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a b s t r a c t

Surface roughness of a sample has a great effect on the calculated grain size when measurements are
based on ultrasonic attenuation. Combining modified transmission and reflection coefficients at the
rough interface with a Multi-Gaussian beam model of the transducer, a comprehensive correction
scheme for the attenuation coefficient is developed. An approximate inverse model of the calculated
attenuation, based onWeaver’s diffuse scattering theory, is established to evaluate grain size in polycrys-
tals. The experimental results showed that for samples with varying surface roughness and matching
microstructures, the fluctuation of evaluated average grain size was ±1.17 lm. For polished samples with
different microstructures, the relative errors to optical microscopy were no more than ±3.61%. The pre-
sented method provides an effective nondestructive tool for evaluating the grain size in metals with
rough surfaces.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

Grain size is an important parameter for characterizing the
microstructure of metals. Grain refinement is an effective method
for improving the tensile and fatigue strength of Inconel 718 [1],
whereas grain growth can increase the creep resistance and yield
strength of Ni-Co-based alloys [2]. However, processes such as
melting, heat treatment, or machining can result in grain sizes that
deviate from the design specifications. Hence, effective nonde-
structive methods to evaluate the grain size of metals are highly
desirable.

In polycrystalline media, elastic wave scattering is directly
dependent on grain size. Various authors [3–5] have focused on
analytically establishing the correlation between scattering and
grain structure. For example, Weaver [5] presented a forward
model that relates grain size to attenuation due to scattering.
Therefore, in principle, the grain size of metals can be determined
by measuring the materials’ attenuation coefficient. However,
accurate experimental estimates of the materials’ attenuation coef-
ficient can be challenging to obtain. The rough surface of a sample
can cause diffusion of ultrasonic waves, which decreases the
amplitude of reflected echoes [6]. Furthermore, diffraction losses

occur due to beam divergence and spreading depending on the
ultrasonic setup. Therefore, it is necessary to formulate corrections
for these losses in order to correlate measured ultrasonic attenua-
tion to material microstructure accurately.

Ogilvy [7] has reviewed the literatures pertinent to wave scat-
tering from rough surfaces, including early theoretical models
and experimental investigations. The perturbation technique and
the Kirchhoff approximation models were compared in his work,
which showed the importance of Kirchhoff approximation for
rough surface scattering. Nagy and Adler [8] modified the ultra-
sonic transmission and reflection coefficients for a randomly rough
interface by using the elastic wave equation and the Kirchhoff
approximation. Reed et al. [9] formulated a correction for the
attenuation coefficient when evaluating the porosity in materials
with rough surface, but his work failed to include diffraction losses
induced by the sound field, which resulted in overestimated poros-
ity measurements.

Wydra et al. [10] and Zeng et al. [11] used the Lommel diffrac-
tion correction method when investigating the effect of grain size
on attenuation in pure niobium and copper alloys, respectively.
Their results are in good agreement with classical stochastic scat-
tering theory. However, the Lommel diffraction correction method
is only suited for planar transducers. Zhang et al. [12] proposed a
grain size ultrasonic evaluation method with diffraction correction
based on the Gaussian beam theory, which could evaluate grain
size in samples with different curvatures. However, this method

http://dx.doi.org/10.1016/j.ultras.2017.02.018
0041-624X/� 2017 Elsevier B.V. All rights reserved.

⇑ Corresponding author.
E-mail address: hhwlucky@163.com (H. Hu).

Ultrasonics 78 (2017) 23–29

Contents lists available at ScienceDirect

Ultrasonics

journal homepage: www.elsevier .com/locate /ul t ras

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultras.2017.02.018&domain=pdf
http://dx.doi.org/10.1016/j.ultras.2017.02.018
mailto:hhwlucky@163.com
http://dx.doi.org/10.1016/j.ultras.2017.02.018
http://www.sciencedirect.com/science/journal/0041624X
http://www.elsevier.com/locate/ultras


neglected the effects of surface roughness, interface reflections and
transmission coefficients, which resulted in decreased accuracy in
the grain size estimates.

According to the analysis above, a correction method for exper-
imental calculation of attenuation to account for diffraction and
interfaces losses is proposed. The diffraction loss correction is
derived based on the Multi-Gaussian beam (MGB) theory. The
interface losses induced by the rough surface are corrected using
modified transmission and reflection coefficients. Finally, the
effects of surface roughness and the water path (diffraction losses)
on calculated ultrasonic attenuation are evaluated to study their
effect on grain size estimates.

2. Theory and correction models

2.1. Attenuation model

Weaver gives a general expression for the attenuation coeffi-
cient of longitudinal wave propagation aL as [5,13,14]

aL ¼ aLL þ aLT ð1Þ
with

aLL ¼ 8p6f 40
q2c8L

Rþ1
�1

~gLLðhpsÞN1ðhpsÞdðcos hpsÞ;

aLT ¼ 8p6 f 40
q2c3

L
c5
T

Rþ1
�1

~gLTðhpsÞ½N2ðhpsÞ � N1ðhpsÞ�dðcos hpsÞ;
ð2Þ

where the subscripts LL and LT correspond with the contributions of
scattering into longitudinal and transverse waves, respectively. q is
the density of the sample, f 0 is the center frequency of the trans-
ducer, cL and cT are the longitudinal and transverse velocities,
respectively, and hps is the angle between the incident wave p̂ and
the scattered wave ŝ. The integral in Eq. (2) accounts for the energy
lost in all scattering directions [13]. ~gLLðhpsÞ and ~gLTðhpsÞ are the spa-
tial Fourier transforms of the two-point spatial correlation function
gðjr� r0jÞ ¼ expð�jr� r0j=LÞ for longitudinal and shear wave scatter-
ing, respectively. g represents the probability that two points r and
r0 lie within a given grain and L is the spatial correlation length,
which relates to the grain size [15]. For equiaxed grains, as depicted
in Fig. 1, ~gLL and ~gLT are given by [13]

~gLLðhpsÞ ¼ ~gLLðp̂kL � ŝkLÞ ¼ L3

p2 1þ2k2L L
2ð1�cos hpsÞ½ �2 ;

~gLTðhpsÞ ¼ ~gLLðp̂kL � ŝkTÞ ¼ L3

p2 1þk2L L
2þk2T L

2�2kLkT L
2 cos hps½ �2 ;

ð3Þ

where kL ¼ 2pf 0=cL, kT ¼ 2pf 0=cT are the longitudinal and trans-
verse wave numbers, respectively. It is important to note that the
grains are assumed entirely equiaxed; however, the grains in real
materials are irregular and only approximately equiaxed.

The terms N1ðhpsÞ and N2ðhpsÞ in Eq. (2) are the covariance of the
elastic moduli, which have been defined for crystallites of arbitrary
symmetries elsewhere [14]. Using Voigt averaging, these terms can
be expressed for crystallites of cubic symmetry as [13,16]

N1ðhpsÞ ¼ m2 9
525 þ 6

525 cos2 hps þ 1
525 cos4 hps

� �
;

N2ðhpsÞ ¼ m2 24
525 þ 12

525 cos2 hps
� �

:
ð4Þ

where m ¼ c11 � c12 � 2c44 is anisotropy coefficient, where c11, c12,
and c44 are the single crystal elastic constants of the material.

Substituting Eqs. (2)–(4) into Eq. (1), the longitudinal attenua-
tion coefficient for equiaxed polycrystals can be written as

aLðLÞ ¼ 8p4f 40L
3m2

525c3Lq2

Z þ1

�1

9þ 6 cos2 hps þ cos4 hps

c5L 1þ 2k2L L
2ð1� cos hpsÞ

h i2 dðcos hpsÞ
8><
>:

þ
Z þ1

�1

15þ 6 cos2 hps � cos4 hps

c5T ½1þ k2L L
2 þ k2TL

2 � 2kLkTL
2 cos hps�

2 dðcos hpsÞ
9=
;:

ð5Þ
The relationship between attenuation, grain size and frequency

in Eq. (5) can be used to evaluate the grain size from attenuation
measurements.

2.2. Experimental attenuation coefficient corrections

The accuracy of the measured attenuation coefficient plays a
key role in the evaluation of grain size. In this paper, the experi-
mentally obtained attenuation coefficient will be denoted atotal.
For computing efficiency, a temporal approach is used to calculate
attenuation, as given by

atotal ¼ 1
2H

lnðj VFW

VBW
jÞ; ð6Þ

where VFW and VBW are the peak values of the front wall (FW) and
back wall (BW) echoes, respectively, and H is the thickness of the
sample. Generally, the experimentally measured attenuation atotal

is a combination of material attenuation due to scattering and inter-
face and diffraction losses.

The authors, using a MGBmodel, presented a correction method
for diffraction losses in the attenuation coefficient [12]. The diffrac-
tion correction coefficient from FW to BW can be rewritten as

adiff ðf 0Þ ¼
1
2H

lnðj tFWðf 0Þ
tBWðf 0Þ

jÞ: ð7Þ

In Eq. (7), tFWðf 0Þ and tBWðf 0Þ are the acoustoelastic transfer
functions, i.e., the integrations of dimensionless particle vibration
velocities vFW and vBW over the surface of the transducer, given by

tFWðf 0Þ ¼ 2
S

R
S
vFW ðf 0Þ
v0ðf 0Þ exp �i kf jyj

2

2F

� �
ds;

tBWðf 0Þ ¼ 2
S

R
S
vBW ðf 0Þ
v0ðf 0Þ exp �i kf jyj

2

2F

� �
ds;

ð8Þ

where y are the spatial points of the transducer surface, S is the sur-
face area of the transducer, F is the focal length (F ¼ 1 for the unfo-
cused transducer), and v0 is the initial particle vibration velocity at
the transducer surface. The expressions in Eq. (8) have been given in

L

psθp̂

ŝ

Fig. 1. Schematic of the equiaxed crystal texture within a superalloy.
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