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1. Introduction

The shock absorber (damper) is a part of an automobile, 
which absorbs the impact generated during wheels turning in 
order to provide a comfortable ride and then ensures driving 
stability by securing traction. So, the piston rod plays an 
important role in the shock absorber. To adjust the damping 
force of the shock absorber, light weight of absorbers could 
be considered for better performance and high fuel efficiency 
in addition to the absorbers with reduced flaws and run-out 
defects. Processing and non-destructive testing techniques 
are required for automobile manufacturers in order to 

guarantee the heat treatment surface of piston rods. During 
the manufacturing process, the surface of the piston rods is 
hardened through high-frequency heat treatment. The depth 
of such heat treatment is about 1 mm. During this process, 
mechanical hardness testers are used to measure the surface 
hardness of the absorbers. In particular, non-destructive 
techniques of ultrasonic waves are applied in order to evaluate 
the material properties using ultrasonic speed, attenuation, and 
resonance[1-3]. In terms of using pulses of ultrasonic signals, 
a method of a non-destructive technique was proposed to 
measure the thickness of the sample and the ultrasonic pulse 
velocity at the same time. Also, time-of-flight measurement 
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ARTICLE INFO ABSTRACT
Article history: Piston rods are key components that absorb shock and vibration energy, and 

provide handling stability while automotive wheels are rolling. A high-frequency 
heat treatment process guarantees the surface-hardening durability of piston rods. 
The Rockwell hardness test is performed to evaluate the degree of surface heat 
treatment. However, this test does not determine the hardening of the whole 
surface because only a part of the piston rod surface is tested. Thus, a proper 
nondestructive method was developed for inspecting the whole surface. The 
beam profile behavior was predicted by measuring the 360° full profile surface 
ultrasonic behavior using Rayleigh ultrasonic waves. We implemented a 
contact-type jig to measure the hardness, developed a simple automated 
operating system, and data signals were processed with LabVIEW. Finally, we 
implemented the ultrasonic behavior and optimal test conditions through FEM 
3D simulation to produce Rayleigh ultrasonic waves. 
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was measured through analyzing conditions of specimens and 
both-sided inspection was performed in the direction of 
acoustic propagation[4-11]. 

Manufacture processing is also being performed on 
minimizing weld defects and deformations, by friction 
welding using SM45C pipes with excellent mechanical 
properties[12]. Such coating is being used in various industries 
in order to improve its high-strength as well as thermal and 
chemical stability. Post-annealing brings to specific surface 
characteristics or enhanced mechanical properties. This 
paper presents the result of evaluating the mechanical 
properties through the correlation between the microstructure 
and mechanical properties according to the treatment 
temperature[13]. 

Also, ultrasonic nonlinear characteristics in the heat-treated 
aluminum alloy have been evaluated. In order to investigate 
the change of the ultrasonic nonlinear parameters according 
to the heat treatment of the aluminum alloy, heat treatment 
was performed, which was conducted to analyze the 
correlation between the ultrasonic test and the tensile test[14].

Currently, non-destructive inspection techniques for pipes 
are under development in Korea. With the automation of the 
weld inspection in tanks and turbines, which are mechanical 
parts for power generation facilities, automatic ultrasonic 
flaw detectors are widely used. These detectors are capable 
of effective inspection while moving in certain inspection 
areas, real-time imaging of the inspection process, easy 
storage of data, direct analysis in the field, and creating and 
printing reports[15]. 

Therefore, the thermal characteristics and the ultrasonic 
application characteristics of heat-treated piston rods should 
be evaluated in order to develop non-destructive techniques 
and low-cost automatic systems for simple automatic 
inspections due to the mass production of shock absorber 
piston rods. In the ultrasonic experiment, which is a 
non-destructive test, piston rods were machined and the 
pitch-catch mode was applied in one direction using 
ultrasonic transducers on the surface of the samples. To 
develop a simple automatic system, a pilot system was built 
to measure the speed of the Rayleigh waves on the piston 
rods. In the system, the data was classified by channels after 
one rotation of the motor and loaded into the memory, and 
the display of the inspection data and the motor were 
automatically operated. Also, in order to evaluate the 

integrity of the piston rod, an ultrasonic test was performed 
by processing a defect on the surface. Considering the 
thickness of the piston rod, an ultrasonic defect signal could 
be obtained.

A basic ultrasonic experimentation was also performed 
using the pulse-echo method with ultrasonic transducers by 
monitoring piston rod defects to evaluate the ultrasonic 
characteristics. 

2. The principle of ultrasonic waves

2.1 Application of Rayleigh waves
In this experiment, surface waves (Rayleigh waves) are 

produced when ultrasonic waves reach near the Rayleigh 
angle (the incident angle at which incident ultrasonic waves 
propagate after all ultrasonic energy is converted into 
Rayleigh surface waves along the surface) as shown in Fig. 
1, and its ultrasonic energy is concentrated and propagated 
along the surface of solids[2,6].

The principle of producing surface waves is based on the 
Snell’s law as shown in Eq. (1) below[2,6].

sin

sin
sin

sin′
sin

sin″


 (1)

Where and  are the speed of the ultrasonic waves of 
the medium and steel. θ1 is the angle of incidence of the 
ultrasonic waves, θ2 is the angle of refraction of the 
ultrasonic waves, θ′ is the primary critical angle of the 
ultrasonic waves, θ″ is the secondary critical angle of the 
ultrasonic waves, and is the ultrasonic velocity of the medium 
and steel.

In Fig. 1, longitudinal waves and transverse waves are 
produced when ultrasonic waves are incident, and surface 
waves are generated when the critical angle of the transverse 
waves is obtained and sent to the surface. The frequency 

Fig. 1 Ultrasonic experimentation for generating surface waves 
in UT system
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could be determined to measure the depth of ultrasonic 
penetration because the depth of high-frequency heat 
treatment is around 1 mm. 

3. Experimental system & measurement

3.1 Test samples 
Piston rods require a machining precision of 0.01 mm in 

terms of dampers, which absorb the impact and vibration 
energy of wheels. Here the test piece is SM45C mechanical 
structural carbon steel. Tensile strength is 950 MPa, bending 
strength is 1889 MPa and hardness HRV is 20. Surface 
hardening is required to maintain the durability of piston 
rods. The piston rods used in this study have an external 
diameter of 18 mm and a final length of ~390 mm. 
High-frequency heat treatment was performed to harden the 
surface of the piston rods. Approximately 1.0 mm around the 
surface was hardened after heat treatment.

In particular, the optimal conditions were implemented 
during processing in order to minimize the occurrence of 
cracks and oxidation due to excessive heat treatment on the 
surface of the piston rods. Fig. 2(a) presents the piston rods 
used in this study as Samples A, B, C, and D. Table 1 
summarizes the characteristics of each sample. These are the 
same samples used in the references[2,6]. Fig. 2(b) shows a 
case where an artificial defect is simulated on the surface of 
the piston rod. Table 2 presents Samples E and F with 
simulated cracks with a width of 0.2 mm, a length of 5 mm, 
and a depth of 0.5 mm and 1.0 mm, respectively. The 
samples are in the form of pipes which are about 3.0 mm 
thick.

3.2 The jig for simple automatic ultrasonic test
Fig. 3 shows the jig to produce Rayleigh waves. During 

the experiment, ultrasonic waves are produced from the 
transmitting transducer and received at the receiving 

transducer. A receiving transducer is fixed during testing and 
a transmitting transducer is running by a stepping motor for 
rotation.

3.3 Ultrasonic test device & method 
As shown in Fig. 3, an experimental jig was fabricated in 

this study. In terms of the experimental method, we designed 
wedges using PMMA to produce surface waves with 2.25 
MHz ultrasonic transducers based on Snell’s law. We also 
used Model 5073PR, a Panametrics spike pulser-receiver, to 
produce ultrasonic waves. In terms of the RF waves by the 
test samples, a software was developed to obtain and store 
the ultrasonic signals in a computer. As pulse-echo waves 
travel independently, it is convenient to measure, store, and 

Table 1 Piston rods under the high-frequency treatment

Samples
Rockwell hardness 

(HRV)
Transducers 

(MHz)
Diameters

(mm) others

A 20 (non treated) 2.25 18.2
B 32 〃 18.2
C 38 〃 18.2
D 44 〃 18.2

Table 2 Simulated cracks for piston rods

Samples
Simulated 

crack width 
(mm)

Simulated 
crack depth 

(mm)

Simulated 
crack length 

(mm)
others

E 0.2 0.5 5.0 2.25 MHz
F 0.2 1.0 5.0 〃

(a) Heat treated piston rods

(b) Heat treated piston rods

Fig. 2 Piston rods for the surface UT testing
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compare echo waves on the screen. As shown in Fig. 1, we 
measured the speed of the ultrasonic waves by using 
pitch-catch on the samples to obtain the speed of the 
Rayleigh waves. 

Fig. 4(a) presents the method to measure the peak-to-peak 
amplitude to evaluate the characteristics of the 360° full 

surface of the piston rods. We can build a profile of the front 
amplitude by measuring each angle of the piston rods. Fig. 
4(b) shows the defect signals according to the artificial 
defect. The 3 mm-thick piston rod samples were sufficient 
for measurement. In measuring the speed using Rayleigh 
waves, first, we measure the surface waves. A delayed travel 
time Δt occurs when we move the ultrasonic transducer. At 
this time, we can measure the speed of the Rayleigh waves 
if we know the delayed travel time and the travel distance 
by using the 2.25 MHz ultrasonic transducers in pitch-catch 
mode. We also found the maximum rage of the ultrasonic 
transducers and averaged the data 100 times since the 
ultrasonic signals contained a lot of noise. 

4. Results and consideration

4.1 Ultrasonic characteristics of piston rods according to 
the hardness 

Fig. 5 illustrates the relationship of the peak-to-peak 
amplitudes according to the Rockwell hardness of the piston 
rods at 15° intervals. Sample A, which is the untreated piston 
rod, shows a high overall amplitude.

In this study, the peak-to-peak amplitude values were 
shown according to the angles of Samples A, B, C, and D, 
which are piston rods with different hardness values. In terms 
of the experimental method, we measured the amplitude 
values by producing surface waves with two ultrasonic 

Fig. 3 Jig for measuring the surface ultrasonic wave speed on 
the piston rods

(a) Peak-to-peak amplitude for heat treated piston rods

(b) Defect signals for piston rods

Fig. 4 Measurement method of peak-to-peak amplitude and 
defects for the surface ultrasonic wave speed on the 
piston rods

Fig. 5 Relationship between measured degree and peak-to-peak 
amplitude for the piston rods 
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transducers. We rotated the transmitting ultrasonic 
transducer 360° and fixed the receiving ultrasonic transducer 
to receive the signals. Fig. 5 presents the peak-to-peak 
values according to the angles, and Point A is where the 
transmitting ultrasonic transducer is rotated. First, Sample 
A shows large peak-to-peak amplitude values because the 
transmitting and receiving ultrasonic transducers are in a 
straight line, but the values decrease as the rotation 
progresses. Samples B, C, and D show the same trends. 
This is considered as the effect of damping as the 
transmitting ultrasonic transducer moves away. Meanwhile, 
the peak-to-peak amplitude decreases as the hardness of heat 
treatment increases, which is considered to be due to surface 
deterioration or the degree of heat treatment as the surface 
hardens during heat treatment. Therefore, we were able to 
compare the beam profile behavior and the degree of heat 
treatment by measuring the 360° profile surface ultrasonic 
behavior of the piston rods. 

Fig. 6 shows comparisons between the peak-to-peak 
amplitude values according to Rockwell hardness using 
the average values in Fig. 5. The peak-to-peak amplitude 
decreases as the Rockwell hardness increases. In particular, 
the values of 32 HRV Sample B decrease significantly 
compared to the untreated 20 HRV Sample A. As for the rest 
of the samples, the peak-to-peak amplitude values were 
not large. The ultrasonic peak-to-peak amplitude values were 
considered to be affected by the expansion of the surface 
particles and the thermal properties of steel during 
high-frequency heat treatment on the surface of the piston 
rods. To examine the ultrasonic characteristics, untreated 
Sample A and heat-treated Samples B, C, and D were utilized 

in this study as shown in Table 3, to measure the 
peak-to-peak amplitude (mV). The peak-to-peak amplitude 
was measured and compared by obtaining Rayleigh waves in 
the pitch-catch mode of ultrasonic waves. The size of the 
2.25 MHz ultrasonic transducer was 12.7 mm. 

4.2 Ultrasonic signal characteristics of piston rods with 
artificial defects

As shown in Fig. 7, in order to perform a basic ultrasonic 
test before assessing the piston rod defects, ultrasonic signals 
were obtained from the surface and the back of the samples 
using the pulse-echo method with ultrasonic transducers in 
a water tank. In the figure, the x-axis represents time, the 
y-axis represents amplitude, Point A is the surface reflection 
signal of the piston rod, and Point B is the backside reflection 
signal of the sample. The time-of-flight (TOF) of the 
ultrasonic waves is 1.3752 µs. The speed of the ultrasonic 
waves is 5,900 m/s because the samples are about 3.4 mm 
thick. Here the test piece is SM45C mechanical structural 
carbon steel. Through this, the thickness of the samples could 
be predicted. 

Fig. 8(a) shows ultrasonic A-scan data when the crack 
depth is 0.5 mm. We can see that the defect signal is in front 
of the backside reflection signal of the sample. And the  
round-trip distance from the surface to the artificial defect is 

Table 3 Variation of peak-to-peak amplitude for the function of 
angles of piston rods

Samples
(HRV, samples)

Peak-to-peak amplitude (mV)
others

1 2 3 Average
A (20) 1156 1184 1164 1168 2.25 MHz
B (32) 1150 1136 1178 1155 ″
C (38) 1144 1106 1116 1122 ″
D (44) 1062 992 944 999 ″

Fig. 6 Relationship between mean Rockwell hardness and mean 
peak-to-peak amplitude for the piston rods

Fig. 7 UT measurement for the piston rods with no defects
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1.1528 µs. The thickness is about 2.51 mm when it is 
measured using the speed of the ultrasonic waves above. This 
is consistent with the simulated size of the artificial defect.

Fig. 8(b) presents ultrasonic A-scan data when the crack 
depth is 1.0 mm. The defect signal of the sample exists 
slightly earlier than in the case of Fig. 8(a). At this point, 
the round-trip distance from the surface to the artificial defect 
is 0.9128 µs and the thickness is about 1.99 mm. This is 
consistent with the simulated size of the artificial defect. 
Table 4 compares the measured crack depths with the 
simulated crack depths of the samples with defects by using 
the ultrasonic technique. The results were consistent, showing 
only a difference of about 0.2~0.5%. 

4.3 Simple automatic ultrasonic system application 
To measure the speed of the Rayleigh waves on the piston 

rods, a pilot system was built in which the data was 
classified by channels after one rotation of the motor and 
loaded into the memory, and the display of the inspection 
data and the motor were automatically operated. As a result, 
a simple automatic signal processing system was developed, 
which can be directly applied to piston rods to evaluate the 

hardness.
Fig. 9 shows the simple automatic system that can directly 

measure the TOF and amplitude of the shock absorber piston 
rod, with a surface ultrasonic system capable of measuring 
the TOF and amplitude of the piston rod 360°. 

In this study, a contact-type jig was used to hold the piston 
rod, and the signal processing software was based on 
Labview for operation and processing the data signals. And 
Model 5073PR, a Panametrics pulser-receiver, was used to 
produce ultrasonic waves. Fig. 10 shows software that can 
measure the peak-to-peak amplitude of the surface ultrasonic 
waves on piston rods. The software screen shows the UT 
signals, the peak-to-peak amplitude, the input screen for each 
channel, and the AD board activation and controller. 

4.4 Implementation of the simulation
In this study, the critical angle was obtained at the 

ultrasonic transducer to produce Rayleigh waves on the 
piston rod. And 3D simulation was performed by using FEM 
(Finite Element Method) to analyze the ultrasonic behavior 

 

(a) UT signals for Sample E piston rod with defect depth (0.5 mm)

(b) UT signals for Sample F piston rod with defect depth (1.0 mm)

Fig. 8 Results for UT measurement for the piston rods with 
defects 

Fig. 9 Simple automatic system for defects in piston rods

Fig. 10 Software for measuring profile amplitude in piston rods

Table 4 Variation of crack measurement for piston rods

Samples Δt (µs) Δt’(µs)
Simulated

Crack depth 
(mm)

Measured 
crack depth 

(mm)
E 8.7988 1.1528 0.5 0.499
F 8.7988 912.8 1.0 1.005



Kwang-Hee Im et al.

104

by generating ultrasonic waves on the surface of the piston 
rods. 

In this study, 2.5 MHz ultrasonic transducers were used to 
implement the surface wave behavior by using a FEM 
package on the structural steel isotropic material. ultrasonic 
waves have been modeled in the pitch-catch mode in one 
direction. The simulation in Fig. 11 was performed to 
generate 2.5 MHz ultrasonic waves on the piston rod to 
check if surface waves are generated, using COMSOL 
FEM software. The longitudinal wave velocity of structural 
steel is 5890 m/s, the modulus of elasticity is ×  , 
the Poisson’s ratio is 0.29, the density is  , 
and the wavelength is 0.60 mm. The modeling 
ultrasonic waves were assumed to transmit through the 
structural steel isotropic material, which was expressed as
cos cos ≤  , and the model 
shape was assumed to be longitudinal waves. Here, f is 
frequency and t is time. The modeling mesh was based on 



 (λ: wavelength).

As shown in Fig. 12, the ultrasound wave is the 
longitudinal wave. Based on Snell’s law, the Rayleigh 
wave angle is 29 degree. When the wave is approaching at 
the surface of piston rod, reflection, transmission, scattering 
and mode change have been generated. The wave going 
along the surface of the piston rod is called the Rayleigh 
wave.

The modeling mesh was based on 

 (λ: wavelength) to 

produce the FEM modeling and square mesh in order to 
lower the noise level. Fig. 12 presents the surface wave 
generation behavior on the piston rod for shock absorbers. 
Fig. 12(a) and (b) show the simulations 0.0 µs and 8.0 µs 
after the ultrasonic waves were produced. As seen from Fig. 
12(a), longitudinal waves occur on the place the arrow points, 
and the lower part is the piston rod. 

5. Conclusions

In general, the suspension system on a car could absorb 
shock and vibration energy from wheel behavior and 
provides handling stability. Piston rods are key components 
of the shock absorbers inside these systems. Here 
high-frequency heat treatment is performed to ensure the 
quality of piston rods. However, there are difficulties in using 
mechanical Rockwell hardness testers to measure the 
hardness of piston rods after high-frequency heat treatment 
is performed[2], so proper non-destructive techniques were 
proposed to inspect the degree of high-frequency heat 
treatment.

The findings of this study are as follows. 
1) In this study, the beam profile behavior could be 

compared with that of the degree of heat treatment by 
measuring the 360-degree full profile surface ultrasonic 
behavior of the piston rods treated with high-frequency 
heat. 

2) The peak-to-peak amplitude value according to the 
Rockwell hardness scale was not larger in the case of 
performing high-frequency heat treatment. This caused 
that the ultrasonic peak-to-peak amplitude was affected 
by the expansion of the surface particles and the thermal 
properties of steel during high-frequency heat treatment. 

Fig. 11 3D Simulation configuration for generating surface ultrasonic 
wave

(a) Surface wave generation (2 µsec)

(b) Surface wave generation (8 µsec)

Fig. 12 3D Simulation modeling for the surface UT wave for 
the piston rods
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3) A simple automatic system was developed, which can 
directly measure the TOF and amplitude of piston 
rods by implementing a contact-type jig and a signal 
processing software for operation and data acquisition 
signal processing implemented by Labview. 

4) To evaluate the ultrasonic characteristics, piston rods 
with defects were fabricated and a basic ultrasonic test 
was performed using the pulse-echo method with 
ultrasonic transducers to obtain defect signals from the 
surface and back of the samples. 

5) It was found that the heat-treated samples showed lower 
peak-to-peak amplitudes than those of the untreated 
samples due to surface deterioration or the degree of 
heat treatment. 

6) Finally, ultrasonic behavior and optimal test conditions 
were decided through FEM 3D simulation to produce 
Rayleigh waves by fabricating shock absorber piston 
rods. 
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