
MACHINE TOOL

Thermal deformations of cutting tools: measurement
and numerical simulation

Ulrich Semmler • Michael Bräunig •
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Abstract Challenges for machining include greater and

greater material removal rates coupled with an increase in

the use of difficult to machine materials, as well as envi-

ronmental-friendly dry or minimum quantity lubrication

machining, small manufacturing batches and frequently

changed manufacturing orders. These trends are accom-

panied by high temperatures in the machining process and

large, variable heat flows causing thermo-elastic displace-

ments of the tool, the workpiece and the clamping devices.

Although the displacements are small, in the range of a few

micrometers, they have assumed more and more impor-

tance because of growing requirements for manufacturing

accuracy. Thermo-elastic displacements of the tool due to

heat flow during machining are investigated and analysed

in this paper. Temperatures and displacements are mea-

sured on a test bed equipped with measuring instruments.

The identification of the thermal boundary and contact

conditions is supported by finite element models. Knowl-

edge of the heat flows resulting from the machining process

is a prerequisite for control of and compensation for dis-

placements. Since these heat flows either cannot be mea-

sured or can only be measured with enormous effort, heat

flows are determined by means of numerical simulation of

the machining process itself. This strategy has been pre-

viously used as a systematic approach for turning in

orthogonal cutting conditions. However, further investiga-

tions are needed for oblique turning conditions, milling and

drilling operations.
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Abbreviations

TCP Tool centre point

HPC High performance cutting

FE Finite element

WP Workpiece

R&D Research and development

1 Introduction

In addition to static and dynamic machine tool character-

istics, heat flows inside the machine affect the position of

the tool centre point (TCP) and, consequently, positioning

accuracy [1]. Machining heat is a substantial heat source in
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the overall system of the machine tool. Heat is created

immediately in the machined material (forming heat) and

in the contact zone between tool and workpiece (WP)

(frictional heat) and causes thermo-elastic deformations of

tool and WP. It dissipates, in the form of heat flow, through

the tool chuck into the spindle, and through the WP and the

clamping system into the machine table.

The demands of high manufacturing accuracy are

opposed to these thermo-elastic deformations, which are

reinforced by the trend towards high performance cutting

(HPC) and dry machining or minimum quantity lubrica-

tion. The conflicts resulting from the need for accuracy,

productivity and ecological requirements are exacerbated

by small manufacturing batches, changing manufacturing

orders and tool changes, as well as shut downs of base load

power design to conserve energy. As a result, it is fre-

quently impossible in machining to arrive at a thermally

stable machine state.

2 Aims and approach

In the Collaborative Research Centre (SFB) Transregio96

focused on ‘‘thermo-energetic design of machine tools’’

[2], heat flows are being investigated in order to obtain a

better thermo-energetic design of machines and to find

strategies to avoid, reduce, correct, or compensate for TCP

deviations due to thermal influence. The thermal processes

in the tool–chuck system and the WP clamping system are

being investigated within the A01 subproject entitled

‘‘Deformation of tool and clamping device’’ of the SFB.

This paper deals with the tool–tool holder system.

An end mill completely made of carbide, fixed in vari-

ous clamping chucks with steep taper SK40, was the tool

used. To determine the consequences of the increase in tool

temperature on the position of the TCP, long-term exper-

iments were carried out using these tools in an air-condi-

tioned chamber. For these tests, extensive temperature and

displacement measuring techniques were utilised. The tool

was heated at its tip in different ways. Section 3 describes

the experimental setup and the measurement techniques

used.

The real size of the heat source and the parameters of the

heat transfer into the environment or between tool and

chuck were the unknown values. To identify these

unknown values, finite element (FE) models were

designed, and the parameters were adjusted using the

measured temperature and deformation parameters (Sect.

4.1). Afterwards, it was possible to use these verified

models to simulate arbitrary thermal loads, varying in

magnitude and sequence in time, without performing time-

consuming and labour-intensive experiments. These

explorations are aimed at simplified models with real-time

capability, providing the current correction values imme-

diately during manufacturing.

The heat source in a real machining process derives

from the forming energy transformed during chip forma-

tion and the frictional heat generated by the contact of tool

and WP or chip. There are available various empirical and

analytical models for temperature distribution in the chip

forming and frictional contact zone (for instance [3]).

However, all of them are based on simplified model

assumptions and are, for that reason, inexact. Thus, they

are conditionally transferable to most machining processes.

Direct measurement of heat generated in the machining

process is also possible under simplified process condi-

tions, but only when using adequately designed tools and

workpieces. Furthermore, it is very costly in terms of

measurement equipment. An overview is provided in [4].

The heat flows resulting from the heat content generated

are important for the thermo-elastic deformations consid-

ered here. In the literature, statements predicting the share

of heat dissipating into tool, chips and WP are widely

divergent. The partition relevant for the thermal impact on

the tool varies—depending on the machining process—

from 1 to 20 % [5–8]. The percentage of heat dissipating

into the chips rises as cutting speed increases, whereas that

of heat dissipation into the tool and WP goes down.

The contact heat transfer coefficients between tool and

chuck cannot be measured directly. The results gained in

the subproject B02 of the Transregio96 [9] project were

introduced into the FE model. However, it should be noted

that they do not play a significant part in the heat flow out

from the tool (Sect. 5).

Finite element modelling of the machining process as

explained in Sect. 4.2 makes it possible to determine the

temperature distribution inside the WP, considering the

chip and the WP surface generated, and inside the tool,

both in terms of amount and distribution, by making use of

an additional software tool for heat flow analysis. This

methodology was employed for high-performance drilling

in [10]. An 8–11.3 % heat flow partition dissipated into the

tool was calculated and shown in experiments.

Finite element simulation is based on models of mate-

rials data and of friction on contact faces. The results

demonstrated are related to the steel material AISI-1045

and are based on well-established values from the litera-

ture. In order to validate the model, experiments were

carried out in parallel on a test bed for fundamental

research at the RWTH Aachen [11].

The results derived from measurements and simulation

are summarised and evaluated in Sect. 5. Concluding

remarks and a look at continuing R&D activities are pre-

sented in Sect. 6.
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3 Experiments: test set up and installation

for measurement

A test bed, consisting of an encapsulated machine bed and a

stand for the motor spindle, is placed in an air-conditioned

lab-space. The spindle can be mounted horizontally or ver-

tically, whereas—in the future—the spindle position will

play an important rule for experiments with lubricant cool-

ing. A cutting fluid system makes possible future thermo-

energetic investigations under the influence of coolants. The

temperature was measured by resistance thermometers in

thin-film technology (Fig. 1). To carry out the experiments

under the conditions of rotation, wiring is guided through the

tool’s cooling channels. The measured values are transmitted

by means of collector rings. In the measurements, dummy-

tools in the form of carbide cylinders with cooling channels

are used rather than finished-ground tools. The points at

which temperature and displacement were measured are

located at the tool and chuck positions marked in Fig. 2. The

temperature was also measured at another two points (mea-

suring points TMP5 and TMP7) on the chuck near the tool–

chuck contact surface.

For stationary tools, displacement was measured by

inductive displacement transducers. To prevent the mea-

surements from being affected by heating, displacement

was measured at the tool tip by means of a laser distance

measuring system. The measurement setup for a hydraulic

chuck mounted onto the spindle, fitted with a carbide

cylinder with a dummy-tool, is shown in Fig. 1. Contact-

less measuring systems based on eddy current principle

were deployed for the rotating tool. A thermal imaging

camera was an additional attachment, used, in particular,

for rotatory operation.

Heating of the tool due to machining was simulated in the

test bed by heating at the tool tip. In stationary mode, either a

heating cartridge was placed at the tip or the increase in

temperature was achieved through inductive heating. In the

rotatory mode, only inductive heating is feasible, where the

measuring setup permits values of maximal 1,000 revolu-

tions per min. For a more detailed description of test hard-

ware and measuring equipment, see [12].

Until now, long-term measurements with phases of 6 h

for heating and 10 h for cooling down have only been

executed for stationary carbide cylinders with cooling

channels with chucks of the following types: thermo

shrink-fit chucks, hydraulic chucks, Weldon chucks. For

the rotatory mode, measurements were done only for the

hydro strain chuck.

4 Finite element models

4.1 Finite element models for thermal deformation

of tool–chuck systems

In the measurements, heat flow content brought into the

tool through heating, heat transfer into the environment

and the contact heat transfer coefficients between tool

and chuck are non-measurable parameters and thus a

priori unknown. To determine these parameters based on

the measurements, FE analysis models for the applied

tools (real tool and dummy-tool) and for all chucks were

generated by means of the FE system MSC.MARC�

[13]. Figure 3 elucidates the part geometry and an FE

model for the shrink-fit chuck with the semi-finished

tool.

The thermo-elastic and thermo-physical material

parameters of the K40 carbide used for the tool and the

chuck material 1.2342 (X38CrMoV5-1) were chosen from

material databases and manufacturer specifications.

The thermal boundary and contact conditions are illus-

trated in Fig. 4. Heat source modelling either assumes

constant temperature in the heating rod or uses the heat

flows along the front face of the semi-finished tool, where

unknown parameters are used at the beginning. These

unknown parameters have to be matched with the values

obtained in the subsequent experiments.

Fig. 2 Measuring points for temperature (TMP) and displacement

(DMP) (stationary tool, schematic view)

Fig. 1 Tool and hydro strain chuck in motor spindle, with installed

measuring devices and inductive heat source
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4.2 Finite element machining process model

for determination of heat source

To evaluate the temperature profiles in the tool–WP system

and the resulting deformations, which affect the location of

the TCP, one has to quantify the heat flows emitted by the

machining process on the machine tool.

Numerical simulation of the cutting process is utilised

here, since heat flows either cannot be measured in-process

or can only be determined with enormous effort. Further-

more, empirical or analytical models are insufficient [14]. In

simulation, the temperature fields in the WP, the tool and the

chip can be calculated over the whole period of time. An

autonomous software tool independent of the FE program

was created to determine the content and distribution of heat

inside the tool, the WP and the chip by means of calculated

temperature fields. The heat flows were obtained from the

changes in heat content. First, simplified 2D chip formation

models were simulated to quantify the extent to which the

heat flows depend on tool and WP material, cutting

parameters, such as cutting speed and feed, and tool

geometry, specified by cutting edge radius, rake and clear-

ance angles. In the beginning, 2D chip formation models

(turning in orthogonal cutting conditions and milling as 2D

planing with variable depth of cut) were used (see Fig. 5).

The numbers 0.025, 0.0036 and 0.0012 in Fig. 5 are the

average element edge length in the meshing windows.

The simulation runs were executed with the

MSC.MARC� and DEFORMTM [15] systems, using AISI-

1045 as the WP material and K40 carbide as the tool

material. The Johnson–Cook model proposed by Jaspers

and Dautzenberg [16] is frequently utilised for FE models

of AISI-1045 machining processes and is well established.

For this reason, this model was used as the yield law for

temperatures that typically occur in machining processes

and strain rates, assuming A = 553.1, B = 600.8,

C = 0.0123, n = 0.234, m = 1 [16].

To model the frictional contact, the shear friction

method with a coefficient of friction of l = 0.6 was

employed. The parameter l is important for frictional heat,

which, however, is minor in comparison with the heat

generated in the deformation. Furthermore, the parameter l
influences the chip shape, which is characterised by the

direction of chip flow, chip curvature and chip compres-

sion, as well as the thrust force defined as the vectorial sum

of passive force and feed force. This, however, is not part

of these investigations.

There are no certain measured values for the contact

heat transfer coefficients atool_WP. As a default, the

Machining Wizard of DEFORM sets atool_WP = 45,000 W/

m2/K. In [8], a significantly higher value—106 W/m2/K—

was determined in experiments. This high value is the

result of a procedure that is not physically consistent, as

conceded by the authors. As shown by comparative cal-

culations, when this value is included, the ratio of the heat

content dissipating into the tool doubles. However, further

investigations are required to validate this statement.

In the very time-consuming simulations of chip for-

mation, it is only possible to efficiently calculate very

small time intervals: as a rule, up to the formation of a

stationary flow chip or, in the case of laminated chips,

until a periodically repeating chip form has been estab-

lished. Generally, this way, a thermal equilibrium in tool

and WP is not achieved. Only a small part of the tool and

WP is modelled. When omitting heat exchange in the

model—both with the environment and, exceeding the

model boundaries, also with the remaining parts of the

tool and the WP (adiabatic thermal boundary conditions

at all boundaries of the modelling domains according to

Fig. 6)—we can then calculate the accumulated heat

content WTool.

Fig. 4 FE model of the dummy-tool in the shrink-fit chuck: thermal

boundary and contact conditions (heater cartridge with thermal

interface grease are represented separately)

Fig. 3 Finite element analysis models of tools and chucks–examples

(top carbide cylinder with dummy-tool, bottom end mill in Weldon-

type chuck)
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WTool ¼
X

eTool

Z

Xe

qðTÞ cpðTÞ T dX ð1Þ

as the sum over all elements eTool belonging to the domain

XTool and, for two successive time steps ti-1 and ti, the heat

flow into the domain XTool as follows

PToolðtiÞ �
WToolðtiÞ �WToolðti�1Þ

ti � ti�1

: ð2Þ

Analogous equations are valid for WWP, PWP, WChip and

PChip, respectively. The integrating procedures according

to (1) and (2) were performed based on the meshes and

node temperatures stored during FE simulation. Making

use of the heat flows calculated as above mentioned, it was

possible to quantify temperature development in the tool

for greater periods of time by means of the models

described in Sect. 4.1, as well as, analogously, for the WP.

Assuming intermittent cutting, it is necessary to scale the

heat source using the ratio of engagement time of the

cutting edge to the total time, which is then in the case of

more than one cutting edge to be multiplied by the number

of cutting edges.

5 Results and discussion

5.1 Measurement of tool–chuck deformations

The measured results for stationary tools are shown as an

example. In the setup, the chucks are not clamped into the

spindle, but placed in the area of the spindle interface in a

thermally insulated way. The thermo-elastic equilibrium

for the shrink-fit chuck, which is obtained at the end of

heating time after 6 h, is illustrated in Fig. 7.

Similar temperature profiles and elongations were pro-

duced for the other chuck types. In the case of the Weldon

chuck, temperatures were slightly higher (max. 2 K) on the

side away from the straining screw due to the asymmetric

design of the chuck.

5.2 Matching of the FE model for thermal boundary

and contact conditions

The thermal boundary and contact conditions were mat-

ched for the shrink-fit chuck. The closest match with the

measurements was established for a heat transfer coeffi-

cient aAir of 8 W/m2/K into the environment and a heat

flow of 8.1 W across the tool front face. For these

Fig. 5 FE model for turning in

orthogonal cut (2D model) with

mesh refinement windows

Fig. 6 Integration domains for heat flow calculation

Fig. 7 Measured thermo-elastic state for shrink-fit chuck after 6 h of

heating time
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parameters, the measured values in comparison with the

simulated temperature values, as well as the axial dis-

placement at the tool tip and the chuck front face (mea-

suring points for temperatures and displacement according

to Fig. 2) are shown in Figs. 8, 9.

The absolute deviations between the measured and

simulated values were 2 K for temperatures, and 7 lm for

displacement.

Since the tool and chuck surfaces have a low roughness

and normal compressive stresses are high, a heat transfer

coefficient atherm = 12,000 W/m2/K was applied in

accordance with the investigations carried out in subproject

B02 [2]. However, the amount of the parameter does not

significantly affect the temperature and displacements

values in the tool–chuck system, as evidenced by simula-

tions performed with different a values (Fig. 10, for cross

sections see Fig. 2).

5.3 Heat source obtained in the simulation

of the machining process

The simulation results summarised below are achieved

based on the methodology explained in Sect. 4.2 for

machining of AISI-1045 steel. The results rely on the fol-

lowing model parameters: cutting speed vc = 10, 35, 70,

140, 280, 560 m/min, depth of cut h = fz = 30 lm, cutting

edge radius r = 5 lm, tool rake angle c = 2�, tool clear-

ance angle a = 7� and meet the conditions of precision

cutting.

The simulation results substantiate the widely known

phenomenon in which increased cutting speed in the

machining process clearly increases temperatures, while

the cutting forces decrease slightly (Figs. 11 and 12).

With regard to the heat balance of the machining pro-

cess, the increase in heat generated in the machining pro-

cess is approximately proportional to the increase in cutting

speed (Fig. 13). At the same time, the percentage of pro-

cess heat transferred into the chips clearly rises to

approximately 70 % for vc = 560 m/min (see Fig. 14),

whereas the ratio dissipated into the WP diminishes to

approx. 26 %. For the impacts on the tool–chuck system

Fig. 8 Comparison of measured and simulated temperatures in

selected measuring points

Fig. 9 Comparison of measured versus simulated displacements

Fig. 10 Temperature discontinuities in the contact between tool and

chuck, calculated in the cross sections TMP4–TMP5 and TMP6–

TMP7 (see Fig. 2) for different heat transfer coefficients

Fig. 11 Maximal temperatures at rake face calculated for different

cutting speed values
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which are the focus of consideration in this paper, the tool

partition, which only slightly changes itself at increasing

cutting speed and is around 4 %, is important. In the

authors’ view, the heat transfer coefficient of 106 W/m2/K

used in the simulations is set too high. The partition is only

about 2 % when using the DEFORM value of 45,000 W/

m2/K.

In order to validate the cutting simulations a series of 2D

cutting experiments with AISI-1045 WPs was done.

Table 1 shows the satisfactory match on forces and chip

curling radii between experiment and simulation, whilst the

temperature validation needs further investigation.

5.4 Assessment for real machining processes

The calculated heat flows are obtained from continuous 2D

planing with a sectional area of chip AChip_sim = 0.03 mm2.

In the case of other machining processes, the heat flows Psim

computed in simulation have to be scaled with the following

factors or correction values

Preal ¼ Psim � C1 � C2 � C3 � C4 � C5

C1 ¼ AChip real

AChip sim
is applicable for other chip sectional area,

C2 = z if z cutting edges are engaged, C3*1.5 for 3D

processes (for instance external cylindrical turning),

C4*0.75 for processes with variable chip area (e.g. mill-

ing) and C5 ¼ tcut

ttotal
for processes with interrupted cut, if the

tool’s cutting edges are only temporally engaged. Both

correction values C3 and C4 are approximated values

determined in separate simulation runs. However, system-

atic investigations on this subject are still needed.

The specified correction value C3 was determined for

3D external cylindrical turning compared to 2D planing in

the same chip sectional area. For other processes, such as

drilling and face milling, in which the cutting speeds vary

along the cutting edge and the material is increasingly

squeezed near the tool centre, the correction factors are still

to be explored. Correction factor C4 was determined for

AISI-1045 investigated here, as well as the analysed cut-

ting speed values in the simulation of milling (planing at

variable depth of cut) in comparison with the planing of

constant depth of cut.

Calculation of heat flows is aimed at commensurability

of the heat sources applied for the experiments on the

thermo-elastic characteristics of tools and chucks with the

heat sources for real machining conditions. Let us consider,

for instance, the following high-performance milling pro-

cess with the milling cutter of 20 mm diameter and three

cutting edges used in the experiments. Let the process

parameters be n = 2,228 min-1 (that is vc = 140 m/min),

ae = 5 mm, ap = 2 mm, fz = 0.05 mm (that is, the real

Fig. 12 Cutting forces calculated for different cutting speed values

Fig. 13 Calculated heat flows calculated for different cutting speeds

Fig. 14 Calculated percentage heat flow distribution for different

cutting speed values

Table 1 Comparison of simulated forces and chip curling radii with

measurements

No. fz (mm) vc (m/min) Cutting force

(N)

Chip curling radius

(mm)

Exp. Sim. Exp. Sim.

C1 0.1 500 192 180 0.5 0.5

C2 0.1 750 152 178 0.3 0.4

C3 0.2 250 356 360 1.5–2.0 1.2

C4 0.2 500 330 360 1.0 0.9

Prod. Eng. Res. Devel. (2014) 8:543–550 549

123



sectional area of chip is AChip_real = 0.1 mm2). Simulation

provides a heat flow of Psim = 13.1 W for this cutting

speed and a chip sectional area AChip_sim = 0.03 mm2.

Assuming a cutting engagement ae = 5 mm, each cutting

edge is engaged at an angle uc = 60�, that is one-sixth of

time. From this we derive

C1 ¼ 3:33 ; C2 ¼ 3 ; C3 ¼ 1:5 ; C4 ¼ 0:75 ;

C5 ¼ 0:167; Preal ¼ 24:5625 W :

This power of heat source corresponds to approximately

the threefold value of the heat source used in the long-term

experiments. In real processes, these thermal loads mostly

occur over shorter time spans, but, for instance when

machining of titanium integral components, this loads lasts

so long that the displacement values measured in the

experiments and simulated correspond to real values of

TCP displacement resulting from machining.

6 Conclusions and outlook

Heat flows from thermal energy generated in the machining

process cause notable thermo-elastic displacements of the

TCP, which have to be taken into account and which must

be corrected or compensated for in the manufacturing

process. Using a milling cutter as the tool, these thermo-

elastic displacements were measured for different chucks

in a test bed, and the parameters were matched using FE

simulation. The heat flows appearing in the process were

calculated and analysed by numerical simulation of the

machining process and by analogous considerations of real

manufacturing process. Until now, systematic investiga-

tions were performed only for turning in orthogonal cut for

AISI-1045 material.

In ongoing investigations, the results will be extended to

other materials and manufacturing processes, such as

turning as non-free cutting, milling and drilling. The cor-

rection factors, hitherto determined only for exemplary

models, have to be substantiated for these processes.

For heat dissipation into the WP, the corresponding heat

flows can also be calculated. The methodology introduced

will be implemented for the thermo-energetic impact on the

system WP—clamping system.
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