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ABSTRACT

Purpose: In metal forming, the conditions of contact interface have a great effect on the characteristics of 
interface friction and heat transfer between tool and workpiece. Estimation of contact conditions in the tool-
workpiece interface is required in order to optimize process conditions. Ultrasonic examination is an effective 
method to estimate the contact conditions. In this study, we investigated the effects of ultrasonic frequencies and 
intermediate air/lubricant films in the contact interface on the properties of penetration and reflection of incident 
ultrasonic waves.
Design/methodology/approach: We have presented a method by which the contact conditions are evaluated 
from the relative intensity of reflected ultrasonic waves at the interface. Using this evaluation method, the relative 
intensity was measured continuously during processes.
Findings: The effects of ultrasonic frequencies and intermediate films on the properties of penetration and 
reflection of incident ultrasonic waves were revealed. The presented method was effective for evaluating the 
variation of contact interface conditions.
Research limitations/implications: Thickness of intermediate films can be measured using this ultrasonic 
examination. The performance of lubricants can be estimated.
Practical implications: The optimization of forming processes will be achieved based on the evaluation results 
of contact conditions.
Originality/value: Tribological conditions including intermediate air/lubricants were evaluated by ultrasonic 
examination. This shows the possibility that the lubricant behaviour in the contact interface is examined during 
processes.
Keywords: Plastic forming; Tribology; Contact conditions; Ultrasonic examination
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1. Introduction 
In metal forming, contact conditions in a tool-workpiece 

interface have great effects on the material flow of workpiece and 
the heat transfer between tool and workpiece. The evaluation of 
the contact conditions is required for optimizing the process 
conditions in order to manufacture high-quality products. 
However, it is very difficult to examine the contact conditions 
during forming processes. In a metal forming process, the forming 
load is supported by the asperities and the lubricants trapped in 
valleys on the surface roughness in the contact interface. The ratio 
of the real contact area of asperities to the apparent contact area, 
i.e., contact ratio, is a main factor to evaluate the contact 
conditions. Intermediate air/lubricant films in the tool-workpiece 
interface is also a main evaluation factor. During a forming 
process, contact ratio, contact positions and intermediate films 
will change with the surface expansion of the workpiece and the 
flow of lubricants due to the deformation of the workpiece. Such 
behaviors should be revealed in order to evaluate contact 
conditions including frictional shear stress, wear, adhesion and 
heat transfer at the interface. Many studies for evaluating and 
testing contact conditions concerning elastic contact problem, 
friction, wear, adhesion, welding and metal forming processes 
have been done[1-17]. Several methods for testing contact 
conditions have been reported, for examples, (a) method by the 
measurement of surface roughness or topography after 
deformation, (b) method by the measurement of electrical 
resistance between tool and workpiece during forming process, 
(c) method by the direct observation of contact area using 
transparent glass tools, (d) theoretical method. However, more 
effective methods are required to attain satisfactory evaluation.  

Ultrasonic examination is an effective method to examine 
various inner states and properties non-destructively and 
continuously [4-7, 13-27]. In our previous study [16], we 
evaluated contact conditions measuring the intensity of reflected 
ultrasonic waves at the tool-workpiece contact interface during 
upsetting process. The method has the advantage of evaluating the 
varying contact conditions continuously during forming process. 
Incident ultrasonic waves penetrate not only real metal contact 
areas but also intermediate air films and lubricant films at an 
interface. The frequencies of ultrasonic waves influence the 
properties of reflection and penetration at the contact interface 
between tool and workpiece. This effect varies from frequency to 
frequency. In order to evaluate contact conditions at an interface 
accurately, the effects of ultrasonic frequencies and intermediate 
films on the properties of penetration and reflection of incident 
ultrasonic waves should be revealed. In this study, the effect of 
the ultrasonic frequencies and the thickness of intermediate 
air/lubricant films on the intensity of reflected ultrasonic waves 
was investigated. 

2. Reflection of ultrasonic waves
In this study, we examined how the reflection and penetration 

of ultrasonic waves changes due to the presence of air/lubricants 
between tool and workpiece.  Figure 1 shows the three-layered 
contact model, i.e., the tool-intermediate film-workpiece model. 
Assuming this model, the reflection intensity of sound pressure is 
evaluated by Eq. (1) [17]. 
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Z1, Z2 and Z3 are acoustic impedances, L is the thickness of the 
intermediate film, and 2  is the wavelength of ultrasonic waves 
in the intermediate film. 

The reflection ratio of sound pressure r1 is shown by Eq. (2). 
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Thus, relative intensity of a reflected ultrasonic wave, I/I0, is 
represented as 
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where I is the maximum intensity of an ultrasonic wave reflected 
at the interface (Fig. 2), and I0 is the maximum reflection intensity 
when an ultrasonic wave is reflected totally at the interface.  The 
relative intensity I/I0 can be used as a measure of the conditions of 
ultrasonic reflection at the interface. 
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Fig. 1. Schematic illustration of a tool - intermediate film -
workpiece model for the reflection and penetration of an 
ultrosonic wave at the contact interface 

Fig. 2. An example of the measured ultrasonic wave that was 
reflected at the contact interface 

1.	� Introduction

2.	 Reflection of ultrasonic waves
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3. Experimental conditions and 
procedures

The experimental setup developed by us for ultrasonic 
examination is shown in Fig. 3. It consists of the compression die 
set and the measurement equipments. Cylindrical specimens with 
8mm in height and 24mm in diameter were used in the 
experiments. We used the ultrasonic transducers with frequencies 
of 2.25MHz, 5MHz, 10MHz, 20MHz, 50MHz and 100MHz. The 
reflected waves from the contact interface between the tool and 
the specimen were measured at a high velocity of sampling and 
continuously by using the GP-IB interface system and the digital 
storage oscilloscope with 8 bits 32 level/division and 200MHz 
sampling. It took approximately 0.2 seconds to obtain a reflected 
wave (2048 bites).  In the experimental setup shown in Fig. 3, the 
ultrasonic transducer was placed on the top surface of the upper 
tool. The part of the incident waves is reflected at the contact 
interface U between the upper tool and the specimen. The rest part 
penetrates the interface U. Figure 2 shows a sample of a measured 
wave that is reflected at the interface U.  In this study, relative 
intensity I/I0 was used for a measure of reflection intensity. 

Fig. 3. Schematic illustration of the experimental setup for 
measuring a reflected ultrasonic wave [16] 

4. Results and discussion 
In this section, the effect of ultrasonic frequencies and 

intermediate films on the reflection and penetration of ultrasonic 
waves are described. Figure 4 shows influence of the intermediate 
air film thickness on the relative intensity of reflected waves for 
ultrasonic frequencies of 2.25MHz, 5MHz, 10MHz, 20MHz, 
50MHz and 100MHz. Here, it is assumed that an intermediate air 
film exists between two steel layers. This relationship was 
obtained from Eq. (3).  With lower frequency, the thickness of an 
intermediate air film that the ultrasonic wave can penetrate 
increases.  When the air film thickness is 1 nm or greater, the 
ultrasonic wave reflects totally for these frequencies.  Similarly, 
when an intermediate lubricant film exists between two steel 
layers, the result shown in Fig. 5 is obtained from Eq. (3).  When 
the ultrasonic frequency is as low as 2.25 MHz, approximately 
80% of the incident ultrasonic wave penetrates the lubricant film 
of approximately 1 m thickness. In contrast, when ultrasonic 

frequency is 100 MHz, the ultrasonic wave reflects totally with 
the lubricant film of approximately 1 m thickness. Figures 6 and 
7 show influence of ultrasonic frequencies on the relative 
intensity of reflected waves for intermediate air and lubricant 
films, respectively. 

In addition to the theoretical results described above, the 
properties of reflection and penetration of incident ultrasonic 
waves were also investigated experimentally.  Reflected waves 
were measured during compressing a steel cylindrical specimen as 
shown in Fig. 3. The relative intensity of the ultrasonic wave 
reflected at the contact interface between the specimen and the 
upper tool were evaluated for various frequencies.  The ten-point 
mean roughness, RZ, of the surfaces of the tool and specimen was 
approximately 0.4 m and 0.5 m, respectively. 

Fig. 4. Influence of the intermediate air film thickness on the 
relative intensity of reflected waves 

Fig. 5. Influence of the intermediate lubricant film thickness on 
the relative intensity of reflected waves 

4.	� Results and discussion

3.	� Experimental conditions and proce-
dures
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Fig. 6. Influence of ultrasonic frequencies on the relative intensity 
of reflected waves in the case of the intermediate air film 

Fig. 7. Influence of ultrasonic frequencies on the relative intensity 
of reflected waves in the case of the intermediate lubricant film 

Figure 8 shows influence of ultrasonic frequencies and applied 
loads on the relative intensity of reflected waves under 
nonlubricated condition. On increasing the load, the relative 
intensity decreases for all frequencies. The causes for this 
variation can be the increase in the real contact area and the 
decrease in the intermediate film thickness at the contact interface 
along with the increase in compression load. Under the same 

loads, except for the case of 7.5 MHz, the relative intensity 
decreases with decreasing frequency. Considering that the contact 
conditions are identical under the same loads, the lower the 
ultrasonic frequency, the more the ultrasonic wave penetrates 
through the intermediate air film.  Figure 9 shows influence of 
ultrasonic frequencies and applied loads on the relative intensity 
of reflected waves when an intermediate lubricant film exists at 
the contact interface. Oil lubricant VG2 was used for an 
intermediate film. Similar to the case under nonlubricated 
conditions, except for 7.5 MHz, the lower the ultrasonic 
frequency, the more the ultrasonic wave penetrates through the 
intermediate lubricant film at the same loads.  

From these results, the effect of ultrasonic frequency and 
intermediate film thickness on the reflection and penetration of 
ultrasonic waves can be understood. By clarifying the effect of 
ultrasonic frequency and presence of intermediate film on relative 
intensity in greater detail, it will be possible to evaluate the 
average thickness of the intermediate lubricant film. 

Fig. 8. Influence of ultrasonic frequencies and applied loads on 
the relative intensity of reflected waves in the case of no 
lubricants 

5. Conclusions 
The effects of ultrasonic frequencies and intermediate films on 

the properties of reflection and penetration of incident ultrasonic 
waves were investigated.  
(1) With lower frequency, the thickness of intermediate film that 

an ultrasonic wave penetrates increased for the cases of air 
film and lubricant film.   

(2) For intermediate air film, when the thickness is 1 nm or 
greater, the ultrasonic wave reflects completely. For 
intermediate lubricant film, when the thickness is 
approximately 1 m and the ultrasonic frequency is as low as 
2.25 MHz, approximately 80% of the incident ultrasonic wave 
penetrates the lubricant film. In contrast, when ultrasonic 

5.	� Conclusions
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frequency is 100 MHz, the ultrasonic wave is totally reflected 
with the lubricant film of approximately 1 m thickness.  

(3) When increasing compression load, the relative intensity of 
reflected wave decreases for all frequencies.  The lower the 
ultrasonic frequency, the more the ultrasonic wave penetrates 
through the intermediate film.  

(4) The ultrasonic examination was an effective method for 
evaluating the variation of contact conditions. By clarifying 
the effect of ultrasonic frequency and presence of 
intermediate film on relative intensity in greater detail, it will 
be possible to evaluate the average thickness of the 
intermediate lubricant film. Moreover, the performance and 
behaviour of lubricants can be examined. 

Fig. 9. Influence of ultrasonic frequencies and applied loads on the 
relative intensity of reflected waves in the case of the lubricant VG2 
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