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This  work  aims  at quantitative  analysing  the effect  of  different  microstructures  on the velocity  at  stress-
free  and  stress  coefficient  (K) of  longitudinal  critical  refraction  (LCR)  wave  in  measuring  welding  residual
stress  process,  ameliorating  the  traditional  LCR  wave  method  for improving  its’  effectiveness  and  accu-
racy.  The  longitudinal  critically  refracted  wave  attenuation  velocity  (LCR-AV)  method  was  proposed  in
the evaluation  of  residual  stresses  in A7N01  welded  joints.  The  same  initial  status  base  materials  samples
are  used  to  produce  different  levels  of  grain  size  and  precipitation  by heat  treatment  technology,  obtained
the  velocity  at stress-free  and  attenuation  of  LCR  wave.  As  expected,  the  voltage  amplitude  changes  lin-
early  with  velocity  and  stress  coefficient,  and  the precipitation  effect  can  be  ignored.  The  LCR-AV  method
based on  the liner  relationship  between  velocity,  attenuation  and  grain  size  are  efficient  to  decrease  the
ave attenuation
icrostructure effect

errors  resulting  from  the  different  microstructure  (base  metals,  heat-affected  zones,  and  welded  zones).
Differ  with  the  traditional  LCR  waves  method,  the LCR-AV  method  also  measures  the voltage  amplitude,
and  the  measured  results  of LCR-AV  method  compared  with  those  obtained  by the  hole-drilling  reference
method  shows  more  sufficient  measurement  reliability  and precision.  It shows  that  LCR-AV  method  is a
valuable  quantitative  technology  to  estimate  the  residual  stress  of welded  joints.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

The detriments of tensile residual stress are investigated by
ebster and Ezeilo (2001) where residual stress exiting on surface

r subsurface of welded joints will accelerate cracks initiation and
rowth when they are combined with external cyclic loads applied
n the structures. Estimating the residual stress levels and dis-
ributions in welded structures are indispensable for quantitative
ssessing the reliabilities of mechanical equipment and useful for
ndustries. Several methods are accessible for stress measurement
ncluding the hole-drilling method, contour methods (Lee and Liu,
009), X-ray diffraction method (Martins et al., 2006), and neutron
iffraction (Sahu et al., 2016).
Within the elastic range, the time of flight(TOF) of the LCR wave
resents a good liner relationship with the corresponding uniaxial
tress when the propagation acoustic path is fixed. Hughes et al.

∗ Corresponding author at: School of Materials Science and Engineering, South-
est Jiaotong University, No. 111, North 1st Section of Second Ring Road, Jinniu
istrict, Chengdu, Sichuan Province, China.

E-mail address: gouguoqing@swjtu.edu.cn (G. Gou).

ttp://dx.doi.org/10.1016/j.jmatprotec.2017.03.022
924-0136/© 2017 Elsevier B.V. All rights reserved.
(1950) proposed a formula for isotropic materials based on acous-
toelasticity theory which leads to the following rapid development
of ultrasonic stress measurement. Ultrasonic stress measurement is
classified into various groups according to different types of waves
which could be employed for nondestructive stress measurement
on metals including longitudinal wave, transverse wave, and sur-
face wave and others.

A special longitudinal bulk wave mode is utilized in LCR
wave stress measurement, as shown in Fig. 1, mainly propagating
beneath the surface at a certain depth depended on the frequency of
transducers. According to the Snell law(Wennerberg, 2010), when a
beam of longitudinal wave with a certain inclination angle reaches
to media 2 from media 1. A part enters into the medium 2, and
is separated into refracted longitudinal wave and refracted shear
wave. In Fig. 1, �0 is incidence angle, �L is longitudinal wave refrac-
tion angle and �S is shear wave refraction angle. When longitudinal
wave refraction �L = 90◦, the incidence angle �0 is called the first
critical angle and refraction longitudinal wave is called longitudi-

nal critically refracted(LCR) wave. Among all the waves, the LCR
wave exhibits the largest sensitivity to the same direction stress
and highest accuracy of measurement results according to the
experiments finished by Egle and Bray (1976). Javadi et al. (2014)

dx.doi.org/10.1016/j.jmatprotec.2017.03.022
http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmatprotec.2017.03.022&domain=pdf
mailto:gouguoqing@swjtu.edu.cn
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Fig. 1. Schematic diagram of LCR transmission.

ombined the ultrasonic stress measurement with finite element
ethod which proved that the resolution of LCR method is suitable

nough to distinguish the influence of using the clamp on the lon-
itudinal residual stresses of the stainless steel plates. Javadi et al.
2013a,b,c) also measured the welding residual stresses in dissim-
lar welded pipes by LCR wave, and pointed out that the obstacles
reventing the LCR wave method in measuring dissimilar welding
esidual stress. Javadi and Mosteshary (2016) validated the enough
ccuracy of LCR wave method to evaluate the sub-surface residual
tresses of the pressure vessel by the finite elements(FE) simulation.
adeghi et al. (2013) developed FELCR method and confirmed its
otential ability to evaluate through-thickness stress of aluminum
lates.

However, a number of factors including grain size (Kumaran,
011 and Alexandre Aparecido Buenos et al., 2014), texture (Ploix
t al., 2005), anisotropy (Pereira and Santos, 2013) and grain
tructure(Nam et al., 2006), can negatively influence the measure-
ent accuracy of ultrasonic stress measurement. Li et al. (2016)

tudied the application of the LCR wave in monitoring internal
esidual stress at the service condition and noticed that the grain
ize was the key factor that affecting the accuracy of LCR wave
ethod. Significantly, Qozam et al. (2006) measured the residual

tress of welded joints and took the influences resulted from the dif-
erent microstructures into consideration, and Qozam et al. (2010)
hen evaluated the acoustoelastic constant and TOF at a stress-free
tate directly in the fusion zone of a welded zone in the P460 and
265 steels. According to their researches, the residual stress of tra-
itional LCR wave method was over estimated by 20–30% degree
ith the ignoring the microstructure effect.

Several research studies have been carried out by employing
ltrasonic waves to evaluate the grain size of metals based on the
elationships between the attenuation or velocities of ultrasonic
aves and the grain sizes. Bouda et al. (2003) presented an experi-
ental setup for ultrasonic grain size measurement by employing

ltrasonic wave attenuation and velocity respectively and their
esearch confirmed that the attenuation of an LCR wave can be used
o characterize the mean grain size precisely. Sarpün et al. (2005)
valuated the mean grain size of marble by ultrasonic wave where
hey concluded the relationship between ultrasonic velocity and

ean grain size of marble. Buenos et al. (2014) further studied the
nfluences of LCR wave velocity resulted from grain size of low car-
on steel and they even developed a numerical model connecting
he mean grain size and velocity of the LCR wave for quantitative
ssessment their mean grain size.

However, there are rare publications investigated the online
orrecting strategies for eliminating or reducing LCR wave mea-
urement errors in measuring welding residual stress process. In
his paper, we measured the attenuation and velocity at stress-
ree condition of A7N01 alloy samples with different grain size and
recipitation, respectively. The quantitative relationships between
ttenuation, velocity at stress-free condition and stress coefficient K
re proposed, while the LCR-AV method is based on these relation-

hips. Fortunately, there is an acceptable agreement between the
ole-drilling results and those obtained from the LCR-AV method.
he LCR-AV method proposed above is a practical non-destructive
ng Technology 246 (2017) 267–275

evaluation approach for measuring welding residual stress and
suitable for industrial application.

2. LCR-AV method

Within the elastic limit, the ultrasonic stress measurement relies
on the linear relationship between the stress and the TOF  change,
i.e. The relationship between TOF measured by the LCR wave and
the corresponding uniaxial stress is derived by Egle and Bray (1976).
The sensitivity of ultrasonic waves to the strain has been studied
in tensile and compressive load tests for rail steel which proved
that the sensitivity of LCR waves to the strain is highest (Egle and
Bray, 1976). In recent years, ultrasonic stress measurement using
piezoelectric transducers have been proposed to detect and identify
damage in complex structures (Liao et al., 2015). The piezoelec-
tric transducers are used in this paper for inducing or receiving
ultrasonic waves, and getting LCR wave. The schematic diagram
of the LCR waves for evaluating the residual stress is described in
Fig. 1. The first critical angle can be calculated with the following
equation:

�LCR = sin−1(V1/V2) (1)

where V1 and V2 are wave velocity in media 1 and 2, respectively;
�LCR is the first critical angle. As shown in Fig. 1, �s is the shear angle
of refraction; �L is the longitudinal wave angle of refraction.

The velocity of the longitudinal waves traveling parallel to the
load direction related to the strain (�) can be summarized as the
following Eq. (2):

�0V2
11 = � + 2� + (2l  + �)� + (4m + 4� + 10�)˛1 (2)

where V11 is the wave velocity of longitudinal wave propagating
parallel to load; �0 is the initial density of material without stress;
�, � are the second order elastic constant (Lame’s constant); l, m,
and n are the third order elastic constants; and ˛1, ˛2, and ˛3 are
the components of the homogeneous triaxial principal strains and
� = ˛1 + ˛2 + ˛3. When the stress is in uniaxial status, ˛1 = ε, and
˛2 = ˛3 = −� × ε, where ε is the strain in the direction 1 and � is
the Poisson’s ratio. Using those above variables, Eq. (2) becomes:

�0V2
11 = � + � +

[
4 (� + 2�) + 2 (� + 2m) + ��

(
1 + 2�

�

)]
ε (3)

The variation of the velocity with the strain representing the
relative sensitivity can be calculated by Eq. (4) where L11 is the
dimensionless acoustoelastic constant for LCR waves.

dV11

V11ds
= 2 +

(� + 2m) + ��
(

1 + 2l
�

)
� + 2�

= L11 (4)

Eq. (5) is used to derive the relationship between the stress and LCR
wave velocity variations in the corresponding materials:

d	 = EdV11

V11L11
= E

L11t0
dt (5)

where d	 is the stress variation; E is the elasticity modulus; and dt
is the variation of TOF; and t0 is the time for the wave which travels
through a stress-free path in the material being investigated.

From Eq. (5), it can be concluded that E, L11, and t0 are depended
on the nature of materials itself. If k represents E/L11, k can be
obtained by using the uniaxial tensile test to characterize the resid-
ual stress as shown in Eq. (6).


	  = k
t − t0 (6)
where t is the ultrasonic wave TOF in test samples. The path L
between the ultrasonic transmitting and receiving transducers is
usually fixed. It transforms the relationship between stress and
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Table  1
Chemical compositions of base material and welding wire.

Materials Chemical Composition(wt%)

Zn Mg  Cu Mn Cr Ti Zr Si Fe Al

A7N01 4.60 1.20 0.10 0.15 0.20
ER5356 ≤0.10 4.5–5.5 ≤0.10 0.05–0.20 0.05

Table 2
Mechanical properties of base material and welding wire.

Material Tensile Strength
(MPa)

Yield Strength
(MPa)

Elongation
(%)
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in the measured process is shown in Fig. 3. The equipment includes:
(a) one data-processing computer, (b) one digital oscilloscope with
a sampling frequency of 2.5 GHz, (c) one ultrasonic synchronous
signal generator, (d) one transmitting transducer and one receiv-
A7N01 365 295 12
ER5356 265 120 26

elocity change into that between stress and TOF change in a fixed
coustic path, L.

By assuming that K represents k/t0, Eq. (6) can be simplified to
q. (7) in which K is called the stress coefficient with the unit of
Pa/ns.

	  = K
t  (7)

The liner relationships between attenuation, velocity, and grain
ize can be derived by test experiment for LCR wave. The longitudi-
al critically refracted wave attenuation velocity (LCR-AV) method
ased on those relationships combines the information from atten-
ation and velocity of LCR waves, nevertheless the traditional LCR
aves method only collects the velocity.

. Materials and experiment

.1. Sample description

Tested material is A7N01 plates with the dimensions of
00 × 450 × 8 mm after welding. The plates are in V-groove with

 1-mm blunt edge. The filler material is ER5356 with the diameter
f 1.6 mm.  The chemical compositions of A7N01 and ER5356 are
isted in Table 1. The mechanical properties of A7N01 and ER5356
re shown in Table 2. To remove the oxides for reducing the poros-
ty of the joints, the surfaces of the alloy were chemically cleaned
efore welding.

.2. Hybrid fiber laser-MIG welding

An IPG YLS-4000 fiber laser combined with an KEMPPI
empArc–450 pulse welder was used to fabricate welded samples.
he parameters of the fiber laser were as follows: 1.07-�m wave-
ength, 200-�m core diameter, 4-kW maximum output power, and
-mm defocusing distance. During the welding process, 99.999%
ure argon was utilized as shielding gas from the MIG  torch with

 paraxial gas nozzle. The welding parameters of the A7N01 are
hown in Table 3. However, in order to get wider weld width and
AZ width for studying the efficient of LCR-AV method. A big swing,
igh voltage, fast wire feed speed and slow welding speed are
pplied in welding the sample.

.3. Samples preparation

Twelve tensile samples were prepared by heat-treatment pro-
ess from the base materials to achieve the desired grain size and
recipitation levels. The longitudinal directions of all the sam-

les were parallel to the rolling direction to reduce the influences
esulted from their texture. The samples were divided into two
roups to quantitative study the influencing factors including grain
ize and precipitation level on ultrasonic stress measurement,
 – 0.122 0.35 0.100 Bal.
–0.20 0.06–0.2 – ≤0.25 ≤0.10 Bal.

respectively. The samples marked as G2 to G8 (G-group) and S1, S2,
S3, and S4 (S-group). Sample G1 without any treatment was used as
a reference. The heat treatment conditions and dimensions of the
samples are shown in Fig. 2. The G-group samples were heated to
420 ◦C or 470 ◦C and held for different times to achieve the desired
grain size. The S-group samples were heated to a relative lower
temperature of 200 ◦C, and held for different times to achieve the
different precipitation levels.

3.4. Attenuation and time of flight of LCR waves

A 25,000 rpm hand grinder was  utilized to abolish the reinforce-
ments and surfaces of samples and water cooling technology was
simultaneously employed to control the temperature. The cool-
ing water keeps the grinding temperature under 60 ◦C to prevent
the creation of new thermal stresses. The abolished process is also
effective to avoid of being affect before getting K and t0 by the rough
surface and thermal stresses. The attenuation of LCR waves in the
samples G-group, and S-group are all measured for studying the
relationships between the attenuation, grain size and precipitation
level. The wide sound fields of the transducers and the very small
variation of ultrasonic wave velocity in the range of actual stress are
all the major obstacles in measuring TOF accurately. Fortunately, it
will be much easier to get a relative t0 when the base material sam-
ple without stress is used as a reference and assumes its t0 to be
zero. The precise and accurate measurement of TOF are the deter-
mined factors affecting the measurement reliability and precision.
The accuracy of measuring the attenuation of LCR waves is another
key factor for the LCR-AV method. The voltage amplitude of LCR
waves can be used to replace the attenuation value since it is rela-
tively easy to measure voltage amplitude of the LCR waves with a
high accuracy.

The equipment used to achieve the consistency of the LCR waves
Fig. 2. Heat treatment process diagrams and dimensions for tested samples.
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Table  3
Welding process parameters.

Weld Current
(A)

Voltage
(V)

Laser Power
(kW)

Feeding
Speed(m/min)

Welding Speed
(m/min)

Filler1 235 21 1 9 10
Filler2  271 27 3 11 10

Fig. 3. Sketch of the m
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conducted in different eight points on measured plate including
WZ,  BM and HAZ as shown in Fig. 4. The results of hole-drilling
Fig. 4. Sketch of measured points or locations.

ng transducer with frequencies of 2.25 MHz, and (e) one Plexiglas
edge for embedding the transducers and attaching double-sided

dhesive and hard-metal sheets. In addition, a temperature sensor
as used for measuring the change of temperature that was not
arked in Fig. 3.
Keeping consistent coupling state including the couplant film

hickness and pressure is essential for measuring the voltage ampli-
ude and TOF of LCR wave. Any change in the couplant film
hickness and pressure can lead to a variation of TOF and voltage
mplitude, which results in a measurement error. This constant
ressure and film thickness, controlled by (e) coupling device as
hown in Fig. 3. The double-sided adhesive connects the hard-
etal sheets and the Plexiglas wedge. A uniform gap is formed

etween the measuring device and the measured sample which
re immersed into a water sink. The couplant film thickness and

ressure are determined as a fixed state when the gap is filled by
ater.
easured device.

3.5. Calibration of stress coefficient (K)

The stress coefficient (K) needs to be calibrated for the LCR-AV
wave method by uniaxial tensile test. The Plexiglas wedge with
the embedded ultrasonic transducers was  attached to the center
of those calibration samples. The direction of the LCR wave trans-
mission is parallel to the longitudinal direction of the calibration
samples. The tensile calibration samples are fixed on the stretching
machine DNS300. The steady applied load was about 2000 ± 150 N
and kept for 20 min. Using the least squares method, linear rela-
tionships between the applied stress and the changes in TOF  are
fitted, and K are the slopes of those fitting lines.

3.6. Evaluation of K and t0 for welded joints

The welded zone width in this study is 20 mm which is wide
enough for attaching the plexiglas wedge in order to measure the
stress coefficient (K) and time of flight (t0) at a stress-free state.
The calibration sample was  directly cut from the weld plate and
the longitudinal direction was parallel to the weld direction. The
device in Fig. 3 was  used to measure the K and the t0 in WZ.

3.7. LCR-AV method used for residual stress measurement in
welded joints

The measurement process was  repeated in each zone located
in the scanning path as shown in Fig. 4, which was perpendicular
to the weld line and passing from the weld centerline, while the
LCR wave propagates parallel to the welding direction. The ultra-
sonic measured process was conducted over a varying step size. For
zones near and on the weld zone (WZ), a step size of 5 or 10 mm
was employed, and it was  increased to 20 mm for zones further
away from the weld(see Fig. 4). Hole-drilling measurements are
and the 2.25 MHz  LCR-AV method for A7N01 aluminum alloy are
compared.
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Fig. 5. Results of tensile test to evaluate K for the samples with different precipita-
tion  levels.

Fig. 6. Voltage amplitude vs. time of flight for the samples with different precipita-
tion levels.

Table 4
Measured t0 for the samples with different precipitation levels.

Sample G1 S1 S2 S3 S4

TOF at Stress-free Station (t0) (ns) 0 −2.0 −0.8 2.0 0.4

4

4

i
t
K
a
a

l
h
o
a
m

G-group samples in which the vertical axis represents the voltage
Voltage Amplitude (�v) 346.53 346.55 346.04 346.11 346.63
Stress Coefficient (K) (MPa·ns-1) 5.23 5.58 5.54 5.52 5.53

. Results and discussion

.1. Effect of precipitation levels on K and TOF

The measured TOF vs. the applied stress are plotted and fitted
nto lines by least square method as shown in Fig. 5. Voltage ampli-
udes at S1-S4 are measured in Fig. 6. It can be concluded that the

 and the voltage amplitude are similar between these samples,
nd the precipitation levels have minor influences on the voltage
mplitude and the stress coefficient K.

The measured t0 for the samples with different precipitation
evels that are relative to the t0 of base material (assumed to be zero)
ave unconspicuous variations as shown in Table 4. The differences

f voltage amplitude and stress coefficient between those samples
re also small which indicates that the precipitation levels have
inor influences on the t0.
Fig. 7. Result of tensile test to evaluate K for weld zone.

The minor effect resulted from precipitation levels on t0, K
and voltage amplitude could be attributed to the extremely small
geometries of the precipitates being unable to change the state of
grain boundaries obviously. Hector Carreon et al. (2016) found that
the absorption loss wave predominated in the ultrasonic attenua-
tion of the Ti-6Al–4 V alloy with widmanstatten microstructure(A
mesh-like distribution of a precipitating phase in a solid-state
transformation which occurs along preferred crystal planes), and
widmanstatten grain size are also larger than the other microstruc-
ture. The grain boundaries as the main factor affecting the velocity
of an ultrasonic wave, the errors in K, t0 and voltage amplitude
resulting from precipitation will be relatively small and can be
ignored.

4.2. Stress coefficient and time of flight (TOF) in the welded zone

The welding thermal cycles can change the microstructure and
mechanical properties of the materials especially the WZ  and HAZ.
The chemical compositions in the WZ  are Al and Mg  which are
mainly controlled by the filler material ER5356, while the main
compositions in HAZ and BM are Al, Zn, and Mg  determined by the
base materials. It is ineluctable to induce stomatal defects in the
WZ,  as the researches finished by Wahiba Djerir et al. (2014) that
the defects also influence the TOF of LCR wave. Thus, the chemical
compositions, microstructure and stomatal defects in WZ  are dif-
ferent with that in HAZ and BM attributing to additional influences
on the attenuation and velocity of an LCR wave. It is impossible to
use the same strategies for eliminating the errors in WZ  as that in
BM and HAZ, separate measuring the t0 and K for WZ is an efficient
method to reduce the error.

Fig. 7 shows the relationship between the applied stress and the
change in TOF for WZ.  The K for WZ  can be obtained from the slope
of the line which is 4.193, and TOF at the stress-free stage (t0) is
20.4 ns with the t0 in BM as a reference (assumed to be zero). If
the K and t0 in BM are utilized to evaluate residual stress in WZ
without the necessary calibration, the residual stress measured by
LCR wave method in WZ  will be overestimated.

4.3. Relationship between t0 and attenuation

Fig. 8 shows the original signals of the measured waves for the
amplitude and the horizontal axis represents the TOF of the ultra-
sonic wave. To clearly observe the relationship between the TOF
and the attenuation, a local amplifying view at the first peak is
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Fig. 8. Original signals of the samples for different grain size.
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Fig. 10. Results of tensile test to evaluate K for the samples with different grain size
levels.

Table 6
Stress coefficient (K) and TOF for samples with different grains size.

Samples G1 G2 G3 G4 G5 G6 G7 G8

the fine grain will have larger voltage amplitude.
Fig. 9. TOF as a function of voltage amplitude with different grain sizes.

lotted and shown in Fig. 8. From the local view of Fig. 8, the longer
olding time is kept, the lower voltage amplitudes and the longer

0 of LCR wave are measured at the same heat treatment temper-
ture. When the holding time is constant, it can be found that the
igher temperature also attributes to the lower voltage amplitudes
nd the longer t0 of LCR wave. While not only the longer holding
ime with some temperature but also the higher temperature with
ame keeping time are beneficial for getting larger grain.

Table 5 shows the voltage amplitude and t0 for every sample
ith different grain size at the stress-free state. It can be found

hat the t0 increases and the voltage amplitude decreases as the
rain size increases, the increase of t0 corresponds with decreasing
oltage amplitude similarity. These results are consistent with the
ndings in Refs. Buenos et al. (2014) and Buenos et al. (2012), but
he fitted relationship between change in attenuation of LCR wave
nd grain size is quadratic curve in their researches differing with
he almost liner relationship in this research. The data in Table 5 is
lotted in Fig. 9 and fitted into the following equation:

0 = −0.26V + 92.74 (8)
here t0 is the TOF at a stress-free station and V is the value of
oltage amplitude.
K/MPa ns−1 5.23 5.40 5.66 5.82 5.88 6.08 6.24 6.51

4.4. Relationship between K and attenuation

Fig. 10 shows the fitted relationship between the applied stress
and the change of TOF for all G group samples, the slopes of those
fitted lines are K listed in Table 6 of those samples according to Eq.
(7).

Fig. 11 shows a linear relationship between the K and the V.
Voltage amplitude (V) as a function of the stress coefficient (K) is
determined by Eq. (9):

K = −0.01331 V + 9.8 (9)

The stress coefficient (K) decreases with increasing of the volt-
age amplitude. Since fine grain has a lower K according to Table 6,
Fig. 11. Stress coefficient as a function of voltage amplitude for samples with dif-
ferent grain sizes.
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Table  5
Voltage amplitude and t0 for samples with different grain sizes.

Samples G1 G2 G3 G4 G5 G6 G7 G8

V (�v) 346.53 327.78 321.04 316.01 299.47 285.58 263.29 259.81
TOF(ns) 0 5.6 8.0 10.8 14.8 17.2 20.4 25.6

acro of the measured plate.
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Fig. 12. Hardness and m

.5. LCR-AV method

The relationships between grain size, K, t0, and attenuation have
een established in the above sections, respectively. The welded
late as involved in 3.7 is used to verify the LCR-AV method. It is
ifficult to observe the HAZ zone by mixed acid, so a hardness test
as performed and the results are as show in Fig. 12.

By substituting Eqs. (8) and (9) into Eq. (7), the model formula
f LCR-AV method can be obtained as shown in Eq. (10):

	  = (−0.01331V + 9.87) [t − (−264.44V + 92.78)] (10)

here the measured voltage amplitude (V) and TOF (t) for the
elded joints based on the conditions discussed in Section 3.1 can

e found in Figs. 13 and 14, obtained with the similar method as
iscussed in Sections 4.1–4.4, respectively. The change of TOF (
t)
nd the voltage amplitudes (V) are almost symmetrical to the weld
enter as the grain size is the main factor affecting the TOF and
he voltage amplitudes, while the grain size is similar at the same
istance from the weld center at each side of the weld.

Fig. 14 shows a special phenomenon where the voltage ampli-
udes at the locations having a distance of 35 mm from the weld
enter are higher than that in BM.  Welding thermal cycles located
t this zone equal normalizing inducing fine grain, while finer grain
esults in higher voltage amplitude based on the above theory and
onclusions. In general, the voltage amplitude decreases near the
eld because of the coarse grain due to the high temperature during
elding.

Fig. 15 shows the distribution of the residual stress measured
ith hole drilling, traditional LCR and LCR-AV method. The mea-

ured results using LCR-AV method are computed with the voltage

mplitudes in Fig. 14 and the TOF in Fig. 13, according to Eq. (10).
he measured longitudinal residual stresses using the traditional
CR wave method has a significant deviation in the HAZ compared
ith the hole-drilling method. This is because the grain size in the
Fig. 13. Time of flight at every measured point.

HAZ is significantly different with that in the BM,  which results in
the disparity of K and t0. The largest deviation of the traditional
LCR wave method compared to the hole-drilling method is about
107 MPa.While, the largest deviation decreases to about 24 MPa
with the LCR-AV method. However, there is a more acceptable
agreement between the hole-drilling results and those obtained
from the LCR-AV method.

The measured results using traditional LCR wave method in
those locations far away from the weld center are similar to those
using LCR-AV method because the microstructure affected in those

locations by welding temperature history is small. This comparison
shows that the accuracy of LCR-AV method is higher than that of the
traditional LCR wave method. To compare the measurement error
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Fig. 14. Voltage amplitude at every measured point.
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ig. 15. Measured weld longitudinal residual stress with different methods.

chieved by employing the LCR-AV and hole-drilling method in the
eld of stress measurement, the following aspects may accountant

or the 24 MPa  error:

A) Ignoring the influences resulting from the precipitations and
dislocations will attribute to a smaller effect than the grain size,
while this paper didn’t take the influences into consideration.

B) The different measured volume between LCR-AV and the hole-
drilling method also produces error, the hole-drilling method
provided an average stress over the entire 2 mm  penetra-
tion. The 2.25 MHz  LCR-AV measurement penetrated to 2.6 mm
based on GB/T 32073-2015. However, the LCR-AV method mea-
sures the average of stresses in a determined cuboid, while
the hole-drilling method measures the average of stresses in
a determined cylinder.

. Conclusions

The objective of this investigation is to optimize an LCR-AV
ethod to correct the errors resulted from the effects of grain size

n the stress coefficient (K) and the TOF at stress-free state (t0) in
he traditional LCR wave method. Based on the results in this study,

he following conclusions could be drawn:

1) The precipitation level in materials has a minor effect on K and
t0 of LCR waves for A7N01 aluminum alloy, because it is impos-
ng Technology 246 (2017) 267–275

sible for tiny precipitation to change the large grain boundary
shape obviously. This effect can be ignored during stress mea-
surement using LCR-AV method.

(2) The grain size has a significant effect on the K and t0 of LCR
waves. Palpable errors will be observed ignoring the influ-
ences due to different grain size levels, largest deviation has
been found in HAZ zone for the obvious difference grain size,
while the chemical compositions, microstructure and stomatal
defects in WZ account for the more obvious effect on the K and
t0 compared with that in HAZ and BM.

(3) Since, both the K and t0 have a linear relationship with the
voltage amplitude, a formula was  established for the LCR-AV
method based on two variables: V and t0. The LCR-AV method
needs to measure these two variables instead of only t0 for the
traditional LCR wave method in measuring process for evalu-
ating welding residual stress. The LCR-AV method has greatly
improved the measurement accuracy compared with the tradi-
tional LCR wave method for measuring welding residual stress.
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