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Abstract — In order to choose a better manufacturing way for a shaft with flange between turning and welding techniques, a finite 
element method (FEM) and experiment test was used for detecting the influence of residual stress on modal parameter. By 
comparing the modal parameter of turning shaft, welding shaft and heat treated shaft, the FEM results show that the natural 
frequencies of welding shaft have increased by about 21.9 percent in comparison with a free of stress shaft and the residual stress 
have no effect on modal shapes. Although experimental results shown that residual stress does not bring down natural frequencies, 
considering this two modal parameter only and the processing cost, welding techniques is a better manufacturing way for the shaft 
with a flange. 
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I. INTRODUCTION 

As for the shaft parts with a flange, there exists two 
main manufacturing ways. One is turning a steel bar, its 
diameter dimension is larger than that of the flange. The 
advantage of turning is that it’s easy to ensure the positional 
accuracy of machining surface on the parts and the tool is 
simple. But the production efficiency is not high, because 
there’s much material being wasted. The other is welding 
the flange and the shaft without the flange. The amount of 
material used in welding is much less than that of turning. 
However, welding techniques will bring about residual 
stress to parts. The major cause of residual stress in welding 
process is uneven heating of the parts. The stress is divided 
into three categories by its source: (1) direct stress, which is 
caused by the uneven heating and the shrinkage of the weld 
seam during cooling, lying on the temperature gradient; (2) 
indirect stress, it’s applied on the parts before welding. In a 
situation, it will attach to the residual stress; (3) 
transformation stress, which is caused by the microstructural 
change in the material, the transformation temperature and 
even cooling temperature must be considered. The residual 
stress can seriously affect the fatigue behavior, the fracture 
strength, the structural rigidity, the stability of compression 
member, the machining accuracy and dimensional stability 
of parts and even the corrosion resistance of a part. [1] 

Investigations have shown that residual stresses also 
have a significant influence on modal parameters (natural 
frequencies and mode shapes). [2] As for shaft parts with a 
flange, this influence will determine whether welding 
techniques will be used for the manufacturing. Natural 
frequency is the frequency by which an object vibrates when 
it is subjected to an external force and deformation is 
change in dimension of an object from its original 
dimension when it is subjected to external force. Equivalent 

stress is the stress of all resultant of all stress acting on 
surface of the object. [3]  

Steel plate welding structure is widely used in 
mechanical project. As the stiffness of plate is small, it’s 
easy to be out of shape while welding, which causes residual 
stress after cooling. Gao Yongyi et al derived the natural 
vibration equations of all modes for a quadrate thin plate 
with welding residual stress by using Galerkin method. The 
computational method for natural frequencies of quadrate 
thin plate with residual stress was deduced. The results 
showed that: the larger the residual stress, the large the 
change of natural frequencies; the higher the mode order, 
the larger the influence of residual stress on natural 
frequencies; the larger the mass density of the plate material 
and the plate geometric sizes, the smaller the influence of 
residual stress on natural frequencies. The residual stress 
could be released by vibratory stress relief. [4] Lou Menglin 
et al studied a simply-supported prestressed beam. The 
change of the prestress force in the lateral vibration process 
of the beam was discussed and the differential equation of 
lateral vibrations for the simply-supported prestressed beam 
was given. The mode perturbation method was used to 
establish an approximate analysis technique for the modal 
characteristics of the prestressed beam in lateral vibrations. 
As a result, the solution of the complicated differential 
equation with variable coefficients was obtained 
approximately by solving the algebraic equations and the 
computational effort was reduced effectively. The influence 
of the prestress force on the natural frequencies of the beam 
was also discussed. Numerical results showed that the effect 
of the prestress force on the first modal frequency is 
significant when the eccentricity of the prestress force is 
large. [5] 

Different methods exist to evaluate the influence of 
residual stress on welding structures. There is experimental 
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procedures that are based on measuring the natural 
frequencies and mode shapes with frequency measuring 
instruments. In this way, we have to manufacture parts with 
residual stress and stress relieved. Li Xiaojuan [6] made a 
dynamic characteristics test for welding girder. She divided 
parts into six groups with different welding rate, which 
ranged from 17.6% to 100%. By measuring the natural 
frequencies of different groups, she found that the welding 
rate had an effect on stiffness. What’s more, the natural 
frequencies correlated with the stiffness of parts, which 
increased being consistent with the growth welding rate. 
The experimental method could be accurate and direct. But 
this cost much time and energy.  

Even if some non-experimental methods exist for 
measuring the dynamical parameters, they cannot be 
applicable on all parts and results are sometimes more 
qualitative than quantitative. Numerical methods such as the 
finite element method (FEM) provide tools for predicting 
the state of stress resulting from welding, and using modal 
analysis has appeared as an interesting alternative for 
measuring and predicting the residual stress. P Ferro and H 
Porzner et al examine the influence of phase transformation 
on the residual stress induced by the welding process by 
comparing the results obtained with the described 
differences in the welding simulation. It was found that both 
volume changes due to phase transformations and 
transformation plasticity have a great influence on the 
residual stress induced by the welding process. But under 
certain conditions, the value and the distribution of residual 
stress are determinate. [7]Simulations of welding on a plate 
also have been done using the commercial software 
ANSYS. Results show that after the welding simulation, the 
natural frequencies have risen by about 5 to 7 percent in 
comparison with a free of stress plate. [8] 

Cutting shaft is a key part of stump grinder. It’s a shaft 
with flange. The diameter of flange is two times larger than 
that of the shaft. The manufacturing way of shaft have a 
great on the cost of production. The shaft is suffering 
alternating load when the grinder is working. The maximum 
speed of shaft is 4000r/min. The stability of shaft is related 
to the dynamic parameters of welding shaft. If the natural 
frequencies of shaft with residual stress or a shaft having 
been heat treated is lower than the working frequencies of 
stump grinder, the welding techniques can’t be used for the 
shaft with flange. So by measuring the effects of the residual 
stress in the shaft on the natural frequencies and mode 
shapes through FEM model and comparing with experiment 
results, we could select a better manufacturing way and 
prevent failure problems of shaft. 

II. MODEL GEOMETRY 

Based on the sump grinder RG-25HD imported from 
RAYCO Company of American, we redesigned the machine 
that is suitable for the landscaping in China. To get the 
accurate dimension of cutting shaft, we disassembled the 

machine and measured the dimension of the shaft. As is 
shown in Figure 1. 

 
Figure 1.  The cutting shaft of RG-25HD stump grinder. 

In order to get the impact of residual stress on shaft, the 
first step of this finite element is to build three shafts with 
Solidworks software. One is the reference shaft without 
seam. One is the welded shaft. The other is the heat treated 
shaft with seam. The minimum dimension of shaft is 30mm 
and the maximum dimension is 106mm. The weld seam 
dimensions have been established after a test on a similar 
shaft with the same parameters that those used in the FEM 
simulation. [9] The welding parameters are listed in TABLE 
Ⅰ. These parameters are based on the welding handbook. 

TABLE I.  WELDING PARAMETER 

Welding 
parameter 

GMAW 

Current(amps) 140 

Voltage(volts) 16 

Arc speed(mm/s) 5 

Efficiency（A） 0.55 

For reducing the computing time, we deleted the 
characteristics like key groove, chamfering and oil holes on 
the shaft. The mesh used for the FE model is dissimilar with 
three distinct zones. The higher element density is situated 
in the heat-affected zones for better accuracy. The typical 
element widths in seam 1 and seam 2 are around 2mm. The 
element size of zone 2 is 3mm. As the shape of zone 3 is 
regular, we used automatic meshing for zone 3. For transient 
thermal analysis, thermal solid 70 was selected to get a 
better result. It is an 8 nodes element. All meshing 
parameters were set up in order to reduce the calculation 
time. The total nodes is 17685 and the total elements is 
85830. The model used is represented on Figure 2. 
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Figure 2.   Modal mesh arrangement. 

III. FEM ANALYSIS 

A. Thermal Analysis 

The problem was treated as an uncoupled thermal and 
structural problem. Because the parameters of heat flow 
density function is so much and for the seam with filler 
weld and groove, heat generation rate can get a better 
results. Heat flow density is suitable for surface overlaying. 
[10, 11]First the temperature fields were calculated by 
applying heat generation with the heat generation rate in a 
transient analysis. For each small time increment the 
position of the torch is computed and boundaries conditions 
are redefined.  

According to the torch positions, elements contained in 
the heat generation rate are turned “alive” with the birth and 
death feature and heat generation is applied on those 
elements. Convection is applied on all the shaft surfaces and 
even on the “alive” elements of the weld seam. To simply 
the calculation method and make sure the accuracy of 
thermal analysis, the weld seams and the shaft are assumed 
to share the same properties. 

Properties of a high strength steel material (1045) are 
used for the simulation. The specific heat, heat conductivity 
and thermal expansion coefficient are all defined as 
functions of temperature. The density is 7890kg/m3. The 
modulus of elasticity is 209Gpa and the shear modulus is 
79Gpa. The Poisson’s rate is 0.269. The yield limit is 
300Mpa and the breaking point is 450Mpa. TABLE Ⅱ 
shows the mechanical and thermal properties of the 1045. 

Once the weld seam 1 is completed, there is a 60s 
cooling process. When the weld seam 2 is finished, the 
convection is applied on all the surface of the shaft until it 
reaches the ambient temperature. We set the ambient as 
20oC. The last cooling time is 1500s. An increasing time 
step procedure has been implemented to faster the 
computation time. 

B. Structural Analysis 

After the thermal analysis, the mesh is kept and the 
elements are changed to their corresponding structural 20 
nodes solid element. As for the boundary conditions, the 

temperature distribution resulting from each step of the 
thermal analysis is applied on all the nodes. To ensure that 
the shaft is in an iso-static state of equilibrium, two end 
faces of the shaft are fixed. [12]As a result, six nodes are 
blocked. The problem is sequentially solved following each 
time step computed in the transient thermal analysis. It is 
important here to mention that the PSTRES option in 
ANSYS [13] must be turn on to be able to calculate the 
prestress effects. 

TABLE II.  MECHANICAL AND THERMAL PROPERTIES OF 1045 

T(℃) 
specific heat(J/kg

·℃) 

 
 

heat conductivity 
(W/W·℃) 

 
thermal 

expansion 
coeffi1cient
（10-6/℃） 

100 480 43.53 11.59 

200 498 40.44 12.32 

300 524 38.13 13.09 

400 560 36.02 13.71 

500 615 34.16 14.18 

600 700 31.98 14.67 

700 854 28.66 18.6 

755 1064 25.14 18.6 

800 806 26.49 18.6 

900 637 25.92 18.6 

1000 602 24.02 18.6 

C. Modal Analysis 

For the modal analysis, we change the boundary 
conditions. The cylindrical support is applied on the shaft. 
For axoid 1, radial support is fixed. Axial and tangential 
support are free. For axoid 2, radial and axial support is 
fixed. The tangential support is free. As is shown in Figure 
3. The PSTRES option must stay on. The Eigen solution is 
obtained with Lanczos extraction technique and an 
expanding method for modes [14~16]. 

 
Figure 3.   The constraint of shaft. 
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IV. RESULTS OF FEM ANALYSIS  

The temperature field during the welding is presented on 
Figure 4. The maximum temperature value while welding is 
1695 ℃ . The temperatures resulting from the thermal 
analysis is shown in Figure 5. After a 1500s cooling, the 
highest temperature is 58℃. The heat concentrates on the 
right of the shaft and the flange plate, as the right part is 
shorter than left part and the heat dissipation area of flange 
is bigger. The result of static analysis is shown in Figure 6. 
The maximum residual stress is 227Mpa, which is less than 
the breaking point of the 1045. 

 
Figure 4.   Temperature field during welding. 

 

Figure 5.  Heat distribution after thermal analysis. 

 
Figure 6.  The distribution of residual stress. 

 
For the modal analysis, three different models have been 

simulated in order to compare the variation of the natural 
frequencies in the shaft. The three cases are represented on 
Figure 7. 
a) Reference shaft 

The shaft has the same dimensions that the one used for 
the welding simulation but without the weld seam. In 
practice, it was processed by turnery. The natural 
frequencies of this model will serve as reference to compare 
the two other cases. 
b) Welded shaft 

For this model, two weld seams are deposed at the end 
of the flange plate, and the residual stresses are computed by 
Ansys software.  
c) Heat treated shaft 

This shaft has exactly the same geometry that the one 
used for the welding simulation. This shaft is absolutely free 
of residual stresses, as if a heat treatment has completely 
removed all stresses in the welded shaft. 
a) Reference shaft (without seam) 

 
b) Welded shaft 
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c) Heat treated shaft 

 
 
 

Figure 7.  Test shafts for modal analysis. 

The Eigen values obtained with the modal analysis are 
listed in TABLE Ⅲ and Figure 8 presents the percentage of 
variation in the natural frequencies for the welded shaft and 
the heat treated shaft, according to the reference shaft. 

TABLE III.  NATURAL FREQUENCIES  

Mode Reference 

 
 

Welded 

 
 

Heat treated 

Mode 1  39.25 42.62 39.12 
Mode 2  42.02 48.57 41.824 
Mode 3  59.57 85.042 59.294 
Mode 4  72.42 92.35 71.72 
Mode 5  82.52 131.36 80.550 
Mode 6  109.72 131.36 109.58 
Mode 7  159.11 184.46 159.51 
Mode 8  204.13 218.60 208.88 
Mode 9  253.0 277.91 258.40 

Mode Reference 

 
 

Welded 

 
 

Heat treated 

Mode 10  263.39 297.1 270.74 
The difference between the heat treated and the 

reference shaft is less than 3% for almost the ten first 
modes. This shows that the geometry of the weld seam 
influences only slightly the natural frequencies of the shaft. 
This implies that if a shaft is welded and after correctly heat 
treated, its natural frequencies must return to their original 
values. 

The effects of the residual stress on the natural 
frequencies are clearly visible on Figure 8. The difference 
between the banded areas represents the variation caused 
only by the residual stress. This difference is around 21.9% 
for all modes. The fifth mode is 63% more than that of the 
reference shaft. 

For the three shafts the mode shapes remains the same. 
Figure 9 shows the deformed shape of the first four modes. 

 
Figure 8.  Variation of the natural frequencies of the weled shaft and the 

heat treated shaft in comparison with the reference shaft. 

The main results of the FEM analysis can be 
summarized as follow: 

The residual stress distribution affects the natural 
frequencies and finite element modeling results show that a 
increase of 21.9% on natural frequencies are observed on all 
modes; The mode shapes are not affected by either the weld 
seam or the residual stress distribution; The heat treating 
process is not necessary for the cutting shaft, considering 
the natural frequencies only. 

  
 Mode1 
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Mode2 

 
Mode3 

 
Mode4 

Figure 9.  Four first modes. 

V. EXPERIMENTAL PROCEDURES AND COMPARISON WITH    

FEM ANALYSIS 

A. Experimental Equipment  

The analyzed parts are the three shafts, which are 
reference shaft, heat treated shaft and welded shaft, as is 
shown in Figure 10. The reference shaft was manufactured 
by turning. The heat treated shaft and welded shaft were 
consist of a flange and a whole shaft. The shaft was fixed by 
two bearings, to simulate the real constraint of cutting shaft 
while working. The bearings are fixed on the base. The 
acceleration sensor was stick to the end of the shaft. The 
whole experimental equipment is shown in Figure 11. 

 
Figure 10.   Three experimental shafts: a) reference shaft, b) welded shaft, 

c) heat treated shaft. 

 
Figure 11.  The whole experimental equipment. 

B. Results of Frequencies Measurement Experiment  

By knocking the shaft with hammer, we got the 
vibration data of shafts. The data were processed in 
LabVIEW software. After observing the power spectrum of 
signal, the natural frequencies of shaft was obtained. As is 
shown in Figure 12. All the power spectrum of three shafts 
are same. 
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Figure 12.   The power spectrum. 

C. Comparison between Experimental Test  and FEM 
Analysis  

By comparing the results of experiment and FEM 
analysis, the first frequency is the same. The influence of 
residual stress on modal parameter can be significantly seen 
in FEM analysis. But in experimental test, the influence 
could hardly be observed. The natural frequencies of cutting 
shaft is not greatly affected by welding. The main reason for 
this result is that the residual stress in real environment is 
small. However, both results improve that welding 
technique can be used for the manufacturing of the cutting 
shaft with a flange. 

VI. CONCLUSION  

The main purpose of this study was to detect the 
influence of residual stress on natural frequencies and mode 
shapes and to confirm whether welding technique can be 
used for the manufacturing of shaft with flange. Numerical 
comparisons between a turning shaft and a welded shaft 
show that residual stresses affect clearly natural frequencies, 
and for the case presented in this paper, a 21.9% increase on 
each mode has been found. So the natural frequencies of 
welding shaft is still higher than that of the stump grinder. 
What’s more, the mode shapes are not affected by either the 
weld seam or the residual stress distribution. Experiment 
results shown that the residual stress does not bring down 
natural frequencies. Both these results clearly demonstrates 
that considering the modal parameter only, welding 
technique will be a better manufacturing way for the cutting 
shaft of stump grinder. Future works include carrying out 
experiments for measuring the variation of modal parameter 
of cutting shaft due to residual stress in different welding 
condition.  
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