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Abstract: It is difficult to completely prevent the formation of defects in metal press forming, unless inspecting
the entire products. This study suggests an in-process inspection using an ultrasonic measurement in order to
avoid such a problem. This method is effective for detecting wrinkles formed in a material during the process. A
numerical analysis clarified the relationship between wrinkle shapes and the reflection behaviour of ultrasonic
waves. In this study, we developed an experimental apparatus that provided quantitative data explaining the
relationship between ultrasonic reflection intensity and the wrinkle shapes. The die of the developed apparatus
was in sufficient contact with the specimen machined into the wrinkle shape. The ultrasonic reflection

characteristics varied by the wrinkle characteristics.
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Introduction

Press forming is a processing method for a mass
production while maintaining a constant quality. The
investigation of defects, such as wrinkles on the
material surface, in press-formed products has been
one of the most important issues for manufacturers. In
general, the sampling inspection method is adopted
considering the cost in the industry. However, these
methods often miss the outflow of defective products
except for the investigation samples. Although there
have been a number of studies thus far (Katayama et
al. [1], Koga et al.[2], it is still difficult to prevent the
defects completely as various factors and complex
relationship are related to the formation of defects.

To solve such a problem, researchers have suggested
an in-process monitoring of defects using various
types of sensors. For example, Traversin and Kergen
[3] controlled blank-holder force using various
sensors embedded in the die. Siegert et al. [4]
embedded displacement transducers in the upper and
lower binders in order to measure a wrinkle height
required for a closed-loop control of a press forming.
Doege et al. [5] performed a contactless online
measurement of the material flow with an optical

sensor in a die. Yang et al. [6] utilized AE sensors to
detect the position of friction sources during a press
forming. Lo and Yang [7] developed new embedded-
type displacement sensors that enabled the closed-
loop control of blank-holder force. Mahayotsanum et
al. [8] achieved the optimization of process
management with a draw-in sensor. Nonaka et al. [9]
successfully detected a scrap-jumping in a pierce
processing using a fibre line-laser sensor.

Among a number of suggested approaches, the in-
process measurement using the ultrasonic wave has
been reported by Saiki et al. [10][11], Stancu-
Niederkorn et al. [12] and Hagino et al. [13] to be
effective for monitoring the contact state between a
tool and workpiece. According to the work of Nonaka
et al. [14], the ultrasonic measurement using die-
embedded probe successfully detected wrinkles
generated during a press forming.

The relationship between the wrinkles and ultrasonic
reflection characteristics must be clarified to introduce
this method into the actual manufacturing process.
Numerical analysis can be a good tool for resolving
such problems. Finite difference time domain (FDTD)
method (Yee [15]) was developed to analyse the
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electromagnetic field. Recently, the FDTD method
has been effectively used for the elastic wave analysis
(Satyanayan et al. [16], Hagino et al. [17], Jinno et al.
[18]). We visualized the propagation and reflection
behaviour of ultrasonic waves in a sample containing
periodic wrinkles using the FDTD method (Segawa et
al. [19]).

This work developed an experimental apparatus to
clarify the relationship between the wrinkles and
ultrasonic reflection characteristics. The obtained data
from this apparatus were compared to those calculated
from a numerical analysis, providing the reliability of
the apparatus. Then, operational checks and the
ultrasonic measurement were performed using the
developed experimental apparatus.

Principle and Estimation

The wrinkles in the present samples were detected
based on the ultrasonic reflection intensity | defined
as the maximum amplitude of reflected wave. The
ultrasonic reflection intensity is affected by the
contact state of two media in contact with each other.
Fig.1 shows the relationship between the reflection
intensity and the contact state of die and workpiece. I,
is the reflection intensity at the contact state between
the upper die and air, which always shows the highest
value. The reflection intensity decreases as the contact
area with the workpiece is increased. In this
experiment, the wrinkle is evaluated by a relative
reflection intensity 1/1,.
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Fig.1 Variation in reflection intensity with the
conditions of wrinkles (1o>1,>1,)

Experimental Apparatus

Fig.2 shows the structure of developed experimental
apparatus. The apparatus is composed of three parts
made of S50C steel: the ultrasonic probe storage box,
the upper die and the lower die. These components
were then assembled by bolting, as shown in Fig.2(a).
Glycerine was used because it easily flowed into the
narrow space formed by the wrinkled structure.

The ultrasonic probe storage box was manufactured to
fix the position of the ultrasonic probe. A groove for
setting the ultrasonic probe was provided on the lower
surface of the box. A rubber plate was sandwiched
between the groove and the upper surface of
ultrasonic probe. The rubber plate was designed to be
larger than the gap between the groove and ultrasonic

probe in order to apply the elastic force, providing a
sufficient contact between the probe and the upper
die. Glycerine was also applied to this area. The probe
frequency was 2.25 MHz.

The upper die consisted of four components, viz., A,
B, C and D. The upper die A contained a punch with a
height of 30 mm considering that the irradiation
distance of ultrasonic wave was larger than the near
field length for all frequencies used in the present
study. Vertical and horizontal dimensions of punch
were set to be 60 mm and 50 mm, respectively, in
order to avoid affecting the ultrasonic propagation.
The lower surface of the upper die was grinded to
obtain the sufficient contact with the specimen. The
grooves for bolting were provided to fix the upper and
lower dies in the upper die A. These grooves were
machined to respond the lateral movement of the
lower die. Four screw holes in the centre of the upper
die A were provided for fixing the ultrasonic probe
storage box. Four bolts in the corner of the upper die
assembled the upper dies A-D.

The lower die was composed of two components of E
and F integrated by bolting. The groove was also
fabricated for fixing the specimen and receiving the
glycerine lubricant in the lower die. As a result, the
gap between the specimen and die could be filled with
glycerine during the entire experimental process.

- -
v
(b) Ultrasonic probe storage box A
5 B e
I/
v L

- & c P
(c) Upper die
=
(a) Assembly > E
)
o.@ “—
° V
>

(d) Lower die

Ultrasonic probe Ultrasonic probe
Upper die

storage box
/ Punch
. | /‘,-'

|_Glycerine

Lower die

\H

Positioning bolt O-ring  Specimen

(e) Schematic of experimental apparatus

Fig.2 Experimental apparatus

The O-ring was placed on the lower surface of lower
die E to prevent glycerine from leaking out of the gap
between the lower die E and F. Finally, we prepared
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three types of the lower die F with different heights
considering the wrinkle height used in this work. The
positioning bolt in Fig.2(e) is passed through the
upper die B. The positioning bolt moves the lower die
laterally. The moving direction of the lower die is
constrained by the upper die C and D when the lower
die is moved. Consequently, the movement of the
ultrasonic irradiation position can be performed
accurately by the positioning bolt, the upper die C and
D. The gap between the upper and lower dies to place
specimens, shown in Fig.2(e), was set to be 5% lower
than the height of specimen to tightly bind the die and
specimen.

Fig.3 shows peripheral equipment connected to the
developed experimental apparatus. A pulsar receiver
performed the transmission and reception of
ultrasonic waves through the ultrasonic probe. The
ultrasonic wave was then displayed on the
oscilloscope, of which the data were recorded by the
computer.

Pulsar receiver

i
Oscilloscope -
Experimental
————— apparams
/UVL‘\L ————
———— 1
900 PC
| =

L\

Fig.3 Experimental apparatus and peripheral
equipment

Specimen

Fig.4 shows the scheme of the specimen used in the
present work. The specimen was made of A1050 pure
aluminum. The wrinkles of specimen were produced
in the trapezoidal shape by the electro-discharge
machining. The surface roughness of the specimen
was increased from 0.14 um to 3.36 um after this
process.

Fig.4 Scheme of specimen

Fig.5 describes the shape parameters for periodic
wrinkle including a specimen thickness t,, wrinkle

height h, wrinkle slope angle a, contact width c,, and
wrinkle wavelength A,. Thirteen different specimens
were prepared with various shape parameters, of
which the ranges are summarized in Table 1. The
contact width c,, was fixed to be 1.0 mm for all cases.
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Fig.5 Shape parameters for periodic wrinkle

Table 1. Specimen dimensions

ty [mm] 1.0-2.0
h [mm] 0.5-2.0
o [deg] 5.60-36.87
Aw [Mm] 4.0-12.0

Contact between the Upper Die and Specimen

The experiment was performed to confirm the contact
between the upper die and the specimen using a
pressure-sensitive paper made by ARUFUN. This
paper was sandwiched between the upper die and the
specimen. The contact area between the upper die and
the specimen was transferred to this paper when the
experimental apparatus was assembled. Fig.6 shows
the contact areas between the upper die and specimen
transferred to the pressure-sensitive paper, suggesting
that the upper die and the specimen were contacted
sufficiently. Sufficient contacts were also obtained for
the other specimens considering the clear pattern
printed on the pressure-sensitive papers. These results
demonstrated that the method of setting the gap
between the upper die and lower die are effective to
control the contact between the upper die and
specimen.

13
1

(a) (b) (©
Fig.6 Contact areas between upper die and specimen
transferred on pressure-sensitive paper, (a)A,=
4.0mm, (b) 4,= 8.0mm and (c) 4,= 12.0mm

Ultrasonic Measurement

Fig.7 shows a reflected wave measured from the
specimen, which varied by the contact state between
the die and specimen. The amplitude of the reflected
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wave represented the magnitude of the reflection
intensity. Fig.8 shows the results of ultrasonic
measurement under different contact conditions on the
bottom surface of upper die. The presented values
were determined by averaging the maximum
amplitudes obtained from hundred times of
measurements. I/l; was 0.908 in contact with
glycerine. The measured reflection rate (92%) was
consistent with the theoretical value (90%). I/l was
slightly decreased to 0.810 in contact with the
wrinkled specimen, while the value was more reduced
to 0.738 with the flat plate produced by the electro-
discharge machining. The acoustic impedance was
decreased in the order of S50C steel, A1050
aluminium, glycerine and air. The reflection of the
ultrasonic wave was increased with increasing
difference in the acoustic impedances, providing the
validity of the trends shown in Fig.8. It is concluded
from these results that the developed experimental
apparatus could successfully measure the difference in
reflection intensity caused by the presence or absence
of wrinkles.
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Fig.7 Reflected wave measured at tw= 2.0mm, h=
0.5mm, a= 9.00deg and 4,= 8.0mm
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Fig.8 Comparison between contact states and relative
reflection intensity (Parameters of wrinkles are tw=
2.0mm, h=0.5mm, o= 5.60deg and A,= 12.0mm)

lp varied from 0.1 to 0.2 during repetitive
experiments. Such scattered data would result from
the change in the contact state between the ultrasonic
probe and the upper die. The reflection intensity also

varied. These results are likely attributed to the
glycerine lubricant leaking out of the groove in the
ultrasonic probe storage box when the upper die was
tilted. Therefore, the experiment using the developed
apparatus should be performed under the condition
that fixes the upper die horizontally.

Fig.9 shows the change in ly with time immediately
after embedding the ultrasonic probe in the upper die
and fixing this part horizontally. I, exhibited a
suppressed scattering within a deviation of 0.02 after
one minute from commencing the experiment; note
that the deviation was 0.1 before applying the
horizontal condition, suggestive of the importance of
horizontal calibration of the upper die. However, it is
noted that 1, was radically increased in the initial
stage (i.e., the first one minute) of the experiment.
This could arise from the flow of glycerine between
the ultrasonic probe and the upper die. It is thus
strongly recommended to avoid the unreliable data
obtained immediately after installing the ultrasonic
probe.
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Fig.9 Relationship between reflection intensity I, and
time after assembling ultrasonic probe

Conclusions

The experimental apparatus was developed to
reproduce the FDTD analysis model, of which the
operational checks were performed. The following
conclusions were drawn from this work:

e The die and specimen showed a sufficient contact
when assembled in the developed experimental
apparatus.

e The developed apparatus successfully
distinguished the difference in reflection intensity
induced by the presence or absence of wrinkles,
proving its ability of evaluating the relationship
between the wrinkle shape and the ultrasonic
reflection characteristic.

e The experiment should be performed at least one
minute after embedding the ultrasonic probe in
the upper die to obtain reliable data.
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