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Residual stresses in laser clad
layers

In this chapter the residual stresses generated by the laser clad treatments
are evaluated with x-ray diffraction techniques. The residual strains/stresses
are described not only in terms of compressive or tensile components, but the
full residual stress tensor is presented together with the stress distribution in
clad layers. The residual stress distributions in clad layers are described as
macrostresses and an attempt is made to explain the formation of macrostress
by the investigating the microstress distribution accessed by the 3DXRD
synchrotron technique. Co-based layers are mainly stressed in tension and a
solution to avoid cracking is proposed. Fe-based clad layer onto steels is the
most promising material for the construction of crack resistant coating. This
is so because high compressive stresses are produced near the surface. The
influence of the reference lattice parameter, d0 is discussed. This parameter
assumes homogeneity in the materials and in reality heterogeneities may lead
to erroneous values of the residual strains.

5.1 Introduction
Laser surface techniques provide suitable methods for a localized treatment of material, but
due to the high thermal gradients distributed over small areas severe residual stresses may
cause cracking during or shortly after the process. In order to avoid cracking of laser clad
layers it is important to understand how the residuals stresses accumulate and to know where
precisely the critical stress concentration sites are formed.
In this introductory section he background for understanding the residual stresses in laser
melting processes, the generation of x-rays from lab and synchrotron sources and its
application in the determination of macro and micro residual strains by different diffraction
techniques are summarized in a concise way. Stress calculations from the strain data are
explained assuming linear elasticity theory. The clad layers described in Chapter 4 are used in
this chapter for the investigation of the residual stresses.
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5.1.1 Formation of residual stresses in laser clad layers
The laser cladding technique consists of producing a protective layer on the surface of the
metallic substrate using a high power laser as heat source while a powder stream is blown
under the laser beam [1,2]. To attain full coverage of the substrate, single tracks consecutively
overlap and the substrate is scanned while the molten material creates a melt pool on the
surface with a height corresponding to the thickness of a single clad track. The residual
stresses associated with the laser cladding process can be summarized in the following way
[3]. During heating the irradiated region expands. However, it is constrained by the cold
surrounding area and becomes stressed in compression until melting occurs that relaxes the
stresses. It is during the solidification and cooling that the final stress state is determined.
Tensile stresses are formed caused by the shrinkage of the melt pool limited by the
metallurgical bonding with the substrate and the coating may crack if these overcome the
fracture stress. If phase transformations that involve expansion of the lattice occur and its
effect eliminates the effects due to shrinkage, compressive stresses are formed. Clearly, these
residual stresses affect the mechanical properties, such as fatigue, creep and brittle fracture
behavior. In order to avoid cracking and to further improve the properties of laser clad
coatings a precise evaluation of residual stresses and its evolution is an important objective of
research.
5.1.2 X-ray diffraction
On 8 November 1895 the Wilhelm Röntgen observed a fluorescent light that was generated
from a vacuum tube used as primitive cathode aimed for the study of electrons. He also
noticed that this faint green light was able to penetrate not only through the black paper that
packed the glass tubes but also through other materials. The results of these experiments were
described in a manuscript entitled “"On a new kind of ray: A preliminary communication"”
that he submitted to the Wurzburg Physico-Medical Society on December 28, 1895. Röntgen
first referred to the radiation as "X", once this was an unknown sort of radiation. In 1896 he
gave a public demonstration where he took a picture of the bone structure of a hand that is
published in the main x-ray text books up-to-date, Figure 5.1. For his discovery, Röntgen was
awarded the very first Nobel Prize in Physics in 1901 and donated the money of the prize to
his University. The discovery of the x-rays or Röntgen-rays revolutionized physical sciences
and medicine and had an immense impact on material related industries.
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Figure 5.1: Röntgen 's x-ray picture of the hand of Alfred von Kolliker, taken on 23 January
1896.
The properties and nature of x-rays are well known [4-6]. X-ray is an electromagnetic
radiation like light or micro-waves. Depending on the wavelength x-rays are classified as soft,
when λ ≥ 2.5 Å, or hard when λ < 2.5 Å. In this text the emphasis is put to hard x-rays, which
are on the same length scale as interatomic distances and therefore allow crystallographic
studies. X-rays may be generated in several ways but in all of them three stages are always
necessary: an electron source, a means to accelerate the electrons at high speeds and a way to
deccelerate.
Primary x-rays generated in evacuated chambers, known as lab x-ray tubes,are created
when electrons are accelerated by the application of an electric field and slowed down by
collisions on a target. If the energy of the bombarding electrons is high enough to excite the
atom a hole is created in the shell, which is filled by an excited electron that decays to a lower
energy state by release of energy. The energy given up by the electron during this interaction
appears as electromagnetic energy, the X-radiation. The x-rays have the characteristic of the
matter that is bombarded by the electrons. The emissions form a spectrum with energies
corresponding to the energy difference between the shells, as presented in Figure 5.2 for the
Cu for Kβ, Kα1, Kα2.

Figure 5.2: Emission spectrum of a Cu x-ray target.
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The x-rays in lab tubes are emitted in random directions, that is, with a high degree of
incoherence, comparable to light emitted by a lamp bulb at home. The rays however can also
be generated in a synchronized manner, with a high degree of coherence, also known as
synchrotron radiation. If electrons or positrons, are forced to move in a circular orbit, photons
are emitted due to the acceleration necessary to keep the particles in the orbit [7]. When the
particles are moving at relativistic velocities the photons are emitted in a narrow cone in the
forward direction at a tangent to the particles’ orbit. In a high energy electron or positron
storage ring these photons are emitted with energies ranging from infra-red to short
wavelength x-rays. Indeed, The discovery of the x-rays 110 years ago generated a revolution
in science and industry and all possibilities of the x-ray became even broader due to the
unique properties of synchrotrons, i.e.:
• High brightness: synchrotron radiation is hundreds of thousands times more intense
than conventional lab x-ray tubes and highly collimated;
• Wide spectral range: synchrotron radiation is emitted with a wide range of energies.
Beams with specific energy can be selected by monochromators;
• Highly polarized;
• Photons are emitted in pulses of less than 0.1 ns.
The synchrotron sources of the first generation were high energy physics accelerators,
where the synchrotron radiation was an unwanted by-product. The first dedicated synchrotron
facilities came as the second generation that was designed to operate with higher intensity and
brightness. These two generations experienced instability in the orbits due to temperature
variations in the cooling system, ground vibration and power supply. Despites this, it was a
success from a research point of view providing a justification to build third generation
sources operating with more stability and higher electron energy up to 6-8 GeV. The
following plot summarizes the x-ray generation evolution since Röntgen up to date based on
the intensity of the x-ray source.

Figure 5.3- History of x-ray sources in terms of brilliance since its discovery [8].

79

Chapter 5
The x-ray photons interact with matter in various ways, Figure 5.4. The analyses of these
interactions allow the understanding of the physical properties of materials.

Figure 5.4: Interaction of x-ray photon with matter and diverse electron phenomena.
We are interested in the elastic scatter phenomena where the wavelength of the ray is
unaffected after interacting with the atom. The phenomena of inelastic scattering, or Compton
scattering, can be used in the x-ray fluorescence spectrometry for the qualitative and
quantitative determination of the elements, but this is not our focus. Furthermore, inelastic
scattering is unwanted when x-ray diffraction takes place due to its contribution in a diffuse
background that disturbs the identification of monochromatic inelastic scattered peaks. The
intensity of the elastic scattering by a single free electron is given by:

Ie = I0 ⋅

1
(4πε 0 ) 2

⋅

e4
m 2c 4 R 2

⎛ 1 + cos2 φ ⎞
⎟⎟ ,
⋅ ⎜⎜
2
⎠
⎝

5.1

where e is the electron charge, m is the electron mass, c is the speed of light, R is the distance
between the observation point and the scattering and φ is the angle between incident and the
diffracted beam.
It is possible to describe the scattering interaction of the x-ray with an atom by summing all
scatter amplitudes with all the electrons; similarly the scattering of a crystal is the sum of the
scattering amplitude from all the atoms. The difference is that in the case of an atom the
position of the electrons is unknown, while on the crystal lattice the position of the atoms is
more or less fixed. So the diffraction of x-rays in a crystal results in the summation over all
unit cells in the crystal. Figure 5.5 represents the diffraction from a unit cell.
Assuming that the distance between O and the observation point is very large, the distance
between scattering points can be neglected, x2=x2’, and the scattering factor of the unit cell is
a complex exponential. This exponent is given by the difference between the primary and the
diffracted beam times the position of the atoms relative to the cell origin summed over all
atoms of a unit cell:
F = ∑ fn ⋅ e
n
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The mathematical representation for the periodicity of unit cells in the crystals has the same
form as the structure factor:

Figure 5.5: X-ray wave diffraction in reciprocal space. “O” is the origin position of the unit
cell, sp and sd are the unit vectors in the direction of the primary and diffracted beams and rn
are the positions of the atom within an unit cell.
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where Ni is the number of unit cells along ai.
The product of the two geometry factors and the scattering from an individual atom results in
the instantaneous field:

E=

1

⋅

4πε 0

E0e 2 2πi[(νt − ( R / λ )]
e
⋅ F × H1 × H 2 × H 3 .
mc 2 r

5.4

The intensity of a primary scattered beam is obtained by multiplying the instantaneous field
with its conjugate:
I = I0 ⋅ F

2
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3
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If this harmonic function is represented by sin2Nx, when N is very large the function goes to
zero except close to x = nπ. This condition is satisfied when the three following equations are
fulfilled:
⎛π ⎞ → → →
⎜ ⎟ ⋅ ( s d − s p ) ⋅ a 1 = h 'π
⎝λ⎠
⎛π ⎞ → → →
⎜ ⎟ ⋅ ( s d − s p ) ⋅ a 2 = k 'π
⎝λ⎠

.

5.6

⎛π ⎞ → → →
⎜ ⎟ ⋅ ( s d − s p ) ⋅ a 3 = l 'π
⎝λ⎠
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These equations are known as the Laue equations and express the necessary conditions for
diffraction. It also tells that the size of the crystal influences the width of the diffraction peaks
and that the intensity is proportional to the number of unity cells with the same orientation. In
this way x-ray diffraction can also be used to estimate the size and the orientation of the
crystallites, rather than only structural information. The Laue equations can be written in
much more simple way formulated by Bragg:

nλ = 2d hkl ⋅ sin θ hkl .

5.7

This equation states that when the difference in path length between two adjacent planes
equals to the wavelength of the radiation, or its multiples, it results in constructive
interference. In other words, Bragg’s law is the widely used equation to determine the lattice
spacing for different family of planes, dhkl, or the lattice parameter, a. For the cubic systems,
for example:
a = d hkl ⋅ h 2 + k 2 + l 2 .

5.8

The sources of error in Bragg’s formulation lie in the accuracy of how λ and θ are determined.
If Bragg’s law is differentiated with respect to θ, it shows that the error in d0 is proportional to
the cotθ. It follows that the error in the lattice parameter determination becomes smaller when
a higher reflection 2θ is used. Furthermore, relevant empirical errors in lattice spacing arise
from the determination of the distance from the sample to the detector given by:
∆d 0 D
= cosθ cot θ ,
d0
R

5.9

where D is the horizontal displacement and R is the distance between sample and detector.
5.1.3 Residual strain measurement with x-ray diffraction techniques
Stress is an extrinsic property and it cannot be measured directly but only calculated from the
product between experimentally detected elastic strains and using the elastic constants.
Existing techniques used for the analysis of residual strains are divided in mechanical and
radiation diffraction techniques. Mechanical techniques are sometimes destructive and allow
an analysis of the stress state, either compressive or tensile. In contrast, diffraction techniques,
such as x-rays, synchrotron x-rays and neutrons, are non-destructive and open possibilities for
a detailed analysis of all components of the strain tensor. Although the measurement of
residual strains by diffraction techniques is non-destructive the sample preparation itself can
be destructive. The measurement of residual strains by diffraction techniques are based on
measuring peak shifts due to deformation of the crystal lattice spacing caused by the residual
stresses, assuming an elastic regime.

82

Residual stresses in laser clad layers
The stresses are classified in three types [9,10] according to the length scale in the
material. The choice of the most suitable analysis technique depends on the type of stress that
one wants to investigate [11]. Residual stresses of first order, type I stress or macrostresses,
are homogeneous over a large number of grains and a balance of forces is assumed over a
large number of crystals. For the investigation of these stresses the diffraction of lab x-rays or
neutron can be applied. Laboratory x-rays [9,12,13] are a relatively cheap alternative for the
investigation of macrostresses but the analysis is limited to the surface, i.e. to a biaxial
stresses tensor analysis. Neutron beams [14] have a high penetration depth and allow the
investigation of bulk properties. Nevertheless, low spatial resolution of the beam requires
coarse grained samples. Residual stresses of second order, type II stress, are considered
homogenous inside one grain and the forces involved are in balance among neighboring
grains. Finally, residual stresses of the third order, type III stress, are homogeneous over some
interatomic distances and the internal forces are in balance around crystalline defects. Type II
and III stresses are both termed microstresses. For fine-grained, polycrystalline materials, the
most suitable technique to detect bulk, intergranular, microstrains is diffraction of synchrotron
hard x-rays that can operate with high spatial resolution [11,15] and they are intense enough
to achieve bulk penetration. The appropriate choice of the adequate radiation and technique
depends on sample related features and spatial resolution required for the measurements [11].
The attenuation depth of lab x-rays into a metal or alloy is usually of the order of few
micrometers. For instance 66% absorption of CuKα in Stellite 20 alloy occurs below a depth
of 4 µm [16]. Since the analyzed volume corresponds to a thin surface layer defined by the
irradiated area and penetration depth, the Sin2Ψ technique assumes that the layer is under a
biaxial stress state. When θ-2θ diffraction analysis is performed over a range of side angle Ψ,
only grains specifically oriented to this angle Ψ fulfill the Bragg’s condition and will diffract.
A shift of the diffraction peak due to elastic strain of the crystal lattice can be detected for
each Ψ angle. From the measured values of lattice spacing, dΨ at angle Ψ, the strain is defined
as:
d − d0
εΨ = ψ
,
5.10
d0
where d0 is the lattice spacing of a stress-free grain. This is usually exchanged with dΨ=0,
leading to negligible errors [17]. The strain tensor is measured in the crystal reference system
(hkl) and is transformed to the sample surface reference (XYZ) by algebraic operations, Figure
5.6. It is possible to derive the fundamental equation of strain tensor on the surface of the
material in a biaxial stress state using the transformation of a second rank tensor, given by:
ε φψ =

d φψ − d 0
d0

= (ε xx cos 2 φ + ε xy sin 2φ + ε yy sin 2 φ ) ⋅ sin 2 ψ + (ε xz cos φ + ε yz sin φ ) sin 2ψ + ε xx cos 2 ψ

5.11
, where φ represents a rotation angle around an axis Z normal to the sample surface. When
shear strains are found, εxz and εyz ≠ 0 then the so-called Sin2Ψ splitting is detected. The
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coordinate system can be transformed so that only principal strains are present and the factor
in front of Sin2Ψ argument in Eq. 5.11 is nullified.

Figure 5.6: Schematics showing strain measurement geometry definition of lab/sample
coordinate system
Three-dimensional x-ray Diffraction (3DXRD) microscopy is a novel technique that
combines high penetration, high intensity and high spatial resolution provided by hard x-rays
from third generation synchrotron sources. This technique has been described in details
elsewhere [18,19] and only a concise summary is presented here.
Figure 5.7 illustrates the setup of our 3DXRD experiment. The sample is placed on a XYZ
moving table mounted on a ω rotation stage and when ω = 0ο the direction of the beam
coincides with the laser cladding direction. A monochromatic beam is applied perpendicular
to the ω rotation axis and the alignment of the table can be performed with a thin capillary
filled with the clad alloy powder. The diffraction patterns from irradiated grains are observed
on a two-dimensional CCD detector of 10 x 10 cm surface area and pixel size of 48.82 µm. To
obtain diffraction from grains that are inside the irradiated volume, the sample is rotated
inside ω ranges specified by the user. Usually 25-40o ω ranges provide sufficient diffracted
peaks. The rotation is performed in controlled steps of ∆ω, in which information is acquired
by the CCD camera during the oscillations. For the complete mapping the sample can be
translated in Y and Z axis and the rotation routines are repeated.

Figure 5.7- Schematics of 3DXRD microscope experimental setup.
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The basic equation describing the diffraction in laboratoryl system is:

G lj = ΩSU j BG hkl ,
where:

5.12

G lj is the measured scattered vector of the grain j in the laboratory reference system.
G hkl is the scattered vector in reciprocal space.
Ω is the coordinate transformation matrix between laboratory and the turntable ω axis.
S is the sample system matrix fixed with respect to the sample preparation axis (RD, TD,
ND).
j
• U is the unknown crystallographic orientation matrix of a diffracting grain j with respect to
the sample in Euler angles representation.
• B is the matrix, which transforms the crystallographic system from reciprocal to real space.
•
•
•
•

For each set of rotations GRAINDEX, a computer program described in [18], is able to
select the diffraction points of the grains that remain inside the irradiated area defined by the
size of the incoming beam. These grains are indexed with the respective reflections and
characterized by the orientation matrix U j .
The residual strains for each lattice family of planes are calculated from the measured
shift of diffraction peaks by the differential form of the Bragg relation[20]:
di − d0
= − cot θ i ⋅ ∆θ i ,
5.13
d0
where d0 is the distance between diffracting planes of a reference stress-free material. The
terms di and θi are the lattice spacing and diffraction angle of a family of planes from stressed
grains. ∆θi equals to θi-θ0 and it is the angular shift of the diffraction peaks from the stressed
to the stress-free grain.
These strains εi are given in each grain by the direction cosines li, mi, and ni, of the normal
to the corresponding plane and the strain tensor of the grain [Error! Bookmark not
defined.]:

εi =

ε i = (li

mi

⎛ ε 11 ε 12 ε 13 ⎞⎛ li ⎞
⎟⎜ ⎟
⎜
ni )⎜ ε 12 ε 22 ε 23 ⎟⎜ mi ⎟ .
⎟⎜ ⎟
⎜ε
⎝ 13 ε 23 ε 33 ⎠⎝ ni ⎠

5.14

Equations 5.13 and 5.14 define the basic system of linear equations for six unknowns: ε11,
ε22, ε33, ε12, ε13, ε23. As the minimum number of (hkl)s defined to index the grain was 10, this
system of equations is (over)determined and therefore solvable.
Moreover Eq. 5.14 can be expanded [Error! Bookmark not defined.] in order to include
the influence of the position of the centre of diffracted grains (∆X, ∆Y) on the shifts of
diffraction peaks, Eq. 5.15:

85

Chapter 5

⎛ ε11* ε12* ε13* ⎞ ⎛ li ⎞
⎜
⎟
*
* ⎟⎜
ε 23
− cot θi ⋅ ∆θi = ( li mi ni ) ⎜ ε12* ε 22
⎟ ⎜ mi ⎟ −
*
⎜ ε13* ε 23
ε 33* ⎟⎠ ⎜⎝ ni ⎟⎠
⎝
−{[cos(ωi ) + sin(ωi )sin(ηi ) / tan(θi )] ⋅ (∆X / L) +

5.15

+[sin(ωi ) + cos(ωi )sin(ηi ) / tan(θi )] ⋅ (∆Y / L)}

The components of strain tensor inside each indexed grain and relative position of this
grain with respect to the rotation axis are then found by the singular value decomposition [21]
applied to this (still overdetermined) system of linear equations.

5.1.4 Calculation of stresses
In a single grain the linear elastic relation between the stress and the strain tensor is given by
Hooke’s law with the corresponding elastic constants [8]:

σ ij = Cijkl ε kl

5.16

where, Cijkl is the coefficient of stiffness, which is a fourth-order tensor with 21 independent
components [22]. The number of components, however, can be reduced according to the
symmetry of the system. For a cubic crystal three independent components are sufficient to
describe the system:
⎛ C11
⎜
⎜ C12
⎜C
C ij = ⎜ 12
⎜ 0
⎜ 0
⎜
⎜ 0
⎝

C12

C12

0

0

C11

C12

0

0

C12

C11

0

0

0

0

C 44

0

0

0

0

C 44

0

0

0

0

0 ⎞
⎟
0 ⎟
0 ⎟
⎟
0 ⎟
0 ⎟⎟
C 44 ⎟⎠

5.17

5.2 Macrostress of surface finished clad layers
5.2.1 Materials and elastic constants
The biaxial macrostress on the finished surface of clad layers is evaluated in the next section
by the Sin2Ψ technique. The clad layer samples investigated are the Stellite 20 and AISI
M3:2/W characterized in terms of microstructure, described in sections 4.2.4 and 4.3.2,
respectively.
Some values of elastic constants that can be used for the calculation of stresses in Cobased and Fe-based materials are found by different approaches. Table 5.1 summarizes these
values.
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Table 5.1: Isotropic Young’s modulus.
Material
E (GPa)
ν
Source
Eutroloy 16012
286
Nanoindentations
γ-Co (311)
216
0.308 Hill’s approximation
Tool steel
210
0.29
Literature [23]
The hardness and Young’s modulus of a Eutroloy 16012 cladding are measured by
averaging 124 nanoindentions, where the depth of the indents was fixed to 1 µm. It is assumed
that the measured properties describe the isotropic behavior of the alloy. The averaged values
of hardness and elastic modulus are 9.75 ±1.00 GPa and Emeas= 286 ±14 GPa, respectively. In
this test, the size of Berkovich indents is comparable to the size of the γ-Co dendrites.
Therefore, the nanoindentation measurements contain contributions from the γ-Co dendritic
phase and interdendritic eutectic containing hard carbidic phases, becoming higher than if the
pure γ-Co solid solution is probed.
The various components of the stress tensor can also be calculated using elastic constants
that take the anisotropy of the cubic system into account. For the evaluation of the elastic
constants of polycrystalline multi-phase materials several approaches have been proposed [2426]. The elastic modulus and the Poisson’s ratio of single crystal (311) γ-Co, E(Co311) and
ν(Co311), was calculated applying Hill’s approximation [26] where the experimental values of
coefficients of stiffness C11, C12 and C44 of pure Co given in [27] were used for the
calculations [9]:

Table 5.2: Stiffness coefficients of γ-Co single crystal in GPa [27].
Constant Theoretical Experimental
C11
234.2
242.0
C12
176.2
160.0
C44
111.4
128.0
5.2.2 Biaxial strain measurement setup
The (311) fcc plane reflection is chosen as a suitable reflection for the characterization of
macroscopic strains and stresses in our experiments because it corresponds to a high 2θ angle
when CuKα radiation is applied. According [28,29] its peak shift responds linearly to loading
at the start of the elastic regime.
Sin2Ψ lab x-ray experiments were carried out in reflection mode with a Phillips X’pert xray system equipped with a Cu radiation source, λCuKα= 1.5405 Å and side angle Ψ range
from -60o to 60o scanned in three different axis: φ = 0o (longitudinal), φ = 45o (diagonal) and
φ = 90o (perpendicular) to laser tracks. The coordinate systems assumed are given in Figure
5.1. The X-axis is placed longitudinally to the cladding direction on the surface plane, the Yaxis is in the transversal direction to the cladding direction and the Z-axis is taken normal to
the sample plane.
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5.2.3 Characterization of surface stresses in cobalt based clad layer
The Stellite 20 clad layer was ground 0.2 mm to eliminate surface roughness, then polished
and electro-polished to eliminate the surface deformed layer with an electrolyte based on
perchloric acid 60 vol% and ethanol.
Two, sample related, features cause a low counting intensity, which makes this
experiment time consuming. The first is the size of the laser tracks. To avoid any contribution
of diffraction from the neighboring track the required spatial resolution was defined by the
track width, which is approximately 2 mm. The analyses are performed at the center of the
surface of the clad in a squared irradiated grid of 2 mm2 for Ψ = 0. Further, the microstructure
is coarse grained and texture was detected through the fluctuation of the peaks intensity for
different Ψ angles.
The plane stress tensors are defined by the Sin2Ψ method as the slopes of the graphs and
the elastic constants of the material [17]. Figure 5.8 presents the change of measured (311)
spacings as a function of Sin2Ψ in the longitudinal direction, along the diagonal, and
transversal to the laser cladding direction. When the residual strains are measured in a
coordinate system that does not coincide with the system of the principal stresses, the terms
ε13 and ε23 in equation (2) are non-zero and the d-spacings measured at corresponding positive
and negative Ψs will be different causing the Ψ-splitting observed.

Figure 5.8: Plots of dφΨ Vs. Sin2Ψ characteriz residual strains along three different
directions. The measurements carried out on positive (•) and negative (▲) Ψ’s reveal the Ψsplitting. The linear behavior is obtained by averaging.
The do used for strain tensor calculation using equation 5.11 was 0.10800 nm measured from
the Stellite 20 powder. The stresses were calculated assuming the elastic constants: ECo(311)
and νCo(311) calculated in Hill’s approximation. The stress tensor, σ xy , components lie on the
XYZ coordinate system and the principal stresses in the rotated coordinate system, σx’y’, is
calculated with linear algebra (in MPa):
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⎛ 161 116 ⎞

⎛ 266

⎟⎟ and σ x ' y ' = ⎜⎜
σ xy = ⎜⎜
116
137
⎝
⎠
⎝ 0

0⎞
⎟
33 ⎟⎠ Rotation angle: 40o.

The surface of the Stellite 20 coating is found under a tensile stress state where the major
principal stress is tilted approximately 40o from the cladding direction, Figure 5.9.

Figure 5.9: A) Principal components of stress tensor at the place of the measurement
represented by arrows on the surface in the centre of Stellite 20 cladding on flat substrate.
Chemically etched surface reveals microstructure and consequently bands created during
solidification are visualized. B) Cracking formed after the laser cladding of Eutroloy 16012
coating on round steel substrate. Crack initiation site is indicated by arrow.
One may expect a relation between the orientation of principal stresses and the direction
of propagation of solidification front. When a single track is deposited a solidification front on
the surface moves with the laser scan direction [30] and the major stress axis is expected to lie
along the cladding direction. An overlap of single tracks changes the direction of the
solidification front due to modification of the heat transfer boundaries and remelts usually 2030 % of the previous track. Optical microscopy analysis of the etched cladding layer revealed
that on the surface the solidification bands are inclined to the cladding direction, Figure 5.9.A.
From this observation it is concluded that the major principal stress axis tends to lie
perpendicular to the solidification front. Cracking could be observed after cladding
experiments when the clad layer reached a height above 1.7 mm. At the location where the
laser stops a stress concentration is formed and a crack usually initiates at this location. From
thereon, it propagates through the whole coating along a direction perpendicular to the
principal stress direction. Figure 5.9.B shows such crack crated in Eutroloy 16012 coating
formed on C45 round substrate. In this case the size of two principal stress components must
be close to each other because the crack propagates at a direction, which corresponds to the
minor principal stress direction. It should be mentioned that probably the size of a tilt angle
between the cladding direction and one principal stress direction will depend on amount of
overlapping, height of the coating and also on the scanning speed. One reference in literature
was found, which mentions a rotation of principal stress axes towards cladding direction.
Grum and Žnidaršič [31] studied the internal stress profiles of clad layers on low carbon steel
by the so-called hole drilling method. The two principal residual stress components made a
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non-specified angle with a reference to the cladding direction. These had a slightly
compressive character only at the surface and they changed to tensile ones and increased with
depth. Independently of the clad material, the ratio between these components was always
close to 2:1. The maximum principal stress component for Stellite 6 clad was found about 450
MPa. The solution we found to avoid the formation of a critical stress concentration point as
showed in Figure 5.9.B is by making a track without a well-defined end point by displacing
the cladding head continuously to a groove (or outside of the sample surface) so that the no
critical stress point is formed.

5.2.4 Characterization of surface stresses in tool steel clad layer
The clad layer sample as described on section 4.3.2 was ground to eliminate the macro
roughness and electrochemically treated as described for the Stellite 20 sample. The
Sin2Ψ technique is applied and the stress free d0 used is 1.08949 Å from the (311) peak of the
tool steel alloy powder, Figure 5.10.

Figure 5.10: Sin2Ψ plots along (Φ=0o), diagonal (Φ=45o) and perpendicular (Φ=90o) to the
cladding direction. The measurements carried out on positive (•) and negative (▲) Ψ’s
The negative slopes of the plots of d(311)Vs.Sin2Ψ reveals compressive strains. The biaxial
stress tensor is calculated and reveals that the largest principal stress is disposed along the
laser cladding track. The stress tensors matrix is given in MPa:
0 ⎞
⎛ − 1163
⎜⎜
⎟
− 661⎟⎠
⎝ 0
These results differ from previous residual stress analysis in Co-based cladding layers
where the stresses showed tensile character and the largest principal stress was placed along
the cladding direction. Most importantly, the residual stresses have compressive character.
The explanation for this behavior lies in the microstructure of the clad layer described on
Chapter 4, Figure 4.24. It was observed that the amount of martensite covers about 60% of the
microstructure. When the martensite is formed expansion of the crystal lattice take place. If
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this expansion due to phase transformations overcomes the contraction of the melt pool during
solidification, the residual stresses created in the clad layer become compressive and the
material is crack resistant.

5.3 Determination of macrostress profiles in cobalt based clad
layers
5.3.1 Synchrotron strain measurement setup
High photon flux and a small beam divergence make synchrotron radiation a relevant
technique to measure residual strains non-destructively in depth. These experiments are
executed on the powder diffraction Beamline ID-31 of the ESRF-France. The selected energy
by Si monochromators is 60 keV, providing a wavelength of 0.206762 Å. For the preparation
of the experiment it is important to know the attenuation depth of the radiation into the
material, the path length and to describe the gauge volume from where information is
acquired.
The samples were single, double and 9-tracks of Eutroloy 16012 clad layers on a flat
substrate and a 9-tracks cladding layer deposited on a 60 mm Ø round bar. Two scanning
modes were applied: reflection, where intact samples were used, and transmission through 1
mm thick perpendicular cross-sections prepared by spark erosion. The attenuation depth of
66% radiation absorption [16] for a homogeneous finite film is calculated by:

I z = I 0 ⋅ e ( − µ / ρ )⋅ ρz and

5.18

n

( µ / ρ )t = ∑ wi ⋅ ( µ / ρ )i ,

5.19

i =1

where Iz is transmitted beam intensity, Io is the initial intensity of the beam, z is the film
thickness, µ is a proportionality constant and ρ is the density of absorber. (µ/ρ) is the mass
absorption coefficient of an element and is tabulated in literature.
Assuming the chemical composition of Eutroloy 16012 cladding, see Table 4.1, the
calculated attenuation length lµ is 0.875 mm. When synchrotron diffraction experiments are
performed in reflection mode, the minimum feasible x-ray path length lpath plays an important
role in the set-up. The path length is calculated based on the required depth l and the
diffraction angle of the chosen peak, according to:

⎛ l ⎞
l path = 2 ⎜
⎟.
⎝ sin θ ⎠

5.20

In the case of γ-Co (311) peaks the lpath is approximately 18 mm to reach 1 mm depth.
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The spatial resolution along the Z-axis [32,33] is determined by the aperture of the incident
and diffracted slits, see Figure 5.11. In our experiments li and ld were fixed to 50 µm. The
gauge length, lg, is calculated from the slits dimensions and diffraction angle θ:

lg =

li
l
+ d .
2sin θ 2sin θ

5.21

The analyzed peak corresponds to the (311) planes and for λ60keV = 0.2067 Å the
diffraction angle θ is about 5.5o, therefore lg ≈ 500 µm. The width aperture in the Y-axis was
fixed by the instrument to 1.5 mm, i.e. narrower than the width of the laser track. In
conclusion, the residual strains are sampled from a lozenge shaped volume with 50 µm
height, 500 µm length and 1.5 mm width from where the beam is diffracted.
Figure 5.11: Sampling gauge volume synchrotron
transmission mode experiments, where Q is the
scattering vector, or direction of the measured
strain.

5.3.2 Influence of parameters in residual strain measurements
The diffraction peak of the (311) family of planes is observed at about 2θ = 11o when the
wavelength is 0.2067 Å, that is, in transmission mode the planes are tilted 5o from surface of
the clad. For simplification, it is assumed that in all cases the lattice spacings measured are
parallel to the specimen top surface. Further, due to the width of the synchrotron beam it is
possible to measure the averaged residual strains component inside 1.5 mm as a function of
depth. The stress free lattice spacing do, 1.07846 Å, used for εz calculation was measured from
a single-track cladding that was sectioned using spark erosion cutting of the substrate in order
to release the macro-stresses.
When intact samples were scanned in reflection mode the textured microstructure did not
allow assessing the residual strain in depths above 0.5 mm and the diffracted beam intensity
was very low due to the radiation attenuation over the path length, Figure 5.12.A. This was
observed during alignment experiments when the detector was fixed at the (311) peak
position, i.e. 2θ = 11o and the gauge volume was scanned over depth and width.
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Figure 5.12: A) γ-Co (311) diffraction peaks acquired in depth. The zero depth corresponds to
the top of the coating: A) Intact sample peaks measured in reflection mode. B) Crosssectioned sample acquired in transmission mode. Double peaks (at 10.95 and 11.05o) are
detected close to the interface between cladding and substrate.
The horizontal scan of gauge volume through the width of the clad, Figure 5.13, revealed
(311) reflections on the sides of clad track, but due to texture no diffraction took place in its
center. The region that generates diffraction peaks is about from 0.2-0.3 mm thick and the size
of the peaks increases gradually as the gauge volume enters this area. The differences in peak
intensities are caused by the attenuation of the incident beam in the material. The lower peaks
are therefore observed on the farther side of laser track looking from a position of incoming
beam. From the known length of the gauge volume (500 µm) and widths of the peaks on the
right side in Figure 5.13 it is possible to estimate the thickness of a near surface clad area,
which contributes to the diffraction.

Figure 5.13: The (311) peak intensity through the width of single clad track scanned by
synchrotron gauge volume. Lines 1, 2 and 3 represent the scans performed at three different
heights. In the insert it is demonstrated schematic position of scans. The difference in peak
heights is caused by the radiation absorption through the cladding.
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In transmission mode, however, it was possible to make a profile of the residual strains
through the entire depth of the coatings when the incidence angle was changed, Figure 5.12.B.
Further, the intensity of the diffracted beam was much higher than in reflection mode. The
peak positions were defined by Gaussian and Lorenzian fitting with a negligible difference in
the fitted values. Close to the interface with the substrate double peaks were detected.
Chemical analyses performed by EDS showed an increase in the Fe content at the interface,
which may lead to a change of the lattice spacing. Probably the gauge volume irradiates the
regions with different Fe content that cause these double peaks. These peaks were not used for
calculation of the residual strain due to lack of specific do data.
5.3.3 Influence of laser cladding parameters on residual macrostress profiles
It is assumed that the residual strain εz, is due to the Poisson’s contraction caused by the
stresses in XY plane, characterized by the first stress invariant σ R = σ x + σ y and it is possible
to estimate the nature of the stresses, whenever tensile or compressive. The first stress
invariant on the XY plane is then calculated by Hooke’s law:

σR = −

E

ν

εz .

5.22

The experimental errors arise from the errors of measured values of the lattice spacing d, d0
and the experimental Emeas, Table 5.1. A relative experimental error of the order of 10-5 is
typical estimate of synchrotron diffraction peak position. During our experiment the quality of
the peaks used for the determination of the (311) lattice spacing varies depending on the local
texture. This is the main source of the error fluctuation in the plots of strain and stress that are
presented. For the residual strains a typical relative error, which covers 95% confidence
interval, is about 15%. The error in the stress values increases to 18% when Emeas is used
obtained from the nanoindentation. When the stresses are calculated from the theoretical
E(Co311) the accumulated error is analogous to the residual strain error. Confidence interval of
95% was used in the plots.
The residual strains were measured in reflection mode on the central tracks of Eutroloy
16012 claddings deposited at 300 and 360 mm/min scanning speeds, see Figure 5.14. The
diffraction phenomena took place at the same depths in two different samples, which indicate
reproducibility of the grain structure in the clad. In both samples the residual stresses were
almost zero at the surface and increased rapidly as a function of depth. The highest values are
found in the sample deposited at higher scanning speed that generated higher cooling rate.
This result is in qualitative agreement with results of Zhou and De Hosson [34], showing with
the Sin2Ψ method that after laser surface remelting of stainless steel substrate both near
surface stress components (longitudinal and transversal) are tensile and that their magnitude
increases with scanning speed of laser beam. Kadolkar et al. [35] reported a similar behavior.
They used the Sin2Ψ method to measure surface strain on TiC/Al coating on aluminum
substrate. Although they did not assume any rotation of principal stress components towards
the laser beam scanning direction, they detected both principal stress components being
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compressive near the surface, but for higher cooling rates these stresses become less
compressive.

Figure 5.14: A) Residual strains along the vertical axis Z measured on samples deposited at
300 and 360 mm/min. B) The residual stresses σR calculated with the empirical Emeas and
theoretical ECo311 elastic moduli.

The residual stresses were evaluated between the center of the 5th and overlap with the 6th
track. These measurements partly overlap each other because the width of the gauge length
was fixed to 1.5 mm and the lateral displacement was 1.0 mm. The effect of the overlap is
shown in Figure 5.15. A tendency is observed for highest residual strains developed at the
overlap region and, consequently this region experiences a higher tension.

Figure 5.15: The residual stresses σR calculated with ECo311 at the centre of the 5th track and
its neighboring overlap.

Effects of the shape of the clad on the residual stresses was estimated by making a
comparison of the profiles in the intact flat and round substrates deposited with identical
processing parameters, see Figure 5.16. Since diffraction phenomena took place at different
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depths it is not possible to compare directly the values of local strains. For that, one may
extrapolate the values obtained indicating that the residual stresses attained in the round
sample are shifted to higher levels.

Figure 5.16: Residual stresses on: 5th track of the flat cladding; 5th track and 2nd tracks of the
round cladding. σR’s were calculated with ECo(311) and νCo(311).

It is possible to estimate the strain or stress release by considering the analysis of an intact
sample, where σR = σx + σy holds. It is assumed that in a cross-section section sample σx is
released and only σy remains. As the value of εz correspond to the local stress state, it is
possible to describe the stress tensor when one knows the values of σR and σy. The analysis of
stress plots in an intact and a cross-sectioned cladding is used as illustration, see Figure 5.17.
The samples were deposited under the same processing conditions and a similar grain
distribution is expected. This aspect is reflected in the similarity of the curves profiles
measured in reflection and transmission modes indicating that x-ray diffraction took place at
equivalent depths on the samples. The values of stress should be compared at similar positions
in order to take in consideration possible effects of the depth. However, as aforementioned
preferential texture did not allow for diffraction to take place through the whole depth of the
clad scanned in reflection mode. The plateau region of the stress curves was chosen for
analysis, indicated by the dashed line in Figure 5.17. The shift of the curve from tensile to
compressive is clear when the cladding is sectioned, indicating the release of positive stresses.
The averaged residual stress values in these regions are σR = 500 MPa and σy = -100 MPa,
from which we conclude that σx = 600 MPa at that specific depth.
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Figure 5.17: Residual stresses profile: on intact cladding assuming εz function of σR. On the
cross-section, it is assumed a release of σx and εz is only function of σy. σ is calculated with
ECo(311) and νCo(311).

The residual stresses as a function of depth, Figure 5.18, and horizontal position, Figure
5.19, were measured in transmission mode. The depth profiles were taken from the central,
5th, and 8th, i.e. last- but -one track. The central track is found in pure tensile stress state until
0.8 mm depth, it was not possible to analyze the remaining depth due to lack of diffraction.
The last-but-one track is under tensile stress until 0.8 mm changing towards the substrate into
compression. The horizontal analyses (along the Y-axis on Figure 5.6) carried out at depths of
0.3 and 0.8 mm complement the observations from the depth profiles of the 5th and 8th tracks.
The width scanning experiment was conducted under lower counting time than the depth
profiles and as a consequence the error bars increase. At 0.3 mm depth a tensile stress state is
found mainly in the central region of the cladding layer, around the 5th track, whereas at the
extremities at this depth the compression state dominates. At 0.8 mm on the far end of the clad
layer is in a tensile state, whereas the center and the other far end of the clad are in
compression. From 0.3 to 0.8 mm depth the far ends of the curves are shifted towards positive
values. Gripenberg at al. [36] used three different methods to study the residual stress profile
in very thick (10 mm) austenitic steel welding clad on a ferritic steel substrate. They detected
a clear change from tensile to compressive residual stresses when proceeding from the clad to
the base material. Neutron diffraction technique was able to detect significant local
fluctuations in residual stresses in the clad material, similar as in our case. Also in [37] it is
observed by Sin2Ψ method that the surface stress distribution after remelting of plain carbon
steel is rapidly varying and one should be careful by measuring only average stresses on laser
treated surfaces. A longitudinal principal stress component was measured in this experiment
50 % larger than transversal one. Pilloz et al. [3] presented a simple phenomenological model
for residual stresses induced by laser cladding. They assume that longitudinal and transversal
stress components are nearly equal and their variations are small inside the coating but sharp
on interfaces between three different zones: coating/heat-affected zone/substrate. Thermal
contraction effects in these individual zones during the cooling process determine the sign of
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residual stresses inside them. The magnitude of the creep inside heat-affected zone also
influences the sign and level of residual stresses. Results of our measurements show that both
assumptions from this model are far from reality and residual stress fields formed inside laser
clad and its surrounding are far more complicated.

Figure 5.18: Profile of residual stress σy on cross-sections of 5th and 8th tracks. σy is
calculated using ECo(311) and νCo(311).

Figure 5.19: Horizontal profile of residual stresses σy on cross-section, measured at 0.3 and
0.8 mm depths. σy’s is calculated with ECo(311) and νCo(311). The first and last tracks of the clad
by order of deposition are approximately located at 0 and and 24 mm, respectively.

5.4 Microstress depth profile of individual grains determined by
3DXRD microscopy
The cladding sample for residual strain analysis is formed by two overlapped laser tracks and
it is described in section 4.2.4. The first deposited track was diluted with iron from the
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substrate, while in the second track the degree of dilution was enough for metallurgical
bonding, around 3-5%. It conserved the properties of the original hard facing alloy powder.
For this reason, this track was used for the analysis of the residual stresses. The sample was
prepared by spark-cutting erosion of one millimeter thick slice perpendicular to the cladding
direction that was gently polished and cleaned in an ultrasonic bath to remove oxides created
during the cutting process.
5.4.1 Residual microstrain measurement by 3DXRD microscopy

The microscope in the beam line ID-11 at the ESRF is used in this experiment. A
monochromatic beam of 80.4 kV, λ= 0.15422 Å, is applied with a focus area of 30 x 20 µm.
The sample is analyzed in steps of ∆ω = 1o between -30 to 30o and 150 to 210o. The
diffraction patterns from the coating were registered during 3 seconds in each rotation step.
Figure 5.20 shows the patterns acquired from three near ω values. Diffraction takes place
when the Bragg law is fulfilled, i.e. the reciprocal lattice points lay on the Ewald sphere [38].
The continuous intersection of the scattered vectors with the Ewald sphere during the
controlled rotation of the sample is observed in the experiment as a gradual variation of spots
brightness as Figure 5.20 indicates.

Figure 5.20- Diffraction patterns of γ-Co based alloy clad layer registered by CCD-2D
detector during sample rotation of 1o range. The ω steps are given in the insert. The gradual
increase of spot intensity is indicated in the circled (200) spot along the sequence.

The data handling starts with a tracking and indexing algorithms [18]. First, images were
corrected for distortion, illumination and an intensity threshold was defined. The tracking
algorithm identified the diffraction spots on the images when their intensity was above the
predefined threshold. The centers of gravity of these spots were defined as their positions in
the laboratoryl system. Only those points that match crystallographic reference data are
considered for further analysis. Spots collected at different ω’s that superpose each other are
considered to originate from the same grain. Their centers of mass in laboratory coordinates
are assigned from the strongest spot and the corresponding ω was recorded. The scattered
vectors in lab coordinates, Gjl, can then be calculated from the coordinates of these spots and
the values of θ and η are inferred.
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The indexing algorithm [19] is able to find grains, which fulfill the diffraction conditions by
scanning through all possible rotations of single grain and their match with observed
cumulative diffraction pattern represented by Eq. 5.12. When calculated and observed
diffraction spots match inside the predefined criteria the grain j is identified and associated
with its orientation matrix U j . The stress-free lattice parameter 3.58122 Å of the γ-Co based
alloy powder was used as input for indexing and posterior residual strains calculations. The
minimum number of reflections for the identification of one grain was defined as 10. Figure
5.21 is an example of the grains indexed with the data collected in one rotation routine. All
positions of the identified diffraction peaks are plotted, but only those grains that scored 10
spots or more are indexed with an orientation matrix U j .

Figure 5.21: Cumulative diffraction pattern from Co-based laser clad coating and the
correspondent indexed γ-Co grains.
5.4.2 Residual stress results from 3DXRD microscopy measurement

3DXRD measurements were performed on a double track cross-section starting from the top
of the second laser track and gradually approaching the substrate in a direction perpendicular
to the cladding direction (vertical direction on Figure 4.19). Figure 5.22 shows the attenuation
profile of the transmitted synchrotron beam during movement along the Z-axis of the sample,
being Z=0 on the top of the second laser track. A significant decrease of the attenuation is
registered above 1 mm depth caused by dilution with Fe from the substrate.
The microstrain tensors and relative positions of the grain centers were calculated for all
indexed grains solving the set of Eq. 5.15. Above 1.0 mm no grains could be indexed inside
the tolerances given a priori to the algorithm routine. The orientations and relative positions
of the center of all successfully indexed grains are plotted for three different depths, Figure
5.23. The values ∆X , ∆Y for relative position of centers of diffracted grains reflect the
horizontal size of diffracted volume given by the width of focused beam of approximately 30
µm.
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Figure 5.22- Beam attenuation depth profile of the 2nd track of cladding sample. The arrows
point to the exact location where 3DXRD microscopy measurements were performed and a
number of successfully indexed grains is given at corresponding depth.

Figure 5.23: Relative positions and orientations of the indexed grains at 0.2, 0.6 and 0.95 mm
depth.

It is clear from Figures 5.22 and 5.23 that the number of indexed grains increases with the
depth. This is in agreement with OIM observations shown in Figure 4.19, where the grain size
decreases with depth of the laser clad. Therefore the number of grains, which stay inside a
diffracted volume during a ω−rotation increases. In addition, the grain orientations were
randomized and no clear texture was found. The facts that the calculated positions of all the
indexed grains are found inside the illuminated area (free parameters ∆X and ∆Y from Eq.
5.15 given by the irradiated area of the experiment) plus the observation of the microstructure
refinement through the depth are direct indications that the parameters in indexing procedure
were chosen properly and the indexing procedure was successful.
Typical microstrain and its corresponding microstress tensor calculated in the grain
orientation system with the experimental elastic constants from Table 5.1 for a grain j found at
0.2 mm depth are:
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ε ( j)

5.10 ⎞
56 ⎞
⎛ 32.51 0.78
⎛ 505 8.5
⎜
⎟
⎜
⎟
= ⎜ 0.78 −10.32 −16.37 ⎟ *10−4 and σ ( j ) = ⎜ 8.5 255 −178 ⎟ (MPa).
⎜ 5.10 −16.37 −4.25 ⎟
⎜ 56 −178 290 ⎟
⎝
⎠
⎝
⎠

The space resolution is defined by the irradiated area of the material, which is directly
related with the beam cross sectional area. A disadvantage when one chooses to use high
space resolution is that fewer grains are irradiated than if low space resolution is used.
Therefore, in this experiment the number of indexed grains was not sufficient to correlate the
microstresses among each other. In order to describe the microstress distribution along the
depth two rotational invariants are applied: hydrostatic stress (p) and von Mises stress (τ) [39].

1
p = (σ 1 + σ 2 + σ 3 )
3
⎡ 1 ⎧ (σ 1 − σ 2 ) 2 (σ 1 − σ 3 ) 2 (σ 2 − σ 3 ) 2 ⎫⎤
τ =⎢ ⎨
+
+
⎬⎥
2
2
2
⎢⎣ 3 ⎩
⎭⎥⎦

5.23
12

5.24

Figure 5.24 shows plots of the hydrostatic stress p and von Mises stress τ for all indexed
grains (open symbols) as a function of depth.

Figure 5.24: A) Hydrostatic and B) Von Mises intergranular microstresses of indexed γ-Co
based grains in function of laser coating depth. Close symbols (•) refer to the mean value of
the invariants at respective depths.
It is clear that stress in some grains attains values that exceed the macro yield stress of this
alloy especially in elongated grains closer to the tracks overlapping area or interface with the
substrate. The hydrostatic microstresses are spread among the neighboring grains in an almost
symmetrical distribution of positive and negative values. The spread of this distribution is
gradually increasing with depth when elongated grains appear in the microstructure. The mean
value (close symbols) of hydrostatic stress among vicinity grains gradually decreases from
tension near the top of the coating to compression at the bottom. A quite irregular picture for
shear stress component is visible on Figure 5.24.B and it seems that overall average von Mises
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component does not change significantly with depth. The clad layer can be divided in two
regions. From the top until 0.6 mm, the hydrostatic stress levels spread in a constant range of
about +500 to –500 MPa. From depth of 0.6 mm and further this microstress spread increases
almost linearly as a function of depth.
5.4.3 Discussions and interpretation of residual microstress distribution
It is important to keep in mind that the characterization of macro and micro residual stress
analysis by diffraction techniques bear certain limitations. When the macrostrains are
determined by diffraction using a constant wavelength radiation registered by a line detector,
the peak shifts correspond to lattice strains of only grains with specific orientations, which
doesn’t necessarily correspond to the general stress state of the body. When 3DXRD
microscopy is applied, all orientations are used for the strain/stress calculations but not
necessarily all grains are detected via the indexing procedure. This may be the case of heavily
deformed grains or grains with altered composition discussed below.
When three-dimensional residual stresses are evaluated by x-ray diffraction techniques the
reference parameter for strain calculations should be used with caution. For such experiments,
an accurate value of stress-free lattice spacing is required that is usually found in fine
powdered materials. In the case of metals and alloys, powder samples with the same
properties as the irradiated volume are not always available. In this investigation the cladding
alloy powder was used as reference. Since the second laser track was low in dilution, it is
reasonable to assume that the overall composition of the original alloy is conserved. Local
softening is registered on the overlap area by microhardness and scratch tests described in
[42]. The tests indicate local variation of microstructure and composition caused by the nonhomogeneous mixing of molten material which resulted in Fe rich bands inside the laser
tracks overlap area. As the stress-free lattice Co-based alloy powder was used as reference,
incorrect residual strains may be measured when iron rich grains are irradiated and were
indexed. A rough estimation of the dilution influence is based on a simple comparison of
lattice parameters of γ-Co and γ-Fe. Lattice parameter of γ-Fe is about 1.6% larger than lattice
parameter of γ-Co. If one assume I: 25% dilution of Fe in γ-Co inside these dilution bands and
II: a linear change of the lattice parameter with an amount of diluted iron, than one may
expect that the lattice strain due to dilution will be on the level of 40.10-4. This is a relatively
high value in comparison with calculated microstrains presented in section 5.4.2. However, it
was shown by EDS that the overall dilution was lower than 5% and that bands with higher Fe
dilution are relatively narrow and perpendicular to the much larger γ-Co grains. Actually, only
a few grains (around 10% of the total) at larger depths than 0.6 mm showed non-realistic
strains. These grains were excluded from further analysis and are considered as highly diluted
grains located in the dilution bands mentioned above. In the rest of the grains one may expect
a small contribution of dilution to the experimental error of residual strain.
In a first approximation a similar level of experimental error may be expected in our
experiment with an amendment that some systematic errors have to be expected due to
uncertainty of behavior of do with the laser track depth. It is necessary to note that a variation
of do may originate not only from dilution of substrate Fe, but also from microstructural
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changes induced by thermal treatment inside a heat-affected zone during laser track
overlapping. Complexity of these processes together with a lack of information what is the
real local do value make the estimation of size of experimental error very difficult.
It is possible to draw some conclusions on the relation between microstresses and
microstructure formation by comparing Figure 5.24 and corresponding microstructural
characterization by OIM in Chapter 4, Figure 4.19. It is observed that the equiaxial coarser
grains localized on the upper part of the coating undergo a constant spread of stress while the
finer and columnar grains from the lower part present an increasing spread of hydrostatic
stress values as a function of depth. In a single phase, polycrystalline, material the
intergranular microstrains are caused by inhomogeneous distribution of elastic properties
localized in a stress field. As a consequence, type II microstresses may present large
variations due to anisotropy in individual grains oriented differently to the macro stress field.
For instance, in [28] the dependence of (hkl)s for f.c.c materials in uniaxial loading was
calculated and a large difference in the strain response for various cubic materials was
observed. In [40] a cold rolled steel was investigated and stress variation from tension to
compression in neighboring grains was detected, like in the figure mentioned above.
Assuming that d0 variation would take place continuously while it gets closer to the iron
rich substrate, the hydrostatic stress spread would not be changed. Instead, all the points
would be shifted monotonically according to the change in d0.
The analysis of stress distribution is complex because of the three dimensional anisotropy
of the microstructure formation. In a single clad track the preferential grain growth directions
lie normal to the solidification front towards a single point. These directions are the heat flow
directions, and the single point represents the center of the laser beam. Hence, on the
perpendicular cross-section the grains presented random orientation, Figure 5.23. Other
phenomena, such as shrinkage of the melt, phase transformations, interactions of the
neighboring grains and thermomechanical deformations, will contribute to the dynamical
scenario where intergranular residual stresses are generated. For the investigation of the grainoriented-residual-stress-dependence a statistical number of strains as a function of the grains
orientations can be accessed by immersing the whole clad sample in the radiation and
resolving the stresses in Euler space for the construction of Stress Orientation Distribution
Function, SODF [40, 41]. In our work synchrotron microbeam diffraction technique was used
and therefore spatial resolution (position, orientation and the strain state of individual grains)
is achieved.
The distribution of microstresses inside Co-based laser coating measured by 3DXRD
microscopy looks to be very dispersive, i.e. stresses change from one grain to another
considerably and the overall trend in macrostress state observed of the last deposited track
[42], Figure 5.18, seems to be preserved. The mean value of observed hydrostatic stress in
all grains at specific laser track depth is gradually changed from tensile state in the upper part
of the coating to the compressive state in its lower part close to the substrate. On the other
hand the average value of shear stress component does not show any substantial change with
depth.
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5.5 Conclusions
Tool steel clad layer.
The stress state of tool-steel clad alloy layer is compressive near the surface and the larger
principal stress lies along the cladding direction. Large amount of martensite formed is
responsible for the compressive stresses due to the expansion of the crystal lattice, and the
small grains presented in Chapter 4, contributes for breaking the stress orientation relation
with the solidification front so that the larger principal stress lies along the cladding direction
instead of tilted as it is the case of the Stellite 20.
Co-based clad layer.
Macrostresses.
The Young’s modulus calculated for (311) planes in pure γ-Co crystal is about 75 % of
the value of cobalt based alloy modulus estimated from nanohardness measurements due to
contribution of hard carbidic phase present in the eutectic interdendritic area.
The stress state of the Stellite 20 coating near the surface is biaxial tensile, when the major
component is much larger than the minor one. The major component is not parallel to the clad
direction, but is tilted from this direction about 40º. This behavior is connected with a change
of orientation of cooling front during the overlapping of laser tracks in comparison with single
laser track cladding;
In the reflection mode, the relatively large grains and strong texture formed during the Cobased laser track solidification do not allow performing macrostress analysis with synchrotron
radiation diffraction through the whole coating depth;
The residual stresses usually increases with depth and it may reach the value of yield
stress at half of the thickness of the coating. Near the coating/substrate interface the sign of
the internal stresses is changed to compression;
The variation of the stress as a function of depth is not smooth and also its behavior varies
from track to track;
The residual stress increases with scanning speed, track overlapping and change from flat
to round shape of the substrate, Figure 5.16.
Microstresses.
The microstructural and 3DXRD microscopy observations of laser deposited
Eutrolloy16012 Co-based coating leads to the following conclusions:
The residual microstrains were accessed under high spatial resolution defined by the size
of the synchrotron microbeam.
γ-Co grains were successfully identified and localized in the microstructure by 3DXRD
microscopy in agreement to the microstructural observations.
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Residual microstrains and stresses were analyzed in terms of tensor invariants, hydrostatic
and von Mises stress, along the depth of a slightly diluted clad track. The upper part of the
coating shows a constant spread of hydrostatic stresses between –500 and 500 MPa; towards
the bottom of the track the spread of these stresses increases almost linearly with depth.
Behavior of overall macrostress determined as an average of these microstresses shows an
already observed trend in macrostresses (Figure 5.18, 8th track) when tensile stresses at the top
of the coating are gradually changed to the compressive stresses near the coating/substrate
interface.
It is common that in residual strain investigations with diffraction techniques a
homogenous distribution of d0 through the material is assumed due to lack of more proper
data. In this work, this problem is detected in some Fe-richer areas closer to the substrate.
Assuming that the d0 changes while approaching the substrate, the effect on the microstresses
is that the values would be shifted monotonically, but the spread of the stresses would be
conserved.
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