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Introduction 
 

Development of automatic welding system is an 
important problem for automatic manufacturing system. It 
is well known that residual stress is measured near the 
bead because base metal is heated near the bead [1]. 
Tensile residual stress on the surface degrades fatigue 
strength [2].  

In this paper, the effect of vibrations with different 
frequencies on reduction of residual stress is examined. 
Firstly, two thin plates are butt-welded using ultrasonic 
vibrations with different frequencies on each plate. When 
thin plates are welded using ultrasonic vibrations with 
different frequencies, tensile residual stresses are reduced 
and reduction rate is largest compared with other 
conditions. Secondly, two thin plates are butt-welded using 
ultrasonic vibration and vibration with low frequency. In 
this case, tensile residual stresses are reduced and 
reduction rate is largest compared with other conditions. 
Thirdly, a welding of automobile wheel for automatic 
welding system is performed using ultrasonic vibration. As 
a result, it is confirmed that the reduction of residual stress 
is reduced. Finally, experimental results are examined by 
analytical method. 
 
Welding with ultrasonic vibrations with different 
frequencies 
 

When two thin plates are butt-welded, an ultrasonic 
vibration is applied on one plate and the other ultrasonic 
vibration with different frequency is applied on the other 
plate. Reduction of residual stress is examined in this case. 

 

 
Fig. 1. Set of specimens (mm) 

 
Size of specimen is 100mm square and 6mm thick. 

Material of specimen is the rolled steel for general 
structure (JIS SS400). In order to eliminate residual stress 
induced by rolling, it was annealed at  for one hour 
and cooled in a furnace until it was . The groove is 
V-shaped and the groove angle is . Root opening is 
1.7mm. Two thin plates are hold onto the supporting 
device as shown in Fig.1 and shaken by ultrasonic 
vibration during welding. Specimens are welded using an 
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automatic acid gas shielded arc welding machine. Welding 
is completed through one pass. Ultrasonic vibrator is put 
on the center line and 20mm form edge of each thin plate. 
Frequencies of ultrasonic vibration are 50kHz and 
27.5kHz. Output is 100W. The natural frequency of 
specimen before welding is 36Hz. For comparison, some 
specimens are welded using one ultrasonic vibration on 
one plate. Some specimens are welded without vibration. 
Welding speed is 3.75mm/s. Welding is completed in 
27second. Diameter of wire is 0.9mm. Voltage is 21V and 
current is 200A. 

Residual stress is measured using X-ray 
diffractometer with a scintillation counter after removing 
quenched scale chemically using hydrochloric acid having 
a concentration of 6mol/  and smoothing surface of the 
bead using CPL (chemical polishing liquid). Residual 
stresses are measured at 9 points on the bead and at 
11points on the center line perpendicular to the bead. 
Residual stresses in direction of the bead are measured. 

l

Fig. 2 shows residual stresses on the bead. ○ shows 
residual stresses of specimen welded without ultrasonic 
vibration. □ shows residual stress using 60kHz ultrasonic 

vibration on one plate. ●  shows residual stress using 

27.5kHz ultrasonic vibration on one plate. ■  shows 
residual stress using 60kHz ultrasonic vibration on one 
plate and 27.5kHz ultrasonic vibration on the other one 
plate. Tensile residual stresses are measured at almost of 
all points. Especially, high tensile residual stress is 
measured at center of the bead. When ultrasonic vibration 
is applied on one plate, tensile residual stress is 
significantly reduced at center of the bead. In this case, the 
effect of frequency on reduction of residual stress is not 

different for 60kHz and 27.5kHz. On the other hand, when 
ultrasonic vibrations are applied on both plates, reduction 
rare is greater then one excitation. 
        Fig. 3 shows residual stress on the line perpendicular 
to the bead. Tensile residual stresses are measured near the 
bead. When ultrasonic vibration is used, residual stress is 
reduced near the bead. Especially, when ultrasonic 
vibrations with different frequencies are used on both 
plates, reduction rate of residual stresses is great.  
 
Welding with ultrasonic vibration and low frequency 
vibration 
 

When thin plates are butt-welded, ultrasonic vibration 
is applied on one plate and low frequency vibration with 
natural frequency of the specimen is applied under the 
plates. Reduction of residual stress is examined. 

Size of the specimen is same as welding with 
ultrasonic vibrations with different frequencies. Ultrasonic 
vibration is used on one plate and low frequency vibration 
is used on both plates. Low frequency vibration is applied 
on both plates by the shaker under the plates. The natural 
frequency of the specimen before welding is 35Hz. Then, 
vibration with 35Hz is applied below the plate. Frequency 
of ultrasonic vibration is 60kHz. 

Fig. 4 shows residual stresses on the bead. ○ shows 
residual stress of specimen welded without ultrasonic 
vibration. △ shows residual stress using 60kHz ultrasonic 

vibration on one plate. ▲ shows residual stress using low 

frequency vibration with 35Hz on both plates. ● shows 
residual stress using 60kHz ultrasonic vibration on one 
plate and low frequency vibration with 35Hz on both 
plates. When vibration is applied on one plate, tensile 
residual stress is reduced at center of the bead. Especially, 
when ultrasonic vibration is applied on one plate and low 
frequency vibration is applied on both plates, reduction 
rate of residual stresses is great.  
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Welding of wheel 
 

Proposed method is applied to welding of structure 
with curve and complicated shape. An example of such 
structure, wheel is used. 

Diameter of wheel is 329.4mm. Disk is inserted into 
limb with 2000N force. 4 locations inside of the wheel are 
welded. After disk is inserted, ultrasonic vibration is used 
during welding. Fig. 4 shows set of wheel. Wheel is fixed 
on the turntable of positioner. Angle of the turntable is 

. Angle of location of the horn transmitting ultrasonic 
vibration and that of welding is . Inside of the wheel is 
welded using ultrasonic vibration from outside rotating the 
wheel. Shape of tip of horn is spherical and tip of horn is 
touches wheel at a point. Horn pushed by air cylinder 
always touches wheel during rotation. Pressure of air 
cylinder is 0.1MPa and press force is 80N. 
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Fig. 2. Residual stress on the bead 
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Fig. 5 shows measuring locations of residual stress.  
Residual stresses are measured every 20mm  at 5 points of 
each location from outside of wheel (opposite side of the 
bead). First, locations a and c are welded without Fig. 3. Residual stress in longitudinal direction 

 22



ultrasonic vibration. Then, locations b and d are welded 
using ultrasonic vibration. Amplitude of tip of horn is 
19μm. 
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Fig. 4. Welding: a – residual stress on the bead,  b – set of wheel 
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Fig. 5. Measuring locations of residual stress on wheel 

 
Table 1 shows results. Bottom low shows average of 

residual stresses. Tensile residual stresses are reduced at 
almost of all points. When ultrasonic vibration is used 
during welding, tensile residual stress is reduced by 20-
30%. 

 
Analytical method 
 

Yield stress of metal immediately after welding is 
very low. It is considered that permanent deformation can 
be generated by very low external load. In this analysis, 
reduction of tensile residual stress on the bead of thin plate 
is dealt with using two-dimensional model. Since 
specimens are thin plates, plane stress state is considered. 
Hence, an analytical model shown in Fig.6 is used 
considering actual stresses in plane. x-axis is longitudinal 
direction of the specimen, direction of surface vibration, 
and y-axis is transverse direction of the specimen, direction 
of the bead. As shown in Fig.6, springs in transverse 
direction are extended by Ze from the equilibrium position. 
In this case, kyZe is resisual stress without ultrasonic 
vibration. It is assumed that restoring force-deformation 
relation of the springs is represented by the perfectly-
elasto-plastic model. Accordingly, when stresses in x-axis 
and y-axis are considered to be principal stersses, it is 
assumed that springs are yielding according to Tresca yield 
criterion. This model is excited in x-axis.  

Residual stress with surface vibration is evaluated as: 
 

   ( )pyeysy ZZk −=σ ,                (1) 
 

where Zpy is sum of plastic deformation in y-axis. 
Ratios of residual stress calculated by using ultrasonic 

vibration to that without vibration are obtained.                    
In Table 2, results for 60kHz ultrasonic vibration are 
shown. Fy is yield force for uniaxial stress. Ratios are less 
than 1 in all conditions. This means that residual stress is 
reduced when ultrasonic vibration is used during welding 

In Table 3, results are shown when ultrasonic 
vibrations with 60kHz and 27.5kHz simultaneously. Ratios 
in Table 3 are less than that in Table 2. From Table 3, it is 
found that reduction rate is great when ultrasonic 
vibrations with 60kHz and 27.5kHz simultaneously. 

Let m be mass of the bead, ratios of residual stress 
decrease with decrease of Fy /mU, that is, increase of 
amplitude of excitation U. This means that residual stress 
decreases with the increase of amplitude of excitation 
Reduction rate increases with the increase of kyZe /Fy, that 
is, with the increase of residual stress without ultrasonic 
vibration.  

Table 1. Residual stress (MPa) 
Without vibration With vibration 

Position ａ ｃ ｂ ｄ 

Ａ 150 120 150 120 

Ｂ 120 110 100   90 

Ｃ 110 100 100   30 

Ｄ 140   90   80   70 

Ｅ   50 100   50  50 

Average 114 104 96  72
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Fig. 6. Two dimensional model 
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4. Conclusions 
 

The effect of vibrations with different frequencies on 
reduction of residual stress is examined. Firstly, two thin 
plates are butt-welded using ultrasonic vibrations with 

different frequencies on each plate. When thin plates are 
welded using ultrasonic vibrations with different 
frequencies, tensile residual stresses are reduced and 
reduction rate is largest compared with other conditions. 
Secondly, two thin plates are butt-welded using ultrasonic 
vibration and vibration with low frequency. In this case, 
tensile residual stresses are reduced and reduction rate is 
largest compared with other conditions. Thirdly, a welding 
of automobile wheel for automatic welding system is 
performed using ultrasonic vibration. As a result, it is 
confirmed that residual stress is reduced. Finally, 
experimental results are examined by analytical method. 

Table 2. Ratio of residual stress with ultrasonic vibration to 
that without ultrasonic vibration (60kHz) 
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Fｙ/mU kyZe/Fe
0.0010 0.0012 0.0014 0.0016 

0.9 0.720 0.781 0.824 0.856 
0.8 0.776 0.839 0.882 0.913 
0.7 0.827 0.891 0.924 0.964 

 
Table 3. Ratio of residual stress with ultrasonic vibration to 
that without ultrasonic vibration (60kHz+27.5kHz) 

Fｙ/mU kyZe/Fe
0.0010 0.0012 0.0014 0.0016 

0.9 0.302 0.435 0.530 0.601 
0.8 0.325 0.471 0.574 0.651 
0.7 0.340 0.501 0.614 0.696 
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