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Abstract: Indentation forming is an internal tube forming process in which a 
mandrel with a diameter slightly larger than that of the tube is pressed inside the tube 
and in so doing, creates the internal profile. Forming forces have a significant effect 
on the spring back, residual stress, quality of the inner surface, quality of tube 
dimensions, and tool wear. In this study, the forming process of CK45 steel tube by 
carbide tungsten tool in the presence of ultrasonic vibration has been simulated and 
the effect of ultrasonic on the forming mechanism has been investigated by 
introducing two regimes according to the forming conditions. The effects of tool 
feed-speed and amplitude of vibration on forming force reduction have been 
investigated. According to the simulation results, the main reason for the force 
reduction in the presence of longitudinal tube ultrasonic vibration is the intermittent 
phenomenon which is the continuous or impulsive regime. The critical amplitude 
which determines the borderline of continuous and impulsive regimes is obtained 
38µm by the simulation of the process. The maximum force reduction obtained in 
continuous regime is 64.2% at the critical amplitude. The simulation results are 
consistent well with the previous experimental data. 
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1 INTRODUCTION 

Indentation forming process is used for sizing and 

creating the internal surface of thick-walled tubes. In this 

process, a tool with a diameter slightly larger than the 

internal diameter of the tube is pressed into the tube and 

calibrates internal profile of the tube with small plastic 

deformation. The tool stick-slip problems were 

frequently encountered in this process which can cause 

tool breaking; applying ultrasonic vibration can reduce 

the stick-slip severity by changing the mechanism of 

formation. In ultrasonic assisted indentation forming, 

vibrations with low amplitude and high frequency in the 

longitudinal direction are applied on the tube. Forming 

forces reduction in the presence of ultrasonic vibration 

occurs due to intermittent phenomena which can 

decrease the effective time of interaction and friction 

force between tool and tube. Also, better surface 

roughness, uniform distribution of dislocations, lower 

stress concentration and longer tool life are achievable 

by ultrasonic assisted indentation forming. Applying 

ultrasonic vibrations to the tube forming process is a 

high speed phenomenon occurring at a short period of 

time which makes it difficult to measure the details of 

the mechanism. Simulation of this process can help to 

understand the mechanism of ultrasonic assisted tube 

forming better. 

The first application of ultrasonic vibrations in metal 

forming was reported by Garskii and Efromov [1]. Later, 

Blaha and Langenecker [2] applied ultrasonic vibrations 

to zinc single crystal during the tensile test. Their results 

showed a great reduction of yield strength in the sample 

by around 40% owing to ultrasonic softening effect. 

Siddiq and El Sayed [3] studied numerical simulation of 

sheet metal forming, wire drawing and upsetting process 

in the presence of ultrasonic vibrations. In their 

investigation, porous plastics model was used to 

simulate the material softening owing to applying 

ultrasonic vibration energy. Murakawa and Jin [4] and 

Murakawa, et al. [5] experimentally investigated 

ultrasonic assisted wire drawing process by radially and 

axially dies vibration. High-viscosity lubricants can be 

replaced by low-viscosity lubricants as an advantage of 

ultrasonic application in wire drawing process to reduce 

environmental pollution. Huang, et al. [6] showed that 

using ultrasonic vibrations can decrease friction forces 

and also improve lubrication in the upsetting process. 

Hayashi, et al. [7] simulated the ultrasonic assisted wire 

drawing process by radially and longitudinally vibrated 

dies using ABAQUS software. Mousavi, et al. [8] 

investigated the numerical simulation of direct extrusion 

of sheet metal using ultrasonic vibrations. Also, they 

studied the effects of ultrasonic parameters including 

amplitude and frequency on the forming force reduction. 

Hayashi, et al. [7] and Mousavi, et al. [8] investigated 

the relation between wire drawing speed and 

effectiveness of ultrasonic vibration; they observed that 

the effect of ultrasonic vibration on force reduction is 

dissipated when the speed is equal to the critical value 

(v=aω). Hung and Chiang [9] investigated the ultrasonic 

assisted extrusion of aluminium alloy in which 

temperature increase due to applying the ultrasonic was 

reported as the main reason for force reduction. Pazand 

and Feizi [10] introduced an artificial neural network 

model to investigate ultrasonic vibration effects on the 

extrusion process. Abdullah, et al. [11] presented a 

theoretical analysis of ultrasonic assisted indentation 

tube forming which was verified by experimental tests. 

Their model describes how ultrasonic vibrations would 

be effective in the force reduction by introducing the 

impulsive and continuous forming regimes. They also 

investigated the effects of vibration amplitude and tool 

feed- speed on the forming force reduction. Findings of 

the researchers about ultrasonic assisted forming 

processes ascribe force reduction to lots of reasons 

including acoustic softening, local thermal softening, 

dynamic recrystallization, frictional force reduction, and 

intermittent phenomena. Moreover, the difficulty of 

online measurements of intermittent phenomena during 

the experimental application of ultrasonic vibration can 

be solved by numerical simulation of the process for a 

better understanding of the ultrasonic effect on the 

forming mechanism. 

Accordingly, in order to find the dominant effect of 

ultrasonic vibration on the force reduction, a 3D 

numerical modelling of indentation forming process 

with and without longitudinal ultrasonic vibration of the 

tube has been investigated. This study not only simulates 

the impulsive and continuous forming regimes as 

dominant mechanisms of ultrasonic effects by 

introducing the critical amplitude but also numerically 

analyses the effects of parameters including tool feed-

speed and vibration amplitude on forming force 

reduction and the related critical conditions. Moreover, 

the results of FEM simulation were evaluated by the 

results of previous experimental tests and demonstrated 

lower errors in comparison with the theoretical 

predictions.  

2 NUMERICAL SIMULATION 

The simulation of indentation forming process includes 

the tungsten carbide tool and the CK45 steel tube in the 

presence of ultrasonic vibration. It should be noted that 

the experimental analysis of this process has been done 

in previous work [11] which its schematic and 

experimental setup has been shown in “Fig. 1ˮ. 
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Fig. 1 (a): Setup view, and (b): Schematic of experimental setup [11]. 

 

2.1. Modal Analysis  

For the purpose of having the best influences of 

ultrasonic vibration, the tube should be longitudinally 

vibrated at its resonance frequency. The modal analysis 

of the tube should be done to find the appropriate mode 

shape and resonance frequency of the tube. Also, the 3 

kW piezoelectric ultrasonic transducer which was 

attributed to the experimental test must be designed at 

the same resonance frequency as the tube. The modal 

analysis of the transducer with the resonance frequency 

of 24496 Hz is shown in “Fig. 2ˮ.  

 
Fig. 2 Modal analysis and mode shape of transducer at 

longitudinal resonance frequency of 24496 Hz obtained by 

ABAQUS software. 
 

 
Fig. 3    Modal analysis and mode shape of tube, transducer, and sonotrode at longitudinal resonance frequency of 24496 Hz 

obtained by ABAQUS software. 
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This frequency is used as the ultrasonic vibration 

frequency in the simulation of ultrasonic assisted 

indentation forming process which has a negligible 

difference with the experimental frequency (24748 Hz). 

Moreover, the modal analysis of the setup including 

tube, transducer, and sonotrode has been done to verify 

that all elements of the setup longitudinally vibrate at the 

designed frequency (“Fig. 3ˮ). 

2.2. Boundary Conditions 

The simulation of indentation forming process has been 

done as a 3D model to assume the effects of the helical 

groove of the tool. To reduce the finite element 

simulation cost, the tool initially enters the tube without 

ultrasonic vibrations and then the vibrations are applied 

to the tube in a short period of forming time. In this 

work, the tungsten carbide tool is considered as a rigid 

material while the tube is supposed to be CK45. 

According to the tensile test of CK45 which is 

performed based on ASME A370, the material 

specifications of the tube which are input parameters to 

the software are shown in “Table 1ˮ. Also, the tensile 

test diagram of CK45 has been shown in “Fig. 4ˮ.  

 
Table 1 Tube material properties 

Symbol Description Value Unit 

σ Yield Strength 540 MPa 

E Elastic Modulus 203 GPa 

K Strength Coefficient 1228.55 MPa 

n Strain Hardening 

Exponent 0.139 -- 

 
Also, the length and cone angle of the tool are assumed 

to be 37 mm and 7 degrees, respectively. In this process, 

the tool has three important parts including guiding, 

forging and sizing that their related lengths are 10 mm, 

1.4 mm, and 0.85 mm, respectively. The diameter of the 

sizing tool part is 8.06 mm (“Fig. 5ˮ). The tube length, 

internal and external diameters are 415 mm, 7.72 mm, 

and 25 mm, respectively. 

 

 
Fig. 4 Experimental stress–strain curve for DIN CK45 

(EN1.1191) material used in the experimental tests. 

 
Fig. 5 View and drawing of the forming tool. 

 
Representative indentation tube forming geometries 

generally require three-dimensional modelling and 

include nonlinear material behaviour and discontinuous 

effects. Since the problem size is large and the 

discontinuous effects dominate the solution, the explicit 

dynamics approach is often less expensive 

computationally and more reliable than an implicit 

quasi-static solution technique [12]. This analysis was 

conducted entirely within ABAQUS/Explicit using the 

rigid (R3D4) and deformable (C3D8R) elements for the 

tool and tube, respectively as shown in “Fig. 6ˮ. In this 

analysis, the automatic time incrementation scheme is 

used to ensure numerical stability and to advance the 

solution in time. Moreover, mass scaling is used to 

reduce the computational cost of the analysis in the 

period of forming without applying ultrasonic vibration. 

Also, adaptive mesh (ALE) is applied to smooth the 

entire model. 

 

 
Fig. 6 Tube and tool mesh. 

 
Also, the kinematic contact formulation is used to model 

the friction between the tool and tube. According to the 

results of similar processes such as extrusion with 

lubricant, the friction coefficient has been reported 
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between 0.02 to 0.05 [13], also, experimental study of 

tube drawing process using zinc sulphate and soap 

solution resulted in the friction coefficient between 

0.032 to 0.049 [14]. In the present experimental 

indentation forming tests, copper sulphate and oil are 

used as lubricants, and the friction coefficient is 

considered to be 0.03 in the simulation analysis.  

The boundary conditions at the beginning of the tube are 

defined as a free condition. The axial ultrasonic 

vibration is applied to the end of the tube; it means that 

in U2 direction, the boundary condition is considered to 

be asin(ωt) = asin(2πft). It should be noted that 

ultrasonic vibration has surface and volume effects; the 

surface effects include friction force reduction, built-up 

edge reduction, and intermittent phenomena while the 

volume effects include local temperature rising and 

material softening. In the present study, the effect of 

ultrasonic has been simulated just by applying amplitude 

of vibration to the tube; it means that only the 

intermittent effect is considered in the simulation. 

Rotations about U1 and U3 (UR1 and UR3) are fixed at 

the end of the tube. Also, axial movement of the tool 

(U2), i.e. the feed speed of the forming process is 

defined to be similar to the experimental tool feed-speed 

which is much less than the maximum vibration speed 

(aω). Other boundary conditions of the tool are 

considered as fixed. In these conditions, the tube is 

allowed to rotate according to the helical groove of the 

tool. A brief of boundary conditions is shown in “Table 

2ˮ. 
Table 2 Tube and tool boundary conditions 

Component Boundary Conditions 
Workpiece (start 

of tube) 
U1≠0, U2≠0, U3≠0, UR1≠0, UR2≠0, 

UR3≠0 
Workpiece (end 

of tube) 
U2=asin(2πft), U1≠0, U3≠0,  UR2≠0, 

UR1=UR3=0 
Tool U2≠0, U1=U3= UR1= UR2=UR3= 0 

3 RESULTS AND DISCUSSION 

3.1. Effect of Ultrasonic Vibration on Axial Forming 

Force  
The effect of ultrasonic vibration on the reduction of the 

axial forming force has been simulated just for a short 

length of the tube (about 1.9 mm) when the tool has been 

completely pressed into the tube at the length of 24 mm, 

it means that there is no vibration in the first 24 mm of 

the tube. The average and detailed view of fluctuation 

for axial force in the presence of ultrasonic vibration has 

been shown in “Fig. 7ˮ. Applying ultrasonic vibration to 

the tube reduces the average axial force by 28.6% at the 

condition of the 1 μm amplitude of vibration, 24496 Hz 

frequency of vibration and 14 mm/s tool feed speed, 

which is a result of intermittent effect. This effect is a 

periodic separation of the tool from the tube during 

applying ultrasonic vibration which can change the 

kinematics of the forming process and also reduce the 

contact force between tool and tube, and finally results 

in forming force reduction.  

 

 
Fig. 7 Numerical simulation results of axial forming force 

with and without ultrasonic vibration and details of 

fluctuation in the presence of ultrasonic vibration at tool feed 

speed of 14 mm/s and amplitude vibration of 1 μm. 

 
A comparison of mean axial force between experimental 

and the numerical simulation has been shown in “Fig. 

8ˮ. The difference between the simulation and 

experimental results is 9.78% for the conventional 

forming process which can be attributed to the local 

thermal softening of the tube due to the temperature rise 

at the contact zone between the tool and tube. Also, out 

of coaxiality of the tool and tube in the experiments and 

friction coefficient difference between the experimental 

and simulation conditions can be other sources of the 

reported error. Meanwhile, the relative error is 

insignificant in the presence of ultrasonic which gives an 

approval to the amplitude vibration assumption for this 

simulation. 

 

 
Fig. 8 Experimental and numerical simulation results of 

mean axial forming force with and without ultrasonic 

vibration. 

Detailed view of fluctuation of axial force 

under applying ultrasonic vibration 
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3.2. Effect of tool feed-speed on axial forming force 

As can be seen in “Fig. 9ˮ, in the presence of ultrasonic 

vibration, the axial force reduction is 34% at tool feed-

speed of 14 mm/s, while the effect of ultrasonic vibration 

on forming force reduction will be eliminated at tool 

feed-speed of 769.69 mm/s (aω) which is called critical 

speed; it means that when the tool feed-speed equals to 

the maximum vibration speed (aω), the separation 

mechanism of the tool and tube due to ultrasonic 

vibration will be eliminated. Furthermore, this effect has 

been observed in some other ultrasonic assisted forming 

processes such as wire drawing [7], tube drawing [15], 

extrusion [8], and even in ultrasonic assisted machining 

process such as grinding [16].   

 

 
Fig. 9 Axial force for three conditions: 1) without ultrasonic vibration (NU) in the first 24 mm of the tube, 2): with ultrasonic 

vibrations (U) in the second part of the tube after 24 mm and feed speed of 14 mm/s during 0.11 second, 3): with ultrasonic 

vibrations and feed speed of 769.69 mm/s (aω) during 0.01 second. 

 
Moreover, the effect of various tool feed-speeds on the 

axial force has been shown in “Fig. 10ˮ which 

demonstrates a descending trend of the force reduction 

with the feed-speed, while the force reduction is equal to 

zero at the critical tool feed speed.  
 

 
Fig. 10 Relation between the forming force reduction and 

tool feed-speed. 

3.3. Effect of Ultrasonic Vibration Amplitude on 

Axial Forming Force 

By considering v˂aω in our study based on real 

condition, the mechanism of ultrasonic assisted forming 

is described by two regimes including impulsive and 

continuous ones; when the contact between tool and tube 

is always preserved, the regime will be continuous and 

it will switch to impulsive regime if the peak to peak 

amplitude of vibration (2a) is higher than the workpiece 

elastic limit [11]. The minimum amplitude satisfying the 

impulsive regime condition is called critical amplitude 

which is the border value between two above mentioned 

regimes. This impulsive regime is distinguishable by 

observing zero value of axial force fluctuation which is 

a result of separation between tool and tube. Therefore, 

as a result of numerical simulation, the critical amplitude 

is 38 μm as shown in “Fig. 11ˮ. 

Effect of ultrasonic vibration amplitude on axial forming 

force has been studied for the two regimes explained 

above; for continuous regime, the reduction of forces 

related to the amplitudes of 1 μm, 5 μm, and 10 μm are 

28.6%, 34.5%, and 36.3% respectively (“Fig. 11 (a)ˮ). 

While for impulsive regime, the forming force 

reductions corresponding to amplitudes of 38 μm, 50 

μm, and 60 μm are 64.2%, 83%, and 90.2% respectively 

as shown in “Fig. 11 (b)ˮ.  

The results show that increasing amplitude causes more 

reduction of forming force in the presence of ultrasonic 

vibration in both continuous and impulsive regimes. The 

influence of increasing amplitude on the rate of force 

reduction in impulsive regime is more effective in 

comparison with continuous regime; the rate of force 

reduction is 0.86 for increasing amplitude from 1 μm to 
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10 μm, while this value is 1.57 for amplitude form          

38 μm to 50 μm. The reduction of force is due to the 

hammering effect in continuous regimes, while in 

impulsive regime the periodic separation will be another 

reason of the force reduction. However, the intermittent 

effect will be reduced at higher amplitude which is due 

to the limitation of periodic separation of tool and tube. 

The experimental force reduction in the presence of 

ultrasonic vibration is within the numerical simulation 

results which are obtained in continuous deformation 

regime (“Fig. 8ˮ). Therefore, it can be concluded that the 

dominant phenomenon in the experimental tests in the 

presence of ultrasonic vibration is continuous 

deformation regime. 

 

 
Fig. 11 Fluctuation of axial force as a result of numerical simulation in the presence of ultrasonic vibrations and tool feed-speed 

of 14 mm/s at various amplitudes of vibration including 1 µm, 5 µm, 10 µm, 38 µm, 50 µm, and 60 µm. 
 

 

4 CONCLUSIONS   

In this article, 3D numerical simulation of ultrasonic 

assisted indentation forming process has been studied 

and the effect of parameters including tool feed-speed 

and amplitude of vibration on forming force has been 

investigated. The simulation has been performed on 

CK45 as a workpiece tube and tungsten carbide as a tool 

which is considered as a rigid body. The comparison 

between simulation and experimental results has been 

done. The following results are obtained by the 

numerical simulation using ABAQUS software:  

1. By increasing tool feed-speed, the effect of ultrasonic 

on the force reduction is decreased, while this effect is 

eliminated at the critical speed. 

2. By increasing the amplitude of vibration, the 

hammering effect increases which causes force 

reduction, and at amplitudes higher than the critical 

value (38 µm), the continuous forming regime switches 

to impulsive regime and the periodic separation effect 

appears.  

3. The maximum force reduction in continuous regime 

is 64.2% at the critical amplitude. 

4. The numerical simulation has a good agreement with 

the reported experimental results (relative error without 

ultrasonic: 9.78%, with ultrasonic: 2.18%).  

5. The main reason of axial force reduction in presence 

of ultrasonic vibration is related to the intermittent 

phenomena.  

6. Comparing the numerical simulation results of 

forming force reduction under ultrasonic vibration with 

the experimental results demonstrates that ultrasonic 

vibration behaviour is similar to the continuous regime. 
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