures are ex-
changeable cadmium masks available in the range from 1 mm to 1 cm width.

The detector is a 32-wire multi-detector (He-3 at 8 atm), positioned at a distance
of 1110 mm from the sampling volume, offering a resolution of about 0.1◦ per wire
and a total detector acceptance angle of about 3◦. The detector is shielded from
background neutron radiation by about 20 cm of polyethylene and 2 cm of borated
polyethylene.

The instrument was first operated in 1999, at that time the first facility in the
world with a specimen weight capacity of 1000 kg. Since then several facilities offering
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similar or even bigger specimen weight capacity have been commissioned at other
neutron scattering facilities. The picture (Fig. 3.5) shows the heaviest specimen that
has been tested at the facility to date. It was a 600 kg low-alloy steel block with a
welded austenitic cladding layer and a repair type of weld in its centre.

The monochromator installed at this facility is a pyrolytic graphite (PG) double
monochromator. It is oriented for use of the (002) reflection. This arrangement gives
the experimenter a considerable flexibility in the choice of neutron wavelength. In
addition, the wavelength can be varied without changing the location of the sampling
volume. For the present investigations the monochromator has been oriented for the
(004) reflection. Experience has shown that more accurate and reliable measurements
of strain and stress are obtained with this setting. This observation is likely to result
from a better angular resolution and higher symmetry of the diffraction peaks obtained
with the (004) orientation.

The weight carrying capacity, the long translation ranges of the specimen table
and the flexibility in the choice of wavelength make this facility a suitable instrument
for the investigations undertaken in the context of this study.





Chapter 4

Welding

The term welding is used for many techniques applied for joining components or
materials. Welding is distinguished from other joining techniques, such as soldering,
adhesive bonding, bolting or riveting, by the formation of a continuous metallurgical
bond. The reasons why welding has become important in manufacturing are manifold,
and the choice of joining process depends on the individual application. Table 4.1
gives a brief overview of factors to be considered when making the choice for or against
welding.

In this chapter, a definition is provided for the term welding and a brief overview
of modern welding techniques is given. Important industrial applications of welding
are listed together with considerations governing process selection. Several fusion-
welding methods applied in nuclear power installations are relevant to this work and
these are briefly described. The final sections describe specific weld features that
influence residual stress measurements.

4.1 Definitions / welding methods

There are many differently worded definitions of the term welding. According to ISO
857-1 [54], the term is used for “fabrication processes involving irreversible joining
of components using heat and/or pressure with or without the addition of consu-
mables”. Welding can generally be applied to metallic materials as well as to glasses
and thermoplastics.

On a microscopic level welding processes create inter-atomic bonds over large
areas, where these have not been before. This can be achieved either by melting of
materials or by applying mechanical forces at the surfaces where the bond is to be
created. In most cases, input of energy is necessary to create a welded joint.

During welding, additional material in the form of a consumable rod, wire or
insert is often needed. This is the case when the size, arrangement and geometry
of the surfaces to be joined are prohibitive for directly joining the components at

39
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Table 4.1: Factors to consider when selecting a joining technique.

Economical • Labour cost
• Capital cost of equipment
• Process duration
• Material cost
• Energy cost
• Size, shape and weight of the final structure
• Maintenance and surveillance effort
• Probability of flaws

Technical • Joint properties similar to those of the base mate-
rials. - facilitating service load scenarios possibly not
conceivable with other joining techniques.

• Permanence.
• Applicability in view of size, shape and thickness of
the component(s) to be manufactured.

• Considerations related to regulatory requirements, if
any.

Structural Integrity • Response to applied loads.
• Failure mechanisms and susceptibility to failure; e.g.,
cracking and crack propagation.

• Residual stresses.
• Impact of ambient conditions.
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their (prepared) surfaces. The use of a consumable generally implies that the process
involves material melting.

While welding techniques have been in existence for a few thousand years, the
precursors of today’s welding methods have been developed relatively recently. For
example, the first arc welding techniques were only invented in the 19th century [55],
and it subsequently took another few decades before coated electrodes or shielded
gas welding became available. Gases produced from coatings or added separately
reduce the oxidation of the consumables and parent materials at the high temperatures
applied. More recent developments in welding technology include laser beam welding,
electron beam welding and friction stir welding.

Welding is applied in a large number of industrial sectors, and an overview lies out-
side of the scope of the present work. Examples of sectors where welding constitutes
an important part of the manufacturing/construction process are the construction,
petro-chemical, shipbuilding and the automotive industries. In certain areas of air-
craft construction, welding is becoming increasingly accepted. Notably, welding is
often employed in safety critical applications, such as the nuclear installations consi-
dered in this work.

Nowadays more than 100 welding techniques have been developed [56]. These
can in general be classified into two major categories: solid-state welding and fusion
welding. Examples of solid state welding techniques are friction welding, pressure
welding and extrusion welding. For the applications considered in the present work,
only fusion welding techniques are relevant.

4.1.1 Fusion welding techniques

Fusion welding techniques involve the application of heat to the components to be
welded and, if applicable, to the welding consumable added. In fusion welding, part
of the base material in the region of the joint and the consumable used are melted
and the bond is generated by the solidification of the material during cooling.

Resistance welding is an important process as it is widely used in car manufac-
turing. In this process heat is generated by passing an electric current through the
parts to be joined at the location of the joint. The high electrical resistance at the
interface of the joint generates the heat necessary for the parts to be joined either
in a fusion or solid-state process; i.e., resistance welding is not exclusively a fusion
welding process. Spot welding is a typical example of a resistance welding process.

Other important welding techniques involving material melting are the energy
beam techniques. Examples for these are laser welding and electron beam welding.
In these processes the necessary energy is transferred to the materials to be melted
via the respective laser or electron beams. The nature and geometry of these beams
allow for the generation of narrow and at the same time also for deep penetration
welds.

Oxy-fuel welding is a process that might be most familiar to the layman. It
involves metal melting through the heat generated by a flame torch directed onto the
base material and the consumable. In order to reach the necessary temperatures to
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melt many metals, the flame needs to be fueled by a gas producing a sufficiently hot
flame, often acetylene combined with oxygen [55]. Oxy-fuel welding does not play
a significant role in industrial manufacturing processes, but is often used in small
workshops or on remote construction sites.

Today arc-welding is an important industrial welding process [55; 57]. It involves
the transfer of heat via an electric arc between the base material(s) and an electrode.
Through this heat the welding consumable, if present, and parts of the base materials
are melted and upon solidification, the fusion joint is generated. The material surfaces
subjected to the heat are protected against oxidation by a shielding gas atmosphere
and/or by slag generated by the molten coating of the added consumable. Two tech-
niques used for the present work are: Shielded Metal Arc Welding and Gas Tungsten
Arc Welding [57].

Shielded Metal Arc Welding uses an electric arc struck between a consumable
electrode and the base material. The consumable electrode material is a coated metal
rod with a composition compatible with the base material. Due to its finite length,
the consumable electrode must be replaced on a regular basis between successive
weld passes. The coating of the electrode generates the environment protecting the
hot metal from oxidation. The slag emanating from the coating needs to be removed
at the end of the process, and prior to the application of the following weld layer.

The slower Gas Tungsten Arc Welding technique uses a non-consumable refractory
electrode made from tungsten. A consumable may be fed independently in the form
of a rod or wire if required. Shielding is provided by feeding an inert gas into the
weld zone. Gas Tungsten Arc Welding is suitable for the welding of thin sheets and is
often used for the first layers of a multi-layer weld, because it facilitates control of weld
pool penetration and dilution of the consumable in the parent material. It is a flexible
process in that the energy input can be adjusted to a large extent independently of
the amount of consumable added [58].

4.1.2 Fusion welding techniques for nuclear applications

Welds of considerable dimensions are applied for the construction of pressure vessels
and for piping installations of the primary and secondary cooling circuits of nuclear
power reactors. Reactor pressure vessels of light water reactors can have wall thick-
nesses in the order of 200 to 300 mm; the primary piping wall thickness is in the range
of 20 to 80 mm. Such a pressure vessel consists of a large steel cylinder closed at both
ends. The cylinder itself is assembled by welding cylindrical sections, and welding is
used to attach the penetrations (nozzles) to the vessel as well.

In this work, two dissimilar metal welds and a welded clad layer have been in-
vestigated. The dissimilar metal welds connect ferritic steel pressure vessel nozzles
to austenitic steel piping sections. These welds have been made using arc-welding in
multi-pass circumferential welding arrangements. In both cases austenitic steels have
been used as consumables.

The clad layer specimen is representative of an austenitic steel clad layer welded
on the inside surface of a low alloy steel pressure vessel. This clad layer protects the
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low alloy steel from the corrosive attack of the water inside the vessel. This lowers
the risk for stress corrosion cracking. At the same time it also reduces the dissolution
of metal atoms limiting the level of radioactivity in the primary system. The number
of weld layers to be applied depends on the process and the total thickness of the clad
layer. Typical clad layer thicknesses are in the range 5 to 10 mm. In the example
presented in this work a clad layer of 10 mm is applied in 3 layers of welding.

Similar applications also exist in other industrial sectors, for example in the petro-
chemical industry or in boilers in non-nuclear electric power generation.

4.2 Welding and residual stresses

4.2.1 Residual stresses

During welding the localized application of thermal and/or mechanical energy leads to
the presence of strong temperature gradients. The evolution of temperature gradients
leads to local (cyclic) plastic deformation, which eventually leaves the component un-
der a localised residual stress. It is not unusual that residual stress levels reach the
yield stress of the material. During multi-pass welding these processes occur repea-
tedly, which complicates the formation (and hence prediction) of the final residual
stress field. Actually, in multi-pass welding partial stress relief annealing will occur
at the same time as new stresses are generated.

Phase transformations that occur for example in ferritic steels during welding are
another influencing factor in the generation of residual stresses. Rapid volume changes
of the transforming material can result in localized plastic deformation and hence in
and additional contribution to the stress formation.

The magnitude and distribution of residual stresses depend on a number of fac-
tors, such as energy input, restraint during welding, pre-heating, welding speed, coo-
ling rate, interpass temperature etc. The temperature dependence of the material
properties determines the relative impact of these influences.

An example of a temperature distribution in space and time is given in Fig. 4.1.
The figure shows the result of a numerical thermal analysis of the application of a
single weld bead on a stainless steel plate by Gas Tungsten Arc Welding [59; 60]. The
plate was 180 mm long, 120 mm wide and 17 mm thick. A single weld bead of 60
mm length was applied on one surface in the centre of the plate. The travel speed of
the welding torch was 2.27 mm/s. Figure 4.1 (a) shows the temperature distribution
along a line running beneath the weld bead 2 mm below the plate surface at times
when the weld torch has traversed about half the length of the bead and when it has
reached the end of the bead. The higher peak temperature at the end of the bead is
mainly related to a short dwell of the torch at this position. Figure 4.1 (b) shows the
temperature distribution along a line across the weld bead, 2 mm below the surface,
when the torch passes the mid-length position of the bead.

The figures give an impression of the temperature distribution in the material in
time and space in the directions along and transverse to the weld bead. They also
illustrate at what rate the material cools down after the passing of the weld torch.
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Figure 4.1: Predicted temperature distributions along lines 2 mm below the surface during
application of a single weld bead on a stainless steel plate; (a) along the weld
bead underneath its centre when the torch is at mid length of the bead (solid
line) and when the torch is at the end of the bead (dashed line), (b) along a
line across the weld at mid length of the bead at the moment when the torch
passes over this position; data courtesy of K. Decroos [60].
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Figure 4.2: Sketched evolution of local strain/stress in the heat-affected zone or nearby base
material due to thermal expansion during welding cycle.

It can be seen that the temperature on the sides of the weld bead drops from
about 1100 ◦C to less than 200 ◦C within less than 10 mm. Concerning the time
evolution, Fig. 4.1 (a) shows that temperatures drop from about 1100 ◦C to a level
in the range of 250 ◦C to 300 ◦C after 12 to 13 seconds (corresponding to 30 mm of
torch travel).

What happens mechanically under such inhomogeneous thermal loads is that the
hot material is restrained in its thermal expansion by the surrounding colder material.
The thermal gradients are such that the material yields plastically while expanding.
Upon cooling, the opposite happens: the material is restrained in its thermal contrac-
tion by the surrounding material undergoing much smaller temperature changes, and
again plastic yielding occurs. When cooled down to room temperature, the material
in areas where contraction was hampered remains under tensile stress, and applies
forces on the surrounding material to leave the latter under compressive stress. Figure
4.2 shows a qualitative sketch of this evolution due to a single thermal cycle.

Bar models as described in [61] explain the principle in a simple, but illustrative
manner. The different zones in the welded component are represented by individual
bars solidly connected at their ends. In these models, the evolution of the yield
strength of the material, which decreases with increasing temperature, is taken into
account. The prediction is similar to that indicated in Fig. 4.2, resulting in a high
tensile residual stress in the region of the weld after cooling to room temperature.

Figure 4.3 shows a comparison of averaged experimental residual stress data with
4 different FEM predictions. The figure provides a suggestion as to how the plate ma-
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Figure 4.3: Residual stresses as a function of distance from the weld surface for different
FE models compared to averaged experimental data (data courtesy of M. Smith
and P.J. Bouchard from EdF Energy).

terial underneath the single weld bead may be divided into zones, where the thermal
load applied through welding leads to different mechanical deformations. In zone 1,
corresponding to the molten material, consisting of a mixture of molten base material
and added weld material, only the cooling of the material contributes to the stress
formation. Zones 2, 3 and 4 experience heating and cooling without material melting,
but with material yielding through thermal expansions and contractions. The mate-
rial in zone 5 does not undergo any plastic deformation; however the residual stress
distribution here is predicted to be quite sensitive to the amount of heat (expressed
in energy per unit of length of the weld bead) put into the material. [62]

The figure also gives an indication how complicated modeling of welding stress
actually is, even in this “relatively simple” case. A number of different models are
shown and these exhibit a considerable variety of stress distributions. Input para-
meters, such as the amount of thermal energy put into the system; i.e., the welding
efficiency, the hardening law used, material properties chosen, incorporation of annea-
ling effects etc., have a significant impact on the final outcome of a numerical welding
stress analysis.

In model A the welding efficiency is calibrated in a way different from the other
models, giving the highest predicted stresses. Model B applies non-linear kinematic
hardening for the weld material only, whereas model C uses this hardening law for
the entire specimen. The resulting stresses differ in region 3, where model B predicts
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significantly higher stresses. In the other regions these two models produce almost
identical longitudinal stress estimates. Model D uses a different hardening law, which
renders similar stresses to model C in regions 1, 2 and 3, but considerably higher
stresses in regions 4 and 5. Nevertheless, the different models presented here render
a similar overall trend for the longitudinal stresses and all show that the predicted
stresses are tensile along this line through the thickness of the plate.

4.2.2 Distortion

Another important aspect of welding is the distortion induced in the component. In
the process of local heating and cooling, material expands and shrinks, as described
above. The volumetric expansions and contractions lead to distortions in shape and
size of the welded component. Figure 4.4 shows an example [63] of angular distortion
of a plate after application of a groove weld along its centre.

The extent of welding distortions can be influenced in different ways. For example,
mechanical restraints can be used to reduce the extent of such distortions. The
edges of the plate shown could have been fixed on a supporting table during welding,
reducing the final angular distortion. However, as already stated above, the prevention
of distortion comes at the cost of higher residual stress levels [61] and/or additional
plastic deformation of the material. Component geometries themselves can form
mechanical restraints. For example, the angular distortion shown in Fig. 4.4 is hardly
possible in a circumferential pipe weld configuration.

4.3 Welding microstructures and their influence on
diffraction stress measurement

The repeated processes of heating and cooling, material melting and solidification
have a significant impact on the microstructure of the material. The region of a weld
is generally characterized by heterogeneous material; a fusion zone and a heat-affected
zone surrounded by unaffected base material. In a micrograph of a weld these different
material zones can often be identified.

Other, important aspects of welding are welding errors or flaws. All welds contain
some flaws, such as lack of fusion, lack of penetration, undercutting, macroscopic
and/or microscopic inclusions, gas pores, hot cracking, reheat cracking, cold cracking,
lamellar tearing and others [58; 64]. These flaws represent discontinuities in the
material, and are therefore in many cases potential locations at which failure can
initiate.

The heat-affected zone comprises regions that have not been molten, but the
crystallite structures have clearly been influenced by the temperature to which these
regions have been subjected. It is possible to differentiate between the coarse and
the fine-grained heat-affected zones, the latter being formed further away from the
fusion zone. Here the maximum temperatures reached have been high enough to
initiate recrystallization of the base material that might have undergone a prior work



48 Welding

Figure 4.4: A ferritic steel weld specimen used for a neutron diffraction round robin, sho-
wing angular distortion due to welding. The 3 mm thin strip in the foreground
was used for measurement of the free of stress reference values.



4.3 Welding microstructures and their influence on diffraction stress
measurement 49

hardening process; e.g., cold rolling [65]. Under certain circumstances precipitation
of carbides can be found in the fine-grained heat-affected zone. Closer to the weld
the higher temperatures give rise to grain growth. Hence, the heat-affected zone close
to the fusion zone is characterized by rather large grains [65]. In multi-pass welding
recrystallization of weld material through subsequent weld beads can occur, such that
every bead generates its own heat-affected zone in the material underneath [66].

The fusion zone is the region where material has been molten and subsequently
solidified again. The fused material includes both added consumable and base ma-
terial. Often the fusion zone is characterized by a relatively large grain size (in a
polycrystalline material) and by the dendritic growth of the crystallites following the
directions of the thermal gradients. The size of the grains in the fusion zone, the
direction of their growth and their crystallographic structure and orientation depend
on the temperature gradient at the solidification front and the speed of solidification
[58]. Furthermore, the type of material welded and the amount of alloying elements
play a role. As these parameters can vary strongly from weld to weld, fusion zone
microstructures can be very different in appearance. The microstructure formed by
material production treatments, such as (cold and/or hot) rolling, and the mechanical
properties of the material, are completely changed after melting and resolidification.
In general, the fusion zone is characterized as having an ”as-cast” structure.

The fusion and heat-affected zones of the joint are therefore characterized by dif-
ferent structural and mechanical properties compared to the base metal. The material
around the fusion zone generally has been subject to yielding; i.e., plastic deformation
during welding, and diffusion processes may have changed the chemical composition of
the material. Experience shows that heat-affected zones and fusion zones often exhibit
preferential corrosion and/or cracking in service. The combination with high tensile
residual stresses leads to welds becoming regions of increased concern for structural
integrity.

Generally speaking, welding fusion zones exhibit microstructures that differ sub-
stantially from those of the parent materials. The influences that play a role here are
manifold. Solidification in the case of a weld starts from the existing unmelted mate-
rial, and solidification rates and crystallographic growth directions are regulated by
factors such as heat input and travel speed of the welding torch. In cubic materials,
such as steels, crystal growth predominantly takes place along a < 100 >-axis. At the
same time growth occurs in the direction of the temperature gradient. Depending on
the cooling rate these two effects can cause significant textures to be present in weld
material.

The shape and size and orientation of crystallites in the weld metal, the partially
molten zone, the heat-affected zone and the base metal are often quite different. As an
example, Fig. 4.5 shows the microstructure across a fusion boundary of a multi-pass
stainless steel weld from this work. The coarse dendritic structure of the unrefined
weld material is seen in the upper part, whereas the lower part displays the grain
structure in an earlier deposited bead. The latter structure is refined through the
thermal impact of the deposition of the subsequent bead. The visible length of the
dendrites in the coarser grained structure is several hundred micrometers. The picture
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Figure 4.5: Micrograph across a fusion boundary between two weld beads within a multi-
pass stainless steel weld. The coarse dendritic structure of the unrefined weld
material is seen at the top, and the lower part displays the refined structure in
material deposited earlier.

also suggests that the dominant growth direction of the grains is maintained across the
fusion boundary. This observation is in agreement with a simple grain growth model
for a stainless steel multi-pass weld suggested in [67]. Figure 4.6 gives an overview
of the predicted grain growth directions across the entire cross-section of a sample
40-pass groove weld configuration in a stainless steel grade 316, suggesting a strong
dominance of growth in a direction perpendicular to the respective fusion boundary.

In general, zones with an average grain size bigger than 75 to 100 μm, which is
the case for the length of the grains in Fig. 4.5, present a measurement problem for
diffraction stress analysis because a non-homogeneous distribution of the diffracting
grains may influence the angular position of a diffraction peak. This effect is super-
imposed upon the peak shifts caused by lattice strains. An analysis of the impact of
the grain size on the scatter of neutron diffraction data has been published in [68].
This phenomenon is further discussed in chapter 8.

Depending on the presence of alloying elements and cooling rates, various material
phases can develop in steel welds. One important contributor to this is the carbon
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Figure 4.6: Macrograph of a 40-pass groove weld and the predicted grain growth direction
for this weld (from [67]).

content, which can influence, for example, the formation of martensite, especially at
high cooling rates. In general, welding consumables and the base material do not
have the same chemical composition. This in itself makes the weld material different
from the base material. In addition, the heat involved might cause certain alloying
elements to diffuse through the material and concentrate; e.g., near grain boundaries
or inclusions, or even to form precipitates. In multi-pass welding all this occurs
repetitively.

The phenomena described result in a high probability that measurements of the
stress free reference values, which are so important for diffraction based stress analysis
(see eq. 3.3), will vary with location in the fusion and heat-affected zones of welded
components, and that they will almost certainly differ significantly from the value
obtained for the base metal. In the fusion welds under investigation in the context of
this thesis, it is therefore necessary to measure the reference parameter per location
and per direction in a macroscopically stress free condition.





Chapter 5

Residual stresses in a thin
dissimilar metal pipe weld

5.1 Introduction

Welding of dissimilar materials is used, for example, in nuclear power installations to
join ferritic components to austenitic piping systems. Welded joints are more suscep-
tible to cracking than the pure base material regions, and in addition, the presence
of different materials complicates inspection of the weld regions [69]. When a flaw
is detected in such nuclear components, a defect assessment is performed in order
to establish whether the component is safe for continued use. As, for obvious rea-
sons, destructive examination does not normally serve the purpose, non-destructive
examination is required and/or one has to rely on computational predictions of the
remaining life of a defective component. Such assessments have to take into account
a component’s thermal and mechanical operational loads, its geometry, material pro-
perties, operational history, and also the residual stresses present.

The primary objective of the present study is to assess and validate analysis me-
thods for a model case representing a dissimilar metal weld joining a ferritic steel
pressure vessel nozzle to a stainless steel piping section [70]. By artificially introdu-
cing a large defect into the component and by initiating crack propagation through
the application of a bending force, experimental verification of different numerical
approaches for assessing the fracture behaviour was performed.

Residual stress data were obtained in this context in order to serve as one set of
input data for these fracture assessments. The regions of interest were the fusion zone
and the surrounding base material. Neutron diffraction was chosen as it provides a
non-destructive means for measuring residual stresses in the bulk of a component.

53
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5.2 Description of the component

The component was a pipe of ∼400 mm length, with 168 mm outer diameter and
25 mm wall thickness. It was made from two parts each of ∼200 mm length, one of
ferritic steel grade A508 and the second of stainless steel grade 304L, joined by means
of a circumferential butt weld using stainless steel as a filler material. Joining of
dissimilar materials almost invariably leaves the user with potential problems arising
from the mismatch of thermo-mechanical properties. This leaves the component under
a significant residual stress in the as manufactured condition.

This particular geometry was not meant to represent any particular pipe connec-
tion in a nuclear plant, but rather served as a model case for different kinds of bi-
metallic piping joints in the primary system of a light water reactor. Furthermore this
investigation was a precursor to the assessment of a full scale mock-up of a pressure
vessel to primary piping joint.

Component manufacturing
Manufacturing of the test component [71] started with the application of a buttering
layer on the ferritic pipe. The pipe edge to be welded was machined to a bevel angle
of 25◦ (see Fig. 5.1). This preparation was also applied on the austenitic pipe end.
Prior to buttering the ferritic pipe was preheated to 120 ◦C, which reduces the risk
of hydrogen embrittlement in ferritic welds. The first buttering layer was applied
by shielded metal arc welding (SMAW). This layer was laid down in the form of 9
circumferential beads; the maximum permissible interpass temperature near the weld
was 175 ◦C. Temperature monitoring was facilitated by thermocouples attached to the
component. The first layer was deposited with an overalloyed steel (309L-16) having
an increased Cr and Ni content in order to reduce the risk of martensite formation near
the fusion boundary [72]. Martensite would increase the brittleness of the material
and therefore its susceptibility to rapid cracking. Subsequently another 3 layers of
buttering were built up with almost the same welding parameters. The difference
was that for those layers stainless steel grade 308L-15 was used as the filler material.
Tables 5.1 and 5.2 show the chemical compositions of the weld filler materials and the
welding parameters, respectively.

The ferritic pipe with the buttering layer was subjected to a post-weld heat treat-
ment, during which it was kept at ∼ 600 ◦C for one hour. The heating and cooling
rates were kept below 50 ◦C/h in the range 400 ◦C to 600 ◦C. After cooling down,
the pipe was machined to its prescribed inner and outer diameters of 118 mm and
168 mm, respectively.

Ferritic and austenitic steels generally have different thermo-mechanical proper-
ties. Hence, the heat-treated buttered pipe was expected to exhibit significant residual
stresses after cooling to room temperature. These stresses have not been experimen-
tally determined; therefore it is not possible to give an estimate of their magnitude.

The buttered ferritic and the stainless steel halves of the test component were
machined prior to welding to form a 50◦ included angle V-groove in accordance with
Fig. 5.2.
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Figure 5.1: Geometry of ferritic pipe with machined end beveling.

Table 5.1: Chemical composition of weld consumables used for the buttering layer [in wt%].

Consumable C Mn Si P S Cr Ni Mo V Co Ti Nb Cu N
309 L-16 0.019 0.81 0.82 0.02 0.012 23.7 12.5 0.04 0.08 0.06 0.01 0.004 0.06 0.05
308 L-15 0.02 1.62 0.22 0.021 0.004 19.5 10.0 0.05 0.07 0.05 0.013 0.044 0.03

Remainder is assumed to be Fe

Table 5.2: Prescribed welding parameters for application of the buttering layer.

Pass Welding
process

Filler
material

Diameter
[mm]

Amperage
range [A]

Voltage
range [V]

Travel
speed

1 SMAW 309 L 4 110 - 140 23 - 28 Not presc.

2 - 4 SMAW 308 L 4 110 - 140 23 - 28 Not presc.

Figure 5.2: V-butt weld preparation for bi-metallic steel piping weld after application of the
buttering layer to the ferritic steel part of the pipe.
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Table 5.3: Chemical composition of weld consumables used for the V-butt weld [in wt%].

Consumable C Mn Si P S Cr Ni Mo V Co Ti Nb Cu N
ER 308 L 0.023 1.65 0.37 0.018 0.013 19.7 9.8 0.26 0.054 0.064 <

0.01
<
0.01

0.12 0.049

E 308 L 0.02 1.62 0.22 0.021 0.004 19.5 10.0 0.05 0.07 0.05 0.013 0.044 0.03

Remainder is assumed to be Fe

Table 5.4: Prescribed welding parameters for application of the V-butt weld.

Pass Welding
process

Filler
material

Diameter
[mm]

Amperage
range [A]

Voltage
range [V]

Travel
speed

1 - 7 GTAW ER 308 L 1.2 70 - 120 8 - 15 Not presc.

8 - 32 SMAW E 308 L 4 110 - 160 22 - 26 Not presc.

The V-butt welding was performed without pre-heating the components. The first
seven beads were laid down by gas tungsten arc welding (GTAW) using an ER 308
L filler material, and subsequently the groove was filled by an additional 25 beads
applied by SMAW (filler E 308 L). Also for this weld, the maximum permissible
interpass temperature was 175 ◦C. After cooling of the component, the cap and root
reinforcements of the weld were machined away. No post-weld heat treatment took
place, as it was not considered necessary for the purposes of stress relief in the context
of these investigations. Tables 5.3 and 5.4 show the chemical compositions of the weld
filler materials and the welding parameters, respectively.

Ultrasonic, dye-penetrant and X-ray radiographic inspections of the weld and the
buttering layer were performed at various stages of the process to insure an acceptable
quality of the component. X-ray radiography was performed at the JRC Radiographic
Laboratory, where in total 11 defective areas distributed over the circumference of the
weld were found. These were tungsten inclusions and gas pores of 1 mm or less in
size, with the tungsten inclusions appearing in clusters in a few cases. In addition
one gas pore with a 5 mm crack was found [73]. Based on these results a test location
was chosen in the component for neutron diffraction measurements where no flaws
had been detected in the weld.

A substantial amount of material needed to be removed from the component in
order to facilitate access of the neutrons and the neutron beam ducts to the mea-
surement locations around the fusion zone. Figure 5.3 shows the ”windows” that
were cut in the neutron diffraction component. While the windows at the outer ends
of the component were milled, electro-discharge machining (EDM) was used to cut
the window at mid-length of the tube. A special type of EDM technique was used,
where copper plates were driven through the material along the edges of the desired
hole. This way the material loss by the cutting process was limited to less than 3
mm around the edges and the removed piece of material was left intact to be used as
reference material for the neutron diffraction investigations and for materials testing.

In the determination of the residual stresses present, variations in the stress free
lattice spacing in the weld had to be taken into account. To determine these variations
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Figure 5.3: Final geometry of component for neutron diffraction stress measurement. The
windows that were cut to facilitate the measurements are shown.
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reference specimens were cut from the material extracted from the central window.
First, a radial slice of 6 mm thickness was cut from the window material. The cut
surface was polished and etched in order to make the fusion zone visible. The specimen
was then cut into two pieces, as closely as possible along the interface between the
buttering layer and the remainder of the fusion zone. Finally, three cuts in the piping
axial direction were applied in each of the two pieces, which generated long ”teeth” of
material, which were subsequently used to do measurements of the reference scattering
angles. Figure 5.4 illustrates the manufacturing of the reference specimens and shows
the two reference specimens, one containing the buttered layer and the ferritic steel
base material and the other containing the remainder of the fusion zone and the
stainless steel base material.

5.3 Neutron diffraction measurements

The Large Component Neutron Diffraction Facility described in chapter 3 was cho-
sen for these investigations. This instrument facilitates accurate positioning of this
relatively heavy component in the neutron beam. In addition the facility has an
adjustable double monochromator, allowing the performance of measurements using
different neutron wavelengths.

The first consideration for investigations in this component was the size of the
gauge volume to be chosen. An elongated matchstick shape was no option, because
no usable plane of symmetry existed in the region where the measurements were to be
made. The component wall thickness was 25 mm. In order to keep the measurement
time acceptably short; i.e., no more than 4 to 6 hours for the longest individual
measurements, a relatively large gauge volume size was chosen.

For the piping axial and radial directions it was possible to use a gauge volume of
4×4×10 mm3. In this way the spatial resolution was not high, and it was not possible
to obtain valid measurement results within 1 mm of the buttering ferrite interface.

Measurements in the circumferential direction required a smaller vertical gauge
volume dimension than those in the axial and radial directions. The reason for this is
the orientation of the interfaces between the weld and base materials during measu-
rements in the circumferential direction. A gauge volume of 10 mm height would cut
across an interface at many test locations. Hence, in this case a volume of 4×4×5 mm3

was selected.

Based on the size of the chosen gauge volume in relation to the component geome-
try, it was decided to obtain measurements along lines at four different depths in the
wall, namely 3 mm (line A), and 9.3 mm from the outer surface (line B), and 9.3 mm
(line C) and 3 mm from the inner surface (line D). Figure 5.5 shows the measurement
locations over the buttering and weld fusion zones and the base materials.

It was decided to perform all measurements with the same detector position. This
was necessary for two reasons. In the first place this was done because otherwise the
central window would have needed an individual shape for every material zone to be
investigated; and secondly, keeping the detector position fixed, minimized inaccuracies
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Figure 5.4: Reference specimens: (a) left: slice extracted from block of material removed
from the central window; top right: slice cut into two trapezoidal pieces along
the buttering-butt weld interface; bottom right: additional cuts in each piece
producing long ”teeth”; (b) photograph of the final reference specimens; on the
bottom left the ferritic steel and the buttering layer, and on the top right the
fusion weld and the stainless steel base material.
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Figure 5.5: Locations of stress measurements in and around the fusion zone of the bi-
metallic weld component.

associated with detector positioning. The choice was made to perform all measure-
ments at a fixed detector position of 76.15◦. This particular angle corresponds to a
measurement of the austenitic steel (111)-reflection plane at a neutron wavelength of
0.257 nm.

As there were three material zones, namely the stainless steel base material, the
fusion zone including the buttering layer (exhibiting a strong (200) texture), and the
ferritic steel base material, it was necessary to adjust the neutron wavelength using
the double monochromator.

The measurements were thus executed using the instrument settings and crystal-
lographic lattice planes shown in Table 5.5. Because of the sensitivity of the (200)-
reflection planes to plastic strain, these planes are normally not the preferred choice for
measurements in austenitic steel. In these investigations, however, the (200)-planes
had to be used because they rendered substantially higher peak intensities than the
(111)-planes. Other crystallographic planes were not accessible because of the high
neutron wavelengths at the diffractometer used.

Measurements were performed in all three directions for all test locations shown
in Fig. 5.5. Figure 5.6 depicts the gauge volumes and neutron beam orientations for
measurements in the three different directions. Because the neutron wavelength was
changed every time a new material zone was investigated, it was chosen to perform
measurements on the welded component and the corresponding reference specimen in
the corresponding orientation in direct succession, such that an intermediate change
and resetting of the wavelength would not be necessary.

Figure 5.7 depicts the bi-metallic component on the neutron diffractometer during
measurements in the circumferential direction. It can be seen that the duct of the
incoming beam enters the component through the window at mid-length. In addition,
the interface between the buttering layer and the ferritic part is visible on the com-
ponent outer surface. The reference specimen for the determination of the reference
lattice spacings can be seen at the bottom in front of the component.
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Table 5.5: Important parameters of neutron diffraction measurements.

Gauge volume: 4× 4× 10 mm3 (radial and axial)
4× 4× 5mm3 (circumferential)

Detector position: 76.15◦ (for all measurement directions)
Crystallographic reflections: ferrite {110}

austenite {200} in the weld and the
buttering layer
austenite {111} in base material 304 L

Neutron wavelengths: 0.252 nm for {110}-ferrite
0.223 nm for {200}-austenite
0.257 nm for {111}-austenite

Counting times: between 15 minutes and 4 hours

Figure 5.6: Orientation of the gauge volumes and beam paths for the three measurement
directions.
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Figure 5.7: Bi-metallic welded component and reference specimen (at the bottom in front of
the component) during neutron diffraction measurements in the circumferential
direction; the duct of the incident beam is on the left, the duct of the diffracted
beam is on the right.

5.4 Neutron diffraction results

The results of the neutron diffraction measurements are presented here. Gaussian
functions were fitted to the raw data using a commercially available fitting routine
(PeakFit [74]). Weighting of the data was applied. The centre of the fitted Gaussian
and the reported fitting error form the basis of the strain results and their measure-
ment uncertainty. Strains were calculated by inserting the peak position for the com-
ponent and the corresponding peak position for the reference test piece into equation
(3.3).

5.4.1 Residual strains

Figures 5.8 through 5.10 show the residual strains, and their uncertainties, measured
in the bi-metallic welded pipe for the piping circumferential, axial and radial directions
as a function of the distance from the weld centre line, respectively.

The left hand sides of the plots correspond to the test locations in the ferritic
steel. All circumferential strains measured in ferrite are compressive (Fig. 5.8). A
sharp strain gradient marks the transition from the ferrite into the buttering layer.
The buttering layer and the weld exhibit high tensile strains, except for the locations
near the inner surface where these strains are slightly compressive. Along line A the
strain reaches values of about 2000 μm/m. In the austenitic base material the tensile
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Figure 5.8: Circumferential residual strains measured along the 4 lines shown in Figs. 5.5
and 5.6.

strains remain below 1000 μm/m at all measurement locations, and they decrease
even into compression at the test location furthest away from the weld. This consi-
derable difference in maximum strains can be attributed to the difference between
the lattice planes used for the measurements. In the buttering layer and the weld,
measurements have been taken from the (200) lattice planes, whereas in the austenitic
base material the (111) planes have been used. Grains with the (200) orientation in
the load direction exhibit a bigger strain in response to a stress than grains oriented
in the much stiffer (111) direction.

The strains in the axial and radial directions generally do not reach values as
high in tension and compression as observed in the circumferential direction, where
1700 μm/m are found in compression in the ferrite and 2000 μm/m in tension in the
fusion zone. In the axial direction (Fig. 5.9) the highest strains are observed in the
ferrite near the outer surface of the pipe. The highest compressive strains are in the
ferrite and the buttering layer near the inner surface. In general, there is a trend from
tension to compression from the outer to the inner surface. In the radial direction
(Fig. 5.10), compressive strains of up to 1500 μm/m in the fusion zone are found near
the outer surface, and tensile strains of up to 1000 μm/m in the fusion zone near the
inner surface. The trend is opposite to the axial direction, from compression near the
outer surface to tension near the inner surface.

In general, the strain uncertainties derived from the fitting errors are sufficiently
small for observation of the variations in strain and for the identification of regions
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Figure 5.9: Axial residual strains measured along the 4 lines shown in Figs. 5.5 and 5.6.
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Figure 5.10: Radial residual strains measured along the 4 lines shown in Figs. 5.5 and 5.6.
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where the scatter of the strain data goes beyond the effects of measurement statistics.
Conversely, for some test locations in the fusion zone, relatively large uncertainties
have been obtained, which can be caused by a less favourable texture or the presence of
a subset of large grains with an unfavourable orientation at these particular locations.

5.4.2 Residual stresses

Residual stresses were calculated from the measured strains based on equation (3.4).
Diffraction elasticity constants were taken from the literature [38]. In this case the
values had been calculated based on an approach combining the Reuss and Voigt
methods. The applied elasticity constants were:

For the ferritic parent material:
E110 = 220 GPa
ν110 = 0.28

For the buttering layer and weld:
E200 = 139 GPa
ν200 = 0.35

For the austenitic parent material:
E111 = 247 GPa
ν111 = 0.24

The uncertainties presented in the plots were derived from the uncertainties of the
strains based on standard error propagation theory [75]. No uncertainty contribution
from the elasticity constants was taken into account.

Stresses in the circumferential direction
In the circumferential direction, which corresponds to the welding longitudinal di-
rection in this component, compressive residual stresses are derived for the ferritic
side of the joint, while tensile residual stresses dominate the fusion zone and the aus-
tenitic steel base material (Fig. 5.11). Only near the inner surface there are small
compressive stresses in the fusion zone and in the austenitic steel base material.

The strongest compression of about -400 MPa exists in the ferritic steel near the
inner surface of the pipe, while at the outer surface the stress in the ferritic steel is
close to zero.

The highest tensile stresses in the fusion zone are found near the outer surface of
the sample, reaching about 350 MPa. At the inner surface a small compression of
up to -130 MPa has been measured. Tensile stresses decrease when moving from the
fusion zone into the austenitic base material. At the test location furthest away from
the weld a small compressive stress is found.

The data indicate that there is a discontinuity in the circumferential stress at the
ferrite-buttering interface, but the available spatial measurement resolution does not
allow for measurements sufficiently close to the interface to confirm or refute this
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Figure 5.11: Circumferential residual stresses measured along the 4 lines shown Figs. 5.5
and 5.6.

possibility.

Stresses in the piping axial direction
In the piping axial direction tensile stresses are found near the outer surface in all
material zones, and near the inner surface compressive stresses have been measured,
with the stresses in the centre of the component thickness falling in between (Fig.
5.12). The highest values for tension and compression are found in the ferritic steel
with a maximum of ∼300 MPa in tension and ∼−250 MPa in compression. In the
buttering layer, stresses range from +200 to -300 MPa, in the fusion zone from +150
to -100 MPa and in the austenitic base material from +200 to -150 MPa.

Stresses in the piping radial direction
Residual stresses in the radial direction, which corresponds to the through thickness
direction of the piping wall, are within a substantially smaller range than the stresses
found in the other two directions (Fig. 5.13). Almost all measurements lie within the
range ±100 MPa, with most of the outliers actually located in the fusion zone.

5.4.3 Assessing the results

For an assessment of the quality of the residual stress data obtained in these inves-
tigations, it is necessary to establish a set of criteria to test the data against. Such
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Figure 5.12: Axial residual stresses measured along the 4 lines shown in Figs. 5.5 and 5.6.
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Figure 5.13: Radial residual stresses measured along the 4 lines shown in Figs. 5.5 and
5.6.
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Table 5.6: Yield stresses and ultimate tensile strengths of the materials involved [69].

Material Yield stress [MPa] Tensile strength1 [MPa]
Ferritic steel (SA 508) 584 671
Buttering (309 L) 373 615
Buttering, weld (308L) 364 636
Austenitic steel (304 L) 322 not reported

criteria can be derived from the characteristics of residual stress distributions outlined
in section 2.2. The following criteria are applied here:

• Are the residual stress results in compliance with stress balance (eq. 2.4)?
• Do the von Mises stresses derived from the measured residual stresses (eq. 2.6)
exceed the applicable yield stress at any of the measurement locations?

• Are the residual stresses in the radial direction close to 0 MPa near the free
surfaces; i.e., along lines A and D?

Concerning stress balance, the available measurement data do not facilitate a rigid
consistency check. The best possibility for such a check is the axial stresses based
on the assumption of an axi-symmetric distribution. However, there are only 4 test
locations through the wall thickness, and these are in most cases not at the same axial
positions. Furthermore, the impact of the window in the middle of the component
on the stress distribution is also not known. Nevertheless, the available data do not
reflect an unbalanced situation; i.e., there is no obvious inconsistency.

Table 5.6 lists the yield stresses measured for the constituent materials of this
specimen. Additionally, measured figures for the tensile strengths of similar materials
used in a follow up project (see also chapter 7) are given.

For all measurement locations in all material zones, the von Mises stresses derived
from the measured residual stresses (Figs. 5.11, 5.12 and 5.13) remain well below
the corresponding yield stresses. Only for one of the measurement locations, in the
buttering layer close to the inner piping surface, the von Mises stress is nearly equal
to the applicable yield value (368 MPa vs. 373 MPa). Therefore the residual stresses
found are consistent with respect to the yield stresses.

The residual stresses in the radial direction (Fig. 5.13) remain within ±100 MPa
at almost all measurement locations. This range is significantly smaller than the range
of -450 MPa to +350 MPa covered by the circumferential and axial stresses. Since
the manufacturing process and the geometry of the specimen would not be expected
to give rise to the formation of significant radial residual stresses, the observed low
stress levels are in line with the expectations.

Along lines A and D, 3 mm from the outer and inner surfaces of the specimen,
respectively, the radial residual stresses should be nearly 0 MPa because of the proxi-
mity to the free surface. The average value of radial stress for all 20 measurement

1Quoted figures are from the same report, but measured on similar materials used in a follow-up
project (see chapter 7)
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positions along lines A and D is 1 MPa, well within the average uncertainty of 29
MPa.

There are 12 measurement positions along lines A and D in base material and
the remaining 8 positions lie within weld material. For 7 out of the 12 positions
(58%) in the base materials, the measured stresses lie within the magnitude of the
corresponding uncertainty based on counting statistics. For all of these 12 positions
the measured stresses are within two times the uncertainty. In the weld material
the measured residual stresses are within their corresponding uncertainties for 3 out
of the 8 measurement positions (37.5%), and within two times the uncertainty for
6 out of 8 (75%). Therefore, statistically the measured radial stresses in the parent
materials support the assumption of no radial residual stresses along lines A and D.
For the weld material it is found that the scatter of the measured data is larger than
expected based on the errors derived from counting statistics.

Because the stress data is derived from strain measurements in three directions
the observations made on the radial stress data also reflect the validity of the stress
results for the other two directions.

5.5 Comparison to finite element modeling results

Despite the unique features of neutron diffraction as a tool to measure residual stresses
as described in chapter 3, the method is still sensitive to effects that are not related
to residual stress, such as chemical variations, grain size, texture, material inhomoge-
neities, etc. Some of these features can affect a neutron diffraction measurement and
the accuracy of such measurements needs to be assessed carefully.

The results of different and/or complementary methods for residual stress assess-
ment in the weld specimens are included in this section and in sections 6.5 and 7.5. In
this way additional information is given concerning to what extent neutron diffraction
can be used to validate numerical stress estimations, and to what extent other stress
measurement techniques can be used to independently validate such estimations.

For the 25 mm thick bimetallic piping weld no alternative stress measurement
methods have been applied. At the time of these investigations, the most appropriate
complementary technique, deep hole drilling, was not available and no other technique
could provide bulk stress measurements non-destructively.

Three different groups have undertaken a numerical assessment of this weld by
FEM. Brief descriptions of these models are given below and their results are compared
to the neutron diffraction stress measurements.

At the time of the measurements, between 1998 and 2000, AREVA NP has per-
formed a simplified FEM analysis on this problem in order to generate residual stress
input data for a model used to assess the fracture behaviour of this weld [76]. The as-
sumption is made that this simplified model only estimated stresses developing during
cooling down after a fictitious post weld heat treatment.

Keppas and Katsareas from the University of Patras [77; 78] have studied the
25 mm bi-metallic weld several years later making use of advances in computation
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technology. They have performed a number of parametric studies in order to develop
models that are economic in terms of computation time. A number of key parameters
of their models are presented here.

The simulations were based on uncoupled thermal and mechanical analyses, whe-
reby the temperature fields derived from the thermal analyses were used as input loads
in the subsequent quasi-static mechanical analyses. For the generation of the weld
beads the “birth of element” technique was used, whereby beads not yet deposited,
were modeled as if not present by reducing the thermal conductivity or mass. Upon
deposition, the corresponding elements were activated by setting these properties back
to realistic values. A multi-linear kinematic hardening law with a prescribed tempe-
rature approach was used to simulate the heat input during welding. The energy
input was determined by the size of the bead, its prescribed temperature of 1450 ◦C
and the time over which this temperature was held. Cooling after deposition of the
beads was modeled by free convection. Radiation as a cooling mechanism was not
taken into account.

The commercially available code ANSYS was used for these assessments. Kep-
pas and Katsareas did not consider creep or phase transformations in their mecha-
nical analyses. In order to achieve acceptable computation times, they calculated
2-dimensional axi-symmetric models, which meant that the entire length of every
bead was deposited instantaneously.

Two different models were analyzed. The first model applied a further simplifica-
tion by lumping the beads in layers of beads. The original buttering was applied in 21
beads, which were represented by three layers. The original weld had 26 passes, which
were replaced by 9 layers for this model. In the second, more detailed calculation, the
21 + 26 beads were deposited individually, but still in the form of the 2-dimensional
axi-symmetric model.

Figure 5.14 shows the circumferential stresses along line A as measured by neutron
diffraction compared to the three numerical assessments presented so far. Although
the more detailed analyses of Keppas and Katsareas still contain considerable simplifi-
cations, their results along line A are in much better agreement with the measurements
than those of the simplified analysis.

The simplified analysis does not provide a sufficiently accurate prediction of the
residual stresses. The calculated stresses along line A close to the outer component
surface are consistently much lower than the measured stresses; in the fusion zone the
calculated axial stresses are even compressive, while the measured stresses are tensile
and range between 50 and 200 MPa.

In the more detailed assessment there is almost no under-prediction of stresses.
The layered and the bead-by-bead approach render relatively similar results for the
circumferential stresses. For the axial direction the two approaches provide stronger
differences in their results, see Fig. 5.15. Generally the more detailed bead-by-bead
model results are in better agreement with the measurements.

The third group, Gilles and Nouet also from AREVA NP [79], have in principle
followed a similar approach in their analysis. However, unlike Keppas and Katsareas
they modeled a three dimensional heat source and calibrated the heat input by the
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size of a fusion boundary shown in a weld macrograph. Consequently their thermal
analysis was 3-dimensional, while the subsequent mechanical analysis was again 2-
dimensional. They employed the code SYSWELD, which allowed them to include
phase transformations and tempering effects. They also included creep in their calcu-
lations. Unlike Keppas and Katsareas they used isotropic hardening. They have also
added a post-weld heat treatment to their analysis, which in reality had not taken
place for this component.

Figure 5.15 shows the axial stresses along line A derived by all of the above FEM
analyses compared to the neutron diffraction measurements. Although the model by
Gilles and Nouet includes more detail in the thermal part of the analysis than that by
Keppas and Katsareas, it does not agree as well with the measurements. The use of
isotropic hardening instead of kinematic hardening is likely to be the most important
difference. Isotropic hardening assumes the same yield levels in tension and compres-
sion in a cyclic loading test, while upon load reversal; e.g., tension to compression, a
lower stress is normally reached in compression than was previously reached in ten-
sion. Only kinematic hardening laws can describe this behaviour. Mechanical models
of welding using isotropic hardening tend to render conservative stress levels and this
is reflected in Fig. 5.15.

The comparisons between the different numerical approaches and the neutron dif-
fraction data lead to the following conclusions:

• The most simplified approach where the mechanical problem was reduced to the
effects of cooling from elevated temperatures did not lead to acceptable stress
predictions.

• A detailed bead by bead approach to model the weld process itself rendered the
best results when a kinematic hardening law was used.

• Using an isotropic hardening law, even when modeling the deposition of the
individual beads, produced a conservative prediction of the welding stresses.
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Figure 5.14: Circumferential stresses 3 mm from outer piping surface as measured by neu-
tron diffraction compared to three different FEM approaches: simplified [76],
2-D layering and 2-D bead-by-bead [77; 78].
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Figure 5.15: Axial stresses 3 mm from outer piping surface as measured by neutron diffrac-
tion compared to four different FEM approaches: simplified [76], 2-D layering,
2-D bead-by-bead [77; 78] and 2-D bead-by-bead by Gilles and Nouet [79].



Chapter 6

Residual stresses in a clad
component

6.1 Introduction

The term ”cladding” in the most general sense means covering of a material with
another material exhibiting different properties. Such a cover would normally be
applied using physical, chemical or thermal processes, or combinations of these, in such
a way that a bonding force holds the materials together. Reasons for the application
of a clad layer include:

• Protection of the environment against a potentially harmful substance
• Protection of a component against a potentially aggressive environment
• Adjustment of mechanical properties of a component
• Improvement of wear resistance
• Improvement of the optical appearance of a component
• Reduction of cost, weight, etc.

It was already stated in chapter 5, that joining dissimilar materials generally
causes problems arising from the mismatch of their thermo-mechanical properties.
Among these problems are residual stresses, which can be near the elastic limit of
the constituents. They can lead to severe structural integrity problems, when the
component is subjected to thermal and/or mechanical loads.

As described in chapter 2, residual stresses add up with mechanical service loads,
while their interaction with thermal loads depends on the particular situation. For
prediction of the behaviour of a component under service loads, accurate knowledge of
the residual stresses present is essential. The generaton of this knowledge by numerical
or experimental means is not always easily achieved.

This chapter describes residual stress measurements in a ferritic steel block with
a welded austenitic stainless steel clad layer. The test component used was repre-

73



74 Residual stresses in a clad component

Table 6.1: Typical chemical composition ranges of 15Kh2MFA steel (in weight-%, rest Fe)
[80].

C Mn Si P S Cr Ni Mo V Cu Co As
15Kh2MFA 0.13 0.3 0.17 ≤ ≤ 2.5 ≤ 0.6 0.25 ≤ ≤ ≤

0.18 0.6 0.3 0.025 0.025 3.0 0.4 0.8 0.35 0.15 0.02 0.04

sentative of the pressure vessel wall of a pressurized water reactor of the Russian
VVER-440 type. The aim of the investigations was to quantify the residual stresses
in the component and to characterize the residual stress gradient near the material
interface where the stresses were expected to change from tensile in the clad layer to
compressive in the ferritic steel substrate.

6.2 Description of the component

The component under investigation was a 136 mm thick low alloy steel substrate
covered by a 10 mm thick welded stainless steel clad layer consisting of three layers
of beads with individual beads estimated to have widths of 10 to 20 mm and heights
of about 3.5 mm. The main technical reason for the application of such a clad layer
is to protect the low alloy steel against corrosion. Typical applications for this type
of cladding are pressure vessels in the chemical and energy sectors.

In these investigations, the component was a rectangular block, 450 mm long,
200 mm wide and 146 mm thick. The welding direction of the clad layer was parallel
to the long side of the block. The substrate material was an austenised and tempered
Russian steel, grade 15Kh2MFA. The typical chemical composition is given in table
6.1. The clad block had undergone a series of thermal and mechanical loads consistent
with the intended application prior to residual stress measurements; however, details
about these treatments are not in the public domain.

Ferritic and austenitic steels have different thermo-mechanical properties. In ad-
dition, the application of a welded clad layer involves steep temperature gradients in
such components during manufacture. For these reasons, residual stresses of conside-
rable magnitude were expected to be present. The general objective of this exercise
was to experimentally determine the residual stress distribution.

As the residual stresses were to be measured by three different methods, namely
neutron diffraction, deep hole drilling and the ring core method, it was decided to cut
the original block into three sections. The section used for neutron diffraction testing
was 225 mm long, 200 mm wide and 146 mm thick; i.e., half of the original block.
The other half was used for ring core measurements, and finally a block of 110 mm
length, 190 mm width and 146 mm thickness was cut from the latter half for the deep
hole drilling tests.
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6.3 Experimental approach

The measurements were taken along lines running through the thickness of the com-
ponent, in a direction normal to the nominal substrate-cladding interface. Each mea-
surement line was located at mid-length and mid-width of the corresponding test
piece. Particular attention was given to measurement locations near the interface as,
based on earlier work [81; 82], it was not obvious which kind of stress distribution was
to be expected there. For example, both Bertram [81] and Hofer/Bender [82] found
tensile stresses in the clad layer continuing to be tensile in the heat-affected zone of
the substrate material before changing to compression deeper inside the substrate.
Bertram also investigated stress relieving heat treatments and found that after post
weld heat treatment the transition from tension to compression occurred at the weld
substrate interface. Hence in the present case, measurement locations as close as
possible to the interface location were selected, taking into account the size of the
nominal sampling volume, in order to establish the point of transition from tension
to compression as accurately as possible.

With respect to the thickness of the specimen, the following aspects were taken
into account. The specimen thickness needed to be substantially reduced for neutron
diffraction measurements. Unfortunately on the one hand, cutting the specimen would
alter the residual stresses to be measured in an unknown way, hence as little material
as possible should be removed. On the other hand, only a limited thickness could be
accommodated, at least at the test location, so that a high spatial resolution would
be achieved in these tests.

The following compromise was adopted. The material thickness at the test location
was reduced from 146 mm to 25 mm; i.e., 10 mm cladding plus 15 mm remaining
ferritic steel substrate. This was a substantial reduction in thickness, but in this way,
the size of the gauge volume could be kept small and measurements relatively close
to the interface were feasible. In order to reduce the impact of the cutting, only the
material necessary for access of the neutron ducts was removed. Figure 6.1 shows the
design of the experiment and the material removal (dashed lines), and Fig. 6.2 shows
the machined component at the neutron diffractometer.

With the remaining material thickness of 25 mm it was possible to apply a match-
stick shaped gauge volume of 2 × 2 × 20 mm3 for all measurement directions. Such
gauge volumes with a vertical dimension significantly larger than the horizontal di-
mensions, are frequently applied in neutron diffraction stress analysis as a means to
enlarge the gauge volume and thus to shorten the measurement times or to facilitate
the penetration of thicker specimens. In order to render valid results it is necessary
that no significant strain gradients are present along the extended gauge dimension.
Here, this approach allowed for measurement locations a little closer than 1 mm to
the interface.

Clad layers are fully welded material. In this case the 10 mm layer consisted of 3
layers of individual beads. This material could be expected to exhibit variations in the
stress free reference peak position (see also chapter 3). It was chosen to address these
by testing specially cut reference specimens from the same component in parallel to
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Figure 6.1: Cutting scheme to allow the neutron diffraction measurements on the clad com-
ponent; left: set-up for interface normal direction, right: set-up for welding
longitudinal direction.

Figure 6.2: The machined clad component at the neutron diffractometer, measurements in
the interface normal direction are shown here.
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Figure 6.3: Cutting of the specimens for measurement of the reference peak positions in
the clad component; a) top view of neutron diffraction component indicating
the locations, where reference slices were cut, b) sketch of the system of EDM
cuts indicating positions of sampling volumes within the reference specimens,
c) isometric view of the reference specimen and the system of EDM cuts, and
of the matchstick shaped gauge volume.

the stress measurements.

Variations of the stress free reference lattice spacing in the welded clad layers
were measured at two companion specimens cut from the same component. These
were prepared in the form of slices, each 3 mm thick. At reference specimen no. 1 the
reference peak positions in the welding transverse and interface normal directions were
measured. At reference specimen 2 the peak positions for the welding longitudinal
direction were measured. In order to mechanically relieve the residual stresses in
these specimens a grid of cuts was applied by EDM, such that the maximum length
of uncut material was about 5 to 10 mm. It was assumed that no type I residual
stresses could be sustained in the cut region of such a specimen. Figure 6.3 illustrates
where these specimens have been extracted from the original component, how a grid
of EDM cuts has been applied in the region of interest and how the matchstick shaped
gauge volume would be positioned inside these reference specimens.

The measurements were performed at the Large Component Neutron Diffraction
Facility at beam tube HB4 at the HFR. For each measurement direction the detector
position was chosen such that the neutron beam defining masks could be optimally
inserted into the excavated specimen. The neutron wavelength was subsequently cho-
sen to render a diffraction peak at the selected detector positions. In the ferritic steel
substrate, measurements were obtained from the crystallographic (110) diffraction
plane. Because austenitic welds tend to exhibit strong (200) textures, the clad layer
was investigated using diffraction from this crystallographic plane. The parameters
for these measurements are presented in Table 6.2.
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Table 6.2: Instrument settings for neutron diffraction measurements.

Nominal gauge volume: 2× 2× 20 mm3

Detector beam opening to test location: ∼35 mm
Lattice plane used in ferrite: {110}
Lattice plane used in clad layer: {200}
Testing times: 600 to 8000 s
Material and measurement Nominal neutron Nominal
direction: wavelength: diffraction angles:

Ferrite weld longitudinal: 0.2304 nm 67.95◦

Ferrite weld transverse: 0.2400 nm 71.25◦

Ferrite interface normal: 0.2956 nm 91.90◦

Cladding weld longitudinal: 0.2000 nm 65.92◦

Cladding weld transverse: 0.2300 nm 77.90◦

Cladding interface normal: 0.2300 nm 77.90◦

Measurements were performed at locations on the line through thickness located
at the centre of the specimen as described above. In both substrate and cladding, the
distance between test locations was 1 mm for locations away from the interface and
0.5 mm for locations closer than 3 mm to the interface.

Specimen alignment was performed by optical means (theodolite) and by moni-
toring the intensity of the ferrite diffraction peak when the sampling volume moves
across the interface [26].

Individual measurements; i.e., the recording of the diffraction peak for one mea-
surement location in the component lasted from 600 to 8000 seconds, depending on
material and neutron path length through the component. Figure 6.4 shows the si-
tuation for a measurement in the welding longitudinal direction, while the picture in
Fig. 6.2 represents a measurement in the substrate in the interface normal direction.

6.4 Results

6.4.1 Peak positions

For the analysis of the experimental results, Gaussian functions were fitted to the raw
data using PeakFit [74], whereby weighting of the data was applied. In accordance
with equation (3.3) the fitted peak positions obtained for different test locations in the
component, together with the corresponding reference peak positions are necessary
for the calculation of strains and stresses (eq. 3.4). The peak positions found for the
three measurement directions, for the component itself as well as for the corresponding
reference specimen are presented in Figs. 6.5 (a) to (c).

The data are presented as measured peak position versus location of measure-
ment. The location is measured as distance from the clad surface of the component in
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Figure 6.4: The clad component during measurement in the welding longitudinal direction.

millimeters. Solid symbols represent measurements from within the clad layer, open
symbols show results from the substrate material. A break has been applied to the
vertical axes in Figs. 6.5 (a) to (c) in order to present clad layer and substrate data
in the same figure.

Several observations can be made based on the peak positions found. Firstly,
considerable variations of the reference value are found in the clad layer, while the
reference data for the ferritic steel substrate exhibit only small variations from an
average taken over the region of measurement. Furthermore, the scatter of the data
is generally smaller in the substrate than it is in the clad layer. This is likely to be
related to the inhomogeneity of the weld material and to the fact that at many test
locations the fusion boundaries between the individual weld beads cut through the
sampling volume.

Secondly, the reference values in the clad layer for the welding transverse and in-
terface normal directions, both measured on reference specimen 1, do not differ much.
The reference data for the welding longitudinal direction, obtained from specimen no.
2, have been collected at a different detector position; nevertheless they clearly show
a different behaviour. Finally, the differences between component and reference are
larger for the clad layer than for the substrate.
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Figure 6.5: Peak positions from the measurements in the welding longitudinal direction (a),
the welding transverse direction (b). and the interface normal direction (c).
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Figure 6.6: Strains derived from the peak positions presented in fig. 6.5.

6.4.2 Residual strains

Based on eq. (3.3), strains were derived from the fitted peak positions. For the clad
layer, locally determined reference values were used for every test location, while for
the substrate, the average of the measured reference values was applied for all test
locations in a given direction. The results are presented in Fig. 6.6.

It can be observed that the clad layer exhibits significantly higher strains than
the substrate. One of the reasons for this is that measurements in the clad layer have
been obtained from the (200) reflection plane, which in cubic lattices normally is the
”softest” crystallographic plane; i.e., it responds with the biggest strain to a given
external or internal load. A larger scatter, already observed for the cladding data in
the peak positions, is also found in the strains.

6.4.3 Residual stresses

The strain data were finally converted to residual stresses using eq. (3.4). Diffrac-
tion elasticity constants for this calculation were taken from the literature [38]. The
applied elasticity constants were the same as the ones used for the bi-metallic weld
specimen, namely:

For the clad layer:
E200 = 139 GPa
ν200 = 0.35
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Figure 6.7: Residual stresses measured in the clad component by neutron diffraction.

For the substrate:
E110 = 220 GPa
ν110 = 0.28

The resulting stresses are presented in Fig. 6.7.
The austenitic clad layer exhibits high tensile stresses in the welding longitudinal

and transverse directions. Average levels vary between 300 and 400 MPa. Welding
transverse stresses were found to be about 50 MPa higher than the welding longitu-
dinal stresses. Compressive stresses in the substrate balance the tension in the clad
layer. The compression reaches about −200 MPa near the interface in the welding
longitudinal and about −160 MPa in the welding transverse directions. Residual
stresses in the interface normal direction vary around 0 MPa, both in the clad layer
and in the substrate, with significantly higher scatter in the cladding. This is a strong
indicator for consistency of the results. A check of stress balance is not possible in
this case as neutron measurements have only been taken along a short line within an
irregularly shaped specimen.

In principle, the stress distribution found resembles the case of the 25 mm thick
bi-metallic piping weld (chapter 5), as tensile stress is found in the weld material and
compressive stress in the ferritic steel. For the weld material, the maximum stress is
in a similar range (300 to 400 MPa).

The geometry of the specimen and the geometry of the weld lead to a distribution
of the stresses different from the situation in the bi-metallic girth weld specimen. In
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the bi-metallic piping joint there are significant stress gradients, both in the parent
materials and in the fusion zone.

An additional geometry related difference between the two specimens is that for
the clad layer specimen the maximum stress values for the transverse direction, which
corresponds to the axial direction in the pipe, are higher than for the welding longi-
tudinal direction (circumferential in the case of the pipe). The main reason for this
lies in the different welding and restraint geometries. While the piping girth weld is
essentially a weld filling a long groove joining two separated parts, the clad layer is
a weld applied over a large surface area of a massive steel block. This steel block
restrains the shrinkage of the weld material in both the welding longitudinal and
transverse directions in a similar way. Conversely, for the girth weld the parts to be
joined do not provide any restraint for the shrinkage in the transverse direction. The
stress distribution shows compression near the inner surface, tension near the outer
surface, suggesting that the previously deposited inner beads provide a restraint to
the shrinkage of the outer beads, deposited later.

Within the limitations of the spatial measurement resolution the neutron data for
the clad layer specimen suggest a sharp transition from tension to compression at the
interface. It must be noted that tests performed by neutrons closer than ∼0.7 mm
to the interface, with the gauge volume applied here, would be influenced by surface
effects [83; 84]. This means that when the sampling volume is not completely filled
by the material that is being measured; e.g., because it is cutting across a specimen
surface or across a material interface, the measurement geometry is changed. This
influences the measurement of the peak position. Experience shows that the effect
is non-linear; i.e., small fractions of the sampling volume outside the material do
not cause significant changes in the measurements. Fractions in the order of several
tens of percent are known to lead to errors in the order of 102 μm/m. Therefore
no neutron measurements have been obtained from a zone 1 to 1.6 mm wide around
the interface. The data that are available show that the transition from tension to
compression takes place entirely within this zone.

6.4.4 Consistency assessment of the results

In analogy with the previous chapter, a consistency check is undertaken for the obser-
ved residual stress distributions. For the clad layer component this check is limited
to the residual stresses found in the interface normal direction. In common with the
thin walled piping specimen, these stresses are not expected to deviate strongly from
0 MPa. The criteria stress balance and yield stress limit are not applied. A stress
balance check is not possible because the small measurement region cannot represent
any full cross section of the component. Yield stress data for comparison with the
measurement results have not been made available.

The interface normal residual stresses are indeed not varying strongly from 0 MPa
as can be seen in Fig. 6.7. In the substrate material the average value for the stress
in this direction is 5 MPa and the average uncertainty is 26 MPa. The standard
deviation of the stress values for these data points is 14 MPa.
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In the clad layer the scatter of the interface normal stresses is bigger than in
the ferritic substrate. Here the average of the residual stresses is 17 MPa, with an
average uncertainty of 29 MPa. In this case however, the standard deviation of the
stress values is 52 MPa, almost 4 times the value found for the data points in the
substrate.

Therefore, in agreement with the expectations, the interface normal residual stres-
ses are close to 0 MPa. The data scatter, expressed in terms of the standard deviation
is significantly larger in the clad layer than in the substrate material. This is an in-
dication for less homogeneity and a larger grain size within the welded clad layer
material.

6.5 Comparison with other stress measurement tech-
niques and modeling

In this section additional assessments of residual stresses in the clad layer component
are described. The methods used for this component are deep hole drilling, the ring
core method and numerical modeling. The main purpose of this section is to pro-
vide a comparison with the results obtained by neutron diffraction. This comparison
provides an additional means for assessing the quality of the neutron data.

It should be noted that, in common with the work presented in section 5.5, the
author of this thesis has not been involved in the additional investigations presented
here.

6.5.1 Deep hole drilling

The principle of the deep hole drilling technique has already been introduced in section
3.1.1. As stated, the method belongs to the strain relaxation techniques, for which
it is necessary to relax the residual stresses in the measurement area by cutting into
the material and to record the resulting relaxation strains.

Unlike other related methods, which rely on strain gauges attached to the com-
ponent surface, deep hole drilling takes strain measurements by means of an airprobe
at the depth below the surface, where the stresses are to be measured. Because of
this difference, the deep hole drilling technique can be used for residual stress analyses
at substantial depths. The technique actually is the deepest penetrating method for
residual stress measurements currently in existence (known to the author). However,
the method is normally only applied to measure stresses in the in-plane directions;
i.e., it is then a 2-dimensional rather than a 3-dimensional technique.

As the original clad component of 450 mm length, 200 mm width and 146 mm
thickness was shared for the application of three different measurement techniques, all
of which involve a certain amount of cutting in the component, only a small section of
the original specimen, 190× 110 mm wide and 146 mm thick, was available for deep
hole drilling measurements.
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A reference hole of 3.18 mm diameter was gun drilled through the entire thickness
of this section from the centre of the clad surface. The diameter of the reference hole
was then measured in several orientations every 0.2 mm along the axis of the hole by
means of the airprobe. Next a 10 mm core around the hole was removed from the
test piece by EDM, after which the dimensions of the reference hole were re-measured
with the airprobe. Based on the change in dimensions and based on the assumption
of a plane stress state existing throughout the thickness, residual stresses were derived
using bulk material elasticity constants. The chosen values were:

For the clad layer:
E = 188 GPa
ν = 0.3

For the substrate:
E = 211 GPa
ν = 0.3

Figure 6.8 shows the welding longitudinal and welding transverse stresses deri-
ved by the deep hole drilling method. These measurements, like those performed by
neutron diffraction, show tensile residual stresses in the clad layer and compressive
residual stresses in the ferritic steel substrate near the interface. Beyond ∼60 mm
from the clad layer surface only small stresses have been found in these measure-
ments. Bertram found a distribution of stresses in good agreement with these DHD
results [81], but only for a thermally stress relieved component. For as received clad
layer components both Bertram and Hofer/Bender [82] observed completely different
distributions with high tensile residual stresses of up to 400 MPa in the substrate
for the first 20 to 30 mm beneath the interface. This suggests that the component
investigated here has been subjected to a stress relieving heat treatment as well.

Figure 6.9 shows a comparison between the neutron diffraction and the deep hole
drilling measurements over the 25 mm depth that have been probed by neutrons. A
reasonable qualitative agreement has been achieved, but the quantitative agreement
is not excellent. This may be explained by the different component geometries tes-
ted; i.e., the stress redistribution caused by the substantial material removal in the
neutron diffraction specimen and by the width reduction of the deep hole drilling
specimen. A remarkable difference between the neutron and deep hole drilling data
is the stress gradient across the material interface. Neutron diffraction suggests a
steeper gradient than deep hole drilling. It is likely that this difference is caused by
the characteristics of the measurement methods, and is not related to the difference
in test piece dimension. However, in lieu of acceptable reference stress measurements,
there is insufficient data to determine, which method rendered the more realistic stress
distribution.

6.5.2 Ring core method

The ring core method is in principle similar to the deep hole drilling technique. The
most important difference is that with this method relaxation strains are recorded
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Figure 6.8: Residual stresses measured in the clad component by deep hole drilling - the
nominal interface position is indicated by a dotted line (from [85]).
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Figure 6.9: Residual stresses measured in the clad component by deep hole drilling (DHD)
compared to the residual stresses obtained by neutron diffraction (ND).
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Figure 6.10: Residual stresses measured in the clad component by the ring core method -
the nominal interface position is indicated by a dotted line (from [85]).

by means of strain gauges attached to the specimen surface within the perimeter
of an annular groove cut by EDM machining. This difference, however, is a strong
limitation to the depth below a specimen surface, to which the method can be applied.
In this particular case a depth of about 4.5 mm was reached before the material core
inside the annular groove was machined away and a new strain gauge rosette was
attached to the bottom of the hole. The process was repeated for another ∼4.5 mm.
This was done 4 times whereby a total measurement depth of 17.2 mm was reached;
i.e., ∼7 mm beyond the clad layer substrate interface. Plane stress was assumed
in this case, in common with the deep hole drilling technique. Ten measurements
per millimeter were taken. The test component for the ring core method was a block,
225×200 mm wide and 146 mm thick, without any material removal on its back. More
details can be derived from [85]. Figure 6.10 shows the residual stress distribution
measured by the ring core method.

The stress levels obtained from the ring core measurements are comparable to
those measured by neutron diffraction; i.e., 300-500 MPa in the clad layer. The ring
core method produced data with significant scatter in the weld material, in common
with the neutron diffraction results. Unlike neutron diffraction, the ring core method
measured similar stress distributions for the welding longitudinal and transverse di-
rections. The neutron diffraction results showed consistently higher stresses for the
welding transverse direction. From Fig. 6.11 it is evident that the ring core measu-
rement results in the clad layer are similar to the neutron diffraction results for the
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Figure 6.11: Residual stresses measured by the ring core method (RC) [85] compared to the
residual stresses obtained by neutron diffraction (ND).

transverse direction. The neutron diffraction longitudinal stresses in the clad layer
have a slightly lower average value. Obviously the results do not compare well in the
substrate layer.

Like the deep hole drilling technique, the ring core method does not show a steep
gradient of stress at the interface. Moreover, the ring core measurements do not place
the transition from tension to compression around the interface. At the assumed in-
terface location 10 mm below the clad surface, the ring core measurements still find
substantial tensile stresses between 100 and 200 MPa. The transition from tension to
compression in this case is measured about 2 to 2.5 mm into the ferritic steel. Deeper
into the substrate material compressive stresses of 100 MPa are measured at the end
of the measurement range for the ring core measurements. The stress distribution in
the substrate therefore does not compare well with the neutron diffraction and deep
hole drilling results as in the range of the ring core measurements within the substrate
only small compressive stresses are found.

6.5.3 Numerical modeling

A simplified three-dimensional FE-model of the full size component prior to any cut-
ting was prepared using ABAQUS 5.8-14. The model did not address the welding of
the clad layer itself, but rather started from a postulated stress relieving tempera-
ture of 675 ◦C. After cooling to room temperature, 3-point bending was simulated,
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Figure 6.12: Calculated final welding longitudinal stresses across the thickness of the clad
component (from [85]).

and subsequently a postulated operation at 246 ◦C was modeled and finally a heat
treatment at 475 ◦C was included, before returning the component to room tempe-
rature [85]. Figure 6.12 presents the final residual stress distribution through the full
thickness of the component found by FE modeling taking into account the described
mechanical and thermal treatments. A sharp transition from tensile to compressive
stresses at the material interface is shown in the figure.

In Fig. 6.13 the predicted residual stresses in the welding longitudinal direction
are compared to the experimental results obtained by neutron diffraction, the ring
core and deep hole drilling methods. On average, the longitudinal stresses measured
by neutron diffraction are only slightly higher than those predicted. The compressive
stresses measured by neutron diffraction near the interface are higher than those
predicted, but at 14 mm from the interface the neutron diffraction results are at a
level similar to that obtained from the calculations. However, no conclusions should
be drawn from this similarity because of the different component shapes investigated.

Generally, the stress distribution calculated compares best to the deep hole drilling
data. All measurement techniques found higher maximum tensile stresses in the clad
layer than were predicted by this model.

Neutron diffraction measured the highest levels of compressive stresses in the fer-
ritic steel substrate. This can be explained by the fact that a substantial amount of
material carrying compressive residual stresses has been removed. Stress redistribu-
tion may have resulted in higher compressive stresses in the remaining material in
order to maintain the stress balance.
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Figure 6.13: Welding longitudinal residual stresses as calculated for the clad component by
finite element modeling (FEM) compared to the corresponding measurements
by neutron diffraction (ND), and the ring core (RC) and deep hole drilling
(DHD) methods (data from [85]).



Chapter 7

Residual stresses in a thick
dissimilar metal pipe weld

7.1 Introduction

The investigations presented in this chapter concern a component similar to the one
discussed in chapter 5. However, in this case the bi-metallic piping component is
substantially thicker than the one presented earlier, being a full-scale replica of a
16-inch nozzle in a pressurizer, connected to an austenitic piping section of the same
diameter. Not only the dimensions, but also the manufacturing process replicated the
situation of a real plant application. [86]

The concerns about the structural integrity of such components are similar to
those presented in chapter 5, hence similar objectives were pursued. As these inves-
tigations took place several years later, better capacities for numerical analyses; e.g.,
for residual stress calculations, had become available and have been used. Similar to
the 25 mm thick component of chapter 5, on one of the mock-ups an artificial crack
was introduced in the heat affected zone in the ferritic part, near the ferrite-buttering
interface. The mock-up was subsequently subjected to four-point-bending in order to
study the crack opening behaviour.

Residual stresses were investigated by means of neutron diffraction, numerical
modeling, surface hole drilling and the crack compliance method.

For the application of neutron diffraction the material thickness was a limiting
factor. The component had a wall thickness of 51 mm, which, unlike in the case of
the clad layer specimen, could not be reduced prior to measurements. Steel compo-
nents of such a thickness had not been tested successfully at the time of the present
experiment.

91



92 Residual stresses in a thick dissimilar metal pipe weld

Figure 7.1: Geometry of the austenitic and ferritic pipe sections before welding; the location
of the buttering layer on the ferritic section is indicated.

7.2 The component and the reference specimens

7.2.1 The component and its manufacturing

The component was a pipe cut to about 500 mm length, 453 mm outer diameter and
51 mm wall thickness. It was originally fabricated from two parts each of ∼525 mm
length, one of ferritic steel grade A508cl.3 (corresponding classification: 16MND5)
and the second one of stainless steel grade 316L. These were joined by means of a
circumferential butt weld using stainless steel as a filler material.

The manufacturing process for this component [86] deviated slightly from the one
used for the thinner walled pipes. The ferritic pipe section as delivered had an outer
diameter of 473.5 mm and an inner diameter of 335 mm, which corresponds to a wall
thickness of almost 70 mm. The austenitic section had an outer diameter of 467 mm,
an inner diameter of 321 mm, and a wall thickness of 73 mm. Prior to welding
they were both machined to an outer diameter of 467 mm. The ferritic section was
machined to an inner diameter of 343 mm while the austenitic section was left at
321 mm. Both pipe sections were then prepared for welding by beveling their edges
to 25◦, similar to the process for the thinner pipe. Figures 7.1 and 7.2 show the edge
preparation in more detail.

The first difference compared to the manufacturing process of the thinner tube is
the small lip with a land of 8.5 mm width machined on the austenitic steel pipe. The
land held the filler material in place during deposition of the first beads of the root
of the weld. In addition, the lip prevented relative movements of the pipe sections in
the radial direction during welding. The beveling of the half pipe faces generated a
V-groove weld preparation, as can be seen in Fig. 7.2.

On the ferritic half pipe a buttering layer was applied consisting of 4 individual
weld layers. Before application of the first buttering layer the ferritic pipe was pre-
heated to 150 ◦C, which for the ferritic material reduced the risk of hydrogen embrit-
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Figure 7.2: Magnified view of the ”groove” preparation of the two pipe sections for welding.

Table 7.1: Chemical composition of weld consumables [in wt%].

Consumable C Mn Si P S Cr Ni Mo Co Nb N
Soudrocom 0.016 1.21 0.60 0.014 0.011 23.55 12.66 0.04 0.056 0.012 0.052
L309L Q5
OK 61.30 N 0.017 1.39 0.58 0.018 0.006 19.87 9.91 0.1 0.03 0.018 0.054
308L, 4 mm
OK 61.30 N 0.019 1.34 0.55 0.015 0.007 19.68 10.0 0.07 0.03 0.018 0.046
308L, 5 mm

Remainder is assumed to be Fe

tlement. The welding electrodes had been subjected to a heat treatment beforehand.
Shielded metal arc welding using coated electrodes was applied. The first buttering
layer was applied using a 4 mm electrode type Soudrocom 309L Q5. The interpass
temperature near the weld was 215 ◦C. The welding current was maintained between
135 and 145 A. For the second buttering layer a 4 mm electrode type OK 61.30 N was
used. The same interpass temperature was maintained and the current was kept at
135 A. For the third and fourth buttering layers again an electrode of type OK 61.30 N
was used, but with a diameter of 5 mm. With this larger diameter the welding current
was 180 A. For all electrodes an arc voltage of 24 V was set and the electrode travel
speed was about 20 cm/min. [86; 69]

In common with the thinner bi-metallic weld, the electrodes used for the first
buttering layer had an increased Cr and Ni content in order to reduce the risk of
martensite formation at the interface [72]. The chemical compositions of the electrode
materials are given in Table 7.1.

After application of the buttering layer a heat treatment was performed, whereby
the pipe was kept between 300 ◦C and 340 ◦C for 4 hours and 15 minutes.

After the heat treatment, the surface of the buttering layer was ground to facili-
tate ultrasonic inspection of the weld. No defects were found during this inspection.
Finally, the four layer buttering was machined down to about 8 mm.

For butt-welding the two pipes were aligned with respect to one another in ac-
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Figure 7.3: Sequence of passes for butt-welding the thick dissimilar metal weld component.

cordance with Figs. 7.1 and 7.2. They were placed on motorized rollers in order to
facilitate the circumferential welding process. Shielded metal arc welding was applied
here as well. The OK 61.30 N 4 mm and 5 mm electrodes (see Table 7.1) were used
as filler material. The welding parameters were almost identical to those used for the
buttering; i.e., arc voltage 24 V, travel speed 20 cm/min, current 135 A for the 4 mm
and 185 A for the 5 mm electrode. There was no preheating applied and the interpass
temperature was kept below 100 ◦C; 91 weld beads were applied in 18 layers. Figure
7.3 shows a similar bead sequence applied in a second mock-up used for this research
programme. This second mock-up was welded with 96 passes in 19 layers. The mock-
up with 91 passes was used for neutron diffraction and materials characterizations
while the mock-up with 96 passes was used for the large scale fracture test that has
been briefly described earlier.

A stress relieving post weld heat treatment was performed, whereby the entire
component was kept at 600 ◦C for more than 6 hours, with controlled heating and
cooling rates (max 40 ◦C/h) above 350 ◦C. Because of the differences in thermo-
mechanical properties of the materials involved, the component could not be expected
to be free of stress after this heat treatment.

7.2.2 Preparation of the neutron diffraction specimens

a) The pipe
After heat treatment the pipe was trimmed on a turning lathe to its final inner and
outer diameters of 351 mm and 453 mm, respectively. The pipe was now about 1 m
long. As this length did not fit on the diffractometer for the neutron measurements,
about 250 mm were cut from either end of the pipe so that its final length was 500 mm
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Figure 7.4: Machining of the component to allow positioning of the neutron ducts for access
to the measurement locations.

with the fusion zone at mid-length.

Ultrasonic, dye-penetrant and X-ray radiographic inspections of the weld and the
buttering layer were performed at various stages of the process to insure an acceptable
quality of the specimen. Only two minor inclusions were found in this component after
welding and machining.

For the neutron diffraction measurements additional material had to be removed,
similar to the case of the thin walled pipe. Two sectors of base material were removed
from the pipe ends by milling, and afterwards a window was cut in the middle of the
pipe by EDM, whereby copper plates were driven through the material. Figure 7.4
shows the parts that have been milled away and the size and location of the central
window. Figure 7.5 shows a snapshot of the EDM-process to cut the central window.

For this component an opportunity existed to measure surface strains developing
during the cutting process using strain gauges attached to the surface before cutting of
the central window. The rationale behind this was that the residual stresses present
in the component would be partially relieved through the cutting, and it was not
known to what distance from the cut this stress relief would be significant. To this
end two-directional strain gauges were fixed on the surface in the weld region at
several distances from the envisaged cut. The strain gauges were oriented in the
welding longitudinal (piping circumferential) direction and the welding transverse
(piping axial) direction. Figure 7.6 shows the surface strains for the strain gauges in
the welding longitudinal direction measured during the entire cutting process. Strain
gauges have been located within a few centimetres from the cut, at the location of
the neutron diffraction measurements, at a distance of about 40 cm from the cut on
the outer surface, and in between at about 20 cm distance.

It can be seen that, while the change in strain for the black line indicated a sub-
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Figure 7.5: EDM cutting of the central window with the L-shaped electrode after having
performed one of the two cuts required for the rectangular window.

stantial relief of stresses near the cut, hardly any change was observed for the locations
half way between the cut and the neutron measurement location and at the neutron
measurement location. This was an experimental confirmation that the impact of
cutting the window on the residual stresses at the measurement location was negli-
gible.

b) The reference specimens
The EDM cutting of the window caused only a minor loss of material and therefore
a block of material became available for further analyses. This block is shown in Fig.
7.7. One cut surface of the block has been etched in order to make the fusion zone
and the individual weld beads visible.

As in the case of the thinner component, this material was used to provide the
reference specimen. A slice of 10 mm thickness oriented in the piping radial direction
was cut. Figure 7.8 shows the location of this slice within the block. The remainder
of the block material was returned to the manufacturer for materials characterization.

It has been outlined earlier that when measuring welding residual stresses by
diffraction methods, potential variations of the stress free reference lattice parameter
(or scattering angle) have to be taken into account. In chapters 5 and 6 two different
approaches for this have been presented. A combined approach has been chosen for
these investigations.

The slice described above was polished and etched to render the fusion zone and the
buttering layer visible. The cutting scheme for the reference specimen was established
based on the shape of the fusion zone and the thickness of the buttering layer. The
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Figure 7.6: Relief of surface strains in the welding longitudinal direction as measured by
strain gauges during EDM cutting of the central window (black line: strain
gauge next to the cut; dark grey line: strain gauge half way between the cut and
the neutron measurement location; light grey line: strain gauge at the neutron
measurement location).
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Figure 7.7: Block of material removed from the component to open a window for the neutron
diffraction measurements; after etching of the surface the cross section of the
fusion zone can be clearly seen.

Figure 7.8: Location of the 10 mm thick slice cut by EDM from the steel block in Fig. 7.7.
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Figure 7.9: Sketch of the material slice with the weld fusion zone, the buttering layer and
the location of the first cut.

specimen was then cut into two pieces by wire erosion along the ferrite-buttering
interface.

The detailed design of the reference specimens depended on how the actual stress
measurements would be executed in terms of the size of sampling volume, the locations
of measurement and the number of measurement lines. Based on the thickness of the
component, the possible size of a sampling volume and the time available for the
tests, it was chosen to distribute the locations of measurements over six lines through
the thickness of the piping wall. This was facilitated by five equidistant cuts in the
piping axial direction for each reference specimen. A system of cuts was applied in
the near-radial direction as well, in order to facilitate stress relief also in the piping
axial direction. These cuts were oriented such that a grid reflecting the orientation
of the edges of the fusion zone and the buttering layer was generated. The size of
the elements corresponded to the size of the sampling volume chosen, and in order to
keep the slices in one piece, each coupon remained connected by a material bridge of
no more than 1 mm thick.

Figures 7.9 to 7.11 illustrate how the slice has been split into two parts, and how
the additional cuts have been applied by means of a programmable EDM machine.

7.3 Neutron diffraction measurements

Within the greater context of this activity, residual stresses were to be determined
by measurement and finite element modeling. Neutron diffraction was chosen as the
method for measurements, as there was no other technique available that had the
potential to do such measurements quasi non-destructively within the bulk of such a
component. The Large Component Neutron Diffraction Facility at the HFR was a
suitable instrument for these investigations as it could carry and accurately position
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Figure 7.10: Sketch of the reference specimens; the dotted double lines represent the EDM
cuts; each coupon represents a test location.

Figure 7.11: Photograph of the reference slice with the buttering layer, the weld fusion zone
and the austenitic base material.
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Figure 7.12: Cross sectional drawing of the wall of the thick dissimilar metal weld com-
ponent in the axial direction of the piping showing the locations of the neutron
diffraction measurements in and around the fusion zone.

the component, which was estimated to weigh about 250 kg.
The sampling volume size was determined based on considerations similar to those

for the thinner pipe. In this case however because of the pipe thickness a significantly
larger sampling volume was needed. Beam defining masks of 8 mm and 6 mm width
were placed in the incoming and diffracted beams, respectively. For the piping axial
and radial directions an elongated sampling volume was used with a sampling volume
height of 25 mm, rendering a sampling volume of 8×6×25 mm3. This way the spatial
resolution was low, but compared to the size of the component this was considered
acceptable.

Measurements in the circumferential direction again required a smaller sampling
height than those in the axial and radial directions for the same reason as given in
chapter 5. A sampling volume of 25 mm height would cut across the interfaces at
many test locations. Hence, for this measurement direction a volume of 8×6×10 mm3

was selected.
As mentioned earlier, it was decided to obtain measurements along lines at six

distances from the outer specimen surface, namely 4.25 mm, 12.75 mm, 21.25 mm,
29.75 mm, 38.25 mm and 46.75 mm.

Figure 7.12 shows the distribution of measurement locations over the fusion zone
and base materials.

In order to reduce the length of the neutron path through the material as much as
possible for every measurement, it was decided to use a low diffraction angle of 65◦

for the welding longitudinal and welding transverse directions. For the piping radial
direction a higher diffraction angle was chosen in order to reduce the path length for
these reflection mode measurements as well.

Because of the three different crystallographic reflections used in the measure-
ments, namely the (111)-reflection in the stainless steel base material (316L), the
(200)-reflection in the fusion zone incl. the buttering layer (rendering at most mea-
surement locations a strong (200) diffraction peak in the circumferential direction,
which corresponds to the welding direction), and the (110)-reflection in the ferritic
steel base material (A508), and the two diffraction angles used, it was necessary to
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Table 7.2: Important parameters of neutron diffraction measurements.

Gauge volume: 8× 6× 25 mm3 (radial and axial)
8× 6× 10 mm3 (circumferential)

Detector position: 65◦ (circumferential and axial)
81.5◦ (radial)

Crystallographic reflections: ferrite {110} in base material A508
austenite {200} in fusion zone
and buttering
austenite {111} in base material 316L

Neutron wavelengths: 0.269 nm for {110}-ferrite at 81.5◦

0.223 nm for {110}-ferrite at 65◦

0.234 nm for {200}-austenite at 81.5◦

0.198 nm for {200}-austenite at 65◦

0.275 nm for {111}-austenite at 81.5◦

0.229 nm for {111}-austenite at 65◦

Counting times: between ∼ 5 minutes and 10 hours

work with 6 different neutron wavelengths. Experience at the Large Component Neu-
tron Diffraction Facility using the adjustable double-monochromator had shown that
neutron wavelengths between 0.2 nm and 0.29 nm render an acceptable beam inten-
sity and measurement resolution. This wavelength range covers roughly the range of
scattering angles chosen for the measurements in the three material zones. Table 7.2
gives an overview of the measurement parameters chosen for the individual tests.

Measurements were performed in all three directions for most of the test locations
shown in Fig. 7.12. Figure 7.13 depicts the sampling volume and neutron beam
orientations for measurements in the three different directions. In order to avoid
measurement errors due to inaccurate re-setting of the neutron wavelength, it was
chosen to obtain measurements from the component and the corresponding reference
specimen in the corresponding orientation in direct succession.

Figures 7.14 to 7.16 show the measurement set-ups in the circumferential, welding
transverse and piping radial directions. These figures also give an impression of how
the sampling volumes are positioned within the material for the three measurement
directions.

Figures 7.17 to 7.19 show photographs of the measurement arrangements for this
component during measurements in the three directions. Figure 7.17 shows the duct
of the incoming beam passing through the window at mid-length of the component.

7.4 Neutron diffraction results

The results of the neutron diffraction measurements are presented here. The raw data
were evaluated in the same way as it had been done for the other two components.
Strains were calculated by inserting the peak positions for the component and the



7.4 Neutron diffraction results 103

Figure 7.13: Orientation of the gauge volumes and beam paths for the three measurement
directions.

reference into equation (3.3).

7.4.1 Residual strains

Figures 7.20 through 7.22 show the residual strains and their uncertainties for the
piping circumferential, axial and radial directions, respectively.

As for the thinner walled bi-metallic weld pipe, the left hand sides of the plots
correspond to the test locations in the ferritic steel, while the measurements in the
stainless steel part of the pipe are shown on the right hand side of the plots.

Again the circumferential strains measured in ferrite are compressive, but in this
case a smaller strain gradient was observed between the outer and the inner surface. In
common with the thinner bi-metallic welded pipe, a steep gradient from compressive
to tensile strains marks the transition from the ferrite into the buttering layer. Close
to the outer surface the buttering layer and the weld exhibit tensile strains reaching
higher values than observed in the thinner wall case. The strains decrease toward the
inner surface, but they stay tensile over the measurement range. In the austenitic pipe
smaller tensile strains have been found reaching a maximum level of about 1500 μm/m
near the outer surface and near the fusion zone, decreasing to values between 0 and
500 μm/m near the inner surface of the pipe. When moving away from the fusion
zone, the strain levels clearly decrease. However, the measurements did not extend
far enough away from the fusion zone in order to see whether the strains actually
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Figure 7.14: Set-up for the measurements in the piping circumferential direction; diffrac-
tion angle 2θ = 65◦, sampling volume 8× 6× 10 mm3.
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Figure 7.15: Set-up for the measurements in the piping axial direction; diffraction angle
2θ = 65◦, sampling volume 8× 6× 25 mm3.
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Figure 7.16: Set-up for the measurements in the piping radial direction; diffraction angle
2θ = 81.5◦, sampling volume 8× 6× 25 mm3.
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Figure 7.17: Dissimilar metal weld component with 51 mm wall thickness during the neu-
tron diffraction measurements in the circumferential direction. Cf. Fig. 7.14.

Figure 7.18: Dissimilar metal weld component during the neutron diffraction measurements
in the piping axial direction. Cf. Fig. 7.15.
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Figure 7.19: Dissimilar metal weld component during the neutron diffraction measurements
in the piping radial direction: measurements on the inner wall; the duct of
the incident beam is shown on the right, the duct of the diffracted beam on
the left; the cables that can be seen are attached to the strain gauges that were
used to measure the relaxation strains during the cutting of the window. Cf.
Fig. 7.16.
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become compressive in the far field.

The strain levels observed in the axial and radial directions, Figs. 7.21 and 7.22,
are somewhat lower than those found in the circumferential direction. Most of the
results do not exceed 1000 μm/m in tension or compression. In the axial direction,
mainly tensile strains have been measured in the ferrite, in most cases not exceeding
500 μm/m. Closer to the interface with the buttering layer, small compressive strains
were found. The uncertainty levels are relatively high because of the component wall
thickness. In the fusion zone at some locations measurements in the axial direction
were not possible, because of an insufficient diffraction intensity obtained from the
(200)-lattice plane. At the remaining locations the data exhibit a significant amount
of scatter, sometimes large uncertainties, and no clear trend from the outer to the
inner surface can be observed.

Relatively small axial strains were found in the austenitic steel base material.
The scatter of these data is much smaller than that observed in the fusion zone and
the error levels are reasonable. However, nearly all measurement locations rendered
tensile strain values in the axial direction, while tensile strains would be expected
near the outer surface and compressive strains near the inner surface.

The strain distributions in the radial direction are similarly confusing. In the
base materials on both sides of the fusion zone small strains, both tensile as well
as compressive, were measured. In the fusion zone, however the data again exhibit
significant scatter. Also here some measurements are missing because the intensity
at these locations did not suffice to obtain a useful measurement. One can also see
some large error bars.

The difference in the accuracy of the fusion zone measurements between the cir-
cumferential and the other two directions is surprising. In the circumferential direc-
tion, the sampling volume used was 2.5 times smaller. The more pronounced (200)
texture in this direction, corresponding to the welding direction, has apparently over-
compensated the smaller sampling volume.

The absence of some data points in the axial and radial directions indicates that
at those locations in these directions the population of contributing grains in the
sampling volume is low; i.e., the (200)-orientation of grains is less favoured in these
directions.

In most of the measurements in the buttering layer relatively strong diffraction
peaks have been observed. Figure 7.23 shows the strains in the circumferential direc-
tion measured in the thick piping component as compared to those found in the thin
walled bi-metallic weld. In order to make the data comparable the positions of the
measurement through the thickness have been normalized with respect to the wall
thickness. It can be seen that both measurements exhibit similar trends in the strain
distribution. However, in the thick walled component significantly higher strains have
been measured.
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Figure 7.20: Circumferential strains at six different depths below the outer surface (cf. Fig.
7.12) in the thick bimetallic piping weld.
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Figure 7.21: Axial strains at six different depths below the outer surface (cf. Fig. 7.12) in
the thick bimetallic piping weld.
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Figure 7.22: Radial strains at six different depths below the outer surface (cf. Fig. 7.12)
in the thick bimetallic piping weld.
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Figure 7.23: Circumferential residual strain comparison for the measurements in the but-
tering layer for the 25 mm dissimilar metal weld pipe (solid symbols) and the
51 mm component (open symbols); for comparability the through thickness
position has been normalized, component outer surfaces on the right, inner
surfaces on the left of the graph.
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7.4.2 Residual stresses

Residual stresses were calculated from the measured strains using equation (3.4). Dif-
fraction elasticity constants were taken from the literature [38]. The applied elasticity
constants were:

For the ferritic parent material:
E110 = 220 GPa
ν110 = 0.28

For the buttering layer and weld:
E200 = 139 GPa
ν200 = 0.35

For the austenitic parent material:
E111 = 247 GPa
ν111 = 0.24

The uncertainties presented in Figs. 7.24 to 7.26 were derived from the uncer-
tainties of the strains based on standard error propagation [75]. No uncertainty
contribution from the elasticity constants was taken into account, as this would add
a relatively constant contribution to the errors indicated. Moreover, this contribution
would not be related to the measurement process itself.

Residual stresses in the circumferential direction are presented in Fig. 7.24. Com-
pressive stresses in the range -100 MPa to -400 MPa were obtained for the ferritic
steel base material in the vicinity of the interface. Tensile stresses have been derived
throughout the fusion zone and the area of austenitic base material covered by these
measurements. In the fusion zone the data exhibit significant scatter. This prevents
the identification of any clear trends concerning stress gradients in the fusion zone.
In the austenitic part of the pipe, the stress levels near the fusion zone are similar
to those in the fusion zone, and the stresses generally decrease when moving away
from the fusion zone. Within the range covered by these measurements, the stresses
remain tensile.

Obviously, no stresses could be obtained for locations where strain data were
missing in the radial and/or axial directions.

Residual stresses found in the axial direction are shown in Fig. 7.25. In the
ferritic base material the stresses range from -400 MPa to about +250 MPa. In view
of the distribution of the test locations over the material it is not clear whether this
distribution is in contradiction to balance of the stresses or not. In the buttering
layer, where there were relatively strong signals in all measurement directions, the
stresses range from -50 MPa to about +175 MPa. These data have to be looked at
together with the data in the ferrite in view of the stress balance. In view of the data
missing in the fusion zone, no firm conclusions can be drawn. For that half of the
fusion zone where data have been obtained, the expected large scatter of the results
can be seen. Individual stress values are in the range -200 MPa to +400 MPa, which
are acceptable in view of the applicable yield levels. The available data in this case
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Figure 7.24: Circumferential stresses at six different depths below the outer surface (cf.
Fig. 7.12) in the thick bimetallic piping weld.
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clearly do not fulfill stress balance and the tensile stresses dominate. In the austenitic
part of the pipe relatively little scatter in the data is obtained. All residual stresses
found were in the range +50 MPa to about +150 MPa.

The radial stresses, shown in Fig. 7.26, are generally a little smaller than the
axial stresses, but still reach surprisingly high levels, spanning almost the same range
as the axial stresses in the fusion zone, where they exhibit a huge scatter as well.
Good indicators for the quality of the radial stresses are the measurements at the
near surface locations; i.e., 4.25 mm from the outer and inner surfaces. These should
be small in all cases (within ±100 MPa) giving some allowance for the scatter in the
data. This has only been accomplished in the austenitic part of the pipe, where all
stresses found were quite small. Even in the ferritic base metal, near surface stresses
outside of this range have been found, whereby the uncertainty levels are quite high
because of low diffraction intensity in at least one direction of measurement. Also in
the fusion zone, the near surface results are also not always within these margins. It
generally appears that the radial stresses found in the bulk of the material exceed the
levels that would be expected for the through thickness direction.

7.4.3 Brief assessment of the results

In analogy with chapters 5 and 6, a brief check of the consistency of the observed
residual stress distributions is made here as well. Before applying the yield stress and
surface normal stress criteria to the data, a general observation should be mentioned.

The data obtained for the thick walled component exhibit a larger scatter than
those measured on the two thinner components. In the fusion zone, the scatter can
be mainly attributed to the lack of material homogeneity; but in the case of the base
materials the main reason for the scatter is the strong beam attenuation.

This scattering obscures many of the trends along the lines of measurement and
through the thickness that were visible in the thin walled pipe (Figs. 5.11 and 5.12).
For this reason the strains and stresses are presented in individual plots for each line
of measurement in this chapter.

The yield stress levels given in Table 5.6 are 584 MPa for the ferritic base material,
370 MPa for weld material and 322 MPa for the austenitic steel base material. For all
measurement locations the von Mises stresses have been derived based on eq. (2.6).
In no case does the von Mises stress exceed the applicable yield level. At a few test
locations, for example at the root of the weld, high tensile stresses have been derived
in three directions, so that the von Mises stress still remains below yield despite the
high values for the individual components. Therefore the yield stress criterion is met
for all measurements in this specimen.

In common with the thin walled piping component, one should also expect low
stress values for the radial direction near the surfaces. As can be seen from Figs.
7.24 and 7.26, the radial stresses along the near surface lines (4.25 mm and 46.75 mm
from the outer surface) are indeed significantly lower than the circumferential stresses.
However, for many measurement locations, including several in the parent materials,
stresses higher than 100 MPa or lower than -100 MPa have been found. This is
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Figure 7.25: Axial stresses at six different depths below the outer surface (cf. Fig. 7.12)
in the thick bimetallic piping weld.
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Figure 7.26: Radial stresses at six different depths below the outer surface (cf. Fig. 7.12)
in the thick bimetallic piping weld.
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another indicator that the data are not of excellent quality, which in relation to the
surface normal stresses should be mainly attributed to the thickness of the material
and the resulting strong neutron beam attenuation and therefore the compromised
data quality.

7.5 Comparison with other stress measurement tech-
niques and modeling

In this section additional assessments of residual stresses in the 51 mm thick bi-
metallic piping weld specimen are described. The methods used are surface hole
drilling, the crack compliance method and numerical modeling. The main purpose is
again to provide a comparison with the results obtained by neutron diffraction. This
comparison provides an additional means for assessing the quality of the neutron data.

It is noted that, in common with the work presented in sections 5.5 and 6.5, the
author of this thesis has not been involved in the additional investigations presented
here.

7.5.1 Surface hole drilling

The surface hole drilling technique [87] is a strain gauge based method for measure-
ment of residual stresses. It is a relaxation method, similar to the ring core technique
described in chapter 6. It measures the in-plane stresses at the surface of a specimen.
In the application of this technique a set of three strain gauges is used to measure the
relaxation strain at the specimen surface when a small hole is drilled in the centre
of the strain gauge arrangement. From the combination of the relaxation strains in
three directions the in-plane stress components at the surface can be obtained.

In Figs. 7.27 and 7.28 the circumferential stresses measured at the outer and
inner surface of the component by surface hole drilling are compared to the neutron
diffraction results obtained for the corresponding lines 4.25 mm from the surface. It
can be seen that the stress levels measured by the two methods are different. The
measurements can therefore not be used to validate each other. However, there are
similarities in the distribution of the stresses over the fusion zone. This implies a
correlation between these distributions.

The circumferential residual stress measurements by surface hole drilling at the
outer and inner surfaces show similarities in the stress distributions with the near
surface neutron diffraction measurements. However, at the outer surface the range of
stresses found by surface hole drilling is smaller than that found by neutron diffraction
(Fig. 7.27), and at the inner surface a higher peak compressive stress is found near
the ferrite-buttering interface (Fig. 7.28). These differences are probably caused by
plastic deformations during machining the component to its final outer and inner
diameters. Normally such machining stresses do not extend to depths larger than
1 mm below the component surface and are therefore almost not seen by the neutron
diffraction measurements.
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Figure 7.27: Circumferential residual stress measured at the outer component surface by
surface hole drilling, compared to the corresponding neutron diffraction results
at 4.25 mm from the outer surface (Cf. Fig. 7.24).

For completeness, Fig. 7.29 shows the circumferential and axial stresses obtained
from the surface hole drilling at the outer surface. Comparison with the neutron data
for the axial direction was not attempted because of the large scatter in the neutron
data.

7.5.2 Crack compliance method

Like surface hole drilling the crack compliance method [88] is relaxation based and
by means of strain gauges measures relaxation strains due to material cutting. This
method operates one-dimensionally and is based on cutting a slice from the specimen.
Figure 7.30 illustrates the principle of the method. While a vertical cut is machined
through the slice, strain gauges at various locations record the relaxation strains due
to cutting. Appropriate algorithms facilitate the calculation of the stress distribution
in the direction normal to the plane of the cut.

The slice cut from the component was oriented in the piping axial direction. The
remaining thickness of the slice was of the order of 10 mm. Figure 7.31 shows the
slice used, where the fusion zone can be clearly seen in the picture. It can also be
seen that the method has been applied at four different locations. Residual stresses
were measured in the piping axial direction.

Figure 7.32 shows the axial residual stresses that have been found in the fusion
zone by the crack compliance method in comparison to the corresponding neutron
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Figure 7.28: Circumferential residual stress measured at the inner component surface by
surface hole drilling, compared to the corresponding neutron diffraction results
at 46.75 mm from the outer surface; i.e., 4.25 mm from the inner surface.
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Figure 7.29: Circumferential and axial residual stress measured at the outer component
surface by surface hole drilling.



122 Residual stresses in a thick dissimilar metal pipe weld

Figure 7.30: Principle of the crack compliance method.

Figure 7.31: Slice from the dissimilar metal weld component after execution of the crack
compliance measurements; individual measurements identified as S1, S4, S5
and S6.
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diffraction data. Results are shown for measurements along lines S1 and S6 in Fig.
7.31. It can be seen that compressive stresses were found near both, the inner and
outer, surfaces, and that these change to tensile stresses within a relatively short
distance when moving into the bulk of the material. It should be noted that the
agreement of these near surface results with the corresponding surface hole drilling
data is good. This supports the argument that the machining has introduced near
surface compressive stresses.

The neutron diffraction data are shown for the weld centerline (grey-solid) and for
the buttering centerline (open square symbol). This way the measurement locations,
for which the results are shown, fall on the corresponding lines S1 and S6 of the crack
compliance measurements. The error bars indicating the stress uncertainties were
derived from the fitting uncertainties of the neutron data; the error bars in distance
are meant to represent the spatial extent of the sampling volumes and do not indicate
an uncertainty in position.

The agreement between the neutron diffraction and the crack compliance results
shown is in fact quite acceptable. However, the comparison is compromised by large
uncertainties associated with the neutron measurements and the relatively small num-
ber of measurement locations. In addition, the specimens investigated by these two
methods were different in size and geometry and the assumption had to be made that
the cutting of the slice for the crack compliance measurements would not alter the
axial residual stresses significantly.

7.5.3 Numerical modeling

In the context of the residual stress investigations in the 51 mm thick dissimilar me-
tal weld, a number of numerical round robin exercises have been executed addressing
several approaches to predict the stresses within and around this weld. More detai-
led information on this work is given in [89] and [69]. A brief summary including
comparisons with the neutron diffraction data presented in this chapter is given here.

The different round robin exercises mainly comprise a simplified and a detailed
numerical analysis of this component. Five organizations have contributed their ana-
lyses to this project.

The simplified numerical analysis in principle constitutes only the assessment of
the post-weld-heat-treatment of the component. This entailed the simulation of the
described heat treatment applied to the welded component, without taking into ac-
count the welding of the component itself. The simple assumption was that the entire
component would be free of stress at the heat treatment temperature of 610 ◦C. Upon
cooling the mismatch between the thermo-mechanical properties of the materials in-
volved would lead to the built-up of strains and stresses beyond the yield strength of
the materials involved. The resulting plastic deformation results in the formation of
the residual stresses obtained in this analysis. Results from this simplified analysis
are in general similar to the measurement results [69]. This is an indication that the
post-weld heat treatment was a determining factor in the development of the stres-
ses in this component, and that the assumption of zero stress at the heat treatment
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Figure 7.32: Axial stresses in the fusion zone measured by the crack compliance method in
measurements S1 and S6 (cf. Fig. 7.31) in comparison with corresponding
neutron diffraction results.
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temperature is a good description of the real situation. Nevertheless in most cases
the fusion zone residual stresses are still under predicted when compared with the
neutron diffraction data.

The participants in the detailed numerical analysis undertook the modeling of the
entire manufacturing process of the component including a bead-by-bead simulation
of the weld. Because of the restrictions in available computation power, these analyses
were executed as 2-dimensional models of the weld.

The manufacturing steps included in these analyses were (see also section 7.2):
deposition of the buttering layer, ca. 70 beads in 4 layers, machining of the buttering
layer, heat treatment of the ferritic part of the pipe after applying and machining the
buttering layer, deposition of the weld, almost 100 beads in 18 layers, post-weld heat
treatment and finally machining of the component to its final dimensions.

In Fig. 7.33 the mesh built at the JRC for the detailed analysis is shown. It
consisted of more than 4000 elements with more than 13000 nodes. A prescribed
temperature (1450 ◦C) approach was chosen in order to achieve a high heat input.
The thermal and mechanical analyses were uncoupled, so that the results of the ther-
mal analysis could be used as input into the mechanical analysis. The birth and
death of element technique was used for the introduction of the consumable. Hereby
the elements of the weld are defined from the beginning of the process, but they are
activated, which means they are given properties that make them contribute to the
component behaviour, only at the time the bead they belong to was deposited. In
the prescribed temperature approach, no melting of the base material or re-melting of
previously deposited beads occurred. Multi-linear kinematic hardening was applied.
Creep relaxation and phase transformations were not taken into account. The analysis
considered small displacements only. The final machining of the component was in-
corporated by simply applying death to the corresponding elements. The commercial
analysis code ANSYS 8.0 was used for the analysis.

Figures 7.34 and 7.35 show the resulting distributions of the circumferential and
axial stresses respectively over the thickness of the component. The neutron diffrac-
tion data are included for comparison.

For both measurement directions, there is a qualitative agreement between the
experimental and the numerical results. However, only for a small number of mea-
surement locations the numerical results agree with the measurement data to within
the quoted experimental error.

It is also observed for both measurement directions that the agreement between
measurement and model becomes worse toward the inner surface of the pipe. The data
show that the numerical analysis predicts significantly lower residual stresses than
those derived from the neutron diffraction measurements for almost all measurement
locations at 38.25 mm and 46.75 mm from the outer surface of the pipe.

All data presented in Figs. 7.34 and 7.35 have been derived from strain measu-
rements in the circumferential, axial and radial directions; i.e., every data point for
the circumferential direction depends on the strain measurements for the other two
directions as well. In view of the large scatter and the partially significant uncer-
tainties associated with the strain measurements in the axial and radial directions, a
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Figure 7.33: Mesh built at JRC for the detailed 2-dimensional model in the axial-radial
plane of the wall of the 51 mm dissimilar metal welded pipe. From [69]
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Figure 7.34: Comparison of the circumferential stresses obtained from FE modeling (black
lines) with the corresponding stresses measured by neutron diffraction (error
bars).
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Figure 7.35: Comparison of the axial stresses obtained from FE modeling (black lines) with
the corresponding stresses measured by neutron diffraction (error bars).
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direct comparison between the measured strains in the circumferential direction and
the corresponding strains derived from the numerical results is presented in Fig. 7.36.

Caution must be applied when comparing strains from the numerical analysis
with strains from diffraction measurements. In single peak diffraction stress analysis,
diffraction elasticity constants (DEC) need to be applied in the conversion of strains
to stresses. In numerical analyses normally bulk elasticity constants are used. In
order to visualize the resulting differences in the strain, values have been calculated
from the numerical stress results based on DECs:

εhoop,DEC =
1

Ehkl
σhoop − νhkl

Ehkl
(σaxial + σradial) . (7.1)

and based on bulk elasticity constants:

εhoop,bulk =
1

E
σhoop − ν

E
(σaxial + σradial) . (7.2)

The first data set (dashed lines) in Fig. 7.36 has been obtained from the predicted
stresses based on bulk elasticity constants; the second set (solid lines) has been derived
by using the DECs applicable to the respective material zone. The DEC values used
are the same that had been used in the strain to stress conversion for the neutron
diffraction results, which are given in section 7.4.2.

The comparison of the “diffraction strains” with the strains obtained using bulk
constants shows that in particular for the fusion zone the “diffraction strains” deviate
significantly from the bulk values. Throughout the fusion zone and the buttering
layer the use of DECs results in higher strains than the use of bulk constants. In the
base materials the results do not differ by much.

The circumferential strains obtained using bulk constants in fact compare rela-
tively well with the measurements except for the locations closer to the inner surface
of the pipe, where the numerical analysis is apparently under predicting the strains.

When DECs are used for the calculation of the numerical strains, an over pre-
diction of the circumferential strains is found in the fusion zone for the locations
4.25 mm and 12.75 mm from the outer surface. Under prediction of the strains is
found near the inner surface and a good agreement for the fusion zone is observed for
the mid-thickness locations.

All comparisons show an under prediction of the strains and stresses near the
inner surface of the pipe. From the safety point of view, under prediction of stresses
is the most worrying situation; hence further improvement of the performance of the
numerical models is needed particularly in this area.

Finally, Fig. 7.37 shows a comparison between the results obtained by all partici-
pants in the numerical analysis, simplified and detailed, and the stresses measured by
neutron diffraction for the line 4.25 mm from the outer piping surface. Overall there
is relatively good agreement between the numerical results despite some differences
in the approaches followed by the various contributors.

The line presenting the lowest stresses within the fusion zone stems from a sim-
plified analysis. It can be seen that this simplified approach was under predicting the
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Figure 7.36: Comparison of the circumferential strains obtained from FE modeling (black
lines, solid for the calculation based on DECs, dashed for the calculation based
on the bulk elasticity constants) with the corresponding strains measured by
neutron diffraction (error bars).
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Figure 7.37: Circumferential stresses at 4.25 mm from the outer piping surface; comparison
of the neutron diffraction results with simulation data from a round robin
exercise within the Network for Evaluation of Structural Components. From
[69]

residual stresses along this line in comparison with the experimental data and the
more complex models. The detailed analyses achieved a significantly more acceptable
agreement with the measurement results for these measurement locations.





Chapter 8

Comparison and assessment
of methods and results

In this chapter the experimental approaches used in this work and the applied data
analysis methods are critically assessed. Emphasis is given to the way the experimen-
tal uncertainties of the results are estimated. In section 8.1 the uncertainty estimation
and error propagation based on the frequently applied practice of obtaining strain and
stress errors exclusively from the data fitting uncertainties is outlined. The impact of
the uncertainty in the elasticity constants on the errors is briefly described in section
8.2. Sections 8.3 to 8.5 address possible additional contributors to the measurement
uncertainties; where possible, the magnitude of contributions is estimated in relation
to the common practice approach used in chapters 5, 6 and 7. An overview of the
analyzed uncertainty contributors and the relevant assessment of results is provided
in section 8.6. Subsequently, the findings from the comparisons of the neutron diffrac-
tion results with data obtained by other experimental techniques and by numerical
modeling are summarized in sections 8.7 and 8.8. In section 8.9 an assessment of
the specific experimental approaches used in this work is presented; these include
the design of the free of stress reference specimens, the cutting of the components to
facilitate the neutron diffraction measurements and the application of the technique
to a 51 mm thick component.

8.1 Error propagation due to fitting uncertainties

In a diffraction measurement on a monochromatic instrument the angular distribution
of neutron counts exhibits a peak at an angle in accordance with the Bragg equation.
The position of this peak is identified by the centroid of a Gaussian function fitted to
the data (see Fig. 3.4).

From the fitted peak position 2θ for the material under stress and the position
obtained for the corresponding material in a stress free state 2θ0, the strain is obtained

133
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with equation 8.1 (also presented as eq. 3.3):

εhkl =
sin θ0,hkl
sin θhkl

− 1 , (8.1)

The reader should note that the peak positions, strains and elasticity constants in
equations 8.2, 8.3 and are also meant to be hkl-dependent. For the sake of legibility
and brevity of the equations the according indexation has been omitted.

Following standard error propagation rules, the uncertainty in the strain ε is given
by

Δε = cot θ0 ·
√

Δθ2 +Δθ20 . (8.2)

This equation is an approximation, as in all trigonometric functions θ is replaced
by θ0. For the purposes of error estimation this approximation is valid since θ ≈ θ0.

Having measured strains in three mutually orthogonal directions at a given loca-
tion, the normal stresses in these directions can be calculated via Hooke’s law (also
presented as eq. 3.4):

σi =
E

1 + ν
εi +

νE

(1 + ν)(1− 2ν)
(ε1 + ε2 + ε3) . (8.3)

The strain errors lead to the following uncertainty in the derived stress:

Δσi =

√(
(1− ν)E

(1 + ν)(1− 2ν)

)2

·Δε2i +

(
νE

(1 + ν)(1− 2ν)

)2

· (Δε2j +Δε2k
)
, (8.4)

i, j, k ∈ {1, 2, 3}; i �= j �= k.

The stress uncertainties presented in chapters 5, 6 and 7 have been obtained using
these formulae.

8.2 Uncertainty of the diffraction elasticity constants

In order to convert strains into stresses (eq. 8.3) the values for the elasticity constants
E and ν need to be known. In this work values were taken from a theoretical predic-
tion by Eigenmann and Macherauch [38]. No data have been found concerning the
uncertainty in the values. A reasonable estimate is that the constants used for the
base material are inaccurate by not more than 10%. For the fusion zones, it is possible
that there is a bigger deviation (see also Table 3.1). As the stresses are proportional
to E, the relative uncertainty in the stresses is proportional to the relative uncertainty
in E.

For Poisson’s ratio the situation is mathematically more complicated; in a limited
parametric study by Wimpory it was shown that the uncertainty in ν becomes in-
creasingly important with increasing stresses [68]. Taking the measurements on the
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clad layer specimen presented in chapter 6 as an example, an uncertainty in Poisson’s
ratio of ±10% results in an average increase in the uncertainty of the longitudinal
stresses in the clad layer by 25%. In the substrate, an uncertainty in Poisson’s ratio
of ±20% leads to a much smaller increase of the uncertainty in the stress. The dif-
ference is caused by the different levels of stresses observed and by the differences in
the elasticity constants for the different crystallographic planes. Reliable uncertainty
data for the elasticity constants is unavailable and no further analysis has been made
in relation to these measurements.

8.3 Instrumental and environmental uncertainty
contributors

In neutron diffraction stress analysis it is common practice to take into account only
the fitting uncertainties as described in 8.1. However, the experimental results pre-
sented in chapters 5, 6 and 7 indicate that this approach is not always sufficient.
A preliminary standard on the neutron diffraction method for stress estimation [39]
provides a list of additional contributors to the uncertainty to be considered. These
include:

a. Uncertainty in the wavelength λ of the incident beam.
b. Variations in the temperature of the specimen as a function of time.
c. Uncertainty in measurement position within the specimen.

In the following, the impact of these contributions to the uncertainty is examined.

a. An uncertainty in the wavelength is not considered as an independent contri-
buting factor, because in this work the strain is derived from the peak positions and
not from the lattice spacing. A stable wavelength distribution in the primary beam
during measurements is a pre-requisite for this condition. This wavelength distribu-
tion is related to the size and material of the monochromating crystal used and the
dimensions of the beam defining aperture(s). Instabilities of the diffractometer set-up
at the HFR leading to significant variations in the neutron wavelength have never
been observed.

Ambient temperature variations and grain size effects have an influence on the
effective wavelength, but these effects are covered by separate accounts given below.

b. At the HFR the temperature inside the reactor building is continuously recorded
by sensors distributed throughout the building. Based on these records, a maximum
day-night variation of temperature at the sample location of 3 ◦C is observed. In stain-
less steel the resulting thermal expansion corresponds to an additional strain of about
50 μm/m. The same temperature change of the neutron monochromator renders a
different wavelength distribution in the incoming neutron beam partly compensating
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for the thermal expansion of the specimen. The potential temperature effect should
therefore be considered to be smaller than the value quoted above. The additional
uncertainty of not more than 50 μm/m for stainless steel and not more than 30 μm/m
for ferritic steel does not constitute a significant contribution to the uncertainty at
the levels that are generally considered in this work (often > 100 μm/m). However,
contributions of temperature variations should be considered in case of smaller fitting
uncertainties obtained.

c. The positioning of the sampling volume within a specimen with spatial variation
of stress and strain forms an additional source of uncertainty.

The positioning uncertainty is estimated to be ±0.1 mm in the case of the clad
layer specimen (discussed in chapter 6) and ±0.3 mm in case of the thick bi-metallic
piping weld (discussed in chapter 7). In both cases the positioning uncertainty is small
with respect to the dimension of the sampling volume. The largest strain gradients
observed in these samples are near the interface in the clad layer, where it amounts to
300 - 400 μm/m/mm in the interface normal direction. With a positioning uncertainty
of ±0.1 mm in the direction of the strain gradient, this corresponds to an additional
strain uncertainty of about 30-40 μm/m. Everywhere else in this specimen, gradients
of 100 μm/m/mm or less have been observed, leading to an additional uncertainty
of 10 μm/m or less. This is again negligible compared to the uncertainties resulting
from the data fitting, which in all cases exceed 70 μm/m.

For the thick bi-metallic weld a similar situation exists. When only looking at
the circumferential strain measurements (Fig. 7.20) and ignoring the strain gradient
at the interface because it is assumed to be locally concentrated such that no neu-
tron measurements were taken on this gradient, areas with gradients higher than
100 μm/m/mm are not found. Because of the larger positioning uncertainty, which
results from the larger wall thickness (51 mm) and sampling volume size, the resul-
ting additional strain uncertainty is 30 μm/m at maximum. In view of the higher
uncertainties in the peak positions for this component, this contribution is again low;
i.e., an uncertainty of 100 μm/m is increased by less than 10%. In terms of the
uncertainty in the residual stresses, for a ferritic steel with bulk elasticity constants,
strain uncertainties of ±100 μm/m in three measurement directions correspond to
about ±30 MPa.

8.4 Specimen dependent uncertainty contributions

The angular position of a neutron diffraction peak is determined by a number of fac-
tors. These include the average lattice spacing; i.e., lattice strain, at the measurement
location and the counting statistics, which are the factors that have been considered
in the assessment of the experimental data presented in this work.

Other aspects influencing the peak position are: a. local chemistry variations of the
material under investigation, b. intergranular strains and c. material inhomogeneities
and large grain sizes within the sampling volume that indirectly result in variations
of the effective measurement geometry.
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In this section these effects are described and in the case of the material inhomo-
geneities an attempt is made to quantify their contribution to the uncertainty in the
measurement of strain.

8.4.1 Chemistry variations and intergranular strains

Spatial variations in the chemical composition of the material and in intergranular
strains result in changes of the lattice spacing between measurement locations not
associated with the macroscopic mechanical strain. Nevertheless, they affect the
position of the diffraction peak in an identical manner to macroscopic strains.

The reference specimens described in chapters 5, 6 and 7 were meant to correct for
the influence on the measurement of macroscopic strain, as the macroscopic strains
are relaxed, whereas chemistry variations and intergranular strains are assumed to
remain unaltered.

Unlike changes caused by macroscopic or intergranular strains the effect of che-
mistry variations should be independent of measurement direction. The reference
measurements in the clad layer presented in Figs. 6.5 (b) and (c) are an example
where only small differences have been observed between two measurement directions
and where therefore the variations in the diffraction peak positions can be attributed
mainly to chemistry variations.

In all cases presented here, the reference test pieces have been cut from different lo-
cations within the welds than those used for the measurements of the strained samples.
It can occur that a reference peak position obtained from a different location than
the location of the strain measurement is not a good representation of the reference
lattice spacing at the measurement location. Dedicated investigations to study the
influence of such effects on the measurement error have not been made.

8.4.2 Grain size effects

Metals used in engineering applications are mostly polycrystalline aggregates consis-
ting of many individual crystallites that generally differ from each other in terms of
their crystallographic orientation in the specimen and often in size and/or shape.

In accordance with the previous chapters, a diffraction signal originates from a
volume in space defined by the intersection of the incoming and diffracted beams.
Naturally, there will be a finite number of grains present inside or intersecting with
this sampling volume. Normally only a small fraction of these grains is oriented
such that a lattice plane normal to the direction of measurement fulfils the Bragg
condition (3.1). Only these grains will contribute to the diffraction signal recorded
by the detector. The neutron peak shown in Fig. 3.4 has been obtained from such a
polycrystalline material.

It can happen that the material contributing to the diffraction signal is not ho-
mogeneously distributed within the sampling volume. This can be because of a large
grain size of the material, as larger grains result in a higher probability that those
contributing to the diffraction signal are not homogeneously distributed within the
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sampling volume. A diffraction peak position shift resulting from the presence of large
grains in the material is thus called a grain size effect. An inhomogeneous distribution
of the diffracting material can also be caused by surfaces/interfaces cutting through
the sampling volume and by variations in the preferred crystallographic orientation
of the material within the sampling volume.

An inhomogeneous distribution of the diffracting material has an impact on the
distribution of the scattered neutrons because it changes the effective geometry of
the measurement, and the angular position of the diffraction peak obtained will be
affected, which in turn influences the measured strain. Unlike in the case of chemistry
variations and intergranular strains, this effect is not associated with a change in
lattice spacing.

An explanation of this effect is provided by Webster et al. [83]. They identify three
contributing causes, namely: a. the variation of the wavelength across the incident
beam, b. an asymmetric clipping of the diffracted peak profile, and c. the lateral
displacement of the ’effective centre’ of the gauge volume relative to the detector.

a. Figure 8.1 (a) illustrates how the wavelength variation in the incident beam
affects the observation of the distribution of the diffracted neutrons. The instrument
geometry generates a narrow band of neutron wavelengths impinging on the specimen
and different sectors of this wavelength band impinge on grains at different positions
within the sampling volume. The measured diffraction peak represents the sum of the
contributions from these individual grains, each seeing a slightly different wavelength
distribution. For a coarse grained material, when the measurement location in the
specimen is changed, this is likely to result in a shift of peak position on the detector
in addition to the shift associated with the inherent lattice strain because of the small
number of grains contributing to the peak signal and their inhomogeneous distribution
within the sampling volume.

b. Different parts of the sampling volume contribute signals to different locations
on the detector as shown in Fig. 8.1 (b). In the case of peak clipping the beam
aperture can block some of the diffracted neutrons from reaching the detector. In
a coarse grained material it is likely that the effect of peak-clipping on the observed
neutron distribution on the detector is non-symmetric, resulting in an effective shift of
the peak position and an error in the determined strain. For a fine grained material,
peak clipping will be nearly symmetrical, the contribution from any individual grain
will be small and the influence of clipping on the peak position will be negligible.

c. The impact of the lateral displacement of the centre of the gauge volume as
“seen” by the detector is illustrated in Figure 8.2. An uneven distribution of large
grains in the sampling volume can shift the diffraction peak position on the detector
without this shift being associated with a change in lattice spacing.

8.4.3 Magnitude of grain size effects

The magnitude of grain size effects can be significant. For example, in a coarse
grained stainless steel an effect has been observed that exceeded the maximum real
lattice strains present [90]; the open symbols in Fig. 8.3 represent this data set. These
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Figure 8.1: (a) Illustration how different sectors of the wavelength band impinge on dif-
ferent locations within the sampling volume. (b) Illustration of an asymmetric
peak clipping effect. Sketches not to scale.

measurements have been taken on a welded stainless steel (grade SS347) specimen.
The tensile strain peak around position 0 is associated with the welding stresses. The
data on the right hand side of the plot are significantly affected by the grain size
within that plate. Measurement artifacts of up to 1100 μm/m are observed exceeding
the maximum real strains measured in this case by a factor of almost 2. Rocking of
the sample led to the sampling of more grains from within a given gauge volume and
to the measurement of a more realistic strain distribution (filled symbols in Fig. 8.3).

Pirling [84] has provided an estimation for the possible magnitude of the effect
caused by the shift of the position of the effective centre of the sampling volume
(as shown in Fig. 8.2). According to this assessment in the case of a 2 × 2 mm2

cross section of the sampling volume at a diffraction angle around 90◦, the maximum
conceivable shift of the diffraction peak would correspond to 400 μm/m in terms of
apparent strain. This extreme case corresponds to the situation that all diffracting
material is concentrated in one of the outermost corners of the sampling volume. The
data presented in Fig. 8.3, which have been collected using a measurement geometry
similar to that studied by Pirling, exhibit a grain size effect more than two and a
half times this number. It may therefore be concluded that the effective shift of the
neutron wavelength impinging on the sampling volume and/or peak-clipping, are the
main factors contributing to the effect in this case.

Establishing the presence of a grain size related problem in a strain/stress mea-
surement is normally not possible based on an individual diffraction peak. A number
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Figure 8.2: Sketch of a polycrystalline aggregate, where only grains within the sampling vo-
lume, having a set of lattice planes oriented normally to the scattering vector Q,
that fulfils the Bragg condition (3.1), contribute to the diffraction signal recor-
ded on the detector. An effective shift of the centre of gravity of the sampling
volume results when the distribution of the diffracting grains is not homoge-
neous.
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Figure 8.3: Measured longitudinal strains in a welded stainless steel specimen with and
without rocking of the specimen; the right hand side of the graph exhibits a
significant grain size effect in the measurement without rocking.
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of possibilities for showing the presence of grain size problems in diffraction measure-
ments are described in [6]. With a one-dimensional detector, significant variations in
peak intensities between measurements from different positions or different specimen
orientations indicate that a grain size problem is present. On a two-dimensional de-
tector a grain size problem often can be seen from a single measurement through a non
homogeneous (spotty) distribution of the diffraction signal on the detector surface.

Wimpory et al. [68] have provided suggestions for analyzing the average grain
size in a welded steel specimen directly from neutron diffraction data. They also
proposed a method for assessing the additional contribution to uncertainty in strain
measurement stemming from the grain size effect. The application of these methods,
however, requires additional neutron measurements that are not performed in the
context of a normal series of strain/stress measurements such as those reported in the
present work.

In order to mitigate grain size effects in diffraction based strain measurements, it
is necessary to increase the number of grains contributing to the diffraction signal.
This can be achieved by increasing the sampling volume, or by increasing the number
of grains contributing from within the same sampling volume through rotation of the
specimen about the axis perpendicular to the diffraction plane and passing through
the sampling volume during the measurement; i.e., rocking of the specimen. There
are, however, limits to the application of these mitigation techniques. A minimum
resolution in space (sampling volume) and diffraction angle (specimen rocking) is
required for every investigation of residual stresses, and this means that depending
on the requirements associated with a stress investigation, there is a limiting grain
size, above which these effects can no longer be experimentally overcome.

For the experimenter it is always necessary to be aware of possible grain size related
problems and where necessary to apply the appropriate experimental techniques to
minimize the impact of grain size effects on the measurement of strain.

8.4.4 Analysis of the scatter in the measured data

In order to determine whether the impact of grain size and/or lack of material ho-
mogeneity on the uncertainties of the measurements is significant in relation to the
quoted uncertainties based on the fitting errors, the results for the clad layer specimen
and the 51 mm bi-metallic piping weld presented in chapters 6 and 7 are examined.

For the residual stress distribution in the clad layer specimen, stresses in the
interface normal direction are scattered around 0 MPa in the clad layer and in the
substrate material (see Fig. 6.7).

The average deviation of the plate normal residual stresses in the ferritic steel
substrate from 0 MPa is found to be in good agreement with the average uncertainty
of the stresses quoted for these measurements. This implies that the uncertainties
derived solely by using the fitting uncertainties of the neutron data in eq. (8.2)
and (8.4) reasonably reflect the real measurement uncertainties of the stresses in the
ferritic part of this specimen.

Following the same approach for the normal stresses in the clad layer, a standard
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deviation of the measured stress values of 52 MPa is found, while the average quo-
ted uncertainty based on the fitting errors only is 29 MPa. These numbers suggest
that the use of fitting uncertainties alone did not suffice to obtain appropriate stress
measurement uncertainties for the clad layer.

For this particular case these numbers give an indication of the extent to which the
fitting uncertainties do not comprehensively reflect the uncertainty of the stress mea-
surements in weld material. However, it is not possible to quantitatively determine
the individual contributions of the different factors.

For the measurements reported in chapter 7 there are no areas and measurement
directions in the fusion zone for which the assumption of a constant strain or stress
value could be made a priori; thus a similar simple assessment as for the clad layer
specimen is not feasible. In order to provide some quantitative information on the
validity of the quoted errors, an analysis of the distribution of the fitted peak posi-
tions in the fusion zone is performed. The following data plots show peak positions
measured at the locations in the buttering layer and the weld fusion zone as shown
in Fig. 7.12.

Figures 8.4 to 8.6 show examples of the measured peak positions, in the pipe as
well as in the reference specimens, including their fitting uncertainties. The data plots
presented here suffice to derive a few qualitative statements about the measured data.

Figure 8.4 shows the peak positions measured in the circumferential direction along
the line 4.25 mm from the outer piping wall. Figure 8.5 shows measurement results
in the axial direction along a line 12.75 mm from the outer wall and Fig. 8.6 shows
radial measurement results, again from locations 4.25 mm from the outer piping wall.

It can be seen from these plots that the difference between reference and com-
ponent measurements; i.e., the strain measured, has the highest amplitudes in the
circumferential direction. For the radial and axial directions the measured strains are
generally smaller (see also Figs. 7.20, 7.21 and 7.22), and in the examples presented
here, even changes between tensile and compressive strains occur along the lines of
measurement.

In all data plots it can be seen that the variation of the reference peak position
along the corresponding line of measurement appears to be larger than the fitting
uncertainties of these measurements.

It is also seen from the data plots that the reference peak position variation is larger
in the piping radial and axial directions than it is in the circumferential direction.

Tables 8.1 to 8.3 give an overview of the average uncertainties and standard de-
viations of the reference peak positions, when building the averages along the lines of
measurements in the buttering layer and the weld fusion zone. Next to the average of
the fitting uncertainties shown in the data plots (Figs. 8.4 to 8.6), the corresponding
standard deviations of the fitted values are given. The tables show that the standard
deviation of the reference peak positions is significantly larger than their fit uncer-
tainties. When making the simplifying assumption that the reference peak positions
should be constant along each individual line of measurement it is possible to estimate
the uncertainties based on the standard deviation of the data.

For the circumferential direction, where the scatter of the reference data is by far
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Figure 8.4: Peak positions measured in the circumferential direction at positions in the
buttering layer and weld fusion zone, 4.25 mm from outer surface.
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Figure 8.5: Peak positions measured in the axial direction at positions in the buttering layer
and weld fusion zone, 12.75 mm from outer surface.
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Figure 8.6: Peak positions measured in the radial direction at positions in the buttering
layer and weld fusion zone, 4.25 mm from outer surface.

the smallest, this analysis results in an increase of the strain uncertainties by a factor
of 1.2 to 2 compared to the values obtained from the fitting uncertainties alone. The
range of the circumferential strain measurement uncertainties would then increase to
±200 to ±300 μm/m. While representing a considerable increase in the uncertainty
of the measurement, these figures have to be compared to the strains measured in
the circumferential direction. These are mostly in the range 2000 to 3000 μm/m.
Therefore reasonable strain measurements in this direction have still been obtained
even when considering such increased uncertainty levels.

For the axial and radial directions, where the scatter of the reference data was
found to be larger than in the circumferential direction, this analysis results in an
increase of the reference peak position uncertainties by factors in the range 2 to
more than 10. In most cases the resulting strain uncertainties increase to more than
±500 μm/m; as this number is mostly in the order of or larger than the strains
actually measured, this analysis suggests that the measurements in these directions
have limited value.

A further assessment of the above findings is of a more qualitative nature. One
conclusion from the analyses presented is that chemistry variations within the fusion
zone are not the main contributor to the variation in reference measurements as
these variations would normally be expected to be independent of the measurement
direction. This leaves the following aspects as the main factors impacting on the
scatter in the data: the material grain size and variations in preferred crystallographic
orientation within the sampling volume.
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Table 8.1: Average reference peak positions and fitting uncertainties for the circumferential
direction, plus standard deviations of the peak positions calculated for measure-
ment locations at the same depth (cf. Fig. 7.12).

Averages of the reference peak positions in the circumferential direction

weld fusion zone & butt. layer weld fusion zone

Depth
[mm]

Average
peak pos.

[◦]
±

Average
uncert.

[◦]

Standard
deviation

[◦]

Average
peak pos.

[◦]
±

Average
uncert.

[◦]

Standard
deviation

[◦]
4.25 65.1004 ± 0.0027 0.0119 65.0995 ± 0.0027 0.0125

12.75 65.0908 ± 0.0035 0.0086 65.0936 ± 0.0031 0.0086

21.25 65.0859 ± 0.0033 0.0096 65.0881 ± 0.0031 0.0089

29.75 65.0809 ± 0.0038 0.0043 65.0793 ± 0.0036 0.0036

38.25 65.1000 ± 0.0041 0.0082 65.1015 ± 0.0039 0.0094

46.75 65.0823 ± 0.0031 0.0011 65.0831 ± 0.0031

Table 8.2: Average reference peak positions and fitting uncertainties for the axial direction,
plus standard deviations of the peak positions calculated for measurement loca-
tions at the same depth (cf. Fig. 7.12).

Averages of the reference peak positions in the axial direction

weld fusion zone & butt. layer weld fusion zone

Depth
[mm]

Average
peak pos.

[◦]
±

Average
uncert.

[◦]

Standard
deviation

[◦]

Average
peak pos.

[◦]
±

Average
uncert.

[◦]

Standard
deviation

[◦]
4.25 65.0414 ± 0.0048 0.0453 65.0444 ± 0.0049 0.0481

12.75 65.0382 ± 0.0063 0.0376 65.0415 ± 0.0049 0.0376

21.25 65.0281 ± 0.0051 0.0344 65.0278 ± 0.0055 0.0385

29.75 65.0560 ± 0.0039 0.0338 65.0660 ± 0.0046 0.0332

38.25 65.0211 ± 0.0051 0.0126 65.0230 ± 0.0059 0.0148

46.75 65.0624 ± 0.0043 0.0088 65.0687 ± 0.0058

Table 8.3: Average reference peak positions and fitting uncertainties for the radial direc-
tion, plus standard deviations of the peak positions calculated for measurement
locations at the same depth (cf. Fig. 7.12).

Averages of the reference peak positions in the radial direction

weld fusion zone & butt. layer weld fusion zone

Depth
[mm]

Average
peak pos.

[◦]
±

Average
uncert.

[◦]

Standard
deviation

[◦]

Average
peak pos.

[◦]
±

Average
uncert.

[◦]

Standard
deviation

[◦]
4.25 81.3950 ± 0.0055 0.0329 81.3992 ± 0.0055 0.0333

12.75 81.3681 ± 0.0066 0.0114 81.3681 ± 0.0083 0.0114

21.25 81.3438 ± 0.0192 0.0227 81.3327 ± 0.0265 0.0171

(different measurement settings for inner three and outer three depths in the radial direction

measurements are responsible for the significant differences in the observed averages)

29.75 81.5120 ± 0.0043 0.0635 81.4933 ± 0.0049 0.0630

38.25 81.5118 ± 0.0038 0.0659 81.4934 ± 0.0038 0.0669

46.75 81.5248 ± 0.0040 0.0075 81.5195 ± 0.0034
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In view of the relatively low scatter in the circumferential data, the conclusion
is that in this direction, which corresponds to the welding direction, the number
and distribution of diffracting grains is satisfactory for reliable measurements. For
the other two directions, this analysis suggests that the grain size distribution and
the distribution of favourably oriented: i.e., diffracting, material within the fusion
zone are so inhomogeneous that the measurements of the peak positions are strongly
affected. The effects of this are enhanced by the thickness of the component, leading
to the measurement of relatively weak diffraction peaks in many cases.

In conclusion, strain measurements in the axial and radial directions in the case
of the 51 mm bi-metallic weld have proven to be difficult to analyze, interpret and
to associate with realistic measurement uncertainties. For the measurements in the
circumferential direction, the additional uncertainties caused by large grain sizes and
texture variations remain within an acceptable range in view of the magnitude of the
strains measured and because the data scatter is significantly lower than in the other
two directions.

8.4.5 Variability of grain size effects along the weld

There are some locations where the variations in the reference and the component
measurements appear to be highly correlated, despite the large point-to-point varia-
tions in the observed peak positions. The most prominent examples are the piping
axial and radial directions at 21.25 mm and 38.25 mm from the outer piping wall,
respectively (Figs. 8.7 and 8.8). This indicates that the cause of the variation in the
measurements has been maintained nearly constant over a relatively large distance
along the weld; that is to say, a distance corresponding to about one third of the
piping circumference; i.e., ca. 450 mm.

While it is interesting to make this observation, it needs to be stated also that this
clearly does not happen at every location. In the majority of the data sets from the
fusion zone, such similarities are not found; moreover, in some cases also opposing
trends are seen (e.g., Fig. 8.5). This may be related to the numerous occurrences
of start-stop positions within the fusion zone. The weld has been applied using stick
electrodes of 350 mm length [91], suggesting that the electrode was changed every
∼300 mm. With an estimated total bead length of ∼190 m this results in some 600
arbitrarily distributed start-stop locations within the fusion zone.

The factors impacting on the measured peak position should be expected to be dif-
ferent for a start/stop location compared to a location in the middle of a bead length.
This suggests that in order to obtain a better quality of strain measurement the refe-
rence specimen should be cut at or very near to the actual strain/stress measurement
location within a specimen.
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Figure 8.7: Peak positions measured in the axial direction at several positions in the butte-
ring layer and weld fusion zone, 21.25 mm from outer surface.
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Figure 8.8: Peak positions measured in the radial direction at several positions in the but-
tering layer and weld fusion zone, 38.25 mm from outer surface.
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8.5 Significance of instrument calibration

8.5.1 Uncertainty due to lack of calibration

All neutron diffraction measurements presented in this work have been performed on
a facility that had not been calibrated prior to measurement. The main reasons for
this were as follows:

a. Waiving of instrument calibration generated economies in total measurement
time. All measurements presented here went along with frequent changes of the
instrumental settings; i.e., of the neutron wavelength and the detector angle
used. Working with a calibrated instrument would have meant recalibration
with every change of the settings, often while a big specimen was mounted on
the instrument table.

b. At the time of these measurements, the opinion prevailed that calibration would
not add to the accuracy and reliability of the strain measurements. This was
based on the assumption that the main contributor to the strain measured
through 8.1 would be the difference between the measured Bragg angles θhkl
and θ0,hkl. The accuracy of the absolute values of these angles was believed
to play a minor role. These strain measurements were considered to be “self-
calibrating” to a certain degree for this reason.

c. Equation (8.1) does not call for the determination of the lattice spacing in
order to calculate the strain in accordance with eq. (3.2). Determination of
lattice spacing using Bragg’s equation (3.1) does necessitate the calibration of
the facility, as otherwise neither a correct value of the lattice spacing nor its
uncertainty can be obtained. Strain measurement using eq. (8.1), on the other
hand, seemed to be feasible using equipment that is not accurately calibrated.

The purpose here is to assess the impact of using a non-calibrated diffractometer,
as described in chapter 3, on the uncertainty of strain measurements. The applicable
experimental pre-requisites for working with a non-calibrated instrument are mentio-
ned in chapter 3 and it is not the intention to discuss these here.

The purpose of diffractometer calibration for residual stress/strain measurement

The basis for measurements of strains and stresses by (neutron) diffraction is
the Bragg principle as expressed in eq. (3.1). This principle facilitates the absolute
determination of the lattice spacing, dhkl, provided that the wavelength, λ, is known
and the angular response of the detector is correct; i.e., provided that the instrument
is properly calibrated.

As the lattice spacing does not appear in eq. (8.1), it is not necessary to determine
the lattice spacing for the measurement of strain provided that the conditions given
in chapter 3 are fulfilled for the measurement.

Nevertheless, calibration does fulfill several important functions:
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• It facilitates reproducibility.
• It facilitates transferability of results between instruments.
• It facilitates relating results between measurements with the same instrument,
but with different settings or circumstances.

• Last, but not least, it generates additional confidence in the results produced.

As demonstrated by the following considerations, calibration contributes to the
accuracy of the measurements.

Assessment of the uncertainty contribution of a non-calibrated diffractometer to
the measurement of strain

For this discussion it is assumed that the requirements for the application of
eq. (8.1) are fulfilled in a given measurement, namely that strain and reference
measurements are performed with the same instrument settings on a stable instrument
(see chapter 3) and using identical materials. Furthermore it is assumed that, through
the lack of calibration, the value of the wavelength λ is not known and that the
detector position is subject to an unknown, but constant, offset 2θoffset.

For measurements of strain in accordance with eq. (8.1), the wavelength does not
play a role. It does not appear in (8.1), and therefore, under the given conditions,
the measurement of strain would be possible and the strain uncertainty would be
independent of the uncertainty in the neutron wavelength.

In the following discussion the impact of the unknown offset in the detector posi-
tion is examined. One should keep in mind that in many cases, operator experience
and/or optical means facilitate the determination of the detector position to a certain
degree of accuracy. As the measured Bragg angles, θobserved, appear in eq. (8.1), it
is to be assumed that any difference between these observed Bragg angles, and the
real ones; i.e., the observed angles corrected by the offset of the detector position as
given by

θreal = θobserved + θoffset , (8.5)

would have a certain impact on the accuracy of the strain measurement as

sin θreal,0,hkl
sin θreal,hkl

− 1 �= sin(θreal,0,hkl − θoffset,0,hkl)

sin(θreal,hkl − θoffset,hkl)
− 1 =

sin θobserved,0,hkl
sin θobserved,hkl

− 1 , (8.6)

even though the error in strain is reduced as the error in angle impacts in a similar
way on the numerator and the denominator of eq. (8.6).

The question remains to be answered, how much of an error through an unknown
offset of the detector position is admissible before the additional uncertainty in strain
becomes significant. For the purpose of the discussion a set of values for an assumed
2θreal and 2θoffset are chosen. The values for the real peak positions are chosen
as 60◦, 65◦ and 75◦, which are settings that are typically applied at the neutron
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diffraction facility mainly used for the investigations presented in this work. For the
following discussion the term Δθhkl is defined as

Δθhkl = θhkl − θ0,hkl , (8.7)

which is the same number in the system of real Bragg angles and in the system
of observed Bragg angles. The strain (eq. 8.1) is closely approximated for the real
angles by

εhkl = − cot θ0,hkl ·Δθhkl . (8.8)

Therefore the deviation in strain caused by incorrect assumption of the detector
offset can be obtained from

εhkl,observed
εhkl,real

∼= cot θobserved,0,hkl
cot θreal,0,hkl

=
cot(θreal,0,hkl − θoffset,0,hkl)

cot θreal,0,hkl
. (8.9)

From (8.7), (8.8) and (8.9) it can be seen that the error introduced by ignorance
of the detector position is a figure relative to the strain that is actually measured.

For this analysis, the range of assumed offsets of the detector position (2θoffset)
is limited to ±30◦. The relative error in strain introduced by such detector offsets
is calculated for the real 2θ-values given above and plotted for the range ±30◦ in
Fig. 8.9. It can be seen that on the outer ends of the range, highly unacceptable
relative strain errors are produced by not knowing the detector position sufficiently
well. When underestimating the detector angle by 30◦ relative strain uncertainties in
the vicinity of 100% are introduced.

It is normally feasible for the experimenter to spot a detector mispositioning of
30◦ by simple observation. Therefore in Fig. 8.10 the plotting range is reduced
to ±3◦. The resulting range of error in strain is now in the range 6% to -6% and
in this range the relationship between detector position uncertainty and resulting
strain uncertainty is almost linear. Therefore, for 1◦ and 2◦ deviation of the detector
position, the resulting strain uncertainty would be around 2% and 4%, respectively.
On 2500 μm/m a detector position uncertainty of ±1◦ introduces an additional strain
uncertainty of ±50 μm/m, ±2◦ would add ±100 μm/m.

It follows that for measurements of high strains only small uncertainties of the
detector position are admissible. In cases like those presented here the uncertainty
should be of the order of ±1◦ or less.

8.5.2 Example

As the measurements presented in this work have been performed without calibrating
the instrument, a possible uncertainty contribution related to the detector position
has to be considered. The question would be whether one could claim to have worked
with assumed detector positions that have been close enough to reality.

A likely error in this case is revealed when looking at the data used in chapter 6 on
the clad layer specimen. An overview of the nominal wavelengths and detector angles
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Figure 8.9: Relative error in calculated strain caused by an incorrect estimation of the
detector position, range −30◦ to +30◦.
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Figure 8.10: Relative error in calculated strain caused by an incorrect estimation of the
detector position, range −3◦ to +3◦.
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Table 8.4: Important parameters of the neutron diffraction measurements from Table 6.2

Lattice plane used in ferrite: (110)
Corresponding lattice spacing: ∼ 0.203 nm
Lattice plane used in austenite: (200)
Corresponding lattice spacing: ∼ 0.18 nm
Nominal neutron wavelengths used:

Ferrite weld longitudinal: 0.2304 nm
Ferrite weld transverse: 0.2400 nm
Ferrite plate normal: 0.2956 nm
Cladding weld longitudinal: 0.2000 nm
Cladding weld transverse: 0.2300 nm
Cladding plate normal: 0.2300 nm

Diffraction angles : Set for mea-
surement:

Calculated: Difference:

Ferrite weld longitudinal: 67.95◦ 69.15◦ 1.2◦

Ferrite weld transverse: 71.25◦ 72.47◦ 1.2◦

Ferrite plate normal: 91.9◦ 93.45◦ 1.55◦

Cladding weld longitudinal: 65.92◦ 67.5◦ 1.6◦

Cladding weld transverse: 77.9◦ 79.42◦ 1.5◦

Cladding plate normal: 77.9◦ 79.42◦ 1.5◦

used was given in Table 6.2. The nominal neutron wavelengths and the detector
positions from this table relevant for this discussion are presented again in Table 8.4
together with estimated values for the spacing of the ferrite (110) and the austenite
(200) lattice planes. Based on Bragg’s equation (3.1), the lattice spacings and the
nominal wavelengths, the expected detector positions have been calculated. These
expected positions are also shown in Table 8.4. From this assessment one can see
that all set values of the detector position have been 1.2◦ to 1.6◦ too low. It is
considered likely that this error of about 1.5◦ on the average is indeed an error of
the zero-position of the detector, which had not been detected because a) nothing
had been calibrated, b) none of the settings in these measurements was performed
for the standard austenitic (111) reflection and the standard detector angle of ∼ 76◦

and c) a check of the numbers had not been performed during the measurements.
Based on Fig. 8.10 this error in detector position of about 1.5◦ means that all strain
measurements presented in chapter 6 carry a systematic error of about 3%.

The consequences of this have been analysed in order to show the real impact of
this error, of which the direction; i.e., the sign, and magnitude could be more or less
determined. Figures 8.11 and 8.12 show the correction of the strains and stresses
resulting from a shift of the assumed detector position by 1.5◦ in the analysis of these
data.

The strains and stresses show that for this particular case, although a visible
deviation in the measured strain and stress values resulted from this correction, the
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Figure 8.11: Shift of the strains measured in a clad component based on a correction of the
detector position by 1.5◦.
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Figure 8.12: Shift of the stresses measured in a clad component based on a correction of
the detector position by 1.5◦.
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conclusions derived from these measurements as far as the measured strain and stress
distributions are concerned are not affected by the 3% change. Nevertheless, for the
high strain levels of 2500 μm/m or more an additional error of 75 μm/m has been
introduced by lack of calibration.

In this particular case a systematic error was present, such that the direction of
the shift was known and a correction of the data was possible. While the situation
in general would always represent a systematic error, it would normally have to be
included in the uncertainty analysis of the strains when the direction of the deviation
of the detector position from the real value is not known.

It has been shown that for measuring high strains and consequently high stresses,
the detector angle should be known to within ±1◦ in order to avoid excessive additio-
nal measurement uncertainties. As it is not possible to position the neutron detector
that accurately by naked eye, some kind of measurement should normally be used to
demonstrate the ”correctness” of the detector position. It would not necessarily have
to be a full calibration, but it should be good enough for the required accuracy. The
detector position uncertainty, if more than ±1◦, should be included in any complete
assessment of the measurement uncertainty.

8.6 Overview of the uncertainty contributors

The measurement uncertainties for strain and stress that have been presented in this
work were based exclusively on the fitting uncertainties of the neutron diffraction
data. This is a commonly used approach in neutron diffraction stress measurement.

In the previous sections several other potential contributors to measurement un-
certainty have been analyzed in relation to their possible importance for these measu-
rements. Table 8.5 provides an overview of these sources. The column “Dependence
on strain value” indicates whether or not the magnitude of the uncertainty from
a given source is dependent on the magnitude of measured strain. In the column
“Quantifiable” statements are made on how easily the associated uncertainty can be
quantified. Finally in the column “Magnitude” quantitative estimates are provided,
where possible, of the strain uncertainties associated with the different sources for the
measurements presented in this work.

In summary it can be said that for these measurements the fitting uncertainties and
the material inhomogeneities/grain size effects are the most important contributors
to the measurement uncertainty. In the fusion zones the latter often generated the
larger uncertainty contribution.

8.7 Comparison with other experimental methods

In order to set the stage for this short analysis of the comparison of the neutron
diffraction results presented in chapters 6 and 7 with corresponding results obtained
by other experimental methods, a few fundamental statements about residual stress
measurements should first be made.
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Table 8.5: Overview of uncertainty contributors.

Source of un-
certainty

Dependence
on strain
value

Quantifiable Magnitude

Fitting No Yes 70 - 300 μm/m in these
measurements

Wavelength Not considered here
Temperature No Yes, temperature

range needs to be
estimated

10 - 50 μm/m in these
measurements

Chemical com-
position

No Difficult Not assessed here be-
cause of reference varia-
tion measurements

Measurement
position (on a
strain gradient)

No Yes 10 - 30 μm/m in these
measurements

Diffraction
elasticity
constants

Yes Mathematically
yes; however,
not many data
available

Most significant for high
strains and stresses as
found in the fusion zones

Material in-
homogeneities
- grain size
effects

No Data scatter analy-
sis needed; not al-
ways possible

2 to 10 times larger
than fitting uncertainty
for some of the measure-
ments in Chapter 7

Instrument ca-
libration

Yes Yes Can be equal to fitting
uncertainty with 1◦ or
2◦ uncertainty in detector
position
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a. There is no method that measures (residual) stresses directly [10]. As the
dimension of a stress in this context is basically the dimension of force divided by
unit area, experimental access is only possible to effects of the stress. Strain is the
property that is in most cases measured. For example, diffraction methods measure
strains in order to ultimately determine stresses.

b. Different methods of stress measurement actually do (slightly) different things
- as mentioned in the previous sections. This is particularly relevant in terms of
measurement geometry and spatial or strain resolution. These are different for the
neutron diffraction and the strain relaxation methods used here in the comparisons.
On top of these principal differences between methods, in many cases different test
pieces have been investigated by the different methods. Nevertheless, it is possible
that such different measurement methods can produce residual stress distributions
that are very similar. Traore et al., for example, achieved an agreement between
neutron diffraction, the crack compliance technique and the contour method on a
compact tension weld specimen to within 50 MPa for most test locations where a
comparison was made [92].

c. “There is no reference measurement method for residual stresses.” [93] - this
statement follows to a certain extent from a. and b. Since all measurement methods
are based on somewhat different principles and therefore they are in most cases ap-
plicable for different situations/cases; there is no standard method, against which the
results of a stress measurement can be calibrated. Hence no claims can be made as
to which of the different stress measurements presented has rendered the true stress
values.

Different stress measurement methods have been applied in the case of the clad
layer component (chapter 6) and the 51 mm dissimilar metal piping weld (chapter 7).

In the case of the clad layer component the ring core method and the deep hole
drilling method have been applied next to neutron diffraction for stress determination.
For each of the methods a test piece of a different size and shape was made available.
The 2-dimensional strain relaxation methods worked on the assumption that the
interface normal stress would be 0 MPa. Neutron diffraction does not make this
assumption, but the neutron diffraction measurements (see Fig. 6.7) confirmed the
correctness of this assumption for most of the measurements.

All measurement methods have found tensile residual stresses in the range 250
to 500 MPa in the clad layer in the welding and welding transverse directions. The
neutron diffraction and the ring core data exhibited significant scatter unlike the deep
hole drilling data. There seem to be three different answers to the question, which of
these two directions exhibits higher stresses. Neutron diffraction found higher stresses
in the welding transverse direction, deep hole drilling measured the welding direction
stresses to be higher and the ring core method found the stresses in both directions
to be at the same level. The available information in this case does not provide
the arguments to decide which of the three sets of measurements gives the closest
representation of the real stress distribution in the clad layer.
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Unlike the other two methods, neutron diffraction suggested a steep stress gradient
at the material interface. It is possible that the relaxation behaviour during cutting
across the tension to compression transition prevents such a steep gradient from being
picked up by the strain relaxation methods. Neutron diffraction is not influenced by
such effects. Because of the finite sized sampling volume the neutron measurements
have a blind spot of a width of about 1 mm at the interface in question. Even when
taking into account this blind spot, the neutron diffraction data still show the steepest
gradient of stress at the interface.

For the substrate material, a quantitative comparison of the results is not possible.
The neutron diffraction component had been substantially cut prior to measurement,
whereby the residual stresses in the substrate have almost certainly been significantly
altered. Furthermore, the ring core measurements appear to be insufficiently reliable
at this depth. Finally, the deep hole drilling measurements have been taken from a
test piece that had been cut to less than half the size of the specimen used for the
ring core measurements. Also in this case it is not possible to know whether the
cutting had an impact on the original stress field. Nevertheless, there is a qualitative
agreement between the neutron diffraction and the deep hole drilling results in the
substrate. Both data sets show the highest compressive stresses near the interface
with the level of compression decreasing when moving away from the interface.

Finally, one should add that the choice of elasticity constants for the strain stress
conversion, might also play a role in the differences between the results. The diffrac-
tion results were converted to stress based on diffraction elasticity constants whereas
the strain relaxation data were translated using bulk elasticity constants. The impact
of the choice of elasticity constants has been briefly discussed in the previous section.

In the case of the thick walled dissimilar metal piping weld even fewer alternative
measurements are available for comparison with the neutron diffraction data. In this
case a number of surface hole drilling measurements have been made as have a small
amount of crack compliance method measurements in the axial direction.

The surface hole drilling measurements (Figs. 7.27 to 7.29) show stresses measu-
red at the surface only. Surface locations were not accessible with neutron diffraction
measurements in such a thick walled component, and here the stresses were obviously
severely influenced by the surface machining of the component. Actually almost all
stresses measured by this method were compressive. Therefore no quantitative com-
parison with neutron diffraction data is possible. Qualitatively, Figs. 7.27 and 7.28
show comparable trends in the circumferential stress distributions found by neutron
diffraction and surface hole drilling. It is possible that (additional) compression intro-
duced by surface machining, when superimposed on the stress distribution suggested
by the neutron measurements, results in the surface stresses shown in these figures.
Nevertheless, the two methods have different domains of application, namely the sur-
face and the bulk of a component, and they cannot be applied for intercomparison
of measurement data in cases like this, in particular, when the component has been
subject to surface machining or other surface finishing processes.

The crack compliance measurements made in the axial direction only, confirmed
that short range surface compressive stresses as found by the surface hole drilling
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method exist. The crack compliance tests were performed on a long axial slice cut
from the original specimen, based on the assumption that this cutting would not alter
the axial stresses significantly. Measurement results were presented along a line from
the centre of the fusion zone at the outer surface through the thickness for about 20
to 25 mm and another line from the centre of the buttering layer at the inner surface
through the thickness for about 15 mm. Figure 7.32 shows the axial stresses from
the crack compliance measurements together with the corresponding results from the
neutron diffraction investigations.

There is only a limited number of measurement locations in the weld centre and
in the buttering layer near the inner surface, where comparison between the data is
possible because of the small number of neutron measurements and because of the
large sampling volume. At these locations, the neutron diffraction data are in ac-
ceptable agreement with the crack compliance results when taking into account the
measurement uncertainty. The situation for the measurements in the buttering layer
from the inner surface is similar. In order to put this agreement between the data
into perspective, one has to take into account that the number of neutron measure-
ments available for comparison was low, the measurement geometries were extremely
different and so were the test pieces used. The use of circumferential stresses for
comparison would be more meaningful because of the higher absolute values of strain
and stress. Most of the axial stresses compared here were in fact measured to be not
very far from 0 MPa.

The comparison of the neutron diffraction measurements presented in this work
with results obtained by other measurement methods shows more about the diffe-
rences between different methods than it does about the neutron diffraction results
and the validity of the methods presented here. Different component geometries, dif-
ferent measurement areas (volumes), different measurement resolution and differences
in the underlying principles become apparent in these results. Nevertheless, good qua-
litative agreement between neutron diffraction and deep hole drilling and the ring core
method (chapter 6) and between neutron diffraction and the crack compliance method
(chapter 7) has been found.

Only in the case of the clad layer in the clad component (chapter 6) is it possible
to make a quantitative statement about the comparison between results. Here, all
measurement methods found tensile stresses in the same order of magnitude (250 to
500 MPa), with the neutron diffraction results fitting in between the results provided
by the other two methods. However, the comparison does not permit any conclusion
about which direction exhibits the highest stresses, or which method has the greater
accuracy.

For the 51 mm dissimilar metal weld, only a few measurements additional to
neutron diffraction have been made. These measurements were based on techniques
with a different domain of application than neutron diffraction, namely surface stress
measurement by hole drilling and axial, one-dimensional, stress measurements by the
crack compliance method. This illustrates the uniqueness of neutron diffraction as
a method for this kind of problem; that is, through thickness 3-dimensional measu-
rements on a piping geometry. Nowadays one would also consider deep hole drilling
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as an alternative method, but this was not available at the time the specimen was
examined.

The qualitative agreement between neutron diffraction residual stress measure-
ments and other methods as presented in chapters 6 and 7 shows at least that neu-
tron diffraction provides a good overview of the stress distribution across the weld
zones assessed here. This holds in particular for the fusion zones themselves. Neutron
diffraction identifies zones of tensile and compressive stresses, provided the absolute
stress values are significant. In addition the stresses measured by neutron diffraction
are mostly of the same order of magnitude as those measured by other methods.

8.8 Modeling of residual stresses in welds

Numerical prediction of the performance or behaviour of an engineering component
is an indispensable tool, useful for several purposes; design, decision making in ma-
nufacturing, but also prediction of remaining life or ex-post assessments after failure
etc. Numerical analyses are often more economical and flexible than manufacturing
and testing of real components. However, in order to verify the validity of a chosen
modeling approach, it is at some point always necessary to compare the modeling
results against a corresponding measurement. Such experimental validations are even
formally required for fracture assessments based on the R6 procedure (section III.15
of [2]).

With the advancement of computation technology, modeling of welding processes
has progressed significantly. One would assume that the quality of a model improves
with the detail, to which the model describes a process. While the data presented in
chapters 5, 6 and 7 show a significant progress in modeling capability, the computation
possibilities available today still do not allow for representation of a multi-pass welding
process to the finest detail.

The modeling detail presented here ranges from an estimation of the impact of a
stress relieving heat treatment in a bi-metallic component while ignoring the welding
process itself completely to a 2-dimensional bead-by-bead simulation of the welding
process.

In the simple approach the assumption is made that the bi-metallic component at
about 600 ◦C does not contain any residual stresses. This assumption in all probability
is not correct. Remaining residual stresses have been reported even in a monolithic
material after a stress relief heat treatment at such a temperature [26].

Upon cooling to room temperature, residual stresses are formed due to the thermo-
mechanical mismatch of the constituent materials. In directions (quasi-)parallel with
the interface the ferritic part is left in compression and the austenitic part is left in
tension near the interface. In the cases presented here, the simple approach tended
to under predict the tensile stresses in the weld (Figs. 5.14, 5.15, 6.13, 7.37). The
comparison with the measurements and the results of more detailed modeling efforts
(5.14, 5.15 and 7.37) shows that this approach in these cases has been insufficient.

Figures 5.14 and 5.15 include a comparison between bead lumping and bead-by-
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bead modeling results. While they produced similar results in the welding direction, in
good agreement with the measurements, there is a difference in the welding transverse
direction and the more detailed model is in better agreement with the measurements.

Also in the most complicated case of the thick walled bi-metallic piping weld
presented in chapter 7, where more than 100 individual beads had to be taken into
account, several groups performed 2-dimensional bead-by-bead modeling of the wel-
ding process. Figure 7.37 shows how similar the results of their analyses are and that
along the line 4.25 mm from the outer surface they all agree reasonably well with the
measurements. Figures 7.34 and 7.35 show that the agreement becomes worse toward
the inner surface.

As stated before, numerical models for residual stress analyses need experimen-
tal validation at some stage to establish their accuracy or degree of credibility. The
results presented here suggest that these welding procedures require modeling of the
welding process to a high level of detail in order to obtain results similar to the measu-
rements. Good agreement has been accomplished already with detailed 2-dimensional
mechanical analyses. The detail of the thermal analysis decoupled from the mechani-
cal one apparently played a minor role. Simplified models and lumping of beads have
produced less reliable results here.

In residual stress modeling the choice of parameters, hardening law etc. is pa-
ramount. In this work no parametric studies are shown, therefore no statement is
possible. From the data shown it can be concluded that good choices have been made
here.

By default numerical modeling results should not be used to validate the cor-
responding measurements. It is not appropriate to draw firm conclusions, and in
particular, a quantitative assessment of the accuracy of the neutron diffraction mea-
surements cannot be made based on the numerical data. On the contrary, the above
analysis shows how the neutron diffraction data can facilitate the validation of dif-
ferent modeling approaches.

8.9 Validity of the experimental approaches presen-
ted

8.9.1 Introductory remarks

In this section the findings of the research are briefly summarized to provide an as-
sessment of the validity of the experimental approaches presented. The main question
that has to be addressed is to what extent it has been possible with these methods to
produce reliable measurements of residual stress or strain in the components investi-
gated.

The following measurement techniques and challenges have been examined:

• Addressing reference variation related problems for the weld material by using
dedicated specimens cut from the original welds. For each of the three compo-
nents a slightly different reference specimen design has been considered.
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• Preparation of the components by removing material to facilitate neutron dif-
fraction measurement. The geometry of all three components tested here ne-
cessitated material removal in order to make neutron diffraction stress measu-
rements possible.

• Residual stress measurement has been attempted in a very thick component
(51 mm wall thickness). In this case an unusually large sampling volume had to
be used, and two questions arise from this: are measurements possible at all and
does the unusual size of the sampling volume have an impact on the results?

There are a number of applicable criteria, which can be used to assess the credibi-
lity of residual stress or strain distributions that have been experimentally determined.
The following criteria have been applied in this assessment:

• Balance of the normal residual stresses over any complete cross section of a
component under investigation (eq. 2.4). While this is a prominent criterion for
the judgement of residual stress measurements, its application to the present
work is limited because in no cases could complete cross sections be subjected
to measurement.

• The magnitude of residual stresses found in the through thickness direction of
the component should be relatively low for “thin” components or for components
where the production process would not be expected to cause stress formation
in this direction. This criterion is applicable for two of the cases investigated.

• The comparison with the results of other experimental techniques or of numeri-
cal assessments. This has been considered in the previous sections and chapters
and is only briefly addressed here.

• The presence of strong point-to-point variations of the peak positions observed
in reference and strain measurements away from internal interfaces. Such point-
to-point variations are likely to be measurement artifacts and not likely to reflect
real variations of the lattice spacing. This aspect has been extensively discussed
in section 8.4.

Before assessing the methods listed above, the stress and strain distributions that
have been found and presented in chapters 5, 6 and 7 are tested with respect to
the criteria listed here. An important criterion concerning the residual stresses that
can be directly applied, for the 25 mm bi-metallic piping weld and the clad layer
specimen, is the magnitude of the through thickness stresses. In the case of the clad
layer specimen (Fig. 6.7) normal stresses scattering about 0 MPa have been found
in the ferritic steel substrate as well as in the larger part of the clad layer. In the
substrate the scatter of these data about 0 MPa, expressed in terms of a standard
deviation, agrees well with the reported measurement uncertainty. In the clad layer
the scatter of the data goes beyond the reported fitting uncertainty. In the 25 mm
piping weld, through thickness residual stresses significantly lower than those in the
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other two directions have been found (Fig. 5.13). In almost all cases these are within
±100 MPa. This is the strongest “direct” indicator for the relatively good quality of
these measurements. The criterion of stress balance cannot be applied to the clad
layer specimen at all, and only within limits to the 25 mm piping weld, because a
rigorous stress balance check would require stress data from a complete cross section
of the specimen (see section 2.4). In the case of the clad layer specimen measurements
have only been obtained along one line across an awkwardly shaped cross section. For
the piping weld where the axial stress measurements would have to be examined in
the context of stress balance, the data, while overall tending from tension at the
outer surface to compression at the inner surface, as they should throughout the zone
investigated, seem to be slightly out of balance, with a weighting toward the tensile
stresses. While this in the present case is a weaker indicator than the through wall
stresses, this finding indicates that the measurement approach chosen leaves room for
improvement.

A sensible comparison with other experimental methods is only possible in the case
of the clad layer specimen, where two alternative stress measurement methods have
been applied, albeit on differently cut sections of the component. The comparison
shows that all methods give the same order of magnitude for the residual stresses in the
clad layer. The results quantitatively and qualitatively do not agree in detail, as the
magnitudes of the residual stresses found differ to some degree and the reproduction of
the stress gradient at the interface is different for every measurement. This in part has
to be attributed to the different shape of the specimens tested, but in part certainly
also to the differences in the measurement techniques. For the two bi-metallic piping
welds no directly comparable measurements with other techniques are available. In
the case of the 51 mm pipe there are crack compliance measurements in the axial
direction, which qualitatively agree with the neutron measurements (Fig. 7.32), but
the component shapes are very different and so are the measurement geometries and
the axial stresses measured are quite low in most places.

Significant point-to-point variations in the experimental data have been found in
all three components. They are shown in the residual strains and stresses presented in
chapters 5, 6 and 7 and with additional detail in the measured peak positions for the
51 mm pipe shown in section 8.4. An analysis of the potential causes of these variations
has also been given in section 8.4. However, the alternative measurement methods
presented for the clad layer specimen have shown similar variations in the clad layer
to the neutron measurements. From this point of view it cannot be excluded that the
scatter of the data, shown for example in Fig. 6.7, also reflects a real variation of the
stresses, although the data available do not facilitate conclusive statements about the
stress state.

Based on the above comments, the particular neutron diffraction techniques that
have been applied for these investigations can now be assessed.
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8.9.2 Efficiency of reference specimen design

For these investigations, specifically cut reference specimens have been used for the
measurement of the point-to-point variations of the peak positions in weld material
free of macroscopic stress. Some of the reference specimens that have been used are
shown in Figs. 5.4, 6.3, 7.10 and 7.11. Basically, these designs reflect three slightly
different approaches. For the 25 mm piping weld, a so-called comb specimen has been
used. For the clad layer there were two specimens, cut from different edges of the
original component. These specimens were thin and the distribution of cuts within
them was such that the matchstick shaped sampling volume would cross these cuts.
For the 51 mm pipe a further development of the comb specimen was chosen. In this
case the comb teeth were further sectioned into coupons, whereby the integrity of the
slice was maintained by retaining 1 mm long bridges to keep the coupons attached
to each other. In none of the cases have the reference specimens been cut from the
location of the actual strain measurement, but rather from a different location within
the same component.

The results obtained from these reference specimens in some cases; e.g., the clad
layer specimen, indicate that there are variations in the reference values in the fusion
zones that are larger than the variations found in the parent materials (see Fig. 6.5).
In another case, the 51 mm bi-metallic piping weld, the observed reference variations
even differ in magnitude between measurement directions (see Tables 8.1 to 8.3).

Particularly the measurements in the clad layer, however, leaves open the question,
whether it is necessary to take these variations into account to obtain the correct
values of stresses, because the variations were in general much smaller than the strains
that were finally measured (see Fig. 6.5). This has been observed in the 51 mm piping
weld (see section 8.4) in the circumferential direction as well. In addition, in the case
of the clad layer the two reference specimens showed differing distributions of these
variations.

Contrary to this reservation, the peak position data presented in section 8.4 for
the 51 mm piping weld on occasion shows a strong correlation between the variations
found in the reference specimens and those found in the component itself. These data
imply the necessity of taking the reference variations into account. However, such
correlations have certainly not been found at all measurement locations.

For the comb specimen used for the 25 mm piping weld, the teeth of the comb
were left unsectioned over their length, which is oriented in the piping axial direction.
In addition, the final residual stresses appeared to be slightly unbalanced in the axial
direction. This is not conclusive, but it has been considered possible that these
observations are related; i.e., the comb type reference specimen might not have been
free of axial residual stresses in this case. Ganguly et al. found remaining residual
stresses of considerable magnitude in a comb type reference specimen with even finer
teeth than applied in this study, albeit that they investigated and aluminium alloy
weld [94].

In summary, the following recommendations emerge from the observations made
in the investigations concerning the use and design of reference specimens.
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• Reference specimens should ideally be cut from the test location itself. This
has not been done in this case, and is very often not done in welding residual
stress analysis, for procedural reasons and the economy in time of the total
measurement process. The detailed analysis of the peak positions presented in
section 8.4 has demonstrated the need for executing measurements this way.
Because of the numerous start-stop locations, the structure of the piping welds
varies significantly around its circumference. The same argument also holds for
the clad layer specimen.

• Reference specimens should be cut to as small a size as possible to really ensure
the complete relaxation of the macro-stresses. The data presented for the clad
layer specimens in chapter 6 suggest that the reference specimens used in this
case fulfill this requirement. The comb type specimen described in chapter 5
leaves open questions in this respect. Comb type reference specimens are in
fact often used, albeit involving a length to thickness ratio different to the one
applied here. For the design reported in chapter 7 the results do not support
any conclusions on the completeness of the macro-stress relaxation. It is recom-
mended that solutions involving relatively large individual coupons as described
in chapter 7 be accompanied by corresponding numerical analyses. There are
various other approaches in existence in parallel to those presented here. The
most advanced approach in terms of coupon size involves the cutting of very
small size (1 - 2 mm across) individual coupons that are reassembled after cut-
ting into larger coupons by adhesively bonding them together [95]. However,
this is labour intensive and can also induce additional residual stresses.

• Reference variations are important and should be taken into account in parti-
cular when relatively small strains are measured.

• Observed variations in the reference diffraction peak position should be repre-
sentative of the reference variations in the region of strain measurement, ideally
by extracting the reference specimen from the strain measurement location di-
rectly. The data analyses in this chapter show that this representativeness could
not in all cases be accomplished. Particular attention should be given to cases
where the location of the reference specimen is different from the strain measu-
rement location and cases where large point-to-point variations in the reference
peak positions are obtained.

8.9.3 Cutting of components prior to measurements

The components investigated needed to be cut in order to facilitate three-dimensional
neutron diffraction measurements. For the clad layer component a substantial amount
of substrate material needed to be removed in order to reduce the effective thickness
to 25 mm. Hence, at the measurement location more than 80% of the substrate had
been milled away. In the piping specimen, windows had been cut to facilitate access
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of the neutron beams. As stated in section 2.4, cutting of the specimen generally
leads to a redistribution of the residual stresses throughout the remaining material.

In the case of the clad layer specimen it was known and accepted from the onset
that this cutting would alter the residual stresses significantly. No experimental mea-
sures were taken to assess the impact of cutting. The results obtained are considered
to be strongly influenced by the cutting, and this is corroborated by the difference in
the stresses found in the substrate between neutron diffraction and deep hole drilling
(Fig. 6.9). There is no other way to conduct stress measurements by neutron diffrac-
tion in such a component, and if the original residual stresses are to be reconstructed
afterwards, accompanying measures (e.g., numerical models) are always necessary.
For the case presented here, it was however not possible to establish the impact of
cutting on the residual stress distribution exactly; and a number of questions remain
open, in particular regarding the real magnitude of the stresses in the clad layer in the
two main stress directions. Here the stress levels observed by three different methods
applied to the machined and as received components varied between 250 MPa and
500 MPa (see Figs. 6.9, 6.11 and 6.13). The origin of the differences can be in the
cutting of the test pieces as well as in the particulars of the different measurement
methods.

For the 51 mm piping weld, the impact of window cutting had been measured by
strain gauges and accompanying numerical assessments. The strain gauge data are
presented in Fig. 7.6, and it is shown that the cutting of the central window did not
have a significant impact on the residual stresses at the measurement location.

As in the cases presented here, cutting of a specimen for neutron diffraction stress
analysis is sometimes unavoidable. Accompanying measures are necessary to either
demonstrate that the stress redistribution at the measurement location is small, or
to afterwards reconstruct the original stress field. Otherwise only an altered residual
stress distribution can be determined.

Based on the lessons learned from the present work it is thus recommended that
one or more of the following three steps are included in the measurement process for
neutron diffraction investigations where the specimen needs to be cut:

• Performance of a series of surface normal neutron diffraction strain measure-
ments, which are basically always possible, before and after cutting, and com-
parison of the results.

• Measurement of the relaxation strains at the surface during cutting by means
of strain gauges. If possible, establishment of these relaxation strains close to
the location of neutron measurements.

• Accompany, if possible, the two other steps with a corresponding numerical
analysis.

Taking these steps would at least provide the experimenter with an indication of
the extent to which cutting of the specimen influences the stresses under investigation.
In favourable circumstances it might even be possible to reconstitute the original stress
field prior to cutting after the measurements are completed.
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8.9.4 Measurements through 51 mm of steel

In chapter 7 residual stress investigations by neutron diffraction in a 51 mm thick
steel component are presented. This wall thickness was at the time of the measure-
ment close to the limits of this technique. In order to make these measurements at all
feasible, large sampling volumes were used (see Table 7.2). With these large sampling
volumes it has been possible to obtain diffraction peaks for most of the measurements
attempted in this specimen. In section 8.4 an analysis of the results is made and signi-
ficant point-to-point variations have been found particularly for the piping axial and
radial directions. These variations are attributed to grain size effects and variations
in the preferred crystallographic orientation within the sampling volumes. The exact
causes could not be established with the data available, and it can be assumed that
the huge size of the sampling volume could have an impact on the magnitude of the
variations. The validity of this assumption cannot be determined with the available
data. Therefore the applicability of such large volumes should be investigated prior
to using, and they should only be used with great care.

The measurements that have been made on this component have demonstrated
that neutron diffraction stress measurement through 51 mm of steel is possible. Such
measurements could therefore be performed with smaller sampling volumes, at instru-
ments with higher neutron beam intensity.





Chapter 9

Conclusions

The main purpose and result of the present work is the experimental determination of
the residual strains and stresses within and around the fusion zones of three different
multi-pass fusion welded specimens. Two of these were bi-metallic ferritic to austenitic
steel piping girth welds, with 25 mm and 51 mm wall-thickness, respectively. The
third specimen comprised a welded austenitic steel clad layer on a block of ferritic
steel.

The main experimental technique applied in these investigations is neutron dif-
fraction. Because of the high penetration of neutrons this technique is most suited to
providing non-destructive 3-dimensional mapping of strains and stresses in the bulk
of the specimens described above.

The size and shape of all three components was initially prohibitive for the 3-
dimensional neutron diffraction measurements intended. Hence all components nee-
ded alterations by machining and cutting in order to facilitate the measurements.
Moreover, dedicated reference specimens were cut from each component in order to
correct for variations in diffraction peak position due to inhomogeneities in the fusion
zones.

Based on the experimentally obtained results and the discussions presented in
chapters 5 to 8, the following conclusions are drawn:

• Neutron diffraction strain/stress measurements through 51 mm of steel are fea-
sible using a facility with a low intensity neutron beam.

• The measurements show that the residual stresses reach high levels in tension
and compression in and around the fusion zones in all three components. At
some locations, mostly near a material interface, stresses near the yield level of
the material have been observed. The stresses in the welding direction exhibit
steep gradients at the interfaces.

• In the austenitic steel fusion zones, high tensile residual strains/stresses are
found in the welding direction. Accordingly, the ferritic steel part of the spe-
cimens close to the interface with the fusion zone exhibits compressive stresses
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in the welding direction. Closer to the inner wall of the piping specimens these
compressive strains/stresses are higher.

• In the clad layer component, the stress distribution in the welding transverse
direction resembles that of the welding direction. In the thin bi-metallic piping
weld the stress distributions in the two directions are completely different. This
demonstrates that different constraints related to the geometries of the compo-
nents and the fusion zones lead to differences in the stress distributions in the
welding transverse direction.

• The stresses found in the through-thickness directions of the 25 mm piping
and the clad layer specimens are significantly smaller than those found in the
other directions. This is in agreement with what is expected in relatively thin
specimens.

• Material inhomogeneities and large grain sizes rendered significant contributions
to the uncertainty in strain in addition to the uncertainty associated with peak
fitting. In particular, this is observed for the strains in the welding transverse
and piping radial directions for the thick bi-metallic piping component where
the estimated total strain uncertainties are in the same order as the observed
strains for many measurements.

• The uncertainty contributions associated with inhomogeneities and large grain
sizes limit the reliability of the strain measurements in the welding transverse
and piping radial directions for the thick bi-metallic piping component.

• The position of the diffraction peak for a stress free reference specimen depends
on the location of measurement in the fusion zones. The experimental data show
that the peak positions do not only depend on variations in lattice spacing, but
also on large grain sizes and/or texture gradients within the sampling volume.

• The observed high degree of correlation between point-to-point variations of
the peak positions measured in the thick bi-metallic welding component and its
reference specimen suggests the occurrence of quasi-invariant microstructures
along this weld.

• The presence of many weld start/stop locations probably has an impact on the
residual stress determination by neutron diffraction.

• In the cases presented here only qualitative agreement between neutron diffrac-
tion stress/strain data and the corresponding numerical predictions is observed.
The simplified modeling approaches generally under-predict the magnitudes of
the tensile residual stresses observed in the fusion zones.

• The magnitude of strain/stress relaxation at the measurement locations induced
by cutting material from the specimen should be determined by measurement
or prediction.
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• For high strains of the order of 2000 to 3000 μm/m, an uncertainty in the detec-
tor position as low as ±1◦ translates into an additional uncertainty contribution
for the measured strain comparable in magnitude to the fitting uncertainty.

From the work presented and the conclusions drawn several recommendations have
been derived for potential improvements in future residual stress measurements in in-
homogeneous materials; e.g., fusion welds, and “grainy” materials similar to those
investigated here.

• Reference specimens should be cut as close as possible to the location in the
component where the actual strain measurements will be made (see section
8.4.5). Extracting the reference specimens exactly from the location of strain
measurements would be ideal, but may not always be possible in practice. This
experimental approach can help to mitigate the impact on the measured strain
data by composition variations; e.g., originating from the thermal history at
and near to the measurement location and by grain size and texture effects.

• The use of specimen rocking during measurements should always be considered
in order to reduce grain size effects, because it increases the number of diffracting
grains.

• Time-of-flight techniques can make neutron diffraction measurements less sus-
ceptible to grain size effects. This is because they sample a larger fraction of
the grains within the gauge volume through employing an increased the detec-
tor opening angle, which can be considered as “intrinsic rocking”, and through
using a wide range of neutron wavelengths enabling the recording of multi-peak
diffraction patterns.
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Summary

Welding is applied in many industrial sectors to join components, and has become
an important manufacturing process because it enables the fabrication of structures
that could not otherwise be constructed.

Weld regions have inhomogeneous microstructures and are more susceptible to
crack initiation and crack propagation than the surrounding base material regions.
Residual stresses are also formed, which superimpose with applied loads, resulting in
a reduction of the maximum applied load a component can sustain.

In particular for nuclear installations, the limited failure tolerance and the relative
abundance of rather large welds require a reliable assessment of component integrity
for lifetime management. Residual stresses need to be considered in such assessments
because they can contribute to initiation and propagation of defects. Commonly, resi-
dual stresses are more difficult to determine experimentally or to predict by numerical
methods than stresses resulting from applied loads; hence residual stress assessment
in welded nuclear components is an important area of research.

The present work concerns the experimental determination of residual stresses
by neutron diffraction in three full-scale mock-ups of components found in nuclear
power installations. Two of these mock-ups represent dissimilar metal girth welds
joining ferritic steel pressure vessel nozzles to austenitic stainless steel primary piping
sections. The third represents a welded clad layer on a section of a reactor pressure
vessel wall.

In this work neutron diffraction has been used as the technique for residual stress
determination. This technique is based on the principle of Bragg diffraction and
measures changes in lattice spacing; i.e., strain. Residual stresses can be determined
in three directions in the bulk of a component at a spatial resolution of typically
1-5 mm. Such a resolution is appropriate in view of the distances over which the
residual stresses normally vary in welded metallic components.

There are a number of challenges associated with neutron diffraction measure-
ments addressed in the current study. One of these is that component dimensions
and geometries necessitate machining to facilitate access of the neutron beams to the
measurement locations. Neutron diffraction measurements are also known to be sen-
sitive to the inhomogeneity in the microstructure and to local variations in chemical
composition in the weld region; therefore dedicated reference specimens are needed
in order to calibrate the strain determinations.
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Prior to the description of the experimental work undertaken, background infor-
mation is provided on the main aspects of the work. Definitions are given for residual
stresses and strains and their main characteristics are explained (chapter 2). A short
overview of the most important techniques for strain and stress measurement being
used today is given in chapter 3. These are the relaxation techniques, where the re-
laxation of strains due to material removal is measured; and the diffraction techniques,
where lattice deformations caused by stresses are observed through Bragg diffraction.
A detailed account of residual stress determination based on neutron diffraction is
followed by a description of the facility at the Joint Research Centre that was used
for the present investigations. An overview of the industrially relevant welding tech-
niques is given in chapter 4, where additional detail is provided on the arc welding
methods used for the manufacture of the components investigated in this study. The
mechanism responsible for residual stress formation in welds, namely local plastic
deformation caused by steep temperature gradients, and the dendritic microstructure
of stainless steel fusion welds similar to those investigated here are discussed based
on a few examples.

The experimental work and the results obtained are described in chapters 5, 6
and 7 with each chapter covering one of the three components. The first component
is a “thin” walled (25 mm wall thickness) bi-metallic girth welded pipe. The second
component is a ferritic steel block with a 10 mm thick welded stainless steel clad
layer applied to one of its surfaces. This component represents a nuclear reactor
pressure vessel wall with a thickness of 146 mm. The third component is a thick
walled (51 mm wall thickness) bi-metallic girth welded pipe. Both, the thin and the
thick walled bi-metallic pipes, represent joints between ferritic steel pressure vessel
nozzles and austenitic stainless steel pipes.

For each component, details are provided concerning the manufacturing techniques
employed, including the welding processes, the associated heat treatments and the fi-
nal machining applied to the thick walled pipe. For the access of the neutron beams
in three measurement orientations windows and access slots were cut into each of the
bi-metallic piping weld specimens. The clad layer specimen thickness was locally re-
duced from 146 mm to 25 mm. This significant reduction was necessary to achieve a
high spatial resolution in the measurements. The alterations described lead to stress
relaxation and stress redistribution within the components. For the thick bi-metallic
pipe the relaxation of strains was monitored by strain gauges during cutting showing
negligible impact at the location of the neutron diffraction measurements. All com-
ponent modifications are described in detail as well as the design and manufacture of
the reference specimens needed for the calibration of the strain measurements. The
measurement procedures and the data analyses are explained, and for each speci-
men the neutron diffraction results are presented in terms of residual strains and the
derived stresses.

In the thin walled bi-metallic pipe, tensile residual stresses have been found in the
welding direction within the fusion zone. These tensile stresses reach values not far be-
low the yield level of the material near the outer surface; and they decrease to almost
0 MPa toward the inner surface of the pipe. In the ferritic part of the pipe compressive
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residual stresses have been found near the austenitic-ferritic material interface. Here,
the highest compression is observed close to the inner surface, decreasing toward the
outer surface. In the welding transverse direction, tensile stresses have been obtai-
ned near the outer surface changing gradually to compressive stresses near the inner
surface. The maximum stress levels attained in tension and compression are slightly
lower than those in the welding direction. The piping radial direction exhibits overall
the lowest stress levels in this component with values varying between +100 MPa and
-100 MPa.

The stainless steel clad layer of the clad component exhibits high tensile stresses
in the welding longitudinal direction as well as in the welding transverse direction.
The stress level ranges between 250 and 500 MPa with a considerable scatter of the
data. The ferritic steel substrate is found to be in compression in both directions with
minimum stress levels between -150 and -200 MPa near the austenitic-ferritic material
interface. The stresses in the interface normal direction observed in this component
scatter about 0 MPa.

In the fusion zone of the thick walled bi-metallic piping component, tensile residual
stresses have been found in the welding direction. In the ferritic part compressive
residual stresses have been found in this direction near the austenitic-ferritic interface.
Both of these observations are similar to those made for the thin walled component.
The maximum stress levels observed are slightly higher than in the thinner component;
the tensile stresses in the fusion zone reach the nominal yield level. No clear trend is
observed for the welding longitudinal stresses between the outer and the inner surface.
For the other two measurement directions the scatter of the data is so high that the
magnitude of the stresses cannot be determined with sufficient accuracy.

For all three components the data recorded from the fusion zones exhibit higher
scatter than those from the base materials.

The neutron diffraction results have been compared to third party numerical pre-
dictions of the residual stresses and to stress measurements by strain relaxation tech-
niques. The numerical predictions have been performed by finite element analyses.
Simplified and more detailed approaches have been applied. In the simplified ap-
proaches the welding process itself has been neglected unlike in the detailed models.
In all cases the detailed numerical assessments produced a better agreement with
the neutron diffraction results than the simplified ones. In particular, in the fusion
zones the simplified numerical approaches under predict the residual stresses found
by neutron diffraction.

The applied third party strain relaxation techniques were the ring core method and
deep hole drilling for the clad layer component, and surface hole drilling and the crack
compliance method for the thick walled bi-metallic pipe. Most comparisons with the
neutron diffraction data show a qualitative, but not a close quantitative agreement.
The discrepancies are attributed to the use of differently extracted test pieces from
the original components and to the differences in the measurement geometries that
apply to the different methods used.

Subsequent to the presentation of the measurements and their results, an assess-
ment of the experimental methods and the analysis of the results is performed. In
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particular attention is given to the method of obtaining the measurement uncertain-
ties. In stress determination by neutron diffraction it is common practice to calculate
the uncertainties solely from the fitting uncertainties of the neutron data; a practice
that has been applied in this work as well.

The detailed assessment of the results indicates that this approach can provide ap-
propriate uncertainty values only for materials that are sufficiently homogenous. This
is the case, for example, for the ferritic steel substrate of the clad layer component.
For the less homogeneous regions, like the welds in these components, it is observed
that the experimental data exhibit larger scatter than one would expect on the basis
of the counting statistics. The analysis of the effect suggested that the uncertainty is
underestimated by a factor of up to 10 in the worst case presented. The second uncer-
tainty contributor analysed in more detail is the uncertainty in the detector position.
The analysis shows that, for the highest strains measured, an uncertainty in detector
position as small as 1◦ or 2◦ results in an additional strain uncertainty comparable
to that stemming from the fitting uncertainties. Other sources of uncertainty, such
as possible errors in specimen positioning or variations of the specimen temperature,
are also briefly analysed. It is found that these do not produce significant additional
uncertainty contributions in these investigations.

Based on the observations and subsequent analyses of the findings and comparisons
several conclusions are derived. The most significant conclusions can be summarized
as follows:

• The applied cutting schemes for the specimens and the use of the dedicated
reference specimens have made the neutron diffraction measurements possible.
The necessary alterations to the specimens have an impact on the stresses under
investigation. It is demonstrated that the impact should be quantified through
experiments or modelling, in order to relate the stresses measured to the original
stresses present in the test piece.

• It is shown that for a material like the welds studied in this work, the impact of
the material inhomogeneity on the neutron diffraction measurements must be
considered in a complete uncertainty analysis. It is found that this uncertainty
contribution can be larger than the contribution from the fitting uncertainty of
the neutron data.

• The neutron diffraction stress measurements can be used for the validation of
numerical stress prediction methods. It is demonstrated that the simplified
numerical approaches for these specimens are not sufficient.

Following from the above, a number of recommendations are formulated for fur-
ther improvements in the application of neutron diffraction for future residual stress
measurements in large welded components. In similar cases it is recommended to ap-
ply experimental techniques capable of mitigating the problem of the high scatter in
the results obtained for the fusion zones. The time-of-flight technique is presented as
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one option, or where possible, rocking of the specimen during measurements could be
applied to increase the number of grains sampled during a diffraction measurement.
Furthermore, the importance of quantifying the stress relaxation due to modifications
of the specimens is pointed out. This quantification could be achieved by numerical
simulation, but preferably by measurement, in particular when the recommendations
just mentioned are followed.





Samenvatting

Lassen wordt toegepast in veel industriële sectoren om componenten te verbinden, en
is een belangrijk proces geworden omdat het toelaat structuren te maken die anders
niet gemaakt zouden kunnen worden.

Lasgebieden hebben een inhomogene miscrostructuur en zijn meer vatbaar voor
scheurvorming en -uitbreiding dan het omliggende basismateriaal. Er ontstaan ook
restspanningen, die opgeteld worden bij externe belastingen, hetgeen resulteert in
een vermindering van de maximale externe belasting waaraan een component kan
weerstaan.

In het kader van lifetime management van nucleaire installaties in het bijzonder
zorgen de beperkte marge voor falen, en het relatief groot aantal grote lassen, voor
de noodzaak om tot betrouwbare inschattingen van de integriteit van componenten
te komen. Daarin moeten restspanningen in beschouwing genomen worden omdat
ze kunnen bijdragen tot het ontstaan en de groei van defecten. In het algemeen
zijn restspanningen moeilijker experimenteel of numeriek te bepalen dan spanningen
ten gevolge van externe belastingen. Daardoor is het bepalen van restspanningen in
gelaste nucleaire componenten een onderzoeksdomein van cruciaal belang.

Dit proefschrift gaat over de experimentele bepaling van restspanningen door mid-
del van neutronendiffractie toegepast op drie replica’s op ware schaal van componen-
ten uit nucleaire installaties. Twee daarvan zijn lassen van verschillende metalen die
een pijp uit het drukvat, bestaande uit ferritisch staal, verbindt met een pijp uit de
primaire kring, bestaande uit austenitisch staal. De derde is een gelaste bekleding op
een deel van de wand van een reactorvat.

In dit werk is neutronendiffractie gebruikt als techniek voor het bepalen van rest-
spanningen. Het principe is gebaseerd op de wet van Bragg en meet veranderingen
in roosterafstand, of rek. Restspanningen kunnen in 3 richtingen bepaald worden
in de bulk van een component met een ruimtelijke resolutie van 1-5 mm. Een der-
gelijke resolutie is aanvaardbaar wanneer men de lengteschalen beschouwt waarover
restspanningen normaal variëren in metallische lassen.

In dit werk worden enkele uitdagingen in verband met neutronendiffractie bes-
tudeerd. Een ervan is dat dit soort grote componenten bewerkt moeten worden om
toegang van de neutronenbundels tot de meetlocaties mogelijk te maken. Een andere
is dat neutronendiffractiemetingen gevoelig zijn voor inhomogeniteiten van de micro-
structuur, en voor schommelingen in chemische samenstelling in en in de buurt van de
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las. Daardoor zijn speciale referentiemonsters nodig om de rekmetingen te kalibreren.

Alvorens het experimentele werk toe te lichten wordt achtergrondinformatie over
de belangrijke aspecten van het werk besproken. Begrippen als restspanning en rek
en hun belangrijkste karakteristieken worden uitgelegd in hoofdstuk 2. Een kort over-
zicht van de belangrijkste technieken voor het bepalen van deze spanningen en rekken
wordt gegeven in hoofdstuk 3. Deze technieken zijn op te splitsen in 2 categorieën:
de relaxatietechnieken waar de relaxatie van rekken ten gevolge van het verwijderen
van materiaal wordt gemeten, en de diffractietechnieken, waar roostervervormingen
ten gevolge van spanningen worden gemeten door middel van Braggreflecties. Een
gedetailleerd overzicht van spanningsmetingen door middel van neutronendiffractie
wordt gevolgd door een beschrijving van de meetapparatuur van het JRC, die ge-
bruikt is voor dit onderzoek. Een overzicht van de relevante industriële lastechnieken
wordt gegeven in hoofdstuk 4, waar bijkomende informatie wordt gegeven over de
booglasmethode’s die gebruikt zijn in de bestudeerde componenten. Het mechanisme
verantwoordelijk voor het ontstaan van restspanningen in lassen, namelijk de inhomo-
gene plastische vervormingen door de grote temperatuursgradinten, en de dendritische
microstructuur van lassen van roestvrij staal, wordt besproken aan de hand van enkele
voorbeelden.

Het experimentele werk en de verkregen resultaten worden besproken in hoofd-
stukken 5, 6, en 7 met een apart hoofdstuk toegewijd aan elke component. De eerste
component is een bimetallische gelaste pijp met een dunne wand (wanddikte van
25 mm). De tweede is een blok uit ferritisch staal met gelaste bekleding van 10 mm
dikte uit austenitisch staal op een van zijn oppervlaktes. Deze component stelt een
stuk van de wand van een reactorvat van 146 mm dikte voor. De derde component is
een bimetallische gelaste pijp met een dikke wand (wanddikte 51 mm). De bimetal-
lische pijpen met dikke en dunne wand stellen verbindingen voor tussen een ferritische
pijp uit het reactorvat en een austenitische pijp uit de primaire koelkring.

Voor elke component worden details gegeven over de technieken die gebruikt zijn
bij het fabriceren, zoals het lasproces, de warmtebehandelingen, en het verspanen.
Opdat de neutronenbundel toegang zou hebben voor alle 3 meetrichtingen, werden
vensters gesneden uit elk van de bimetallische pijpen. Het specimen met de bekle-
dingslas werd rondom de meetlocatie gefreesd van 146 mm tot 25 mm dikte. Deze
significante reductie was noodzakelijk om een hoge ruimtelijke resolutie in de metin-
gen te bereiken. De gemaakte aanpassingen leiden tot een spanningsrelaxatie en een
spanningsherverdeling in alle componenten. Voor de dikke bimetallische pijp werd de
relaxatie van rekken opgevolgd door middel van rekstroken, en er werd aangetoond
dat de impact op de aanwezige spanningen op de plaats waar gemeten werd via neu-
tronendiffractie verwaarloosbaar was. Alle modificaties aan de componenten, samen
met het maken van de referentiemonsters, worden in detail beschreven. De procedures
voor het meten en het verwerken van data worden beschreven, en voor elk monster
worden de resultaten van de neutronendiffractiemetingen gepresenteerd in de vorm
van restrekken, en de daaruit afgeleide restspanningen.

In de dunne bimetallische pijp werden binnen de las restspanningen onder trek
waargenomen in de lasrichting. Deze trekspanningen bereiken dicht bij het buitenste
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oppervlak waarden niet ver onder de vloeigrens, en ze dalen tot ongeveer 0 MPa aan
het binnenste oppervlak. In het ferritisch deel van de pijp werden drukspanningen
waargenomen in de buurt van de ferritisch-austenitische interface. Hier wordt de
grootste drukspanning waargenomen dichtst bij het binnenste oppervlak, en daalt de
drukspanning in de richting van het buitenste oppervlak. In de transversale rich-
ting ten opzichte van de las worden trekspanningen waargenomen in de buurt van
het buitenste oppervlak die geleidelijk overgaan naar drukspanningen in de buurt
van het binnenste oppervlak. De hoogste trek- en drukspanningen zijn een beetje
lager dan in de lasrichting. De radiale richting vertoont in het algemeen de laagste
spanningsniveaus, gaande van +100 MPa tot -100 MPa.

De lasbekleding uit austeniet vertoont een hoge trekspanning zowel in de longi-
tudinale als in de transversale richting ten opzichte van de las. De spanning varieert
tussen 250 en 500 MPa met een aanzienlijke spreiding van de data. Het substraat uit
ferritisch staal bleek in druk belast te zijn in beide richtingen met de laagste span-
ningsniveaus tussen -150 en -200 MPa in de buurt van de interface. De spanningen
in de richting loodrecht op het interface schommelden rond het niveau van 0 MPa.

Binnen de las van de bimetallische pijp met dikke wand waren de restspanningen
positief (trek) in de lasrichting. In het ferritische gedeelte waren de restspanningen in
die richting negatief (druk) in de buurt van de austenitisch-ferritische interface. Dit
werd ook waargenomen in de pijp met dunne wand. De maximale spanningen waren
hoger dan in de dunne pijp. De trekspanningen in de fusiezone bereiken het niveau
van de vloeispanning. Er is geen duidelijk trend waar te nemen voor de longitudinale
spanningen tussen het binnenste en het buitenste oppervlak. Voor de andere twee
meetrichtingen is de spreiding van de data zo hoog dat de spanningen niet kunnen
bepaald worden met de nodige accuraatheid.

Voor alle drie de componenten vertoont de data uit het lasgebied een hogere
spreiding dan de data uit het basismateriaal.

De resultaten van de neutronendiffractie werden vergeleken met externe nume-
rieke voorspellingen en metingen door middel van relaxatietechnieken. De numerieke
berekeningen werden uitgevoerd met behulp van de eindige elementen methode. Het
model werd zowel vereenvoudigd als gedetailleerd berekend. In de vereenvoudigde
benaderingen werd het lasproces zelf genegeerd. De gedetailleerde modellen vertonen
in alle gevallen een betere overeenkomst met de neutronendiffractiemetingen. In het
bijzonder worden de spanningen in de lasgebieden onderschat door de vereenvoudigde
aanpak.

De extern uitgevoerde relaxatie technieken waren de ring core methode, en de
deep hole drilling (DHD) methode voor de bekledingslas, en de surface hole drilling
methode en de crack compliance methode voor de dikke pijp. In het algemeen is er een
kwalitatieve, maar geen excellente kwantitatieve overeenkomst met de resultaten van
de neutronendiffractie. De verschillen zijn vermoedelijk te wijten aan de verschillen in
meetmonsters die gemaakt werden uit de originele componenten, en aan het verschil
in meetgeometrie gebruikt bij de verschillende meettechnieken.

Volgend op het voorstellen van de metingen en de resultaten, komt een beoordeling
en een bespreking van de resultaten. Er wordt bijzondere aandacht gegeven aan het
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omgaan met meetonzekerheden. In restspanningsbepalingen door neutronendiffractie
worden onzekerheden meestal berekend alleen op basis van de onzekerheden van de
fit van de data. Zo is het ook toegepast in dit werk.

Een gedetailleerde analyse van de resultaten leert echter dat deze aanpak enkel
een accurate onzekerheidbepaling toelaat wanneer het materiaal voldoende homogeen
is. Dit is bijvoorbeeld het geval voor het ferritisch substraat in de component met
een bekledingslas. Voor de minder homogene materialen, zoals bijvoorbeeld de lassen,
vertoonden de meetresultaten een grotere spreiding dan verwacht enkel op basis van
de telstatistieken. Analyse daarvan leert dat de onzekerheid onderschat wordt met
een factor 10 in het slechtste besproken geval. De tweede bijdrage tot onzekerheid,
die in detail wordt besproken, is de onzekerheid van de positie van de detector. Deze
analyse leert dat voor de hoogste rekken een onzekerheid in positie van de detector van
slechts 1◦ of 2◦ aanleiding geeft tot een additionele onzekerheid in rek vergelijkbaar
met diegene die komt uit de fitonzekerheid. Andere oorzaken van onzekerheid, zoals
bijvoorbeeld fouten ten gevolge van het positioneren van het specimen of variaties
in temperatuur van het specimen worden ook kort besproken. Er kon geconcludeerd
worden dat deze geen significante extra onzekerheid veroorzaakten.

Gebaseerd op de waarnemingen, analyses, en vergelijkende studies konden ver-
schillende conclusies getrokken worden uit dit werk. De belangrijkste worden als
volgt samengevat:

• De toegepaste modificaties aan de monsters en het gebruik van goedgekozen re-
ferentiemonsters maakten deze diffractiemetingen met neutronen mogelijk. De
noodzakelijke aanpassingen aan de monsters hebben een impact op de restspan-
ningsvelden. Er werd aangetoond dat die impact zou moeten gekwantificeerd
worden door experimenten of modelleren om de gemeten spanningen te relateren
aan de originele spanningen in het monster.

• Er werd aangetoond dat voor materialen als gebruikt in de bestudeerde lassen de
onzekerheid van de neutronendiffractiemetingen tengevolge van inhomogeniteit
in het materiaal in beschouwing moet genomen worden in een onzekerheidsana-
lyse. Er werd aangetoond dat deze bijdrage aan de onzekerheid groter kan zijn
dan die van de statistische onzekerheid van de neutronendata.

• De spanningsmetingen met neutronendiffractie kunnen gebruikt worden ter va-
lidatie van de numerieke methodes. Er is aangetoond dat vereenvoudigde mo-
dellen niet voldoen voor de bestudeerde monsters.

Uit dit alles kan een aantal aanbevelingen geformuleerd worden voor verdere ver-
beteringen in het toepassingsveld van spanningsmetingen door middel van neutronen-
diffractie in grote gelaste componenten. In gelijkaardige gevallen wordt aanbevolen
om experimentele technieken toe te passen om het probleem van de hoge spreiding
in meetdata komende uit de fusiezone van de las aan te pakken. De time-of-flight
techniek wordt genoemd als een mogelijke oplossing. Indien mogelijk zou het monster
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ook heen en weer geroteerd kunnen worden tijdens de meting om het aantal korrels
dat deelneemt aan de diffractie van de inkomende bundel te doen toenemen. Daaren-
boven wordt het belang van het kwantificeren van de spanningsrelaxatie ten gevolge
van aanpassingen aan het specimen benadrukt. Dit zou kunnen gebeuren door nume-
rieke simulatie, maar bij voorkeur door een meting, in het bijzonder wanneer de net
vermelde aanbevelingen gevolgd zijn.
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14. R.C. Wimpory, P. Horňák, C. Ohms, D. Katsareas and A.G. Youtsos, Neutron
Methods for Structural Integrity Assessment, 16th Workshop of Marie Curie
Fellows: Research Training in Progress Held at the Institute for Energy, Joint
Research Centre of the European Commission Petten (Netherlands), 21-22 Oc-
tober, 2003, EU publications, ISBN 92-894-8198-6, pp. 28-31.
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