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Abstract

The article demonstrates an effective solution for ultrasonic quality monitoring of transmission and drive components of motor
vehicles, joined using an innovative method called magnetically impelled arc butt welding (MIAB). The major challenge was
the application of ultrasonic technology for quick and reliable testing of thin-walled components with complex geometry. To
solve this problem the idea of using ultrasonic subsurface waves was investigated. By using finite elements method (FEM)
the angle of the ultrasonic beam incident on the tested element and the frequency of the ultrasonic transducer were verified.
Then, scanning acoustic microscopy (SAM) and X-ray computed tomography (CT), both nondestructive tests on thin-walled
welded tubular components were performed. The research have shown that it is possible to detect defects with diameter of
0.3 mm with the angle of incidence of wave 31.5°. The results of the numerical analysis were compared with the experimental
approach and confirmed the usefulness of proposed method. Finally, the potential of using immersion ultrasonic technique
for quick and reliable validation of thin-walled tubular components was proven, as the test duration for a one elements was
around 3 s.

Keywords Magnetically impelled arc butt welding (MIAB) - Scanning acoustic microscopy (SAM) - Finite elements method

(FEM) - Ultrasonic subsurface waves

1 Introduction

The constant shifts toward downsizing, weight reduction and
reduced energy consumption has been observed in the auto-
motive industry in the recent decades. These factors, along
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with the need for cost reduction, have resulted in changes to
the materials used in car production, especially in indicating
the need for thinner construction elements. However, due to
e.g. low stiffness of such parts, this have caused different dif-
ficulties in further processing, including joining. One of the
methods that have found an application in the joining process
of such thin-walled components is magnetically impelled
arc butt (MIAB) welding [1-6]. An example of the element
that has been manufactured using this method is drive shaft.
However, a constant examination of such elements is needed
in order to maintain their high quality. Among the numer-
ous destructive and non-destructive testing methods that are
applicable for detecting e.g. flaws in joints, Scanning acous-
tic microscopy (SAM) appears to be a highly beneficial one.
As presented previously [7-9], this method allows to ana-
lyze materials with high resolution and sensitivity, through
the use of surface and subsurface waves. Moreover, SAM is
arelatively cost-effective and quick method. Although SAM
testing has been broadly discussed in the literature [10, 11],
no published study has directly addressed this method as a
tool to evaluate thin-walled welded car components.
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The aim of this research was to verify whether SAM
can be used to perform fast and reliable quality testing of
MIAB welded thin-walled tubular elements. The theoretical
introduction has comprised a detailed description of MIAB
welding, followed by both a presentation of the fundamental
features of mechanical waves and SAM method. In order to
select the optimal parameters of ultrasonic beam propagation
and to understand the physical-acoustic phenomena, finite
elements method (FEM) modelling was performed. Then,
the phenomena of wave transformation on the boundary of
the medium have been analyzed by experimental approach.
The results of the numerical analysis were confirmed by UT
and CT, respectively.

Presented method is very promising in many area of
applications e.g. tubular joints and pipelines quality control.
Application of subsurface waves gives opportunity to per-
form the nondestructive tests of the welds made by other
methods than MIAB. It can be GMAW, TIG, friction welded
joints and others. The strong physical background of this
waves propagation allows detection of many types of defects.
In MIAB joints the typical types of imperfections are: metal-
lic and nonmetallic inclusions, hot and cold cracks, lack of
fusion, geometrical imperfection caused by e.g. improper
preparation of welded edges or deformation of parts to be
joined. This and many others defects can be potentially
detected using subsurface waves. The potential of using such
testing method is presented here based on MIAB welded thin-
walled tubular components.

2 Materials and Methods
2.1 Joining Method: MIAB

The case analyzed in this study is MIAB welded driveshaft,
which is mostly used in rear wheel drive and other types
of cars to transfer power from the engine to the rear axle.
This kind of mechanism consists of two shafts connected
with a CV joint (constant-velocity—the type of homokinetic
joints, allows a drive shaft to transmit power through a vari-
able angle, at constant rotational speed) [12]. The shaft is
made of three elements: an outer race, a tube and a stub shaft
(Fig. 1). These elements were joined all together by using
MIAB welding.

MIAB technique allows to create butt joints between two
elements with closed cross-sections. In order to reach the
high temperature needed to create a joint, a welding arc is
ignited in the gap between the elements being welded [1-3].
Once the arc is initiated, it starts to spin along the edges of the
elements. The spin of the arc is caused by the magnetic field
generated by permanent magnets or electromagnetic coils
located closely to the welding region [1-3].

The MIAB process can be summarized in four steps:
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Fig. 1 The drivetrain of a car-drive shafts [13]

e positioning and fixing of the welded components. Butt
faces are stuck together and the current is turned on
(Fig. 2a),

e components are pulled apart and an arc is ignited between
the faces (Fig. 2b),

o the magnetic field between the components cause an arc to
spin along the circuit that consists of the elements (Fig. 2c),

o the melted edges are stuck together due to the upset forces
(Fig. 2d).

The most significant part of MIAB welding is the spin of
the arc. This phenomenon is caused by the Lorentz force act-
ing on the welding arc [2—4]. The Lorentz force is formulated
according to the following equation:

— — -
F;=IdL x B ()

where E is Lorentz force, 7 is arc current, d L is arc length,
B is magnetic flux density.

The directions of the induction force, the Lorentz force
and the velocity of the charged particles are presented in
Fig. 3.

The velocity of the spinning welding arc can reach values
of up to 200 m/s and the heat is thereby evenly distributed
over the front surfaces of the welded components [1-4].

In general, MIAB is used mainly to connect two round
elements such as pipes, shafts or axles, especially thin-walled
ones. It can be used to join a wide range of metal alloys, from
basic carbon steel through high alloy steel and also some non-
ferrous metals such as aluminum alloys [4-6, 14, 15]. Due
to its vast number of advantages, this method is becoming
more popular in the automotive, gas, oil, power and defense
industries [4-6, 14, 15].
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Fig.2 The stages of
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Fig. 3 Relation between the magnetic flux, the Lorentz force and the
arc current vectors

In this work, the MIAB process was used to connect com-
plete TSA (tubular shaft assembly) parts, consisting of a tube
(C22 steel) with a wall thickness of 1.5 mm and two ends:
a joint (UCI steel)—stub shaft ended with spline. Welding
parameters for all joints were the same and consistent with
the applied production technology.

2.2 Ultrasonic Testing

The wave propagation phenomena seems to be crucial for
understanding the mechanisms that underpin ultrasonic test-
ing. A wave is the transfer of energy in a medium or space,
which can be described by the equations of periodic oscil-
lation [16]. A mechanical wave is described as particles
oscillation. It can only propagate in a medium which can
be characterized with elasticity and density. Therefore it has
to be gas, solid or liquid [16—-19].

In the field of ultrasonic there are two types of bulk acous-
tic waves that can propagate in an elastic solid body: (1)
longitudinal waves, and (2) transverse (shear) waves.

—r=
N SN NS +

(b)_ SN NS +
=
(d) . +
Tyt

The longitudinal wave, also called a compression one, is
a type of planar wave, the particles of which oscillate in
the direction of the wave propagation. Therefore, along the
direction of propagation, the particles of the medium alter-
nately compress and expand [16-20]. A longitudinal wave
may propagate in a solid, liquid and gas medium. Due to
the uncomplicated generation and detection of longitudinal
wave, this kind of oscillation is widely used in ultrasonic test-
ing. On the other hand, the particles of the transverse wave
oscillate in the direction which is perpendicular to direc-
tion of propagation, therefore transverse waves can propagate
only in solids [16-20].

In UT testing of welds it is difficult to use normal (perpen-
dicular to the tested surface) beam. The surface of weld flash
is rough and curved, which causes the distraction and dis-
sipation of ultrasonic beam. A beam with angular incidence
is commonly used in order to avoid such difficulties. The
acoustic wave is introduced to the material by using angle
probes. This kind of wave propagation is much more com-
plex, mainly because of the appearance of other wave modes,
but also due to refraction and attenuation effects.

To avoid the inconveniences caused by longitudinal waves
the subsurface lateral waves were chosen for quality assess-
ment of MIAB joints.

Razygraev [17], Deputat [18], and Chaki et al. [20] have
described an acoustic field in a solid material when the bound-
ary surface is hit by the ultrasonic wave with the critical
angle [14]. Due to the refraction phenomenon, subsurface
waves and non-uniform longitudinal waves propagate along
the boundary surface in the lower (solid) and in the upper
(liquid) medium. Propagation of the subsurface wave is not
disturbed by surface flaws or roughness but may be reflected
by flaws localized under the material’s surface.

Chaki et al. [20], presented a FEM simulation as well as an
experimental study of a critically refracted longitudinal wave
in a liquid—solid interface boundary. The excitation source
corresponds to the critical angle for the water—steel boundary.

@ Springer
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Fig.4 Scanning acoustic microscope [24]

The refracted beam causes the appearance of the previously
described wave modes such as head wave, transverse wave
and subsurface longitudinal wave [20].

In this work the ultrasonic testing system was built basing
on SAM. SAM is a technique which is used for investigating,
measuring and imaging the external and internal structure of
materials using a high frequency ultrasonic beam. There are
many ways of processing data, which can be one- or two-
dimensional acoustic profiles, which are called the A-scan
or B-scan. Further, by processing the collected data using
the relevant methods, it is possible to determine some of
the properties of the material, like Young modulus, shear
modulus or Poisson ratio [10, 11]. This method is relatively
fast and safe, and as a consequence it has been applied for
non-destructive testing of materials [21], as well as in medical
and biological research [22, 23]. The construction of a SAM
is presented on Fig. 4.

The internal structure of the MIAB joint has to be tested
using a subsurface wave because of e.g. irregular surface
of the flash weld. In the case when normal beam is used,
most of the signal is reflected in random directions, which
makes impossible to verify the internal structure of weld.
Evaluations with a normal beam would be only possible when
the flash weld would be ground on two sides of the joint.
This is impossible in this case because there is no access to
the flash inside the tube. The subsurface wave was indicated
on the surface of the tube near to the flash weld and then
it travelled under the surface through the joint. In case of
the defect occurrence the acoustic wave is reflected back.
Otherwise it travels forward. This method is shown in the
scheme in Fig. 5.

The acoustic microscope used in this study has been
equipped with a high frequency focused beam transducer
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Fig.6 The kinematic system of the testing setup

which diameter was 7 mm, focus length in water 15 mm and
frequency 10 MHz, which is able to generate a subsurface
wave. The conventional version of the microscope (Fig. 4)
is usually limited to samples with flat surfaces. Due to the
more complex geometry of the shaft it is not possible to
carry out the scan along the entire circuit, using conventional
kinematic system consisted with 2 degrees of freedom mov-
able arm crewed with focused beam transducer and one axis
positioner. In order to enable data collection from the entire
circuit, the kinematic system was modified and this is shown
in Fig. 6.

2.3 Numerical Simulations of the Propagation
of Ultrasonic Waves

All simulations were conducted for the same joint geometry
(Fig. 7). Analysed MIAB welds were formed at the end faces
of pipe and stub shaft. Both elements had the same diameter
(50 mm) and thickness (1.5 mm) at the interface area.

The ultrasonic beam was oriented at the angle of 31.5° to
the surface of the tube, because in this case the wave incident
angle should correspond to the third critical angle. By this
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Fig.7 The 3D FEM model of
welded components: a the
components of the model,

b model of the mesh with area
of the very dens mesh
surrounding the defect, and

¢ discretization of the defect

M
(b) =

0.000e+00 |
-2.000e+02_|
-4.000e+02 _|
-6.000e+02

Wave excitation and measurement

Artificial defect

Fig. 8 Configuration of the FEM model of the MIAB joint

way, the required subsurface wave can be generated due to
the phase transformations at the border of two media.

The transducer frequency was selected on the basis of
previous empirical experiments determining the depth of the
subsurface wave penetration into the tested material. The
wave created in the tested material (tube) must involve its
whole thickness to ensure maximum detection of welding
nonconformities and for this reason the value of 10 MHz
was assumed.

The welded area in the FEM model was represented as
an interface (with no thickness) between two welded com-

Tube

Welding interface

Stub shaft

ponents. This simplification do not influence on the results
because ultrasonic wave is reflected by the borders of the
media with different acoustical impedance. The thickness
of the border (air gap) does not matter at this case because
the reflection rate is determined by the physical properties
(Young modulus, Poisson ratio and the density) of the mate-
rial and the gas or fluid filling the defect. The advantage of
such modelling is shortening of the calculation time and pos-
sibility of quick modification of the model.

Ensuring appropriate conditions for the simulation
required the selection of an appropriate size of the finite
element mesh and the time step. When selecting these param-
eters, the frequency of the transducer and the wave celerity
in the given medium were also considered. The model dis-
cretization was conducted taking into account the factors
mentioned above. This means that for unambiguous interpre-
tation of the results, the size of the mesh element should be
significantly smaller than 50% of the wavelength, suggested
10 elements per wavelength [20]. Therefore, the assumed size
of the element was in the range of 0.05 mm up to 0.2 mm
(Fig. 7b, c). Similarly, to ensure unambiguity of the results,
the maximum time step should not exceed 20 ns, and this
results from the general theory of signal sampling [20].

Figure 7 presents the 3D FEM model of main tested ele-
ments. The model consists of a long tube, a short stub shaft
and a contact surface of the welded elements. The model

@ Springer
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Fig.9 The FEM model of the wave propagation in the MIAB weld in case of: a forming correct weld, and b weld was not formed
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Fig. 10 The propagation time for the case when: (a) weld was formed;
t = 10.6 s, and (b) weld was not formed; t = 4.9 s
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Fig. 11 An example model of the MIAB weld with a defect

was discretized and then boundary conditions (restrains at
the ends of the welded elements) as well as input in the form
of aforce impulse with the length of 1/4 of the ultrasonic wave
period applied in the area shown in Fig. 8 were defined.

@ Springer

3 Results

At first, FEM simulations of the quality control process for
MIAB welded joints have been conducted. These simulations
enabled the verification of parameters necessary for conduct-
ing the experimental tests in a correct way by using in-house
made SAM set-up and in particular the angle of the ultra-
sonic beam incident on the tested element and the frequency
of the ultrasonic transducer. Afterwards, the tests were per-
formed by SAM and selected results were compared to the
ones obtained by the X-ray computed tomography.

3.1 Results of the Numerical Simulation

The test result presented below demonstrate a possibility for
using a subsurface wave for the detection of discontinuities
in welds made by the MIAB method.

Figure 8 shows an example of UT wave propagation in the
analyzed configuration of the measuring system, the location
of the wave excitation and an example of an artificial noncon-
formity. This is an example for the welded joint at a selected
stage of the wave propagation in the tested media. The time of
the ultrasonic wave front flight is measured since the moment
of the wave excitation until it returns to the measuring point
(see Fig. 8).

Figure 9 shows two cases of the ultrasonic wave propaga-
tion. Figure 9a presents a situation in which a correct weld
was formed, while the uniform weld was not obtained in
a second case (Fig. 9b). This means that there is an inter-
face between the welded elements forming a reflector for the
ultrasonic wave. The entire energy of the wave is reflected
from the contact surface of the materials (Fig. 9b). It was
obtained by turning off the contact condition in the FEM
model between both welded components.

By measuring the time of the wave flight in the tested sam-
ple, itcan be determined if the welded joint was formed or not
(Fig. 9). The results of an analysis show that when the weld
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was formed, the wave passes through the weld area. There
is no physical border between both welded components. The
time of the wave propagation in this case equals 10.6 pus.
In case of the defect occurrence the wave is reflected and in
such case the time of the wave propagation equals 4.9 s.
It happens because of the high difference of the acoustical

—e— Defect size

- - - Trend line

y =143,35x + 8,5886
R?=0,99

0,4 0,6 0,8 1 1,2

Defect size [mm]

impedance of the welded material and the gas (usually air)
placed in the defect or material interface. The shorter time of
wave flight indicating the lack of weld or defect occurrence
(Fig. 10).

Figure 11 presents the example of a simulated imperfec-
tion in the MIAB welded joint. By using FEM circular shaped

@ Springer
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Fig. 14 Artificial defects and the
B-scan indication for Shaft I

.

Table 1 Artificial defects in Shaft I

Nos Description Position
(1) Double hole, 0.5 mm 140°
2) One hole, 0.3 mm 52°

3) One hole, 1.2 mm — 55°

defects were mainly analyzed. The diameter of the defects
was in the range of 0.2 mm to 1.2 mm. The depth of every
defect was equal to the wall thickness.

During ultrasonic testing, the most important factor, for
detectability of the defects, is substantial difference of acous-
tical impedance of two media. According to the basis of the
geometrical acoustics such a boundary of two materials is
a reflector for ultrasonic wave. By precise micromachining
and introducing the artificial defects it is possible to simulate
almost all typical types of weld imperfections, like pores,
cracks or metallic or nonmetallic inclusions. In this case,
the geometry of the defect is not important, however the
shape of the border between two materials (base material and
defect—e.g. air) must be taken into account. If the border is
perpendicular to the direction of the wave propagation, then
it is a good reflector. Otherwise, the wave is dissipated and
cannot be detected. Cylindrical shape of the artificial defects
is the best shape for simulation of the welds imperfections.
Always, at least small part of the cylinder surface can be a
good reflector and thanks to that it is possible to compare
influence of the artificial effect size for the detected signal
strength. This simulation should be considered as qualitative

@ Springer
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and not quantitative, to prove existence of signal to defect
size relation. Because of the very small sizes of the non-
conformities and for the purpose of batter presentation of
the detection phenomena, the rectangular shaped defect was
presented on the Fig. 11. The dimensions of this defect was:
width 1.2 mm, height 0.2 mm and the depth 1.5 mm. This
case shows clearly visible wave front. The signals reflected
from the circular defects are well visible on the Fig. 12 as a
2D chart. The influence of the defect size on the level of the
signal reflected by the nonconformity was presented on the
Figs. 12 and 13.

Figure 12 shows a set of results of numerical simulations
for a model of the weld with imperfections of different sizes
(from 0.2 to 1.2 mm). It is clearly visible here that an ampli-
tude of the wave reflected by the nonconformity increases
with the size of the defect.

Figure 13 shows a relationship between the size of the
nonconformities and the amplitude of the reflected wave.
This relationship is approximately linear, as confirmed by
the high value of the correlation coefficient, R2, of 0.99.

The results obtained here show that for the assumed sim-
ulation parameters (incident angle of 31.5°, the transducer
frequency of 10 MHz), a nonconformity in the MIAB welded
joint can be unambiguously detected. The tests conducted for
other beam incident angles and the transducer frequencies did
not give satisfying results, so they are not presented here.

The conducted numerical simulations allowed an initial
verification of adapted ultrasonic test parameters. Thus, it
was possible to limit the number of conducted experiments
and to better understand the phenomena accompanying the
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Fig. 15 Artificial defects and their B-scan indication for Shaft I

Table 2 Artificial defects (0.5 mm holes) for Shaft II

Nos Description Position

(1) Hole behind flash 137°

2) Hole in flash 122°

3) Hole before flash 107°

4) Two holes in flash 1.4°,18.6°

(5) Four holes in flash — 167°, — 152°, — 137°, — 123°

propagation of subsurface ultrasonic waves during testing of
MIAB welded joints.

3.2 Results of the Ultrasonic and Computed
Tomography Tests

Two examples of shafts have been shown below.

3.2.1 Shaft|

Three artificial defects (holes) were prepared across the weld
using laser techniques. These holes were used for the verifi-
cation of the detectability of the defects using the ultrasonic
method. Figure 14 shows the B-scan with the detected imper-
fections (labelled by arrows). These marks are listed in Table
1 along with a brief description.

180

150

120

90

60

30

0

Angular position [deg]

-120

-150

I.I.I.I.I.[.I.I.I.I.I.I.l.l.[.l.l.l.l.l.I.I.[.I.I.I.I.I.I.I.I.I.I.I.I.l

-180

In the first case (Fig. 14) two points were clearly visible on
the B-scan, representing the twin hole defects with 0.5 mm
in size. The similar effect was observed in case no. 3, the
indication of the hole with the diameter of 1.2 mm was well
detected. In case no. 2 (defect size 0.3 mm) it was also pos-
sible to find the indication of this defect but sometimes there
were also other indications close to the defect. They proba-
bly arose from the irregular geometry of the weld, insufficient
fusion or external disturbances. This will be investigated dur-
ing further research work.

3.2.2 Shaft i

The second shaft also had artificial defects that were designed
to verify the test method. The shaft was examined using the
acoustic microscopy and CT to enable the comparison of
these two methods. This also has allowed for the verification
and interpretations of the detected imperfections. Figure 15
shows the B-scan with the marked holes and potential imper-
fections, they are also listed in Table 2 along with a brief
description.

In this case all the artificial defects were revealed, how-
ever sometimes other indications could appear on the B-scan.
This is usually caused by the incorrect geometry of the weld,
incorrect fusion, gas pores or some external disturbances
(according to Fig. 16, which shows some selected cross sec-
tions of MIAB weld).
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Fig. 16 The CT tomograms: "
a face part of the joint, b middle (& ¢ D
part of the joint, and ¢ root part Q ,_,O-, 8 o I = = 8 8 8
' 212 =2 8| 8 = ® W @ =5 | 9

of the joint in the comparison
with the B-scan ultrasonic
image. Moreover the tomogram
shows the cross sections of the
shaft A—A, C—C, D-D and detail
B

Section
A-A

3.3 Comparison of SAM and CT Results

Figure 16 shows comparisons of tests performed using SAM
and CT. These results clearly demonstrate that outcomes for
both methods are consistent. The comparison performed ver-
ified the correct operation of the proposed method for the
detection of nonconformities in drive shafts.

In the tomogram (Fig. 16), it was possible to observe the
local excess weld metal and overlaps, especially in the middle
and bottom part of the weld. The relevant details for the study
have been shown in the cross sections (Fig. 16). The cross
sections A—A and detail B have shown the gas pores in the
top part of the flash weld as well as the overlap that can be
observed in these areas on the tomogram. The cross section
C—C represents the location of the most inclined angle of the
weld. This can dissipate the wave flowing through the weld
and cause a decrease in a signal level. The excess weld metal
with a large pore inside the flash weld was visible in the D-D
section. No other correlations between the tomogram and the
B-scan were found.
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Section Section

(9

4 Summary and Conclusion

The aim of this study was to verify whether an acoustic
microscope may be used to perform quick and reliable val-
idation (the test duration for a one elements takes around
3 s) of MIAB welded joints. As a part of the conducted
work, extensive numerical calculations and experimental
tests were performed, which unambiguously demonstrated
the effectiveness of the described methods. On the basis of
the conducted simulations and the analyses of the experimen-
tal test results, the following conclusions can be drawn:

e A possibility to use subsurface ultrasonic waves for tests
of thin-walled elements was demonstrated and their use in
tube-shaped elements enables the detection of nonconfor-
mities in welds made by MIAB method.

e By setting the ultrasonic transducer at a critical angle
(31.5° for steel), it is possible to transform the longitu-
dinal wave into the subsurface wave, thus it is possible to
test MIAB welds without the need for deburring.

e The use of the numerical methods can be a tool support-
ing the selection of appropriate parameters for ultrasonic
tests. By conducting numerical calculations, the required
parameters (frequency, size) of the ultrasonic transducer
and an incident angle of the ultrasonic beam were selected,
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to ensure the highest detectability of nonconformities in a
MIAB weld, as well as the best ratio of noise to the ana-
lyzed signal.

e The performed simulations ensure better understating of
the test process and the method of the wave propagation
in welded joints, thus enabling precise interpretation of
results obtained during tests of real elements.

e The conducted numerical analyses (considering wave
transformation, time of flight, influence of the flaw size
on amplitude level) were confirmed by ultrasound tests in
laboratory conditions.

e Theresearch has confirmed the possibility of using subsur-
face waves in ultrasonic immersion techniques. The wave
penetrated the material and it was possible to receive the
reflected wave back. Using these techniques, all of the pre-
pared verification artificial defects were detected.

e The results obtained using computed tomography gave a
very precise and accessible view of the internal structure of
the joint. Nowadays computed tomography is expensive,
time consuming and uses hazardous ionizing radiation.
The B-scan image is less precise and is not easy to interpret
but if this method could be developed it should provide the
necessary data in a very short time at a low cost.

To sum up, although the precision of the measurements
using the acoustic microscope was lower than some of the
alternative methods, it has numerous advantages. SAM is
fast, less expensive than the CT method for instance, and
does not pose a threat to operators’ health.
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