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Abstract In machining of ring shaped components, the

workpiece is deformed by the clamping forces of the

chuck. This elastic deformation generates shape deviations

in soft turning. Moreover, the machining process generates

locally varying residual stresses which contribute to shape

deviation of the workpiece. Hence, in machining of thin-

walled bearing rings hexagonal out-of-roundness up to

200 lm occur. In order to minimize the shape deviations, a

long stroke Fast Tool Servo (FTS) for controlling the depth

of cut was developed. The applied FTS differs from other

published FTS systems in the guidance design. The moving

tool holder is suspended to the FTS frame by flexure joints

instead of using a linear guidance. The flexure joints pro-

vide a low stiffness in moving direction and high stiffness

in orthogonal directions. The high stiffness in cutting force

direction is essential for a real time reduction of shape

deviations in soft turning. In this paper, results of an

experimental investigation for the reduction of the shape

deviation by adapted non circular machining are presented,

using the developed FTS. Based on the results, the influ-

ence of the cutting forces on part accuracy is discussed.
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1 Introduction

The shape deviation of thin-walled cylindrical rings

increases in soft turning. This provokes high grinding

allowances after turning and subsequent heat treatment.

Therefore, a reduction of a subsequent form correction by

expensive hard-machining offers a high cost saving

potential.

Three main effects have been discussed by corre-

sponding literature, when analyzing soft machined work-

pieces with respect to shape deviation:

• elastic deformation due to clamping forces,

• cutting forces, and

• residual stresses induced by the machining process.

The main effect with respect to shape deviation is the

deformation of workpieces due to clamping, e.g. by a three

jaw chuck on a lathe (Fig. 1). Circular machining of such

deformed rings results in a varying circumferential wall

thickness. After releasing the rings, shape deviations of the

outer and inner ring surfaces occur. For analyzing these

shape deviations, the Fast Fourrier Transformation (FFT)

method can be used, as Surm has described in [1]. E.g. the

clamping of rings by a three jaw chuck increases the third

order of FFT. This third order is synonymous with the

triangularity of the rings.

The effects of clamping techniques on deformations of

thin walled rings have been investigated by many

researchers. As it is shown in the work of Wagner [2],

Rahmann [3] and Tönshoff [4], the amount of the elastic

deformation due to clamping depends on the hydraulic

pressure of the clamping system, the moment of inertia of

the workpiece and additionally the contact stiffness

between chuck and workpiece. Other papers of Weinert

[5] and Spur [6] describe that the elastic deformation of
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thin-walled workpieces is also influenced by the cutting

forces.

Finally, an important effect with respect to shape devi-

ation is the change of shape due to varying residual stres-

ses. This can be explained by the generation of a surface

layer of plastically deformed material in soft turning, as

investigated by Tönshoff et al. [7, 8]. In the work of

Brinksmeier et al. [9, 10] it was shown, that the resulting

residual stresses in the surface layer varies locally after

turning. From those circumferential varying inhomoge-

neous residual stresses results a change of the shape after

turning and a subsequent heat treatment process, as dis-

cussed by Surm [1] and Volkmuth [11].

By considering the mentioned mechanisms, and by

analyzing the corresponding literature, several methods are

possible to reduce shape deviations in turning. Generally,

they can be summarized by two approaches:

• reduction of workpiece deformation due to clamping,

and

• adapted noncircular machining.

The easiest way to minimize deformations due to

clamping is to increase the clamping area. So, numerous

form adapted special clamping devices like clamping

sleeves are applied in industry. Some of them are described

in [12]. However, when choosing a clamping technique the

effectiveness of the turning process has to be considered. In

low volume production, for example the flexibility of a

machining system is important. In these cases standard

clamping systems like three jaw chucks are commonly

used.

The other promising approach for the reduction of shape

deviations is noncircular machining, which is well known

for its excellent flexibility and precision. In noncircular

machining the cutting tool is driven by a Fast Tool Servo

(FTS). The dynamic back and forth motion of the FTS is

superimposed to the nominal motion of the corresponding

CNC controlled axis of the lathe. The range of application

of a FTS is wide. E.g. surfaces of engine pistons [13],

mirrors [14, 15] and lenses [16] are noncircularly finished.

The corresponding literature confirms that the applied FTS

have either a high dynamic range with low retention forces

or long stroke and low dynamic range. For example the

applied Ultra FTS for machining of optical quality surfaces

by noncircular machining in [17] is driven by piezoelectric

actuators. In this case, the use of piezoelectric elements

allows a very high frequency of motion and also a high

accuracy, but only low cutting forces and a limited

displacement.

However, because of the self contradictory requirements

a FTS has to be designed for its application. For example in

machining of thin walled bearing rings hexagonal out-of-

roundness up to 200 microns occurs. So far, no FTS was

known that fulfills these requirements for real-time shape

correction in soft turning of bearing rings. Hence, a new

long stroke FTS was developed (Fig. 2). The fundamental

design of the FTS and the experimental setup is described

in Chap. 2.

2 Objectives and experimental procedure

2.1 Objectives

For the first time noncircular machining of thin walled

bearing rings with high shape deviations was conducted

using the integrated FTS. The objective was to minimize

the shape deviation of the outer surface by adapting the

depth of cut. In order to demonstrate the performance of

this method, the wall thickness of the machined workpieces

was varied.

2.2 Applied Fast Tool Servo

Basic characteristics of the applied FTS are summarized in

Table 1. Further details were published by Dijkman [18]

and Stoebener [19]. A particular design feature of the FTS

is that the moving tool holder is suspended to the FTS

frame by a flexure bearing instead of using linear guiding

(Fig. 2). Due to the resulting oscillation of this design the

stroke is limited up to 300 lm in order to guarantee a low

tracking error in linear feed direction. An approach for real

time shape correction with the FTS described above was

developed by Dijkman [17] and Stoebener [19]. They

presented a design of the controller, which is suitable for

real-time controlling of depth of cut. For the described

experiments within this work a real-time measurement was

not available. Hence, the calculation of the cutting tool

track was based on in-situ geometric measurements of the

rings in the lathe before the finishing cut (Fig. 3).

Fig. 1 Shape deviation of the outer surface due to inhomogeneous

material removal in circular machining of deformed rings
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2.3 Experimental setup

Figure 4 shows the experimental setup. The machining

system consists of two parts; a CNC lathe and the FTS.

The applied vertical turning center with counter spindle

is common for turning parts in medium to large quantities.

Hence, such systems are often used for machining bearing

rings.

The FTS generates a tool motion in the radial cutting

direction. In addition to the dynamic back and forth motion

of the FTS a nominal depth of cut is superimposed by the

CNC controlled X-axis of lathe (Figure 4). Thus the depth

of cut varies depending on the angular position of the

workpiece. Further details regarding the synchronization of

the machine spindle with the FTS motion are described

in [18].

2.4 Experimental procedure

In summary, the experiments comprise three different

states of the workpieces (Fig. 5):

state 1: parts with shape deviation due to circular

machining,

state 2: parts with reduced shape deviation of outer

surface after FTS machining, and

state 3: parts with change of shape deviation due to heat

treatment.

The steel rings were initially sawn from a hot rolled and

stress relief annealed tube made of SAE 52100 (100Cr6).

The inner and outer surfaces were circular pre-machined

using a three-jaw-chuck in order to generate surface shape

deviations. The nominal inner diameter (DI = 133 mm)

and the width (b = 26 mm) were kept constant. The outer

Fig. 2 Long stroke Fast Tool

Servo for real time noncircular

machining of thin-walled

bearing rings

Table 1 Technical data of the applied FTS

Maximal feeding path ±300 lm

Dynamic range 0.60 Hz

Maximal retention force 1,000 N

Response time 1 ms

Max. workpiece speed 600 rpm

Weight 60 kg

Dimensions 0.4 m 9 0.5 m 9 0.35 m

Fig. 3 Measuring setup in lathe for shape measurement

Fig. 4 Machining system in a vertical turning center
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diameter varied in order to machine rings with different

wall thicknesses.

After pre-machining the shape deviations and the elastic

deformation were measured at the center path of each ring

(Fig. 3).

The main experiment consisted of one longitudinal

noncircular cut on the exterior of the rings in order to

minimize the shape deviation. The average depth of cut

was ap,eff = 0.25 mm. Cemented carbide tools CNMG

160608 with a TiN-coating were used for noncircular

machining. The tool setting conditions and the machining

parameters are listed in Table 2.

The trajectory of the cutting tool was calculated based

on previous geometry measurements. The influence of

shape change due to residual stresses and cutting forces

were neglected. The reduction of shape deviation was

calculated after shape measurement of the noncircular

machined outer ring surface.

In order to evaluate the error caused by neglecting the

shape change due to residual stresses, a stress relief

annealing was carried out after the tuning experiments. In

addition, residual surface stresses were measured by X-ray

diffraction before stress relief annealing, in order to

determine the amount of inhomogeneous residual stresses

generated by a varying depth of cut during noncircular

machining.

3 Results

The shape deviation after pre-machining increases as wall

thickness decreases (Fig. 6). It can be assumed that the

shape deviation due to the elastic deformation of the rings

increases with decreasing moment of inertia at constant

clamping forces. After releasing the rings, the outer sur-

faces show an oval, triangular and hexagonal shape devi-

ation. It is obvious that the triangularity dominates the

shape deviations in all three groups of rings. Hence, the

following analysis of shape deviation focuses on changes

of the triangularity.

Accordingly it is shown in Fig. 7 that the triangular

shape deviation of the outer surface could be reduced by

noncircular machining by using the FTS.

It became obvious that the compensation effect of the

noncircular cutting decreases as wall thickness decreases.

Thus the triangular shape deviation of rings with maximal

wall thickness is reduced by 76%, however the shape

deviation of the class with minimal wall thickness was

reduced by 36%. For this decreasing compensation ability

three reasons can be assumed:

• tracking error,

• shape change due to change of residual stress state by

machining, and

• neglecting ring deformation due to cutting forces.

Fig. 5 Experimental procedure and conditions of rings

Table 2 Parameter setting for the turning experiments

ceff (�) aeff (�) k (�) j (�) vc (m/min) f (mm)

14 6 -6 95 240 0.3

Fig. 6 Radial deviation of outer surface after pre-machining the rings

Fig. 7 Reduction of dominant triangularity after adapted noncircular

machining and subsequent stress relief annealing
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Regarding the tracking error it has to be considered that

the stroke of the FTS depends on the shape deviation of

rings after pre-machining. Hence, the stroke increases as

wall thickness decreases. Subsequently, it can be assumed

that the tracking error of the FTS increases as stroke

increases. For the determination of the tracking error trial

cuts have been conducted after turning experiments.

Results of similar trial cuts have been published in previous

investigation by Dijkman [18]. It became clear that the

tracking error alone is not responsible for such drop of

compensation performance.

It can be assumed that the drop of the compensation

ability might be caused by neglecting the influence of the

residual stresses. Therefore the change of shape due to

residual stresses was measured by comparing the shape

deviation before and after stress relief annealing. It became

obvious that the shape deviation increases after stress relief

annealing. The change of shape between state two (shape

deviation minimized) and state three (stress relief anneal-

ing) is shown in Fig. 7. The change is relative small and

therefore cannot be responsible for the drop of compen-

sation ability. In addition the tangential residual stresses

were measured before heat treatment, because the results of

tangential stress measurements after noncircular machining

of bearing rings were not known a priori. The measured

stress levels are also an indicator for shape changes due to

annealing. It can be noticed that the dynamically adapted

cutting process generated locally varying residual stresses

in the surface layer (Fig. 8).

Thus, the final possible reason for the drop of compen-

sation ability to be discussed is the influence of cutting

forces. It can be assumed, that the cutting forces deform the

ring during noncircular machining. Accordingly the change

of deformation of the workpiece due to cutting force would

be responsible for the drop of ability of the noncircular

machining. Even if the tracking error is low, the depth of cut

could not be achieved as the ring deformation was changed.

In order to investigate whether the passive force could

be responsible for the drop of compensation ability,

clamping simulations were conducted with the FE software

SYSWELD. The hereby used geometric ring model was

defined by the ring geometry prior to the last cut according

to the experimental cutting sequence of the thinnest ring

(DI = 133 mm, DA = 145.5 mm, b = 26 mm). For the

simulation an elastic material behavior with an elastic

modulus of E = 212 GPa and a Poisson number of

m = 0.283 was assumed. Within this calculation the local

plastic deformation of the surface of the ring due to

clamping forces was neglected.

Furthermore the total clamping force of Fcl = 18,500 N

was assumed to be equally distributed over the clamping

positions and was applied to the nodes (Fig. 9) of a 3D FE

model. By these three different static simulations an

assumed passive force Fp = 400 N was applied to nodes

belonging to circumferential angles / = 30, 60, and 90�.

For each angle 3 different positions of the passive force

over the ring width (0, 6.5, and 13 mm) were taken into

account. Including the deformation state of the ring without

passive forces a total of 10 simulations were conducted.

Radial displacements in the clamped state were com-

puted from the simulation results. In order to evaluate the

influence of the passive force on ring deformation the

change of the radial deviation from the state without a

passive force to a state including it was calculated for the

concerned nodes (Fig. 10).

The results of the simulation show that the influence of

the passive force is significant. The ring with the lowest

moment of inertia is considerably deformed due to the

passive force. Hence the adapted depth of cut cannot be

achieved in noncircular machining. A reason for this could

be that the material removal is too low. Therefore it has to

be ensured that the trajectory of cutting tool track com-

pensates the deformation caused by the cutting forces.

Accordingly, the controller of the applied FTS has to be

adjusted. This can be achieved by a neural network, which

controls the trajectory of the tool track. This network could

Fig. 8 Tangential residual stresses of the outer surface after dynam-

ically adapted cutting Fig. 9 Model for an estimation of shape changes due to passive forces
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be trained with the results of the simulation to estimate the

ring deformation due to the cutting force.

Another way to adjust the trajectory could be the control

of the retention force of the actuator, which is proportional

to the passive force. According to the relation of Kienzle

[20] the depth of cut could be controlled by controlling the

cutting forces. Therefore, within further work it has to be

investigated if a control of the retention forces can decrease

the identified influence of the passive force on the shape

deviation.

4 Conclusions

The shape deviations of thin-walled bearing rings increase

during turning. In this paper, it has been shown that the

deviation can be reduced by noncircular machining with a

FTS. The ability to reduce the shape deviation during

noncircular cutting decreases as the moment of inertia of

workpiece decreases. In addition to this experimental work,

simulation were carried out to investigate the influence of

the cutting forces on the change of deformation during

noncircular cutting. The results of the simulations confirm

that the ring deformation is influenced considerably in

machining by cutting forces. Hence, the desired material

removal cannot be achieved precisely without taking this

effect into account. Hence, the controller of the FTS has to

be adjusted. One possibility would be to use a neuronal

network in order to estimate the deformation and adjust the

trajectory of cutting tool track in order to increase the

performance of the applied noncircular cutting.
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Drehen dünnwandiger Hohlteile. MM Das Industrie Magazin

36:94–97

13. Tsao TC, Tomizuka M (1994) Robost adaptive and repitive

digital control and aplication to a hydralic servo for noncircular

machining. Trans ASME 116:24–32

14. Cuttino JF, Miller AC, Schinstock DE (1999) Performance

optimization of a fast tool servo for single-point diamond turning

machines. Trans ASME 4:169–179

15. Klocke F, Weck M, Fischer S, Özmeral H, Schroeter RB, Zamel
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