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ABSTRACT: With increasing demands for higher productivity and lower production costs, high-speed machine tools have been widely utilized in the modern production facilities. Reducing the manufacturing time is the trend of precision manufacturing, and the precision of a work-piece is very important for manufacturing industry. High-speed cutting is becoming more widely used and the high-speed spindle is a very important element, whose precision may affect the overall performance of high-speed cutting. High-speed motorized spindle systems are subjected to several effects during high-speed rotations that can cause substantial changes in their dynamic and thermal behaviors, leading to chatter, bearing thermal seizure, or premature spindle bearing failures. This research work represents the design and analysis of high speed spindles to reduce cycle time of manufacture the product, get the optimum surface finish and get much accuracy in precision manufacturing. Also some experiments represented in this paper are based on determining various parameters of high speed spindle.
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1 INTRODUCTION
High-speed machining drastically increases productivity and reduces manufacturing cost, and has attracted the interest of engineers for many years. The high-speed spindle is usually equipped with a built-in motor, so that power transmission devices, such as belts and gears, are eliminated. However, an increase of the spindle speed also generates adverse effects such as noise, chattering, and heat generation in the spindle systems [1].
In recent years, high-speed machining has been recognized as one of the most significant advances in machining technologies and has become a hot area of pursuit in industry due to many intrinsic benefits. High-speed spindles are the most critical elements of high speed machining systems, and many machine tool manufacturers have begun to produce machine tools with high speed machining capabilities. Along with the popularity of high speed machining, the demands for higher speeds for spindles have been steadily rising. Figure 1 illustrates the recent trends and future requirements in terms of speed for high speed spindles of various sizes. The trend of the continual rise of requisite spindle speed, as shown in Fig. 1, brings challenges to the design and operation of high speed spindles.
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Fig. 1 Expected speeds for high speed spindles of various size

At high speeds, dynamic and thermal characteristics of high speed spindles play an increasingly important role in successful operation as they affect spindle performance and machining. It is necessary to achieve a high speed without chatter and bearing failure
In high-speed machining, the excessive heat generation in the spindle induces uneven thermal expansion within different machine elements, which not only causes friction and wear on the spindle, but also results in large machining tolerances. Therefore, there is a compelling need for better modeling of the thermo-mechanical behavior of the motorized spindle system to more efficiently control the temperature of the spindle and increase the machining precision. Many studies on the thermal characteristics of spindle systems have been carried out through experiments and analysis, some of which are listed here.
2 REQUIREMENTS of spindles
Spindle should rotate with a high degree of accuracy. Accuracy of rotation is determined by the radial and axial run out of the spindle nose, and these must not exceed certain permissible values. Spindle unit must have high static stiffness. Spindle unit must have high dynamic stiffness and damping. The mating surfaces that are liable to wear restrict the life of spindle unit. Therefore bearing must be selected. Deformation of spindle due to heat transmitted to it by the bearing, cutting tool, work piece etc. should not be large.
3 Materials of spindle
The blank for a machine tools spindle may be:
1. Rolled stock in the case of spindles having diameter < 150 mm.
2. Casting in the case of spindles having diameter > 150 mm

It should be borne in the mind that if the spindle blank is cut from rolled stock,  the cutting must be done by a cutting tools to avoid additional distortion of the material microstructure. In machine tools spindle design the critical design parameter is not strength but stiffness. If we compare the mechanical properties of various steels, we find that their modulus of elasticity is more or less equal, although the strength of the alloyed steels can be considerably greater than of mild steel. Since stiffness is primarily determined by the modulus of elasticity of the material, it may be concluded that no particular benefit accrues from using costly alloyed steels for making spindles.   

1. for normal accuracy spindles-steels C1045 and C1050, hardened and tempered to Rc—30;

2. for above normal accuracy spindles-steels 5140 (AiSi), induction hardened to Rc=50-56; if induction hardening of above normal accuracy spindles is difficult due to complicated profile, they are made of steel 5147(AiSi) which is hardened to Rc= 55-60;

3. for spindles of precision machine tools, particularly those with sliding bearings—low alloyed steel 5120 (AiSi) case hardened to Rc 56-60 or EN 41 nitrated to Rc= 63-68;

4.  For hollow, heavy-duty spindles—gray cast iron spheriodal gray iron.
4 Design Parameter Sensitivity Analysis of High- Speed Motorized Spindle Systems Considering High-Speed Effects

The main design requirement of machine tools is concerned with achieving desired surface finish and machining accuracy of the part without sacrificing machine’s reliability and integrity. Important design factors include weight, cutting forces, forced vibrations, self-excited vibrations, and thermal expansions. The problems caused by forced and self excited vibrations during operating are more difficult to predict, particularly at high speeds. The forced vibration is primarily due to the unbalanced mass of the rotating spindle, while the self-excited vibration is induced by the cutting process. These two processes are all highly related to the dynamic characteristics of machine tool spindle systems. Regarding the spindle system design,

Al-Shareef and Brandon constructed a simplified multi-stepped spindle bearing system model to investigate the effects of design parameters to the static stiffness in the cutting zone for short overhang spindles. Their results showed that the most effective parameter was the bearing spacing. In another work they used influence coefficient method to investigate the effects of design parameters on the dynamic performance of spindle bearing systems and the results showed that the front bearing stiffness only slightly influenced the lower modes [3].

Kang et al. analyzed the effects of design parameters on static and dynamic performance of spindle-bearing systems by using Finite Element Method (FEM). The parameters considered in their case studies included journal diameter and span ratio, and bearing stiffness for static performance, but for dynamic performance, only the bearing stiffness was considered. The only high speed effect included in their FEM was gyroscopic moments.

Li and Shin published a paper to investigate the effects of bearing configuration on the dynamics of high speed spindles. With the constraints of satisfying chatter vibration free, Maeda et al. proposed a bearing spacing optimization strategy for the spindles configured with an expert system.

The dynamics mechanism of high-speed motorized spindles is highly complicated. An integrated FEM model has been developed by Lin et al. to combine the changes of the bearing stiffness and shaft rigidity to determine the overall spindle-bearing system dynamics.

The thermal model adapted in the integrated dynamic model was developed by Bossmanns and Tu. Based on this temperature field analysis, an extended thermal preload model was developed also by Lin et al. to predict thermally induced preload and its influence on bearing stiffness. The integrated FEM model developed by Lin et al. is applied to study the sensitivities of design parameters of the motorized spindle system with consideration of high speed effects, where the front bearing pairs are rigidly preloaded with spacers of specific sizes. The FEM model of the motorized spindle system is introduced first. Then, the effects of design parameters, including bearing preload, bearing spacing, distance between bearing sets, distance of the middle line of bearing sets to the end of the cutting tool, material of spindle, and dimensions of spindle, on the dynamics of the motorized spindle system are investigated considering high-speed effects. Finally, the relative importance analysis of these eight design parameters is investigated with radar charts and followed with a conclusion. A design sensitivity analysis of these eight design parameters is then conducted based on an integrated finite element method model to investigate their influence on the natural frequencies of the spindle system.

Based on the results:

1. The vital design parameters to the system dynamics include spacing between the front and rear bearing sets, spacing between middle line of the two bearing sets and the free end of cutter, and length of the spindle shaft.

2. The uncritical design parameters to the system dynamics include bearing initial preload, spacing between the bearings of rear bearing sets, and diameters of the spindle shaft.

5 Integrated Dynamic Thermo Mechanical Modeling of High Speed Spindles, Model Development

The entire model consists of fully coupled three sub-models:

· Bearing

· Spindle dynamic and 

· Thermal models.



Using a finite element approach, a new thermal model has been generated, which can describe complex structures of high-speed motorized spindles, and can predict more accurate temperature distributions. Spindle dynamic model is constructed using finite elements based on Timoshenko beam theory and has been improved by considering shear deformation, material and bearing damping, and the spindle/tool-holder interface [1,6].



Using the new thermo-dynamic model, more general and detailed bearing configurations can be modeled through a systematic coupling procedure. The thermal expansions of the shaft, housing and bearings are calculated based on predicted temperature distributions and are used to update the bearing preloads depending on the operating conditions, which are again used to update the thermal model.

5.1 Spindle Static Models:
In early spindle models, bearings are usually simplified into springs, and shafts are regarded as ideal or simple shapes. Many of the earlier studies attempted to determine the optimal bearing span for spindle design based on these simplified approaches.

Lipka presented a method to calculate the optimum bearing span while neglecting bearing stiffness. Harkany also calculated the optimum bearing span assuming the bearings have equal stiffness. Opitz et al. conducted an analysis on the effect of rolling bearing stiffness on the spindle deflection and presented a nomogram to allow for the easy determination of bearing deflections. Shuzi adopted the ‘‘influence factors’’ approach to describe the radial deflection of spindles and used a graphical method to determine the optimal span of a spindle mounted in two or multiple bearings. Al-Shareef and Brandon considered various design parameters for the analysis of the general multi-stepped spindle-bearing system and concluded that the most effective design parameter to attain high static stiffness is the optimum bearing spacing.

While these studies were useful in designing spindles with higher static stiffness, they neither considered any of dynamic characteristics of spindle systems nor addressed the issues related to bearing selection, which are critical issues affecting spindle-bearing performance.

5.2 Spindle Dynamic Models:
Two distinct approaches have been used:

a) Without considering rotational effects of bearings, and

b) With consideration of rotational effects.

Earlier workers used the Euler-Bernoulli beam models to represent the shaft by using equivalent moment of inertia with constant bearing stiffness while later researchers resorted to numerical techniques such as FEM to accommodate the complex geometry of spindles.


Terman and Bollinger constructed a dynamic model using the Euler-Bernoulli beam theory and solved it by using a finite difference method. Pittroff and Rimrott investigated the static and dynamic characteristics of spindles with bearings of different stiffness and obtained the solution for optimum bearing span by using a graphical technique in order to achieve minimum deflection at the spindle nose. Sharan et al. calculated the dynamic response of the spindle-workpiece system subject to random excitation by using a finite element method along with the modal analysis method. Through the simulation studies, they investigated the effects of bearing stiffness, damping and bearing spacing on the mean square displacement, and presented an optimal design in terms of bearing stiffness and span.

During high speed rotations, bearings exhibit nonlinear behavior. Shin et al. have shown that the resonant frequencies of a high speed spindle system can decrease when the rotating speed increases. Based on the bearing model from Jones’ work, Shin explained this phenomenon as the ‘‘bearing softening’’ effect [5]. When the bearing speed increases, the contact angle increases at the inner ring and decreases at the outer ring due to the centrifugal force. Wang et al. coupled the nonlinear bearing model with a uniform shaft, and provided the calculation results of the first resonant frequency, which deceases due to the ‘‘bearing softening’’ effect. Chen et al. also coupled the bearing model in with a uniform shaft and a disk-shape cutter. Jorgensen and Shin built a dynamic spindle model based on the influence-coefficient method, which can handle stepped spindle shafts, and also incorporated the nonlinear bearing model for a complete spindle dynamic solution.

Hong et al used the finite element method to model the spindle shaft, instead of the influence-coefficient method. The finite element method for the rotor system in used the Rayleigh beam element and included the gyroscopic effect of the shaft.

5.3 Spindle Thermal Model: 
When bearings begin to rotate, the friction at the interface of balls and raceways generates heat and induces a temperature change. The friction at the bearing contact area generates heat, and the increased temperature causes a thermal growth in both the bearing and shaft-housing areas, which changes the bearing contact load as well.

In 1959, Palmgren established a bearing heat generation model based on rolling resistance, which is still widely used. Harris improved this model by including the heat generation caused by ball spin moment. Stein and Tu adopted Palmgren’s model for a bearing heat generation model and developed a complex heat transfer network for a transient analysis. By measuring temperatures in the shaft, ball and housing, the model in can predict induced preload. Bossmanns and Tu made a spindle conduction model for the same spindle using the finite difference method. However, their model does not consider the effects of bearing dynamics on thermal preload and needs experimental measurements for an accurate result. So it cannot be regarded as a truly predictive model.

Jorgenson and Shin developed a comprehensive thermodynamic model including the interaction of dynamic and thermal effects between the bearing and the shaft.
An integrated thermo-dynamic model that can predict many thermal and dynamic responses of a spindle system under various operating conditions and configurations. The model predicts

a) Spindle static and dynamic stiffness,

b) Temperature distributions,

c) Thermal growth as well as bearing temperatures,

d) Contact load and stiffness, in terms of various operating and design parameters.

6 New Integrated Spindle Thermo Dynamic Model: 

This work adopts the bearing dynamic model in and modifies the shaft dynamic model by adding the option of Timoshenko beam elements in addition to Rayleigh beam elements. The improved dynamic model also considers a pertinent mapping between bearing stiffness and shaft stiffness matrices based on bearing configurations so that more general cases of bearing configurations can be modeled. In addition, a new thermal model based on the finite element approach has been developed [1-7].

The thermal model uses axi-symmetric elements and provides the calculation of both the heat conduction and thermal expansion of a spindle shaft. This thermal model is coupled with the spindle dynamic model through bearing heat generation and thermal expansion of the whole system based on the bearing configuration. Thus the entire model becomes a comprehensive thermo-dynamic model.

A comprehensive integrated thermo-dynamic spindle-bearing model was developed by extending previous models. The model can be divided into three sub-models: bearing model, spindle dynamic model and spindle thermal model. The spindle dynamic sub-model is mainly refined from the model of Hong et al.

There are a series of major improvements from this model.

1) The Timoshenko’s beam theory has been introduced to the shaft element so that shear deformations can be considered.

2) Internal or material damping of the shaft element is introduced as proportional damping.

3) Another useful feature is the additional axial degree of freedom added by introducing an elastic bar model to the shaft bending model, with which the spindle axial motion can be obtained and used for the cutting process.

A new thermal model has been created using a finite element approach. The major advantage of this approach is that heat conduction and thermal expansion can be easily integrated and can be accurately dealt with for complex geometries and physical conditions, especially for modern motorized high speed spindles.

The bearing heat generation model is adopted along with its coupling method to the spindle thermal model. The predictive bearing model is adopted and the spindle-bearing coupling method has been improved in several major aspects.

1) Since it resolved the limitation of maximum two bearings allowed in any number of bearings can be added to the spindle model. Furthermore, every bearing can be assigned to its exact location in the model and can be computed individually without being combined with other bearings.

2) Since an axial degree of freedom has been added to the shaft model, the shaft-bearing coupling terms associated with this degree of freedom can be considered. Thus the final results of the whole system are more accurate, especially for a lock-ring preloaded spindle system under a large external load both radial and axial.

3) Bearing preload variation due to thermal expansions is considered for more complicated bearing configurations.

Finally, improving the thermo-dynamic spindle-bearing coupling process made the model more accurate and predictive. The results from the validation process show the accuracy of the spindle thermo-dynamic model for different design parameters under different running conditions. The predicted temperatures at the bearing locations show good agreement with experimental results [2]. Thus thermal expansions of the bearings can be well predicted, as well as the dynamic behavior variation due to the expansions. The natural frequencies are also accurately predicted with the thermal effects considered under running conditions. The effects of the other parameters on natural frequencies such as different tools have also been examined, and a good agreement with experimental results has been shown.
7 SUMMARY AND FUTURE SCOPES
A new comprehensive dynamic thermo-mechanical model of a spindle–bearing system has been developed. The model predicts bearing and spindle thermal and mechanical characteristics, while considering various bearing configurations by coupling of a shaft dynamic model and a thermal model through a bearing model. Bearing preload variation due to thermal expansions is considered for more complicated bearing configurations. For effective manufacturing the design and analysis of high speed spindle is necessary. By improving its abilities of high speed we can:
1. Reduce cycle time of manufacture the product,

2. Get the optimum surface finish,

3. Get much accuracy in precision manufacturing,
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