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Experimental and numerical studies of nonlinear ultrasonic
responses on plastic deformation in weld joints™

Yan-Xun Xiang(FZEYI)!, Wu-Jun Zhu(RiIRZ)!, Ming-Xi Deng(XSHHHT)?, and Fu-Zhen Xuan(14& vi)!*

1 Key Laboratory of Pressure Systems and Safety of Ministry of Education, School of Mechanical and Power Engineering,
East China University of Science and Technology, Shanghai 200237, China

2Department of Physics, Logistics Engineering University, Chongqing 400016, China

(Received 31 July 2015; revised manuscript received 7 September 2015; published online 20 December 2015)

The experimental measurements and numerical simulations are performed to study ultrasonic nonlinear responses

from the plastic deformation in weld joints.

The ultrasonic nonlinear signals are measured in the plastic deformed

30Cr2Ni4MoV specimens, and the results show that the nonlinear parameter monotonically increases with the plastic
strain, and that the variation of nonlinear parameter in the weld region is maximal compared with those in the heat-affected
zone and base regions. Microscopic images relating to the microstructure evolution of the weld region are studied to reveal
that the change of nonlinear parameter is mainly attributed to dislocation evolutions in the process of plastic deformation
loading. Meanwhile, the finite element model is developed to investigate nonlinear behaviors of ultrasonic waves propagat-
ing in a plastic deformed material based on the nonlinear stress—strain constitutive relationship in a medium. Moreover, a
pinned string model is adopted to simulate dislocation evolution during plastic damages. The simulation and experimental
results show that they are in good consistency with each other, and reveal a rising acoustic nonlinearity due to the variations
of dislocation length and density and the resulting stress concentration.
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1. Introduction

Weld joints have been widely applied in pressure ves-
sels, power plants, petrochemical industry, etc., which usually
experience plastic damage, micro-crack initiation and growth
due to the harsh service conditions in practice. Premature fail-
ures at weld joints have recently become a worldwide issue in
engineering steels.!!! This failure occurs with the accumula-
tion of cyclic plastic deformation which is generally accompa-
nied with microstructure evolution in a material, such as dis-
location multiplication, annihilation and sub-grain initiation.
In order to identify the plastic damage and then evaluate the
structural health, it is of increasing importance to track the mi-
crostructural evolution and then to evaluate the plastic damage
of weld joints at an earlier stage. Nondestructive testing and
evaluation (NDT & E) techniques such as ultrasonics, eddy-
current, thermography, etc. are usually used for the quality
assessment of the weld joints.!”) Recently, a nonlinear ultra-
sonic technique has emerged as a promising tool for NDT &
E of the material property degradation,3-2!! such as fatigue,
plastic damage, creep, and thermal damage. These references
show that the response in harmonics generation can be related
to the microstructural change in material.

Now there have been many reports on material assess-
ment of fatigue or plastic deformation using second harmonic
generation measurements of ultrasound. > The influence of

DOI: 10.1088/1674-1056/25/2/024303

a fatigue crack on the harmonic generation was first consid-
ered at unbounded interfaces,!”! where the results indicate that
the variation of harmonic amplitude could be useful to moni-
tor the state of fatigue. Then, a number of investigators have
used nonlinear ultrasonic techniques to assess fatigue dam-
age in different materials, such as plastics and composites, %]
stainless steel,[”! and aluminum alloy."'%! In recent years, there
were generally three aspects attracting the attention of fatigue
or plastic damage assessment using second harmonic gener-
ation measurements. First, various wave types such as sur-
face acoustic wave!!l"'?l and Lamb waves!'3>~!> have been
used for characterizing the fatigue damage in materials. Sec-
ond, more exquisite and robust measurement methods such
as air-coupled detection!!'®! have been adopted for ultrasonic
measurements. Finally, more analyses of the relationship be-
tween second harmonic generation and fatigue/plastic defor-
mation have been presented based on microstructural contri-

butions, including some dislocation-dependent models7-19]

20211 Though recently

and micrograph-dependent analyses. !
some investigations of fatigue or plastic deformation in var-
ious metallic alloys have been conducted by using nonlinear
ultrasound, the systematic work and analysis on plastic dam-
age in complex weld joints are still lacking. Compared with
homogeneous materials, e.g. aluminum alloy and titanium al-

loy, the weld joints have very complex structure, which are
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more liable to suffer the damage induced by the fatigue/plastic
loading.

In addition, most of the previous research focused
on the experimental measurements of ultrasonic harmonic
generation!! =161 and on the theoretical analyses mainly based
on the dislocation monopole model,*?! the dislocation dipole

18,191 However, less in-

model'% and other improved models.
formation is available about the numerical analysis of non-
linear ultrasonic response from a damaged material. In fact,
numerical simulation could help to provide some valuable in-
sights into the relationship between the nonlinear ultrasonic
responses and the degradation of materials. There are some
numerical methods available to simulate nonlinearities of me-
dia and/or damage, such as finite element method (FEM), 3!
finite difference time domain method (FDTD),[Z‘” and local
interaction simulation approach (LISA),? etc.

In this work, stress-controlled and strain-controlled ten-
sile tests of 30Cr2Ni4MoV martensite weld joints are con-
ducted for fabricating specimens with different plastic de-
formations, which then are evaluated by the nonlinear ultra-

sonic technique. The influence of microstructure evolution

on the nonlinear ultrasonic responses is also thoroughly an-
alyzed based on metallographic studies, such as transmission
electron microscope (TEM). Finally, the commercial finite el-
ement analysis software Abaqus is used to simulate the non-
linear ultrasonic waves propagating in the weld region and to
verify the correlation between microstructural evolution and
the nonlinear ultrasonic measurement.

2. Experimental details
2.1. Specimens preparation

A martensite stainless steel 30Cr2Ni4MoV is used in the
study, whose nominal chemical compositions in wt% are listed
in Table 1. The weld joint mockup is heat treated at a temper-
ature of (580+10) °C for 10 h and then cooled with a furnace.
Flat dog-bone specimens with the welds located in the center
are machined from the weld joint mockup, whose nominal di-
mensions are shown in Fig. 1. From the optical microscopy
analysis, it can be identified that the widths of the weld and
the heat affected zone (HAZ) are about 20 mm and 2 mm, re-
spectively.

Table 1. Chemical compositions of 30Cr2Ni4MoV stainless steel in wt%.

C Si Mn Cr Ni Mo v Cu As Sn Fe
<0.35 <0.10 0.20~0.40 1.50~2.0 3.25~3.75 0.25~0.60 0.07~0.15 <0.15 <0.02 <0.015 balance
50 . 70 . which is primarily composed of the Ritec SNAP system, a high
9 . .
- |\| Ik power attenuator, a pre-amplifier, low and high pass filters,
B e ——— N - - . .
- transducers, oscilloscope and computer. Amplitudes of the

Fig. 1. Dimensions of flat dog-bone specimen of weld joint. All dimen-
sions are in unit mm.

Two sets of plastic deformed specimens are made for ex-
periments using a 100-kN MTS servo hydraulic testing sys-
tem. One group with 7 specimens are fabricated under stress-
controlled mode loading from 774 MPa to 869 MPa (yield
strength is 785 MPa), and another one with 5 specimens are
fabricated under strain-controlled mode from strain levels of
1.14% to 3.89%. The nonlinear ultrasonic measurements are
made off-line after unloading the specimens.

2.2. Nonlinear ultrasonic measurements

Nonlinear ultrasonic measurements are performed on
three locations of the specimens, i.e., weld region (about
20 mm in the center), HAZ region (about 2 mm nearing the
weld), and the base region. For nonlinear ultrasonic mea-
surement, a Ritec SNAP system with model of RAM-5000 is
used to generate the ultrasonic signal. The experimental setup

for longitudinal wave measurement is illustrated in Fig. 2,[%6]

fundamental and second harmonic wave are measured by the
transmission method in the present measurements. The cut-
off frequencies for the low-pass and high-pass filters are about
6.3 MHz and 9.5 MHz, respectively. A narrow-band longi-
tudinal piezoelectric transducer with a nominal frequency of
5.0 MHz is used to generate the fundamental wave, marked by
T. A broad-band 10.0 MHz transducer is used to pick up the
receiving signals, denoted by R. The diameters of transmitting
and receiving transducers are both 8.6 mm. The transducers
T and R are coupled to the specimen by using silicon oil. A
special fixture is designed to maintain alignment parallelism
between the transmitting and receiving transducers during the
whole measurement. A tone burst of ten cycles with a fre-
quency of 5.0 MHz is used to excite the transmitter. The re-
ceived signal is filtered by a Hanning window and captured
by a 300-MHz oscilloscope, and then processed by using an
amplitude spectrum fast Fourier transformation (FFT) to ex-
tract the amplitudes of the fundamental and second harmonic

signals in the frequency domain.
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Fig. 2. (color online) Experimental setup for nonlinear ultrasonic
measurements. 1*!

When exciting a sample by using a single frequency exci-
tation, the second-order nonlinear parameter, known as f3, gen-
erated by the presence of damaged structure can be expressed
as

8A,
ﬁ —

= 1
kzyA%r7 ( )

where Ay, is the real amplitude of the fundamental frequency
component, A, is the real amplitude of the second harmonic
component, k is the wave number, and y is the propagation
distance. Here, in the following experiments we use a rela-
tive acoustic nonlinear parameter (RANP) to characterize the
plastic deformation, which is defined as

i A2
B A 2
where A; is the measured amplitude of the fundamental fre-
quency component and A; is the measured amplitude of the
second harmonic component.

Figures 3(a) and 3(b) show the variations of the A, /A%
with loading stress and the plastic strain, respectively. It shows
from Fig. 3(a) that the responses of the A, /A% versus the load-
ing stress in the three detection regions being measured have
the similar tendencies. The measured acoustic nonlinearity ex-
hibits a slight increase in the elastic stage, i.e., the loading
stress is less than the yield stress, then it drops as the loading
stress slightly exceeds the yield stress, and finally the A, /A%
shows a monotonic rise with the increase of loading stress. Al-
though the material of the weld region is the same as that of the
base, the variation of the A, /A% on the location of weld is max-
imum, nearly three times bigger than the initial value, which
means that the plastic-induced deformation of weld would be
much more serious than those of HAZ and base regions. Fig-
ure 3(b) shows that the A, /A% monotonically increases with
the plastic strain, which is similar to the change of A, /A% in
the last stage of Fig. 3(a). Some other previous studies have
also reported the same results of the acoustic nonlinearity ver-
sus the fatigue or plastic deformation in the engineering ma-

terials, such as AA7175-T7351 aluminum alloy!'!l and A36
steel. 12
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Fig. 3. (color online) Variations of the RANP Az/A% with (a) loading
stress and (b) plastic strain.

2.3. Microstructural evolution analysis

Microstructure changes of the martensite steel subjected
to plastic deformation are thought to originate from the vari-
ation of acoustic nonlinearity.!!”! Therefore, TEM are used
to observe the microstructural evolutions and understand the
change of the A, /A% with loading stress or plastic strain. Note
that the evolution of dislocation in the process of plastic defor-
mation or fatigue damage plays a critical role in the response
of acoustic nonlinearity. It is helpful to pay more attention
to observing the dislocation multiplication, annihilation and
rearrangement during damage. In the following TEM micro-
graph observation, a Philips CM200 transmission electron mi-
croscope is used to take the micrographs. Dislocation density
and length are evaluated from the TEM images, in which the
density of dislocations is measured by the method of Ref. [27]
and the pinning dislocation length is obtained by analyzing the
TEM micrographs in computer.

Figure 4 shows the TEM micrographs of 30Cr2Ni4MoV
weld joint specimens with different plastic strain levels cor-
responding to virginal specimen, 1.14% plastic strain, 1.73%
plastic strain, and 3.89% plastic strain.[?8] Table 2 gives the
values of microstructure parameters of the 30Cr2Ni4dMoV
specimens with different plastic strains, where the dislocation
density, length, and dislocation cell size are presented. Note
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that each mean value in Table 2 related to dislocations is de-
termined by an average of three to five micrographs from dif-
ferent locations of the specimens. Also, it should be pointed
out here that the dislocation cell structures (i.e., the dislocation
pile-up) observed in Figs. 4(b)—4(d) would also exert an im-
portant influence on the material nonlinearity and whose dis-
location density is not easily determined by the method pro-

posed in Ref. [27]. It can be indicated that from Figs. 3 and
4 the evolution of dislocation during the plastic deformation,
especially the variation of dislocation density, plays a domi-
nant role in the changing of acoustic nonlinearity. For ease of
analysis, it is supposed that the influence of grain or sub-grain
evolution of martensite structures on the acoustic nonlinearity
is ignored.

Table 2. Microstructure parameters of 30Cr2Ni4MoV weld joint specimens with different plastic strains.

30Cr2Ni4MoV specimens with different plastic strains/%

0 1.14 1.73 3.89
Dislocation density A/x 10 m~2 0.35+0.15 1.30+£0.26 1.94+0.73 3.70+1.24
Pinning dislocation segment L/pm 0.38+0.042 0.2440.032 0.2040.030 0.164+0.010
Applied longitudinal stress 6o/MPa 60 115 150 200

Fig. 4. TEM micrographs of 30Cr2Ni4MoV weld joint specimens with dif-
ferent plastic strain levels: (a) virginal specimen; (b) 1.14% plastic strain;
(c) 1.73% plastic strain, and (d) 3.89% plastic strain. 13

3. Finite element simulations

Finite element simulations are now presented to assist
in explaining the experimental results. Consider an isotropic
homogeneous solid medium with purely elastic behavior, the
nonlinearities of the medium which would contribute to the
acoustic nonlinearity may originate from different sources,
such as the material and geometric nonlinearities, fatigue- or

stress-induced plasticity, etc.

3.1. Fundamental equations of nonlinear elastodynamics

Considering the longitudinal waves in the medium and ig-
noring the dispersion and attenuation, the equations of motion
in the Lagrangian coordinate Y can be written as

9w _ 90y
PO = oy

3

where u; are the components of the particle displacement vec-
tor, and the stresses o;; are the components of the first Piola—
Kirchhoff tensor, and py is the mass density in the unstressed
state.

The stress tensor in Eq. (3) may be expanded in terms of

the particle displacement gradients as!>’!
d uy 1
0ij = Giju o +t5 (Cijkimn ~+ CijinSm
Juy Jupy,
+C k1 Oim + Cjimn Oi) v, 9y, 4

where C;ji; and C; iy, are the components of the second- and
third-order elastic tensors defined as

Cijii = A8 +2uliji, )
A
Cijklmn = 5 (‘Sikljlmn + 6ilekmn + Sjklilmn + 5jllikmn)
+2B (8ijlkimn + SrLnnij + Sunlijit)
+ 2C5i j 8kl 6mna (6)

where A and p are the Lamé parameters; A, B, and C are the
third-order elastic (TOE) constants in isotropic media, which
are related to the inherent properties of the material; J;; are
the Kronecker’s deltas; ;i = (8x8; + 818;) /2. Note that
Cijkimn can be expressed explicitly with Voigt notation in terms
of the three TOE constants A, B, and C. It also should be
pointed out that in Eq. (4), the C;jy; is associated with the lin-
ear property of material, and the term of C;;inOm + C i Sim +
CjimnOj is associated with the geometric nonlinearity that is
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caused mainly by the mathematic transform between the Eu-
lerian (spacial) coordinates and Lagrangian (material) coordi-
nates, and then Cjjijup is the TOE tensors describing the ma-
terial nonlinearity. Hence, the second term on the right-hand
side in Eq. (4) introduces the nonlinear effect on the medium.

Considering a one-dimensional medium such as a rod, the
wave solution of Eq. (3) can be obtained by a simple perturba-
tion analysis as

aling

u(Yy,t) = ugpsin(kY) — or) + cos2 (kY — wt), (7)

where ug is the amplitude of the fundamental wave, k is
the wave number, @ is the angular frequency of excitation,
ulk?B1Y1 /8 is the amplitude of the second harmonic wave with
Br denoting the acoustic nonlinearity parameter of the medium
at the intact state.

For a medium experiencing plastic deformation, localized
plasticity damage would appear in the form of microstructural
defects such as dislocations, which could be a source of non-
linearity for the wave propagation. In contrast to fj, another
nonlinearity parameter Bp is defined to describe the plasticity-
induced nonlinearity for the damage state of the material. For
ease of numerical simulation, here we restrict discussion to the
dislocation monopoles contributing to the nonlinear parame-
ters of the material, which can be expressed as[?>3!

4 QALR} (A +2u)
5 u3n?

Bo |0 o< AL*| 00, ®)
where A is the dislocation density, L is the dislocation length,
b is the Burgers vector, R is the resolving shear factor, Q is
the conversion factor from shear strain to longitudinal strain,
|oo| is the magnitude of the initial residual or internal longi-
tudinal stress in the material, and op can be obtained from
oo = aubv/A,2%28] with o being a constant that is defined
to be in a range from 0 to 1.0.

Therefore, the acoustic nonlinearity parameter f of
Eq. (1) which can be calculated from the experimental mea-
surement or numerical simulation usually comes from the total
contributions of f and fp.

3.2. Numerical simulation details

Based on the above analyses of the nonlinear elastody-
namics, a finite element simulation is conducted in an at-
tempt to explain the variation of acoustic nonlinearity in
the plasticity deformed material, which is developed and
carried out on the basis of the commercial FEM software
Abaqus/EXPLICIT. The intact state and plastic-damaged state
with dislocations in materials are taken into account in the fol-
lowing FEM models.

The numerical simulation of material, geometric, and
plasticity-induced nonlinearities is performed by introducing

the nonlinear stress-strain constitutive relation (i.e., Eq. (4))
to Abaqus/EXPLICIT through the interface of user subroutine
VUMAT, which can be used for material definition and called
in the iteration of the program. A two-dimensional (2D) model
is established to simulate the longitudinal wave propagating in
the weld joints, whose schematic of 2D model is shown in
Fig. 5 with the same dimensions as the experimental samples.
The wave generation is excited by imposing longitudinal (y
axis) stress loadings with a ten-cycle Hanning-windowed si-
nusoidal tone burst at 5.0 MHz and an input acoustic pressure
amplitude of 20 MPa, whose loading size is 8.6 mm, similar to
the diameter of the transducer. The signal (longitudinal stress,
S22 in Abaqus system) is picked through the middle node of
the bottom edge as shown in Fig. 5. The second-order elas-
tic constants of Lamé parameters A and g in 30Cr2Ni4dMoV
are assumed to be 116 GPa and 84 GPa, respectively. The
TOE constants of the material used here are as follows: A =
1100 GPa, B = —1580 GPa, and C = 1230 GPa.3!]

8.6 mm

YVYVVY

excitation

weld joint base

HAZ

Y
t receiving

: t

20.0 mm

2.0 mm

Fig. 5. Schematic diagram of the simulation model for longitudinal
wave propagating in weld joint.

The four-node reduced-integration plane strain elements
(CPE4R) in Abaqus are used to mesh the rectangular model
through a structured meshing algorithm, whose elements are
equally sized at 0.05 mm (Ay) with a spatial resolution of
AL/24 where Ay is the wavelength of the fundamental wave
(about 1.2 mm). This spatial resolution is chosen to warrant
simulation precision and error convergence. According to the
Fourier or von Neumann stability analysis, 32! the time step A
should be smaller than the time required for the longitudinal
wave to travel across the element length, that is,

A
2 ©)

CL

Ar <

where cr, is the longitudinal wave velocity. In this simulation,
a fixed time step of 2.626 x 1077 s is set to guarantee an ef-
fective and stable calculation in the simulations for the intact
state material.

A snapshot of the ultrasonic wave (in the form of stress
contour) propagating in the weld joint is shown in Fig. 6. The
results for three simulations corresponding to three variants of
the stress-strain constitutive relation (Eq. (4)) are presented as
follows.

(i) Linear elastic material (LEM)

024303-5



Chin. Phys. B Vol. 25, No. 2 (2016) 024303

Without material and geometric nonlinearities, i.e., A =
B =C =0 and the term of C; 1,8 + Cjuki Oim + C j1mn Oix €quals
zZero.

(i1) Geometrically nonlinear material (GNM)

Only geometric nonlinearity is considered, i.e., A =B =
C = 0 and the term of C;;1nOm + Cjnki Oim + C jimn Ojtc is used in
the strain measure.

(iii) Nonlinear material (NLM)

Both material and geometric nonlinearities are consid-
ered, ie., A #0, B#0, C # 0 and the term of Cjjin&m +
Cjnk1Oim + CjimnOji is used in the strain measure.

Fig. 6. (color online) A snapshot of the ultrasonic wave propagating in
the weld joint (in the form of stress contour).

According to the above different conditions of (i)—(iii),
figure 7 shows the signals of frequency domain for the three
cases, in which it can be seen that there is very little difference
for the fundamental wave at 5.0 MHz but an obvious change
for the second harmonic wave (or nonlinearity). Note that the
‘LEM’ case shows no second harmonic component as Eq. (4)
describes (the first term on the right-hand side in the equa-
tion) and the other two cases have evident second harmonic
components. It is also interesting to see that the amplitude of
the second harmonic generated in the ‘NLM’ case is about 4.3
times greater than that generated in the ‘GNM’ case, as also re-
ported in Ref. [23], which means that the material nonlinearity
may play a dominant role in the generating of the second har-
monics. In the following studies, only the ‘NLM’ case will be
considered in all of the simulation implementations.

T T T
propagation distance =20 mm

100
R S O A
T Y A (R W
10-3
104
105
106
107

Amplitude

050 075  1.00 125
Frequency/107 Hz

0.25

Fig. 7. (color online) Frequency domain signals obtained using LEM,
GNM, and NLM stress—strain constitutive models.

3.3. Numerical simulation implementations of weld region

Prior to the numerical simulations, some assumptions
should be made for the simulations of plastic-damaged state
with dislocations in material. First, only plastic-induced edge
dislocations are taken into account in the following simula-
tions just as shown in Fig. 4. According to the dislocation
string model presented by Hikata et al.,[>>3% the change of the
acoustic nonlinear parameter resulting from the bowing out of
a pinned dislocation under a stress 0y can be given by Eq. (8).
So, a pinned string (or line) is used to simulate the monopole
dislocation in Abaqus system. Second, the pinned string is
perpendicular to the direction of wave motion and located in
the middle of the simulation area. In addition, the dislocation
density is small so that the interaction between dislocations
can be ignored.

It can be seen from the microstructural analysis of Sub-
section 2.3 and Table 2 that the lengths of the pinned disloca-
tions vary from 0.38 um to 0.16 pm when the 30Cr2Ni4MoV
is subjected to plasticity deformation. Therefore, in order to
approximately simulate monopole dislocation in Abaqus, the
element length should be reduced at least to 0.05 um that is
smaller than dislocation length. For saving computing time
and space, localized refined mesh (LRM) with an area of
20 umx 10 pm and an element length of 0.05 um is adopted
in FEM model described in Subsection 3.2 (here it is called
regular model) to model the damaged state with dislocation in
the following simulations as shown in Fig. 8. The transition
grid is used for the LRM to reduce the element length from
0.05 mm to 0.05 wm as shown in the circled region in Fig. 8.
Note that the time step Ar should also satisfy the condition of
Eqg. (9), and then an auto-increase increment of time step from
5.25x 107125 to 7.19 x 107!2 s is set to guarantee a stable
calculation in the simulations for the damaged material.

transition element

Fig. 8. (color online) Meshed structure with localized refined mesh
(LRM) and a minimum element length of 0.05 pm formed by using
transition element.

Three examples of numerical simulations for dislocations
with different pinned lengths such as 0.2 um, 0.3 pm, and
0.4 um are demonstrated, corresponding to the really mea-
sured dislocation lengths as given in Table 2.
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lwave propagation

Y oy

} '_ pinned point
dislocation line

op=200 MPa or 150 MPa 0.05 pm

pinned point
dislocation line

op=115 MPa 0.05 pm

wave propagation

Yy oo

—#—‘—‘—{N—{T—‘—&— pinned point

dislocation line

op = 60 MPa

Fig. 9. (color online) configurations of the dislocation located in the mid-
dle of the LRM model, in which pinned strings are used for modeling
different dislocations in the damaged states: (a) 0.2 um, (b) 0.3 um, and
(c) 0.4 um. The solid circles represent the pinned points of dislocations
with a zero displacement.

Figure 9 shows the configurations of the dislocations lo-

cated in the middle of the LRM model, in which the displace-
ment of the two pinned points is fixed and set to be zero and
the different values of internal stress oy are applied to the
nodes of the dislocation line (the values of applied stress can
be found in Table 2). All of the other set-up parameters such
as excitation condition, loading area and receiving point are
the same as those set in Subsection 3.2. Then, the influences
of dislocations with different lengths on the response of wave
motion can be seen from the frequency domain as shown in
Fig. 10. It is noted that although the variation of the receiv-
ing signal caused by one dislocation is tiny, the correspond-
ing A5 /A monotonically increases with 6L* as expected in
Eq. (8), which is listed in Table 3.

0.6
i —0.2 pm, 200 MPa
A - —-0.2 ym, 150 MPa
05k —-—-0.3 um, 115 MPa
N 0.4 wm, 60 MPa
04
) A; (second harmonic)
g L
z
= 0.3F
Q,
g L
<
0.2 -
0.1
0 : '

0.6 0.8 1.0 1.2
Frequency/107 Hz
Fig. 10. (color online) Amplitudes of the fundamental (A;) and second-

harmonic (A;) in the frequency domain for simulation of dislocations
with different lengths.

Table 3. Values of dislocation simulation for the plastic deformed materials.

The results obtained by LRM model simulation for one
dislocation with different lengths L/um

04 0.3 0.2 0.2
Fundamental A{/MPa 0.470 0.489 0.516 0.518
Second harmonic A,/MPa 0.004662 0.001645 0.000765 0.000787
(A2 /A%)/MPa’1 0.02111 0.00686 0.002873 0.002933
Corresponding plastic strain in experiments 0% 1.14% 1.73% 3.89%
: : : 14 -2
I(\Z]orres;;f)n?mg/} in e;perlr;lents by TtEMIIO m 035 130 194 370
ormalization of nonlinearity parameter 1 1207 0754 1,468

caused by plastic strain, Eq. (10)

4. Results and discussion
4.1. Results of dislocation simulation

From Figs. 9 and 10 and Table 3, it can be seen that al-
though the numerical calculation of A, /A% monotonically in-
creases with dislocation length, the results are not exactly pro-
portional to the value of cL* as described in Eq. (8). In fact,
compared with the sophisticated analytical models, here the

simple approximation of modeling a single pinned monopole
dislocation as a pinned string perpendicular to the direction of
wave motion seems to yield the results of A, /A% proportional
to oL", where n = 3-5.

Note that the above established LRM model represents
the damaged state only with one dislocation. Here, in order

to extend a one-dislocation result into multi-dislocation state
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to simulate the practical specimens conducted in the experi-
ments, we can make a correlation of Bp with the simulation
result of one-dislocation Aj /A% and the corresponding dislo-
cation density A as

ﬁDZﬁ—ﬁI‘X/\A%

1 lone—dislocation

(10)

Then, the term on the right-hand side of Eq. (10) is nor-
malized by the maximum value, as shown in the last line of
Table 3, which can be used to describe the variation of nonlin-
earity response due to the plasticity damage.

4.2. Comparison between experimental and FEM simula-
tion results

Figure 11 shows the values of A, /A? normalized by their
corresponding initial values, each as a function of the plas-
tic strain for experimental measurement (the measured data
of weld zone under stain-controlled mode) and FEM simula-
tion, respectively. The error bars of the standard deviation are
determined by repeating the measurements five times. It is
worth noting that the result of FEM in Fig. 11 represents the
acoustic nonlinear response caused by plastic damage as de-
scribed by Eq. (8), whereas the experimental result refers to
the total acoustic nonlinearity, i.e., B. According to the pre-
vious studies, !l the damage-induced material nonlinearity
generally plays a dominant role in the acoustic nonlinearity re-
sponse. Therefore, it is reasonable to make an approximation
i.e., B = Pp in the process of damage loading, especially in
the late stage. So, it leads to a good comparability between the
experimental result and FEM simulation result after being nor-
malized. From Fig. 11, it is clear that the change tendency of
the normalized nonlinear parameter obtained from experimen-
tal measurement is in good accordance with that calculated by
FEM model, except the third solid circle.

2.4

—=— experiment results

e FEM results

Normalization of Ay/ A%

0.8F

" 1 " " 1 "
2.0 3.0 4.0
Plastic strain/%

Fig. 11. (color online) Normalized A; /A% values each as a function
of plastic strain for experimental measurement and FEM simulation re-
spectively.

However, the calculated results from the FEM model are
underestimated compared with those measured results, espe-
cially in the late stage. In this perspective, there may be other

microstructures that would contribute to the acoustic nonlin-
earity during the plastic strain loading, such as the dislocation
cells or walls, as marked by arrows in Fig. 4. However, the
influence of a dislocation cell on the acoustic nonlinearity has
not been considered in this FEM simulation because of lack-
ing proper models to measure the dislocation cell density and
to describe the correlation with the acoustic nonlinearity. An-
other reason for the underestimation of FEM results maybe is
due to the fact that the contributions of the mixed dislocations
including edge dislocation and screw dislocation to the acous-
tic nonlinearity have not been considered here in FEM model,
which as reported!!??8] plays a positive influence on the in-
crease of nonlinear parameter f3.

5. Conclusions

In this article the experimental measurement and numer-
ical simulation are performed to study the ultrasonic nonlin-
ear responses from the plastic deformation in 30Cr2Ni4dMoV
weld joints. The measurement results show that the normal-
ized nonlinear parameter A, /A2 monotonically increases with
the plastic strain, and that the variation of A, /A% in the weld
region is maximum, nearly being a 200% change in nonlinear
parameter, which means much more serious plasticity damage
here than those of HAZ and base regions. Microscopic im-
ages of TEM relating to the microstructure evolution of the
weld region are studied to explain the change tendency of the
measured A, /A2, which reveals that the variation of Ay /A? is
mainly attributed to the dislocation evolutions in the process
of plastic deformation loading.

Meanwhile, an FEM model is presented to investigate the
behavior of nonlinear wave propagation associated with mate-
rial and plastic damage, which is carried out by introducing the
nonlinear stress-strain constitutive relation to Abaqus through
the interface of user subroutine VUMAT. The modeling tech-
nique focuses on material, geometric and plasticity-induced
nonlinearities that may contribute to the variation of acoustic
nonlinearity. A pinned string model is used to simulate dis-
location evolution (0.2 wm—-0.4 wm) during the plastic dam-
age. Results from the simulation and the experiments show
that they are in good consistency with each other, both reveal
a rising acoustic nonlinearity due to the variation of the dis-
location length and density. The FEM model developed here
could be a good supplementary way to provide insights into
the nonlinear wave propagation and its interaction with the
dislocations, precipitates and micro-voids or micro-cracks in
materials.
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