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Abstract: A welding procedure does introduce different material properties in terms of anisotropy and grain size
enlargement. This will cause backscattered ultrasonic grain noise superposed to the defect signal in a real inspection
situation. A simple model is introduced which consists of modeling the grains by a random distribution of elastic
spherical inclusions in a weld geometry. The radius of the inclusions are calculated from a one dimensional model
relating welding conditions and grain size in weld heat-affected zone (HAZ). The backscattered field is then
calculated as a superposition of direct scattering from each defect, no multiple scattering effects are considered in
the noise signal. The grain size varies with the distance from the fusion line. It is well known that the rate of grain
growth can be expressed by a one-dimensional equation relating the mean grain size to the temperature and the
activation energy. Together with a simple solution of the heat conduction equation for an instantaneous plane heat
source, the grain growth can be calculated over a thermal cycle. The HAZ is divided into n subparts with equal
thickness and the HAZ boundary is calculated as a function of the input electrical energy. The grain growth model
is implemented in such a way that the radius is calculated at each boundary of the subparts of the HAZ. The radius
of the inclusions inside every subpart is randomly distributed between these boundary values. The positions of the
inclusions, modeling the grains, are given by a uniform random distribution in the weld and HAZ and the number
of inclusions inside the subparts is given by the condition of constant volume fraction. Numerical simulations will
show some examples of backscattered grain noise superposed to a defect signal when a defect is placed inside the
weld.
Introduction: According to the Swedish Nuclear Power Inspectorate’s requirements, in the regulations concerning
structural components in nuclear installations, in-service inspection must be performed using inspection methods
that have been qualified. These demands on reliability of used NDE/NDT procedures and methods have stimulated
the development of simulation tools of NDT. Up to this date, only a few models has been developed that cover the
whole testing procedure, i.e. they include the modeling of transmitting and receiving probes, the scattering by
defects and the calibration. Chapman [1] employs geometrical theory of diffraction for some simple crack shapes
and Fellinger et al [2] have developed a type of finite integration technique for a two-dimensional treatment of
various types of defects. Lhémery et al [3] employs Kirchhoff’s diffraction theory that enables their model to
handle more complex geometries in 3D. In the literature, Gray et al [4] and Achenbach [5] presents overviews of
ultrasonic NDT models. The simSUNDT software, see figure 1, (a modification of the SUNDT software [6]) was
developed in order to generate synthetic data compatible with a number of off-line analysis software. In ultrasonic
non-destructive evaluation, flaw detection and characterization of small defects or inclusions with an acoustic
impedance similar to that of the host metal in which it resides are inhibited by acoustic noise due to non-flaw
related scattering of sound (e.g. grain boundary scattering). Algorithms for estimating the probability of detecting
such defects with a given inspection system require quantitative models for micro-structural noise levels. In order to
obtain realistic signals in the simSUNDT software a simple model for simulating backscattered noise from grain
boundaries is implemented. Methods for calculating the backscattering of ultrasound due to grain boundaries have
been developed during the last decade. In e.g. [7, 8] a statistically description of the microstructure is used, where
the equiaxed grains are randomly oriented and together with the Born approximation the amplitudes of the waves
scattered by each grain become statistically independent with zero mean so the material property deviations and the
scattered amplitudes are related in a linear manner. However in this paper, a different model is used which is
described in the next section.

Figure 1. The environment of the pre- and postprocessor simSUNDT.
Results: In order to simulate the backscattering noise from grain boundaries a rather simple model is introduced. It
consists of modeling grain noise by a random distribution of elastic spherical inclusions in a weld geometry where
the radius of the inclusions are calculated from a one dimensional model relating welding conditions and grain size
in weld heat-affected zone (HAZ), [9]. In figure 2 the weld geometry parameters are shown together with the HeatAffected Zone (HAZ). In order to simulate a free back surface the whole weld geometry is mirror reflected around
the x-axis (this is not shown in the figure). This will introduce some errors because the mode conversion obtained
from reflections at a free back surface is not taken into account. However this error will probably be of minor
importance due to the fact that the noise signal is a result of superposition of many defects. When the signal from a
crack (superposed to the noise signal) is calculated the influence of a real free back surface including mode
conversions is taken into account. It is also important to note that no multiple scattering effects are considered in
the noise signal but only a superposition of direct scattering from each defect.
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Figure 2. The weld geometry

y0 = t1+yscan and yscan is the defined mesh in the ydirection for a c-scan calculation.
The parameters describing the weld can be changed in order to obtain an X-, Y- or V- shaped weld. In the heataffected zone the grain size vary with the distance from the fusion line. In order to implement this in our model we
briefly describe a one-dimensional model relating welding conditions and grain size developed in [9,10,11]. It is
well known that grain growth occurs by grain boundary migration. By assuming that the surface energy of the
boundary is temperature independent, the rate of grain boundary migration after re-crystallization can be expressed
by the grain growth equation [12],
dD k ( −Q / RT )
= e
dt
D

(2)

Here D is the grain diameter, Q is the activation energy, R is the gas constant and T is the temperature. In real
materials the shape of the grains are not spherical but polyhedral and the grain size is not uniform. It has though
been confirmed [10,11,12] that eq. (3) can be used for the mean grain size growth. The equation for isothermal
grain growth can be obtained by integrating eq. (2),
D 2 − D02 = k´te ( −Q / RT )
(3)
In [15,17] estimation of grain size have been performed based on the experimentally known equation of curvature
driven grain growth given by
D a − D0a = kt
(4)
( −Q / RT )
where k = k0e
is the temperature dependent boundary mobility. Here D is the average grain size at time t
and D0 is the initial average grain size. k0 is a constant containing quantities such as the grain boundary surface
energy. The constants a, k0, and Q in equations (3) and (4) are obtained experimentally [9,12]. The value of a is
about 2 for materials of high purity and larger than 2 for conventional materials. If a is equal to 2, the measured
values for Q and k0 has physical meaning as indicated above. But if the constant a differs from 2 the values of Q
and k0 has no physical meaning. It should be noted that when using equations (3) and (4) for calculating the grain
size in the HAZ, phenomena such as “thermal pinning” is excluded [15,16]. This is due to the assumption that k
does not vary across a grain, which is not strictly correct close to the fusion line where the grains are coarsest and
the temperature gradient is steepest. Non-isothermal grain growth can be modeled by using a differential form of
equation (4) and integrate it over the thermal cycle. By dividing the heating cycle into small time steps ∆t , with the
assumption of linear temperature dependence in each step, the grain size at any temperature during the thermal
cycle can be obtained by [10]
(5)
D a − D0a = k 0 ∑ ∆tl e ( −Q / RTl )
l

(the summation is over the number of steps in the cycle). ∆tl and Tl are the time step and temperature at the step l.
Here both the heating cycle and the cooling cycle should be taken into account. When the thermal cycle is varied,
the value of the thermal cycle term ∑ ∆tl exp(Q / RTl ) also is varied. In order to calculate this term we need to solve
l neglect size and shape of heat source, temperature dependence of heat
the heat conduction equation. If we
conductivity and specific heat, thermal loss from material surface and latent heat of fusion, the heat source can be
modeled as a moving line heat source, which can be simplified further to an instantaneous plane heat source [10].
The solution to the heat conduction equation with an instantaneous plane heat source is given by
 x2 
−


 4 kt 
η' q

θ = f ( x, t ) = θ 0 +
⋅ e
(6)
2 πkt ⋅ cρ
Where θ is the temperature at time t and θ 0 is the initial temperature (oC). c is the specific heat [JoC/kg], ρ is the
density [kg/m3], q is the input electrical energy per unit area [J/m2], k is the temperature diffusivity [m2/s], η ’ is the
heat efficiency, i.e. the ratio of energy lost by heat conduction from molten pool and electrical energy, x is the
distance from heat source in the direction perpendicular to the welding direction [m] and finally t is the time [s].

When the thermal cycle is given in the form θ = f ( x, t ) , grain size can be calculated by applying equation (5), (see
reference [11] for further details)
D a − D0a = k 0 ∆t

 Q

l



1


(7)
∑ exp − ⋅
n =0
 R f ( x, t0 + n∆t ) + 273 
Here time is divided into n constant time steps ∆t . The numerical calculation of (7) is straightforward and the

function f(x,t) can easily be changed to e.g. the corresponding function for a moving line heat source.
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Figure 3. Relation between heat input and grain size in
HAZ for steel HT 80.

In figure 3 relations between the heat input and the
distribution of grain size calculated from equation (7)
with an instantaneous plane heat source is shown for a
steel HT 80 as a function of the distance from the
fusion line. When calculating the grain size, the HAZ
is divided into n parts with thickness bn as in figure 2.
The fusion line is approximated by the boundary of the
weld. By using equation (7), the grain size is
calculated at each boundary of each subpart of HAZ.
For each defect position in interval i the grain diameter
is then calculated by a random distribution as
d k = d (i ) + (d (i + 1) − d (i ) )σ 4
(8)
where σ 4 ∈ [0,1] is a random number, d(i) and d(i+1)
are the diameters calculated at each boundary of
interval i.

The number of defects used should ensure that the central limit theorem is satisfied. To validate this, a control
volume was investigated in order to evaluate a sufficient (volume fraction) number of defects, called the level of
saturation dispersion. The inclusions (diameter 0.05µm ) have the same density as the surrounding material but were
provided with slightly deviating wave speeds ( ciI = 1.2ci , corresponding to 20% increase in stiffness). The cubic
volume (20mm) was centered 20mm below the scanning surface and a 0° (1MHz, 100% bandwidth and 10mm in
diameter) longitudinal probe was used. In order to reduce computational time it is necessary to limit the extension
of the grain noise model. Grains outside the heat effect zone are thus not included.

Figure 4. A cubic volume (20mm) centred 20mm below the scanning surface was used to identify necessary number
of defects to gain right level of saturation. 4000 inclusions were used in the left figure while 20000 inclusions were
randomly distributed within the right one.
The number of inclusions must therefore be limited to

avoid a non-physical discontinuity in the object
(grains/no grains). This phenomenon becomes
obvious when the number of inclusions in the cubic
0.02
volume specified above exceed about 10 to 20
0.015
thousand. In the right picture in figure 4 this is
identified as a strong amplitude contribution both
0.01
from the upper surface and the bottom surface of the
0.005
control volume. In the left picture this effect is not at
0
al present. The most likely explanation to the
phenomenon is that within the volume some kind of
interference between the inclusions appears. This
Number of inclusions
effect can be deduced from the results in figure 5
where the increase in signal response from the whole
Figure 5. Grain noise amplitude as function of number volume becomes almost linear with the number of
of inclusions (the ▲ marked values are rms-values
defects. The tendency for the increase in signal
based on signals from the whole volume while ♦ marked response from within the volume instead develops into
values are from within the volume).
a logarithmic one.
If ρ is the level of saturation dispersion, the number of defects in the weld becomes,
n weld = INT (ρ Vw (t1 , t2 , b1 , b2 , b3 , x haz ) )
(9)
where Vw is the volume of the weld. The volume fraction of the defects in the weld is given by,
φw =
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where Vdw = πd 3fusion / 6 approximately is the volume of one defect in the weld domain. Under the assumption of
constant volume fraction in the HAZ domain, i.e
φi = φ w
for each interval i, the number of defects in interval i is then given by

(11)
(12)
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Figure 6. An example of a distribution of grain size in
the weld and HAZ as a function of the x-coordinate
without the condition of constant volume fraction.
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Figure 7. An example of a distribution of grain size in
the weld and HAZ as a function of the x-coordinate
with the condition of constant volume fraction.
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Figure 8. Grain positions in the (x,z)-plane without
Figure 9. Grain positions in the (x,z)-plane with
constant volume fraction.
constant volume fraction.
3
Here Vdi = πd i / 6 is the average volume of one defect in interval i, the average grain diameter is d i = (d i +1 + d i ) / 2 ,
and Vi is the volume of interval i. In figure 6 an example of a random distribution of grain size as a function of the
x-coordinate is shown without the condition of constant volume fraction i.e. by not implement equation (11) and the
same in figure 7 but in this case by using equation (11). In figures 8 and 9 the same random distribution of grain
positions are shown in the (x,z)-plane, without using constant volume fraction (figure 8) and with constant volume
fraction implemented (figure 9). Since the grain size is decreasing with the x-coordinate the numbers of grains
needed to fulfill the condition of constant volume fraction are increased with the x-coordinate.
A numerical example: In order to illustrate the effect of the grain noise model two numerical simulations of
realistic NDT situations are included. In both simulations the defect is a spherical cavity with a diameter of 2mm
and situated 10mm below the scanning surface (x = 5mm and y = -5mm in figure 2). This choice of defect makes
the interpretation of the received signal easier since it doesn’t include any diffracted contributions. The unfocused
(45o) transversal probe is acting in pulse-echo mode collecting signals within a rectangular mesh. The weld is Xshaped with the dimensions b1=20 mm, b2= 10 mm, b3=15 mm, t1=30 mm and t2=10 mm. The same material
properties (CL = 5900 and CT = 3230m/s, a conventional steel material) and welding specifications are used in both
calculations. The results are visualized as C-scans in figure 10 and 11.

Figure 10. C-scan with 1MHz probe.

Figure 11. C-scan with 2 MHz probe.
The axes in the C-scan are predefined by the mesh in the preprocessor (the x- and y-axis are indicated with lines)
and the amplitude range from 0dB down to -40dB. In all simulations a side-drilled hole was used as a reference
(diameter = 2.4mm and depth = 30mm). In figure 10 a 1MHz probe was used and in figure 11 the frequency was
increased to 2 MHz, (the bandwidth of the probes is prescribed to 50%). The maximum amplitude (0dB) in figure
10 was 2.3dB above reference level while it in figure 11 correspondently was 3.9dB above reference level. As can
be seen from figures 10 and 11, an increase of frequency also gives an increase of the grain noise. This effect is
expected since the wavelength is reduced. The defect is also more detectable in the C-scan found in figure 10 than
the corresponding one in figure 11. The maximum signal response from the defect is reduced from 2.3dB (above
reference level in figure 9) down to about 60% of the maximum value in the C-scan in figure 11. This corresponds
to about 0.5dB (i.e. δ = δ cal + δ graph ) below the reference level.
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