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Abstract The turning of bearing rings often leads to

undesired form and dimensional changes after heat treat-

ment which are referred to as distortion. In order to

investigate the influence of cutting parameters on distor-

tion, external longitudinal turning experiments were con-

ducted. After machining the ring geometry and the residual

stresses around the rings’ circumference were measured.

The residual stresses were then released by a subsequent

heat treatment. After the heat treatment the ring geometry

was measured again. The results show that the residual

stresses induced by the machining process correlate well

with the dimensional changes after heat treatment. The

cutting parameters that have the highest influence on the

dimensional changes are the feed rate and the depth of cut.

Residual stresses induced by soft-machining lead to an

increase of the ring diameter, depending on the machining

parameters.
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1 Introduction

The production of metal parts consists of several manu-

facturing steps. Usually for high loaded workpieces a heat

treatment is carried out at the end of the manufacturing

process. Due to the heat treatment there is not only a de-

sired influence on the material properties, but also very

often an undesired change in dimension and form is

apparent. These detrimental dimension and form changes

are referred to as ‘‘distortion’’. The cause of these changes

are internal stresses in the workpiece, originating from the

workpiece history, as well as temperature and time

dependant phase transformations and segregations in the

workpiece. The machining process generates a near surface

layer of plastically deformed material which acts as a

source for the residual stresses over the whole workpiece

cross-section [1]. These stresses have a major effect on the

physical, mechanical, and chemical properties of the sur-

face layer of the workpiece [2]. During machining plasti-

cally deformed material from previous manufacturing steps

is removed which might also cause workpiece deforma-

tions [3]. In subsequent manufacturing steps, e.g. harden-

ing, residual stresses and form deviations caused by

machining can influence workpiece distortion [4, 5].

Moreover, the workpiece clamping affects the distribution

of residual stresses as shown in the case of thin-walled

rings [6, 7].

Additionally the clamping forces lead to an elastic

deformation of the ring. In the case of a three-jaw-chuck a

triangularity occurs after unclamping. These form devia-

tions depend mainly on the clamping forces and on the

number of jaws. Analytical formulas to calculate the form

deviations are given by Wagner [8], Walter and Stahl [9],

and Malluck et al. [10]. The elastic deformations due to

clamping also influence chatter stability in machining [11].

Process forces also contribute to the form deviations,

especially when thin walled workpieces are machined

[12, 13].

If the form and dimensional changes exceed the toler-

able limits, the workpiece has to be hard-machined after

the heat treatment. As a result high costs arise. According

to a survey of the VDMA (Verein des deutschen Maschi-
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nen- und Anlagenbaus/German Engineering Federation),

the annual cost in 1995 for removing the distortion of parts

for example in the power transmission industry in Germany

amounts to 0.85 billion Euro [14].

2 Objective and approach

The superior aim of the investigation is to minimize the

distortion of bearing rings generated by the industrial

manufacturing process. The investigation can be divided

into two steps. Firstly, it is important to determine the

influence of soft-machining on distortion of workpieces.

Secondly, the focus on a single manufacturing step of the

entire process chain has to be considered. This system-

oriented approach has been demonstrated by [15] for the

manufacture of bearing rings. Until now it is not known

how soft-machining influences the distortion of workpiec-

es. Therefore, the objective of the work presented in this

paper was to analyze the influence of turning on the dis-

tortion behavior of bearing rings made of SAE 52100

(100Cr6).

3 Setup and design of experiments

To determine the dimensional deviations and residual

stresses generated by the machining process, rings made of

SAE 52100 (100Cr6) were machined on a lathe. The rings

were taken from a tube that was hot-rolled and spheroi-

dized and were machined in two steps. At first they were

clamped at their outer diameter with a six-jaw pendulum

chuck and the rings’ inner diameter was machined by

longitudinal turning (Fig. 1). In a second step the rings

were clamped with segment jaws at their inner circumfer-

ence and their outer diameter was machined by longitudi-

nal turning as well. The final external diameter of the rings

after machining was 145 mm and their inner diameter

133 mm.

For the cutting experiments one parameter was varied

and the others were kept constant. Each parameter was

changed on four levels (cutting speed vc = 200, 240, 275,

300 m/min, feed rate f = 0.1, 0.2, 0.3, 0.4 mm; depth of cut

ap = 0.5, 0.75, 1.0, 1.5 mm). The constant parameter val-

ues were vc = 240 m/min, f = 0.4 mm and ap = 0.75 mm.

If the depth of cut for the last cut was varied, the last but

one cut had to be adapted too, because the sum of all four

cuts had to be constant for each variation. Each experiment

was realized eight times.

After machining, the form and the dimension of the

rings were measured on a coordinate measurement ma-

chine and residual stresses around the rings’ circumfer-

ence were measured in tangential direction by using the

X-ray diffraction method. The measurements were con-

ducted at half the width around the rings’ outer cir-

cumference. Subsequently the residual stresses were

released by a stress relieving heat treatment and the

resulting form deviations of rings were measured again.

Additionally the influence of martensitic-phase transfor-

mations on the dimensional changes and form deviations

were analyzed by hardening selected workpieces after

machining.

The analysis of dimensional changes and form devia-

tions was performed by means of a (fast) Fourier transform

of the coordinate measurements of the rings. It transforms

the spatial measurements (radii as a function of the angle)

to the frequency domain returning the phase and the

absolute value of the modal coefficients. The absolute

values of the modal coefficients are highly important since

they enable the user to separate the different influences on

the out-of-roundness (Ront) of rings. The geometrical

meaning of the first four modal orders are given in Table 1.

In the coordinate measurements the ring center was the

origin of the coordinate system. Hence the first modal

coefficient is not of importance and was neglected in the

analysis.

The results of the experimental investigations will be

presented in the following order: at first the influence of

soft-machining with segmented jaws on the residual stress

distribution is discussed. Then the effect of a variation of

the machining parameters on form deviations and on

dimensional changes of rings after machining, stress

relieving and hardening is analyzed.

segment jaws

pendulum chucks

2. Internal Clamping
(varied cutting parameters)

feed f

depth of
cut ap

tool

cutting
speed vc

workpiece

tool

cutting
speed vc

1. External Clamping
(constant cutting parameters)

tool

cutting
speed vc

tool

cutting
speed vc

Fig. 1 Machining and clamping of the rings
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4 Residual stresses

Figure 2 shows the surface residual stresses in the tan-

gential direction of the ring. The residual stresses of the

ring are varying with a periodicity of 3 around the cir-

cumference due to the clamping with segment jaws.

The reason for a varying distribution of residual stresses

for the ring is described in the following. Each segment

features an angle of nearly 120�. However, the real contact

between the ring and the segment is limited to the edges of

each segment when clamped. The parts of the ring that are

in the middle of the segment jaws bulge out. At these

positions tensile stresses at the outer circumference are

higher than at other positions. For that reason there is a

varying elastic stress around the circumference of the ring

in the clamped state. During machining the elastic stresses

are superimposed by the machining induced stresses which

are approximately constant. After releasing the ring, the

varying elastic stresses disappear and finally leave varying

residual stresses at the surface of the ring.

5 Form deviations of rings after heat treatment

Figure 3 shows the first six coefficients and their mean

absolute values calculated from six machined rings, three

machined and stress relief annealed rings, and three ma-

chined and hardened rings. Additionally the out-of-round-

ness calculated according to [16] is indicated in the figure.

The machined rings were clamped with segment jaws

around the inner circumference. Fixing the workpiece with

clamping jaws leads to elastic deformations of the ring with

a periodicity of 3. As a consequence the depth of cut along

the tool path varies with this periodicity. Therefore the

out-of-roundness after machining are the result of an un-

even distribution of the rings’ wall thickness. It is obvious

that this uneven distribution is not changed substantially by

a subsequent heat treatment.

This also applies for the 2nd order Fourier coefficient

(ovality) when machined and stress relief annealed rings are

compared. However, hardening has a considerable effect on

rings’ ovality. Additionally, variations of the absolute val-

ues of the 2nd order Fourier coefficient are much higher for

hardened rings. These results indicate that hardening—in

particular quenching in oil—mainly affects the rings’

ovality whereas triangularity is caused by the applied

clamping technique in machining. The out-of-roundness of

the spindle has a value of 2 lm and can be neglected when

analyzing the out-of-roundness caused by segment jaws.

The effect of machining parameters on the form devia-

tions of machined workpieces is shown in Fig. 4. The

variation of the feed rate f had a slight effect on the form

deviations of machined rings. The absolute value of the 3rd

order Fourier coefficient increases with increasing feed rate

f. Most likely this is due to the increase of the thrust and

cutting force with increasing feed rate. Additionally the

mean values of the measured out-of-roundness are written

into the bars. However, the variation of the cutting speed

and the depth of cut had no significant effect on the form

deviations of rings within the analyzed parameter space.

6 Dimensional changes of rings after heat treatment

Induced residual stresses from machining were released by

a subsequent stress relieving and hardening. Stress relieving

tends to decrease the outer diameter of soft-machined rings

(Fig. 5). Since soft-machining has a greater mechanical

Table 1 Geometrical meaning

of modal coefficients
Modal coefficient 0 1 2 3

Geometrical meaning Radius Displacement of the ring center Ovality Triangularity

Fig. 2 Residual stress distribution around a ring’s circumference

Fig. 3 Fourier coefficients of machined rings clamped with segment

jaws, stress relief annealed rings and hardened rings
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than thermal influence compressive residual stresses prevail

in the surface layer of the workpiece. During stress relieving

the yield strength decreases with increasing temperature

resulting in a plastic compression of the surface layer. As a

consequence the outer radius decreases.

At a feed rate f = 0.1 mm the radius change after stress

relieving significantly differs from the other feed rates. It

was shown in [7] that surface residual stresses after

machining with feed rates of 0.2, 0.3 and 0.4 mm are

nearly the same (~600 MPa). For a feed rate of 0.1 mm the

surface residual stress is significantly lower (300 MPa).

A comparison between the residual stress depth profiles

for the feed rates of 0.1 and 0.4 mm revealed a much higher

compressive load for the higher feed rate although surface

residual stresses are higher. This indicates that for the

dimensional change the stress depth profile has to be taken

into account and that the shrinkage of the rings increases

with higher compressive loads induced by soft-machining.

In contrast to that hardening leads to an increase of the

workpiece radius due to the volume increase during

the martensitic phase transformation. High variations of the

measured radius changes originate from the quenching

medium (oil). Taking this fact into account Fig. 5 suggests

that using a high feed rate in soft-machining results in lower

radii after hardening. As a consequence the stock removal is

lower and hard-machining can be more efficient if machin-

ing parameters in soft-machining are chosen appropriately.

This conclusion can also be drawn for the variation of

the depth of cut where a minimum increase of the radius

can be found for a depth of cut of 0.75 mm (Fig. 6). A

radius increase of about 80 lm was found for the highest

depth of cut of 1.25 mm.

The radius change after stress relieving proportionally

increases with the depth of cut. This indicates a higher

compressive load for smaller depths of cuts originating

from lower thermal influences during cutting. However, the

absolute value of the radius change from stress relieving is

quite small compared to radius changes from hardening.

How the residual stress distribution after machining affects

the dimensional change due to hardening is not understood

yet, but is currently analyzed in the ongoing research work.

A variation of the cutting speed during soft-machining

does not affect the radius change from hardening as much as

the feed rate and the depth of cut do (Fig. 7). There seems to

be a local minimum for a cutting speed of vc = 240 m/min

but variations are quite high. This effect might be caused by

a decreasing fraction of the heat, generated during chip

formation, dissipating into the workpiece.

Fig. 4 Dependence of the absolute value of the 3rd order Fourier

coefficient on the feed rate of machined rings clamped with segment

jaws

Fig. 5 Dependence of the radius change after stress relieving and

hardening on the feed rate

Fig. 6 Dependence of the radius change after stress relieving and

hardening on the depth of cut

Fig. 7 Dependence of the radius change after stress relieving and

hardening on the cutting speed
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As a consequence the thermal influence on the residual

stress generation becomes smaller and the compressive

load on the surface layer higher. However, the radius

change from stress relieving is quite small and its decrease

is rather a tendency than a significant effect.

7 Conclusion and outlook

In this paper the influence of cutting parameters on distor-

tion of bearing rings was investigated by external longitu-

dinal turning experiments. Clamping the ring with segment

jaws leads to a varying residual stress distribution around

the ring’s circumference due to the elastic deformation.

The form deviation can be described by Fourier coeffi-

cients. When using segment jaws, the 3rd order coefficient,

which stands for triangularity, is the highest due to the

three point clamping. There is just a little effect on form

deviation when varying machining parameters. An

increasing effect on the 3rd order Fourier coefficient was

observed when the feed rate was changed to higher values.

Residual stresses induced by soft-machining lead to an

increase of the ring diameter of about 10 lm, depending on

the machining parameters. The reason for this increase are

the mechanical loads during turning which result in an

elastic–plastic elongation of the surface layer. From the

analyzed machining parameters the depth of cut has the

most significant influence on the dimensional change of

rings from stress relieving.

Hardening increases the ring diameter up to 160 lm

since the martensitic phase has a lower density than the

spheroidized material. Although different radius changes

occur with varying machining parameters the underlying

mechanisms are not completely understood.

The relaxation of residual stresses during heating cannot

be accounted for the increase of the diameter from hard-

ening. Therefore, future research work has to focus on the

influence of soft-machining on the microscopic effects

during hardening.
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15. Thoben K-D, Lübben T, Clausen B, Prinz C, Schulz A, Rentsch

R, Kusmierz R, Nowag L, Surm H, Frerichs F, Hunkel M, Klein

D, Mayr P (2002) ‘‘Distortion Engineering’’: Eine systemorien-

tierte Betrachtung des Bauteilverzugs. HTM 57(4):276–282

16. N. N. (1985) DIN ISO 1101. Beuth-Verlag, Berlin

Prod. Eng. Res. Devel. (2007) 1:135–139 139

123


	Influence of turning parameters on distortion of bearing rings
	Abstract
	Introduction
	Objective and approach
	Setup and design of experiments
	Residual stresses
	Form deviations of rings after heat treatment
	Dimensional changes of rings after heat treatment
	Conclusion and outlook
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


