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PROCESS — MACHINE TOOL THERMAL INTERACTION

Hereby paper shows the structure of mutually corukethermal interactions in a machine tool, a taodl

a workpiece, which finally leave their traces omachined workpiece in form of machining errors. il
interactions of a machine tool and the environmmmtown and workpiece errors were discussed. Thermal
interaction cases were considered, connected hétlvarying environment and the main drive operatasnwell

as total influence of the varying environment, madiive and two drives of controllable axes. Thesiattions

of the cutting process itself were discussed, assytinree basic mechanisms: thermal, physicallyhraatcal

and tribological. On the example of turning it wa®ven that the character of changes in total amfbes
between the tool and workpiece has the shapeeshpdrature curve.

1. INTRODUCTION

Mutual thermal influence of machining processes dhd machine itself has
a significant influence on the measurement-shageigon of machined elements, and
additionally it limits the values of machining pareters and the lifetime of movement
units, undergoing significant heating and thermaflodmations. Thermal processes taking
place as a result of the realisation of machinagks$ are very complex, hard to identify by
means of an experiment, and to precisely model.dfffieulty of identification results from
the lack of measurement methods for particular aorepts of the influence (errors) coming
from the machine tool, fixing device, tool and therkpiece itself, on which all interactions
with mutual connection leave their trace, as wellath the influence of wear — especially
tool wear. In order to limit the thermal influenoéa machine tool and a process, usually
thermal behaviour of a machine tool [1-3] and thetieg process [4-6] are separately
improved. This obviously does not lead to the §atig limitation of the influence of all
thermal interactions on the precision of a machiwedkpiece. Such actions are however
indispensable.
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2. GENERAL CHARACTERISTIC OF INTERNAL AND EXTERNALNTERACTIONS

In case of a machine tool it is burdened in thetqpssembly state with an error
differing in the entire working area. Such errortle movement conditions, that is during
the action of internal heat sources without théugrice on the cutting process, changes
together with undergoing thermal deformations aispldcements, and additionally together
with the change of ambient temperature. The maagiprocess generates in a machine tool
additional loads and power losses in particulatibn nodes, which increase the complexity
of thermal loads and deformations. Research cerdgpezialising in thermal research
of machine tools can basically identify the abokermal influences on the operational
precision of a machine tool, with the accuracy aeleet on possessed knowledge and
experience. Difficulties escalate with the amouhtcontrollable axes taking part in the
realisation of a process.

It is very difficult to accurately take into consigtions the influence of chips and
cooling-lubricating fluids, because so far theraasmethod of quantitative assessment, with
enough precision, of the amount of transferred hadtthe intensiveness of cooling in time,
both in relation to the machine tool and to théniixdevice, too and the workpiece.

It is the similar case with tools. It is easy tdide its deformations caused by forces,
much more difficult caused by thermal loads, ang ifficult when there is forced cooling
acting on it, varying by nature — with variable ampaorly defined intensiveness.
A commonly used method of increasing the stabdityhe cooling process is increasing its
intensiveness, which considerably boosts the ajsach process.

Changes of thermal loads of a tool generate chanfiass deformations, which
influence thermal loads changes. Both in caseméehine tool and a tool, internal coupling
of loads and deformations from the load distributemd generated heat, as well as mutual
couplings take place. Such couplings leave thages on the machined workpiece in form
of dimensional changes proceeding in time. Theysisbrof the influence of the thermal
deformation of a workpiece dependent on cutting,hesat capacity of the workpiece and
the intensiveness of cooling. If the cutting prectskes place entirely or almost entirely in
dry conditions, unstable cooling flow is accordindgbwer or can be omitted. A general
diagram of internal and external, as well as mutaractions of a machine tool, a tool and
a workpiece is shown on Fig. 1.

Distinguishing and minimising of partial thermatans can be achieved only by their
modelling with the consideration of above describedplings. Only such complex model
may enable simulating the generation of a shapesonal precision of a workpiece in
natural cutting conditions. Such model, becaus&soenormous complexity, has not yet
been created. Stages of generating thermal emaassystem: machine tool — workpiece —
tool and the appearing interactions are shown gnZi

At the same time, it is an integrated model of riidrinteractions of deformations,
which leave their trace in a complex manner on almmed workpiece. It is worthwhile to
introduce such thermal errors, which can be cuyremeasured and described by means
of models.
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3. THERMAL INTERNAL AND ENVIRONMENTAL INTERACTIONS
IN A MACHINE TOOL

The precision of a machine tool in operational ¢ools depends on the series
of internal and external interactions, as well &g interactions between them. The
interactions take place between:

» operational conditions of a machine tool (rotatlospeed of a spindle, ambient
temperature, etc.),

» power losses in particular elements of a kinenststem,

» temperatures,

» thermal displacements of a machine tool.

Power losses are a function of operational conustisnd depend on the constructional
properties, geometrical and mechatronic structmagerial properties of particular elements
and units, lubricating method, method and intems#gs of cooling, etc. Power losses cause
variable in time temperature distributions, whicly nfluencing e.g. internal load
of bearings, viscosity of the lubricating agenteftcients of heat absorption on machine
tool surfaces, secondarily influence the magnitatipower losses. As a result of mutual
couplings between all of these factors, a compigacdhic thermal state of a machine tool is
created, characterised by continually undergoirangks of power losses, temperatures and
thermal displacements in time (Fig. 3).
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Fig. 3. Interactions between internal and exteimtakactions in a machine tool
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Machined workpiece error depends, among other $hiog the amplitude of such
changes. Such amplitude is influences mainly bydh@nges of spindle rotational speed
during operation time of the machine tool. Addiatly, the influence of ambient
temperature changes shall not be omitted.

The influence of ambient temperature on thermalpldeement changes and
simultaneously on machined workpiece error cannbeertain conditions very significant.
It is clearly visible in case depicted on Fig. 4mient temperature changes in a production
hall in the range of 5°C during 20 hours were aquamed by the change of axial
displacements of a spindle in a non-operating nm&ctool in range of ca. 1@m. This
constituted as much as 15% of maximal axial thewimsgdlacements of a spindle appearing
during operation of this machine tool.
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Fig. 4. The influence of ambient temperature charmgechanges of axial thermal
displacements of a spindle in a hon-operating macdool during 20 hours

The influence of rotational speed changes on thledisplacement changes of a
spindle tip in the conditions of a long-lasting cgg@n of a machine tool with maximum
rotational speed of 45.000 rpm is shown on FigAdditionally, the influence of ambient
temperature changes was also taken into consider@ed line on Fig. 5).

The example shown on Fig. 5 applies to the 18-earking cycle on idle run in
conditions possibly closest to real-life operaticgnditions, during which the rotational
speed of a spindle was changing every 30 min, vdnibient temperature was changing in
the range of 4°C. Operating cycle consisted ofetlientical sequences. Every one of them
lasted 6 hours. (operating cycle parameters, seeryart of a Fig. 5).

Rotational speed changes very heavily influencecti@nges of thermal displacements
and simultaneously the error of a machined worlgieespecially during large speed
changes. In case of the change in rotational sfreed45.000 rpm to 18.000 rpm (240 min)
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the displacement of a spindle tip quickly, duringrely few minutes, decreased from
100um to ca.30 um, which may leave traces on a machined workpideteriorating its
shape-dimension precision.

On Fig. 5 one can also notice the influence of amibtemperature, which overlaps
with the interaction caused by the changes of $pinatational speed. Together with the
decrease of ambient temperature from 23,5°C (160 t@i19,5°C (1080 min) a tendency is
visible, in form of shifting thermal displacements the direction of lower values, with
a constant range of displacement changes. Suckriends depicted by 2 blue dashed lines
on Fig. 5.
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Fig. 5. Changes of spindle thermal displacemenpeiiod of 18 hours with rotational speed of a df@rchanged every
30 min and ambient temperature varying in the raofgl® (max. rotational speed of a spindle — 45.000 rpm)

Changes of rotational speed of a spindle and arhbeemperature in time of machine
tool operation have a large influence on changeh@imal displacements of a spindle tip
and simultaneously on machined workpiece erroryTdaa be the cause of large difficulties
during the assurance of a required precision. Bezatithis fact, it is very often required to
use extremely precise methods of compensating tidedimsplacements, based on very
precise models, which must take into consideratimmplings taking place between internal
and external interactions.

The intensiveness of spindle tip displacement casng highest during first minutes
after changing spindle rotational speed. Thisusitated by Fig. 6, which shows a fragment
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of a cycle from Fig. 5 covering a period betweer® Ehd 630 min. In this time the
rotational speed of a spindle changed three tifines1 22.500 to 40.500 rpm, from 40.500
to 45.000 rpm and from 45.000 to 18.000 rpm. DurB@ minutes after the change
of rotational speed from 22.500 to 40.500 rpm, displacement of a spindle tip increased
by 50 um (from 25um to 75um) - the change of displacements was largest dunisig5
minutes, and equalled 4@m, which consisted as much as 86% of the entirgean
of displacement changes. During 30 minutes after dhange in rotational speed from
45.000 to 18.000 rpm the displacement of a spitigldecreased by 75m (from 95um to

20 um) - the change of displacements during first Sutes equalled 58m (77%).

Large changes of spindle tip displacements durirgl & minutes after the change
of spindle rotational speed can leave traces dyrect a machined workpiece. Therefore in
this period of time an especially precise displagentompensation, realised in the intervals
of few seconds, is required.
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Fig. 6. Intensiveness of displacement changesthiterthange of spindle rotational speed

The problem of mutual thermal interactions becomesn more complicated, when
thermal elongations of one group of units, decisalmout the resulting thermal error
of a machine tool, sum up while the others compentee interactions of the first group.
Such situation takes place e.g. in a lathe, in whie direction of thermal displacements
of a spindle causes the workpiece to move away tranool, while thermal expansiveness
of a tool head and the cutting tool itself causes tool to approach the workpiece.
Additionally, thermal elongations of a working baltrew, especially in the X direction,
cause the tool to significantly move away from therkpiece. The resulting change of a
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relative tool-workpiece position (thermal error) heved during the multi-hour
measurement is shown on Fig. 7.
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Fig. 7. Combined thermal influences of a spindigelrdrives of X, Y and Z axes and ambient tempeeabn thermal
error of a machine tool, measured as the changeahtive tool-workpiece location during the reation of
predefined drive working cycles

A line of thermal error in this case is determimgdthe envelope of all extreme values
of the measurements of the distance between a gaovol and a spinning workpiece. The
summary thermal error was composed of the intenastof heat sources connected with the
spindle drive and the drives of controllable axeantl Z. 60-second working cycles of a
spindle and feed drives, repeated throughout thesorement period, are in a simplified
form shown on Fig. 7. Measurement points represiumtions, when the tool should return
to the initial position. However, due to large dgmes of movements, even a large sampling
frequency could not assure that the moments ofmhgimal approach of a tool to the
workpiece can be captured. Measured extreme vadpestherefore the closest to the
expected values of a thermal error.

In order to make it possible to model such resgltlrermal error, as the one achieved
in measurements, it is not enough only to modeletfieiencies of internal heat sources,
such as motors, bearings or ball screws, and take ¢onsiderations the directions
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of thermal elongations. Because in a complex sthteermal interactions, the delay of the
reaction of certain units on temperature changeghar units or in the environment, can be
of a large importance. Such delays (Fig. 8) are alserved in a lathe, during almost 3-day
long operation of a headstock according to thec{ale from Fig. 7. The temperatures of a
headstock and a ball screw in the X axis were anfted by heat sources connected with the
spindle drive and twenty-four hour ambient tempe®ichanges. A headstock was almost
a constant heat source, while the role of the atioit generating machine tool temperature
changes was played by the ambient temperatureppgeaas from the figure that the
periodical cycle of headstock and ball screw temfee changes is indeed the same and
equals, same as for the ambient temperature, 2¢ hout these interactions are shifted in
time relatively to each other. This undoubtedlgasinected with the isolative action of the
covers of a screw transmission. Such shifts mustidietaken into considerations during the
definition of the balance of thermal elongationgking up the thermal error of a machine
tool.
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Fig. 8. Interaction of long-lasting ambient tempera changes on the temperature of the units athe | operating
according to the cycle “a”

4. PROCESS INTERACTION

The cutting process is the important source ofrautions on the final effect of
shaping, understood as the technological qualitymaichining and the reliability of a
process, which is especially important in automategh-productive manufacturing. In a
structural model of cutting, the physical mechanisirtthe cutting process influences, in
direct or indirect manner, the shape-dimensionipi@t of the workpiece, machined surface
guality, strength, durability and reliability of #ol, as well as energy consumption,
efficiency and effectiveness (productivity) of maghg [7,8].
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The interaction of the cutting process itself candscussed by assuming three basic
mechanisms: physically-mechanical, thermal and otef9]. They make up thenit event
(shown on Fig. 9), characteristic for a given mdtrend a manner of cutting. In the
presented diagram of process interactions the agodleffect, which is a sum of component
phenomena with different intensiveness, influentdagugh all components of the machine
tool — device — process — tool (mdpt) system, taef a technological surface layer, that

Is the geometrical structure of a surface and thysipal/mechanical state of the sub-surface
layer.
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Fig. 9. Influences on the unit event and surfategrity (optionally also part accuracy and its that distortion) [9]

Thermal interactions including heat sources and hdafluxes. The classic model
of heat sources and heat propagation in the cutiomg between the machined workpiece
(1), chip (2) and tool is illustrated by Fig. 10a. the model, frictional (flux ¢ and
deformational (flux g heat sources were taken into consideration. Afterintroduction

of the heat dispersion coefficieRt heat flux resulting from the chip equalsRqy, and to
the surface layer of the workpiece ca. (1R)q
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Fig. 10 Localization of heat sources and heat 8U%® and complex spatial heat source in the stdrmitayer of the
workpiece (b) in turning after Reznikov [10]. 1-Wpiece, 2-chip, 3-tool, Psh-shear plane
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On Fig. 10b, a model of the temperature distributio the contact zone of the tool
with the machined surface is shown, assuming tiatcomplex, total cutting heat flux is
composed, after approximation, of parts I, Il aHdnith the intensiveness of, accordingly,
0, @ and @. Additionally, a dimensionless temperature wasonhiced on the Y axis, i.e.
the ration of a local temperatu@eto the temperature in proximity to the cutting ed@s.

Mechanical interactions including forces and contac stresses.The geometrical
decomposition of the total cutting force on compusd-c, Fx and Fp is commonly known
[7]. In a precise analysis, also forces actinghia tontact area between the flankface of a
tool and a machined surface should be considerbdhws more justified when the tool
undergoes wearing during the process. Fig. 11 shbexlassic mode of the distribution
of normal and shear stresses in the chip-tool cbatane, proposed by Zorev.
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Fig. 11. Tool stress distributions in the chip-todérface

Tribological interactions including different tool wear mechanisms -tool wear
mechanisms and tool damageln the cutting process, a very complex tool wear
mechanism occurs, which usually applies to funetigurfaces as on Fig. 12. The effects
of geometrical changes of a tool caused by weaslaoen on Fig. 12b. It should be added
that tool wear is a factor which in a large degrdkiences the shape-dimension precision
and the surface quality.
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Fig. 12. Typical location of tribological effectacgwear failure on the tool
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Typical sources of part distortions in machining.Regardless of the character and
the course of machining, a tendency of the appearaf distortions from assumed
dimensions, shape and surface quality of a workpraast be dealt with. In many cases,
inaccuracies are generated due to the removal siflua stresses remaining in semi-
finished products or introducing new stresses dutite process. Fig. 13 is a comparison
of the deformations in a sample according to thd Afandard, caused by stresses in the
processes of abrasive machining (grinding of sedpacand chip machining (milling
of surfaces), appearing with the varying intensassn of mechanical and thermal
interactions. It is clearly seen that the defororadiin these two variants of machining have
opposite signs, i.e. stretching dominates afterdyng, while compression dominates after
milling.

When it comes to the interaction of a mechanicalnmes they lead to the
strengthening of the surface layer material, whindasure can also be the stored energy
[11]. It has been proven that the value of suchrggnés closely connected to the elastic
displacements of machined parts, which cause slaape position errors, such as the
displacement of the thin-walled sleeve’s axis. Bseaof this fact, controlling the stored
energy can be one of the methods for controllirgfocess in the area of shape-dimension
precision, especially in a precise manufacturing.
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5. PART INTERACTIONS

Case study-hard machining Fig. 14 shows possible sources of machining grror
appearing in dry machining of hardened materiaisitted heat is the cause of workpiece
thermal deformations and changes in the microstracdf the surface layer (creation of a
characteristic white layer).

Accuracy distortions
load
Errors component location

Machine Fixing
tool device

Workpiece Errors )

(dimension, form and surface)

Fig. 14. Major error drive factor and error sourzeprecision hard turning

Now, the achievable dimensional accuracy in prenishard turning using CNC
machine tools with high static and dynamic stiffyethermal stability and high precision
motion control is ISO IT5[12]. As shown in Fig. tdany factors affect the part accuracy
and process stability and reliability. Three maagctdrs, namely tool wear, cutting forces
and cutting thermal load are the driving factorsviting the error sources in process,
tooling, machine structure and fixing device. Fastance when flank wear of CBN tool
reaches the value of VB=0.2 mm the dimensionalrema 100Cr6 (60-62 HRC) steel parts
measured in radial/axial directions increases ugSqum. Moreover, because the cutting
temperature is at least 8 substantial thermal expansions of both tool shafi the
workpiece are observed. It is assumed that thenthleeffects can contribute to more than
50% of overall error of the machined parts. In igatar, for the same machining conditions
(ve=160 m/min, f=0.05 mm/rev, ap=0.05 mm) thermal eygd@n on the CBN tool tip and
workpiece can reach up to 10 and 15 pm, respeygt[el]. In order to minimize possible
errors in precision hard turning active error congaion and special monitoring systems
are proposed.

The machined part is subject to the influences wftirggy forces, which cause
deformations dependent on its stiffness. In masgsaflexible elements must be supported
in many places, in order to assure that shape serafter machining do not exceed
permissible values. It can also be subject to dedtions due to the alignment and fixing
process in a device. The prevention of such defooma requires the assurance that
boundary values of forces are not exceeded, beaafui® required precision, which is
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most reliably achieved by an adequate automaticaighment and fixing, with automatic
monitoring of forces and deformations.

It is much more difficult to limit the thermal inmtEctions connected to ambient
temperature changes and the heat created in thegcytrocess. The counteraction to
thermal deformations in practice is based on ade@uantensive cooling of the cutting
zone, by means of a cooling-lubricating fluid. Thaution is disadvantageous ecologically
and economically because of the complex proceskstibution and to supply the fluid to
the cutting zone, which is circulating in a closeidcuit and the separation of chips.
Therefore, whenever possible, dry cutting or miniynduid-cooled cutting is aimed at.

During dry-cutting, these elements taking part e tcutting process heat up
intensively, which have a small thermal capacitaand are under the influence of heat
sources with high yield. A tool tip and a workpieaee subject to strong local thermal
deformations. The influence of such deformationbasd to identify, as well as to model.
On a cylindrical part, for example, dry-turned, Isuwdeformations are reproduced in form
of the change of its outline. The character of sabhnges, connected to the summary
thermal elongation of a tool and the thermal chaofgle part’'s diameter, is consistent with
the shape of a temperature curve (Fig. 15) [13]. Ainpresented graphs, a distinct
stabilisation of the overlapping thermal deformiasios visible, connected with the thermal
capacitance of a tool, chips and a workpiece, dsasdahe intensiveness of heat transfer to
the environment.
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Fig. 15. Interactions between the workpiece anddbein the cutting process: a) example of a pogfiam of the
surface outline after turning, b) influence of mgtdepth on machining thermal errog,C

After the start of cutting, during the cutting-im @ tool into the machined material,
appearing thermal deformations grow slowly and eadsstinct flattening of the part
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outline. In the further phase of cutting, the cuofesummary deformations takes the typical
shape of a temperature curve. Its changes, omti@greliminary cutting-in phase, depict
mainly the machining error & connected with thermal phenomena. The larger amoun
of heat generated in the cutting process, the nmiemsive run of a curve of summary
deformations. It is visible on the graphs from Fidb, obtained with different cutting
depths @ Therefore the more intensive cooling of the agttizone, the less thermal
interactions on the on the outline of a workpiededelling of such phenomena has sense
only when it is the integrated modelling of thermiaderactions of a process, tool and
workpiece.

6. CONCLUSION

The problem of mutual thermal interactions in a hnae tool, tool, device and cutting
process is reduced to the identification of resgltinteractions of mentioned components
of a technological system on the multi-parametechime precision of a workpiece. If the
machining must be precise, then the workpiecefiteelkt be also taken into consideration
in the interaction chain — precisely, its deformasi. Above mentioned mutual interactions:
environment — machine tool, machine tool — workejeprocess — workpiece, require
additional complements and integrations, in order nhake it possible to comprise
simultaneously all interactions in one integrateodel and is still a goal to be realised. On
a present stage of research, the identificatiothefmal interactions in a machine tool on
workpiece errors is relatively well mastered, even very high rotational speeds of a
spindle. This can be the basis for the significemmpensation of errors of such kind.
Relatively little knowledge is available in scopkeidentifying the influence of the device
working in a complex cutting environment.

ACKNOWLEDGEMENTS

The authors express their thanks to Doosan Infea€ar. for creating the possibility of testing thedul, based on the
results of measurements with the use of a turniaghime and to the Ministry of Science and Higheudzdion.

REFERENCES

[1] JEDRZEJEWSKI J., KOWAL Z., KWASNY W., MODRZYCKI W.Hybrid Model of High Speed machining
Centre HeadstogkAnnals of the CIRP, No. 53/1, 2004, 285-288.

[2] JEDRZEJEWSKI J., KWASNY W., KOWAL Z., MODRZYCKI W.Qperational behaviour of high speed
spindle unit MMScience Journal, 2008, 40-43.

[3] JEDRZEJEWSKI J,. MODRZYCKI W.Compensation of thermal displacement oh high speestision machine
tools.Journal of Machine Engineering, Vol. 7, No 1, 20008-114.

[4] GRZESIK W., BROL S., Wavelet and fractal approagtstirface roughness characterization after finishitg
of different workpiece materials, J. Mater. Proecfinol., Vol. 209, 2009, 2522-2531.



106 Jerzy JEDRZEJEWSKI, Wit GRZESIK, Wojciech KWASNWojciech MODRZYCKI

[5] KAWALEC M., RYBICKI M., Ksztaltowanie powierzchni podczas dokladnego framtav czotowego
zahartowanych staliArchiwum Technologii Maszyn i Automatyzacji, V@3, nr 2, 2003, 61-66.

[6] TWARDOWSKI P.,Minimalizacja odchylek zarysu wzdhego podczas doktadnego toczenia stali zahartojyane
Mechanik, nr 8-9, 2004, 517-520.

[71 GRZESIK W.,Podstawy skrawania materiatéw metalowy@NT, Warszawa, 1998.

[8] LEOPOLD J., Werkzeuge fir die Hochgeschwindigkeitsbeitung, Hanser, Miinchen, 1999.

[9] GRIFFITHS B., Manufacturing Surface Technology, BarPress, London, 2001.

[10] REZNIKOV A.N., Teplofizika processov riezania materialdtasinostroenie, Moskva, 1989.

[11] STARKOV V.K., Obrabotka rezaniemUpravlenie stabilnostju i kestvom v avtomatizirovannom proizvodstvie,
Masinostroenie, Moskva, 1989.

[12] GRZESIK W., Advanced Machining Processes of Matdaterials, Elsevier, Amsterdam, 2008.

[13] CHOWANIEC W., EDRZEJEWSKI J., Zerspanungswarme und Genauighgié. direkte Auswirkung der
Zerspanungswarme auf die Genauigkeit der gedretitekstiickeWerkzeugmaschine International, Nr. 6, 1973:
29-32.

[14] BUKOWSKI A., JEDRZEJEWSKI J., KWASNY W_PRrecise model of hsc machining centre for aerospaats
machining.Jurnal of Machine Engineering 2009, Vol.8 No3.



