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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

The purpose of the ISO 230 series is to standardize methods of testing the accuracy of machine tools,
excluding portable power tools.

This document specifies test procedures to determine thermal effects caused by a variety of heat inputs
resulting in the distortions of a machine tool structure or the positioning system. It is a recognized
fact that the ultimate thermo-elastic deformation of a machine tool is closely linked to the operating
conditions. The test conditions described in this document are not intended to simulate the normal
operating conditions but are to facilitate performance estimation and to determine the effects of
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Test code for machine tools —

Part 3:
Determination of thermal effects
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Hocument defines four tests:

n environmental temperature variation error (ETVE) test;

test for thermal distortion caused by rotating spindles;

test for thermal distortion caused by moving linear axes;

test for thermal distortion caused by rotary motion of.components.

fests for thermal distortion caused by moving-linear axes (see Clause 7) are 3
rically controlled (NC) machines only and, aré designed to quantify the effects
hsion and contraction as well as the angulawdeformation of structures. For practical
hethods described in Clause 7 apply to machines with linear axes up to 2 000 mm in l4
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[SO 230-1:2012, Test code for machine tools — Part 1: Geometric accuracy of machines operating under
no-load or quasi-static conditions

3 Terms and definitions

For the purposes of this document, the terms and definitions in ISO 230-1:2012 and the following apply.

ISO and [EC maintain terminological databases for use in standardization at the following addresses:
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3.1

machine scale
measurement system integrated into a machine providing the linear or rotary position of the
machine’s axis

EXAMPLE
3.2

Linear and rotary encoders are typical machine scales.

coefficient of thermal expansion

a

ratio of the fractional change of length to the change in temperature

Note 1 to ent
considered. F|

o(20,T

where

T isth

L,, is tHe length of a measured object or of a portion of the scale of alength test equipment af
perature T =20 °C;
Ly is the length of a measured object or of a portion of the sedle of a length test equipment af
perature T.
[SOURCE: ISP/TR 16015:2003, 3.1.1, modified — Note 1 tg:entry has been changed and the where g
has been added.]
3.3

nominal co
an
approximatq

20°Cto T

3.4
uncertainty
ua
parameter
coefficient of

3.5

thermal expansion

Ag

I'y: For the purpose of this document, a range of temperature from 20 °C to any temperatut

pbrmula (1) is used:

__ =l
L,y x(T—20)

e temperature of the object in °C;

pfficient of thermal expansion

e value for the coefficient of.thermal expansion (3.2) over a range of temperature

 of coefficient of thermal expansion

hat characterizes the dispersion of the values that can reasonably be attributed t
[thermal expaqrsion (3.2)

h langth of 2

e, T, is

M

tem-

tem-

lause

from

p the

change in th

CICTIg T oo It

to a temperature change

3.6

nominal thermal expansion

ANE

onse

estimate of the thermal expansion (3.5) of a measured object or a portion of the scale of a length test
equipment from 20 °C to their average temperatures at the time of measurement

Note 1 to entry: This estimate is based on nominal coefficients of thermal expansion [see Formula (2)]:

Ay =0, XLX(T-20)

where

(2)
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a, is the nominal coefficient of thermal expansion (3.3) of the object’s material;

n

L  isthe length of the object;

T isthe average temperature of the object (°C).

3.7
uncertainty in nominal thermal expansion due to uncertainty in

Up NE
uncertainty in the nominal thermal expansion (3.6) arising from uncertainty of coefficient of thermal

expansion (3.4)

Note [l to entry: This uncertainty can be calculated by Formula (3):

S

i NE =LX(T—-20)xu, (3)

wherle

~

is the length of the object;
T isthe temperature of the object (°C);

« 1suncertainty of coefficient of thermal expansion (3.4):

3.8
uncertainty of length due to temperature measurement
uTM - . . .

unceftainty in a measured length due to the uncertainty of the temperature at which the length
meagurement was conducted

3.9
nominal differential thermal expansion
NDE
diffefence between the estimated expansion of a measured object and that of the test equipment owing
to their temperatures deviating from 20 °C

3.10
uncertainty of nominal differential thermal expansion

UnpE
combined uncertainty-caused by the uncertainties of thermal expansion (3.5) of the meagured object

and that of the tesfequipment

Note |1 to entry:)It is obtained as the square root of the sum of the squares of the uncertainti¢s of nominal
expaipsions.ofithe measured object and the test equipment [see Formula (4]].

N LIvT

where

ugy is the uncertainty of nominal expansion of the measured object;
ugr is the uncertainty of nominal expansion of the test equipment.

Note 2 to entry: For evaluation of uncertainty see ISO/TR 16015:2003, 5.3.

© IS0 2020 - All rights reserved 3
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3.11

environmental temperature variation error

ETVE

estimate of the maximum possible measurement variation induced solely by the variation of the
environment temperature during any time period while performance measurements are carried out on
a machine tool

EXAMPLE The notation Epyg(Z, 8 °C) indicates that the Eqy value is obtained along the Z direction and the
value corresponds to an environmental temperature variation of 8 °C.
3.12
uncertainty due to environmental temperature variation error
uETVE . . . . -
standard mpasurement uncertainty contribution in performance measurements carried~out|on a
machine tool caused by the effects of environmental temperature changes
Note 1 to entry: It can be calculated as the square root of the square of Eqy divided by 12 [sée\Formula () and
ISO/TR 230-9]:
E2
_ TVE

YETVE T\ T, (5)
Note 2 to enfry: The basis for the estimation of this uncertainty for a machine tool is the environment test
according to (lause 5.
3.13
combined standard thermal uncertainty
uCT . . . . .
combined upcertainty in length measurements caused®y an environment with a temperature pther
than a constpnt and uniform 20 °C
Note 1 to entfy: This term is equivalent to combined\standard dimensional uncertainty due to thermal effects as
defined in ISQ/TR 16015.
Note 2 to enftry: It is a combination by square root of sum of squares of uncertainty due to environmental
temperature variation error (3.12), ugpyg,A€ngth uncertainty due to uncertainty of temperature measurerjients,
ury, and the yncertainty of nominal differential thermal expansion (3.10), uypg [see Formula (6)]:

— 4 2 2

Uet —\/ Upryg tUTm TUNDE (6)
Note 3 to enfry: A detailed)description of estimating the combined standard thermal uncertainty is giyen in
ISO/TR 1601}%.
3.14
thermal dijtortion of moving rotary component
d(E(XOB)XX,_t _ - - I
range of linear or angular displacement of moving rotary component along rotary axis 3 or of axis

average line

EXAMPLE

of spindle (3 in the direction of a within (the first) t min of the tests (at position xx)

The notation d(Exqc)py 6o indicates that the thermal distortion, within the first 60 min, of axis

average line of axis C in X direction at position P1 (away from the spindle nose) is referenced.

Note 1 to entry: Possible notations for a are: X, Y, Z, A, B, C. Possible notations for 3 are: C, C1, A, B, or any spindle
axis. Possible notations for xx are: P1 (position P1, away from the spindle nose) and P2 (position P2, close to
spindle nose); position reference xx is omitted for values of linear displacement in the Z direction and angular
displacements (A, B, and C).

Note 2 to entry: For notation E g, see ISO 230-7.

© IS0 2020 - All rights reserved
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Note 3 to entry: d(ERgt) is a special case of this thermal distortion indicating radial expansion of the rotary
component T. Similarly, d(E;qt) is the thermal growth of the rotary component rotating around C in the axial
direction.

3.15

thermal distortion of moving linear component
d(E&y)xmt_ . . . . ;

range of linear or angular displacement, in the direction of a, of moved machine component along
linear axis y within (the first) t min of the tests for thermal distortion caused by moving linear axis (at

position xx)

EXAMPLE The notation d(Ery)p+ <n indicates that the thermal distortion, within the first 60 min, of linear
axis ¥ in B direction (rotation around Y) at target position P1 (e.g. right position in Figure 8) is referenced.

Note [ to entry: Possible notations for @ are: X, Y, Z, A, B, C. Possible notations for y are: X, X1;\Y, Z, W
axis. Possible notations for xx are: P1 and P2, xx can also be expressed in words, e.g. left and right.

4

4.1
In th
dime
somg
alwaj

The

4.2

To af
mach

4.3

The measuring instruments recommended in this subclause are examples. Other instrum

of m¢
used

4.3.1
meas

reliminary remarks

Measuring units

is document, all linear dimensions and deviations are expressed in millimetres.
nsions are expressed in degrees. Angular deviations ar€) in principle, expressed in
cases, micro-radians or arc-seconds may be used for glarification purposes. Formul
/s be kept in mind:

,010/1000=10 urad=2"

emperatures are expressed in degrees Celsius (°C).

Reference to ISO 230-1

ply this document, reference-shall be made to ISO 230-1, especially for the instal
ine before testing and for the.recommended measurement uncertainty of the test equ

Recommended instrumentation and test equipment

basuring the same quantities and having the same or smaller measurement uncertg
The followinginstrumentation and test equipment are recommended for Clauses 5, 4

Displacement measuring system, with adequate range, resolution, thermal {
urement uncertainty (e.g. laser interferometer for thermal distortion caused by movin

capa(

itive, inductive or retractable contacting displacement sensors for environment testing|

or any linear

All angular
ratios but in

a (7) should

(7)

ation of the
ipment.

ents capable
inty may be
, 7 and 8.

tability, and
b linear axes,
and thermal

distortion caused by rotating spindles and rotary components).

4.3.2 Temperature sensors (e.g. thermocouple, resistance or semiconductor thermometer), with
adequate resolution and measurement uncertainty.

4.3.3 Data acquisition equipment, such as a multi-channel chart recorder which continuously
monitors and plots all channels, or a computer-based system in which all channels are sampled at least

once

NOTE

every 5 min1), and data is stored for subsequent analysis.

Manual data processing is possible if a computer system is not available.

1) Some temperature compensation systems exhibit cycle times shorter than 5 min. In such cases, the frequency
for monitoring can be increased to five readings per cycle if possible.
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4.3.4 Test mandrel, respectively precision sphere for rotary components, preferably made of steel
with the design to be specified in the relevant machine-specific standards or agreed between supplier/
manufacturer and user (see [SO/TR 230-11:2018, 6.3 and 6.4).

End surface of test mandrel needs proper flatness and squareness to axis of mandrel as these deviations
influence measurement uncertainty directly. To minimize such uncertainty, spherical ended mandrel
or precision spheres can be used.

When selecting the test mandrel, maximum safe rotational speed needs to be considered.

4.3.5 Fixture in which to mount the displacement sensors, preferably made of steel, with the design to
be specified iTthe Tetevant machine-specific standards or agreed between suppHer/manufacturerang user.

The design should minimize local distortions caused by temperature gradients in the fixturé,

When evalu
order to ach

When neces
directly aga

Long-term
temperature

The measur

4.4 Mach

The maching
manufacturg
alignment a1

The machin
with no spi
specified by
and the mea
from overhe

All tests shg
involves rot
Clauses 5 af
machine tod
minimizing
used during

hting angular deviations, the distance between displacement sensors has to,be select
eve adequate range, resolution and measurement uncertainty.

cary and practicable, the axial displacement sensor (see Figures 1, 2 and 3) may be p|
nst the spindle nose to eliminate the effect of the thermal expansiof of the test mand

iccuracy of the measuring equipment shall be verified,, for' example, by trans
stability test (cap test, see A.5).

ng instruments shall be thermally stabilized before starting the tests.

ine tool conditions prior to testing

tool shall be completely assembled and fully;0perational in accordance with the suppl
br's instructions which shall be recordedy"All necessary levelling operations, geo
1d functional checks shall be completed(satisfactorily before starting the tests.

e tool shall be powered up with auxiliary services operating and axes in “Hold” pos
ndle rotation, for a period sufficient to stabilize the effects of internal heat sourd
the supplier/manufacturer or as indicated by the test instrumentation. The machin
suring instruments shall be'‘protected from draughts and external radiation such as
nd heaters or sunlight, éta.

1l be carried out with’the machine tool in the unloaded condition. Where a maching
hting both the workpiece and the cutting tool on separate spindles, the tests describ
d 6 shall be carried out for each spindle with respect to a common fixed location o
| structure. lf any hardware- or software-based compensation capability or facilitig
Fhermal €ffects, such as air or oil showers, are available on the machine tool they sh
the tests*and the usage of these facilities shall be recorded.

4.5 Testing'sequence

ed in

laced

rel.

Hucer

ier's/
etric

ition,
es as
b tool
those

b tool
ed in

n the

bs for
b1l be

The tests described in Clauses 5, 6, 7 and 8 may be used either singly or in any combination.

4.6 Test environment temperature

According to ISO 1, unless otherwise specified, all dimensional measurements shall be made when the
measuring instruments and the measured objects (for example machine tool) are in equilibrium with
the environment where the temperature is kept at 20 °C. If the environment is at a temperature other
than 20 °C, nominal differential thermal expansion (NDE) correction between the measurement system
and the measured object (machine tool) shall be made to correct the results to correspond to 20 °C (or to
the specified reference temperature). For example, in a typical linear displacement measurement using
laser interferometer, ambient temperature around the laser beam and the temperature of machine scale
should be recorded during the measurements. The expected length change of the laser interferometer

© IS0 2020 - All rights reserved
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(due to change in laser wavelength as a function of the ambient temperature and pressure) and that
of the machine scale (as a response to its temperature) shall be calculated. The difference between
these two length expansions is calculated as NDE and used to correct the raw measurement data from
the laser interferometer to determine the linear displacement deviations at 20 °C. However, in this
document, since the aim is to identify the machine’s behaviour under possibly varying environmental
temperature conditions, the requirement for NDE corrections is relaxed. NDE correction is allowed only
between the test equipment and the part of the machine where the workpiece is usually located. Built-in
NDE correction used for the normal operation of machine tool shall be used. Additional NDE correction

just for the measurements shall not be used to correct the thermal distortions of machine scales.

4.7

The

erroj
temp
of m4

In ad
therr]
of ler]
comh

Uncertainty due to temperature effects

ETVE test (Clause 5), along with the uncertainty due to environmental temperatu

ugryg, and the tests (Clauses 6 to 8) for thermal distortions [d(Eqog)xx o d(Ef))xx ]
erature effects that contribute to the uncertainty of performance and/or performang
chine tools.

dition to these test results, other contributors to the uncertainty are\thie uncertaint
hal expansion due to uncertainty of coefficient of thermal expansionAir,, uy yg) and the
gth due to temperature measurement, uyy. All contributors aré to be considered to

5 Environmental temperature variation error (ETVE) test

5.1

Envij
envir
durir
shall
instr

General

onmental temperature changes on the machine tool and to estimate the thermally iy
g other performance measurements. ‘They shall not be used for machine tool comp
be determined using the procedureé!described in 5.2. If the correct operation of th
iment requires compensation for'environment factors such as air temperature and pj

ined standard thermal uncertainty, ucr, or any other combinedthermal uncertainties,

re variation
provide the
e evaluation

y in nominal
uncertainty
estimate the

onmental temperature variation error (ETVE) tests are designed to reveal the effects of

iduced error
arison. Etyg
b measuring
essure, then

these
facili
mach

shall be used. If the measuring instrument incorporates facilities for NDE correctiopn then these
Fies should be used, provided.that the material temperature sensor is placed on th¢ part of the
ine tool where the workpiece is normally located. The use of such facilities shall be rejcorded.

Itisr
whic
genel

ecommended that thé supplier/manufacturer offer guidelines regarding the thermal environment,
n can be considered-as acceptable for the machine tool to perform with the specified agcuracy. Such
ral guidelines can“rontain, for example, a specification on the mean room temperaturje, maximum
ampljtude and frequency range of deviations from this mean temperature and environmeptal thermal
gradients (see Annex C). It is the user's responsibility to provide an acceptable thermal ¢nvironment
for the operation and the performance testing of the machine tool at the installation site}] However, if
the ulser fellows the guidelines provided by the machine supplier/manufacturer, the respgnsibility for
machineperformance according to the specifications reverts to the machine supplier/manpfacturer.

The total uncertainty in the performance measurements of the machine tool caused by the thermal
effects is defined as the combined standard thermal uncertainty. The combined standard thermal
uncertainty (see 3.13) can be estimated with the help of the described test, when the environmental
conditions during the performance measurement and the ETVE test are comparable. It shall not exceed
an amount that is mutually agreed between the user and the supplier/manufacturer.

According to 4.4 the machine tool axes shall be powered up and in “Hold” position. On some machine
designs, especially on a vertical or slant axis, the axis may warm up in “Hold” position. If this is the case,
the ETVE test may be carried out with the machine completely shut off. By mutual agreement between
the manufacturer/supplier and the user, ETVE test may also be preceded by an appropriate warm-up
period. This condition shall be stated in the test report.
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5.2 Test method

Figures 1, 2 and 3 show examples of typical measurement setups for a vertical- and horizontal-spindle
machining centre and a turning centre, respectively. The fixture in which the linear displacement
sensors are mounted shall be securely fixed to the non-rotating workholding or tool-holding component
of the machine tool to measure:

a)

the relative displacements between the component that holds the cutting tool and the component

that holds the workpiece along the three orthogonal axes parallel to the axes of travel of the
machine. The exact position of the measurement setup shall be recorded along with the test results;

the tilt g

rrotation around the X and Y axes of the machine tool

b)

WARNING H
and square
uncertainty
spheres carf

The tempers
point agreed
close vicinit
outside this
every 5 min

be used.

 of the machine (if the machine is enclosed, then the temperatue'sensor should be p|
enclosure) and at the same height as the spindle nose should*be monitored at least
2), It is important to measure the ambient (environmental) air temperature at a su

distance from the machine to avoid any influence by the heating up’ of the machine (for examp

hydraulic co
exactly corrj
environmen

NOTE To
that significa

Once set up,
from norma
(such as per

clate to the measured displacements, they are indications of the thermal changes i
I and the machine tool structure.

ensure the consistency of the ETVE results, the;ETVE testing process is monitored in such
ht changes in measurement conditions including énvironmental conditions are recognizable.

the ETVE test should be allowed to continue as long as possible, with a minimum devi
performance measurement conditions. In situations where a periodic pattern of ac
odic resetting of test equipmentwith respect to a measurement reference) is observe

test duration should be over some period of.time during which most events are repeated, or any

duration agy

eed by the supplier/manufacturer and the user.

— Figures 1 to 3 show test mandrels that need end surfaces with proper flatness
ness to the axis of the mandrel as these deviations influence the méasurement
' directly. To minimize such uncertainty, spherical ended mandrel‘ or precision

ture of the machine tool structure, as close as possible to the front spindle bearing or at a
between the supplier/manufacturer and the user, and the ambient-gir temperature in the

aced
once
table
le by

mponents) on the ambient air temperature. Although the measured temperatures do not

n the

h way

ation
Livity
d, the
bther

2) Some temperature compensation systems exhibit cycle times shorter than 5 min. In such cases, the frequency
for monitoring can be increased to five readings per cycle if possible.

8
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ambient air temperature sensor

1
2
3 0t
4

wn

pindle bearing temperature sensor
bst mandrel

—

near displacement sensors
5 flxture

6  flxture bolted to table

Figure 1 — Typical setup for tests of ETVE and thermal distortion of structure caused
spindle and thermal distortion caused by moving linear axis on a vertical machining centre
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measuring position 2
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W TI
N
+B
1
\/ +7Z
A
Key
1 ambient pir temperature sensor P1 measuring position 1
2 spindle bearing temperature sensor P2 measuring position 2
3  test mangirel l distance betweenumeasuring positions P1 and P2
4 linear di§placement sensors X1 sensor measuring displacement along X-directipn at
measuring position 1
5 fixture
6 fixture b¢lted to workholding pallet X2 sensor, measuring displacement along X-directipn at
measuring position 2
Y1 ‘sensor measuring displacement along Y-directipn at
measuring position 1
Y2 sensor measuring displacement along Y-directipn at
measuring position 2
Z  sensor measuring displacement along Z-direction
Figure 2 — [Iypical setup for tests of ETVE and thermal distortion of structure caused by rotating
spindle and thermal distortion caused by moving linear axis on a horizontal machining centre
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Y2 3 (A
Y144
/ Z
4 6
+X 5
+B
+Y A , =
I
+7Z
B

Key
1 dmbient air temperature sensor P1 _aneasuring position 1
2 spindle bearing temperature sensor P2% measuring position 2
3 tpst mandrel l distance between measuring positions P1 and P2
4  linear displacement sensors X1 sensor measuring displacement along X-direction at

measuring position 1
5 fixture Y1 sensor measuring displacement along Y-direction at

measuring position 1
6 turret X2 sensor measuring displacement along X-direction at

measuring position 2
7  dhuck Y2 sensor measuring displacement along Y-direction at

measuring position 2

Z  sensor measuring displacement along Z-dir¢ction
Figure 3 — Typical setup for tests of ETVE and thermal distortion of structure caused by rotating
spindle-and thermal distortion caused by moving linear axis on a slant bed turninig centre

5.3 Interpretation of results

As a general rule, the results are plotted in graphs of thermal distortion and temperature versus time as
shown in the examples given in Figure 4. However, this resultant plot shall not be used for the purposes
of machine comparison. The Epy values obtained from such a plot are used for considering the combined
standard thermal uncertainty in measurements such as linear positioning error along each machine
axis or the circular measurements in the three orthogonal planes of the machine work zone. In order
to apply the combined standard thermal uncertainty to any performance measurement, the ambient
temperature should be recorded continuously during that particular performance measurement
process. If the recording shows a significant change of conditions compared to the conditions in which
Eryg values were obtained, the ETVE test results are null and void for that measurement process. In
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these cases, a re-evaluation of E}yi should be conducted, or conditions corrected to those for which the
Eryg applies®). In addition, measuring instruments shall be thermally stabilized.

Measurements in different directions should use different E}y values obtained from the same plot. For
example, positioning error measurements along the Z axis of the machine tool should use the maximum
range of thermal distortion in the Z direction for the period of time it takes to carry out the positioning
error measurements as the Epyg(Z) value. The Epyg(Y) and Eqyg(X) values can be determined in the
same way for the two other directions. In the case of measurements involving more than one axis
movement, such as the circular measurements in the XY-plane for example, the maximum value of
Erye(X) and Epyg(Y) is generally taken as the Epy value.

For angular 3 TEF-LS ETVEvaluesa 3 alewlating Y 3
tilts around K and Y axes for the period of time it takes to carry out the angular deviation measureiyents.
The tilt angles A and B according to ISO 841, at any given time, are calculated by dividing the(diffefence
between the two displacement sensor readings along an axis divided by the distance, I, between these
two transdufcers sensing in the same direction. Formulae (8) to (11) are used for these caleulationk:

A=(Y14Y2)/1 (8)

B=(X14X2)/1 )

Etvg (A)=maximum range of A (10)

Eqyg (B]=maximum range of B (11)
NOTE The resulting values are represented according to JSO 841 sign convention.

In order to|determine Epyg for a given performance test (for example for a given directipn of
measurement) on a machine tool, one has to look for an interval on the E;y g plot that is as long gs the
time period [corresponding to that performangé test and that has the maximum slope. The maximum
variation obperved within that time interval’becomes the effective Epy value for that test. For example,
referring to [Figure 4, Etyg(X) for the test of linear positioning error of a machine tool that lasts about
1 hour is defermined by the time interval 90 min to 150 min on the time scale. The E}yp value fof this
test obtained from the plot in that interval is 0,001 5 mm.

3) Maximum variations of ambient temperature measured during machine performance tests are expected to be
smaller or equal to the change of ambient temperature measured during ETVE tests (Clause 5).

12 © IS0 2020 - All rights reserved
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ion P1in mm
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INAL
NJA \ — 25
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X /\ '\/\ Y
T
5 2 21—
0 60 120 180 240 300 t
Key
t tjmeinmin X1 linear displacement along X axis at pos
T  tpmperaturein<C Y1 linear displacementalong Y axis at posi
D linear distortion in mm Z  linear displacement along Z axis in mmn
AD angulardistortion in arcsec A rotation around X in arcsec
T, bient temperature in °C B rotation around Y in arcsec
T, spindle temperature in -C
Figure 4 — Temperature and distortion versus time for ETVE test
EXAMPLE For a test that takes 1 hour, the following E;yg values are obtained from the above graphs
(Figure 4):

Erye(X;1,1°C) = 0,001 5 mm (90 min to 150 min) Eqyg(A; 1,1 °C) = 3 arcsec (110 min to 170 min)

Eryg(Y; 0,6 °C) = 0,000 8 mm (230 min to 290 min) Eqyg(B; 1,1 °C) = 3 arcsec (110 min to 170 min)

Eryg(Z;0,4°C)=0,003 5 mm (0 min to 60 min)

© IS0 2020 - All rights reserved
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5.4 Presentation of results

As a general rule, the measurement data are plotted in graphs of distortion and temperature versus
time as shown in Figure 4. The Ery values for each direction should be recorded to indicate the amount
of temperature variation during the observation period, for example E;yg(Z; 1,2 °C) = 0,005 5 mm.

The following information should also be reported with the results of the test (see Figures 4 and 5):

a) location of the measurement setup (coordinates of position P1, see Figure 5);

b) distance between spindle face and P1;

c) locationf of temperature sensors;

d) types of{sensors;

e) design and material of the test mandrels and fixtures;

f) thermallcompensation procedures/ facilities used;

g) any spe¢ial test procedures agreed on;

h) time and date of the test;

i) maching preparation procedure prior to testing (including the time’period for operating auxjliary

serviced prior to testing);
j) positive|direction of deviations in X, Y, Z, A, B if differentfrom the coordinate systems shoyn in
Figuresl(l, 2,3 and 5;

k) control mode for machine axis (hold or off);

1) ifrelevant, conditions of any supply systems, eig. lubrication, hydraulics, air supply, chillers.

Date of test YY/MM/DD

Machine: AAA, vertical machining centre/
X=1000,Y=600,Z=800

Temperatuile sensor/position (ambient): thermocouple/from the spindle axis of rotation
Y =300 (front), X = 200 (right)

Test mandrel: steel, 11 x 1076 °C-1, diameter: 60 mm, length: 200 mm,

Fixture: No. 40 taper
steel, 11 x 1076 -°C-1, 100 mm x 100 mm x 400 mm, fixed
on the table centre

Thermal compensation used: oil cooler with spindle temperature sensor

Warm-up procedures: cold start

Axes slide position: X=500mm, Y =300mm,Z=400mm,C=0

Measuring position P1: X =500 mm, Y=300 mm, Z =220 mm (height from table
surface)

Distance between spindle face and P1: 175 mm

Sensor distance, I (P1, P2): 150 mm

14 © IS0 2020 - All rights reserved
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1 ambient air temperature sensor P1 measuring position 1
2 spindle bearing temperature sensor P2 measuring position 2
3 tpst mandrel l distance between measuring positions P1 and P2
4  linear displacement sensors X1~ sensor measuring displacement along X-direction
measuring position 1
5 fixture X2 sensor measuring displacement along X-direction
measuring position 2
6  flxture bolted to table Y1 sensor measuring displacement along Y-direction
measuring position 1
Y2 sensor measuring displacement along Y-direction
measuring position 2
Z  sensor measuring displacement along Z-dir¢ction
NOTEH Dimensions pf'test mandrel and fixture are for examples only.

Figure 5 —-Typical presentation of setup information for the tests of ETVE and t

hermal

dilstortion caused by rotating spindle and thermal distortion caused by moving linear axis

6

rharmal dictards
1 1IC

6.1

3
IIC I 1I1I1IdA 1OCVY

General

at

at

at

at

This testis carried out to identify the effects of the internal heat generated by rotation of the spindle and
the resultant temperature gradient along the structure on the distortion of the machine tool structure
observed between the workpiece and the cutting tool. Since it is related to the heat generation by the
spindle, this test is carried out on machines with rotating spindles only.

6.2

Test method

Figures 1, 2 and 3 show typical measurement setups for vertical- and horizontal-spindle machining
centres and a turning centre, respectively. The fixture in which the linear displacement sensors are

© ISO

2020 - All rights reserved

15


https://standardsiso.com/api/?name=cf20ad64c6207e1facc4fa323b6992b8

ISO 230-3:2020(E)

mounted shall be securely fixed to the non-rotating workholding or tool-holding component of the
machine tool to measure:

a)

the relative displacements between the component that holds the cutting tool and the component
that holds the workpiece along the three orthogonal axes parallel to the axes of travel of the
machine tool [e.g. for a C-axis, d(Exc), d(Eyoc), and d(Ey,c)]; the exact position of the measurement

setup shall be recorded along with the test results.

NOTE

machine-

b)

The temper{
the ambient
spindle nose
air temperaf

The specific location of the measurement setup in the work zone is provided in the relevant

specific standards.

the tilt or rotation around the X and Y axes of the machine tool [e.g. for a C-axis, d(E,yc) and d(Egqc)]-

iture of the machine tool structure, as close as possible to the front spindle beafing
air temperature in the close vicinity of the machine tool and at the same eleyation
should be monitored at least once every 5 min%. It is important to measure,the am
ure at a suitable distance from the machine tool to avoid any influence by the heati

of the machiine tool (for example by hydraulic components) on the ambient temperature. Alth

these tempe
thermal cha

The test pro

variablé

constan

ratures do not exactly correlate to the measured displacements, they-are indications
hges in the environment and the machine tool structure.

redure should follow one of the two specified spindle speed regimes described below
speed spectrum, for instance, as shown in Figure 6;

L speed as a percentage of maximum speed.

The choice of the test procedure with spindle speed spectrunrand the percentages shall be specif

machine-spg
special test
own special
the machine
spindle spee
between ma

All sensor o

cific standards. If necessary, the supplier/manufacturer and user may agree on a diff¢
schedule (for example a certain warm-up @ycle before the test) corresponding to
requirements. The spindle speed spectrums selected generally reflect practical usg
tool. For example, for machining centres, a spindle speed spectrum consisting of diff]

[y be selected to represent typical-hiachining conditions.

measurement period is allowed until(the distortion change during the last 60 min is less than

of the maxiy
between the
1 h while mg
during the t

hum distortion registered over the first hour of the test. Other conditions may be ag
user and the supplie€r/manufacturer. Then, the spindle is stopped for a minimum per
nitoring the sensorsis continued. The effects of test mandrel runout should be eliming
ests when the spifidle is rotating.

, and
f the
bient
hg up
ough
bf the

edin
brent,
their
ge of
erent

ds over 2 min to 30 min for each spindle speed, with periodic stops of 1 min to 30 nmpin in

utputs shall be monitored for, d period of 4 h. Alternatively, shortening or extending the

15 %
rreed
od of
ted>)

4)
frequency for

5)

monitoring can be increased accordingly.

synchronizing data acquisition with spindle orientation (see ISO 230-7).

16

Some temperature compensation systems exhibit cycle times shorter than 5 min. In such cases, the

The elimination of the effects of test mandrel runout can be achieved by low-pass filters, averaging, or by
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Figure 6 — Sample spindle speed spectrumfor thermal distortion tests

Interpretation of results

I
S

heasurement results should be plotted ingraphs of thermal distortion and temperatu
pindle bearing temperatures) versus time as shown in Figure 7.

dffects of warming up the machige tool structure on the ability of the machine tool to
jon of the cutting tool relatiye to the workpiece can be assessed from these graphs.
| that the starting and stopping of the spindle can cause offsets in the plots due to the

Irel runout. These effects'should be ignored during the evaluation of thermal deflectiq

braph for angular distortion (see Figure 7) is generated by calculating tilt angles
ibed in 5.3.

Presentation of results

1ange of'disSplacements along each machine tool axis within the first 60 min [d(Eyc)
d(E;0)s0r A(Enoc)eor d(Egoc)eo] and during the total spindle running period [d(Ex,c

(EZOC)t' d(EAoc)p d(EBOC)t, where t is the time at the end of the spindle running peri

3:2020(E)

(

res (ambient

maintain the
It should be
effect of test
n.

A and B as

1,600 4(Eyoc)
p1.e d(Eyoc)
ijod], shall be

A | +1 aH I 1 +1 1L 3
ul:u aluus VVlLll LIIT ulbLallLC, I, UCLVVCCII CIICT LVVU I ar bllDlchlLClllCllL OCIISUL' S DCllDlll

in the same

direction (see Figures 1, 2 and 3). These values, as shown in Table 1, shall be presented with the graphs
of temperature and distortion versus time, as shown in the example given in Figure 7. The following
parameters should also be reported with the results of the test as shown in Figure 5:

a)
b)
‘)
d)
e)

location of the measurement setup (coordinates of position P1, see Figure 1);
distance between spindle face and P1;

locations of temperature sensors;

type of sensors;

design and material of the test mandrel and fixture;

© IS0 2020 - All rights reserved
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f) thermal compensation procedures/facilities used;

g) spindle speed regime;

h) any special test procedures agreed on;

i) time and date of the test;

j)  machine preparation procedure prior to testing (including the time period for operating);

k) positive directions of deviations X, Y, Z, A, B if different from the coordinate system shown in
Figures 1, 2, 3 and 5;

1) if relevalnt, conditions of any supply systems, e.g. lubrication, hydraulics, air supply, chillers!

Table 1 — Typical presentation of results from tests of thermal distortion caused by
rotating spindle

<

X1 Y1 Z A B
During the first 60 min d(Exoc)e1,60 |9(Evoc)e1,60 |4(Ezoc) 60 |d(Efoc) 60 d(Egox)c] 60
During the Spindle running period, t d(EXOC)Pl, t d(EYOC)Pl, t d(EZOC) t d(EAOC) t d(EBOC) t
Distance, [ The value is given in the example in Figure/7.

EXAMPLE For a test that takes 5 h, the following values are obtained from Figure 7.

X1 (mm) Y1 (mm) Z(mm) A (arcsec) B (arcsec)
First 60 min| |d(Exoc)p1,60 = 0,008 |d(Eyc)py,60= 0,048 |d(EZoc)p1,60= 0,061 |d(Exgc)eo= 6 |d(Egoc)eo [F 22
Full run- d(Exoc)p1,240 = 0,020 |d(Eyoc)py,240 = 0,128 d(E70c)p1,240 = 0,108 | d(Egc) 240 = 24 |d(Egoc)2ad= 38
ning period
(t =240 min)
Distance, | 150 mm
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a) Linear distortions b) Angular distortions
SA
8000
6 000 :
4000
2000
0
0 60 120 180 240 300 ¢t
c) Spindle speed
Key
a2 machine structure temperature in °C t timein min
b ambient temperature in °C T temperature in °C
¢ rptation aboutY (Eg(gx)c) in arcsec X1 sensor reading at P1 along X directign in mm
d  rptation about X (Eagoyyc) in arcsee Y1 sensor reading at P1 along Y directign in mm
e spindle speed (maximum spindle speed = 6 000 min~1) Z  sensor reading along Z direction in hm
S spindle speed in min~1 D  thermal distortion in mm
AD thermal angular distortion in arcsec
NOTE Negative/data shown in (a) is for graphical clarity.
Figure 7.=Example thermal linear and angular distortions caused by rotating spindle of a
machining centre versus time

7 Thermal distortion caused by linear motion of components

7.1

General

This testis carried out to identify the effects of internal heat generated by the machine linear positioning
system and by guideway friction on the distortion of the machine tool structure observed between the
workpiece and the cutting tool. The test indicates the amount of the change in position and orientation
of the moving component at two positions along a machine tool linear axis, due to thermal elongation
of machine tool scales and deformations (twist and bend) of the machine tool structure caused by local
generation of heat during the warm-up period. This test is carried out on numerically controlled (NC)
machines tools only.

© IS0 2020 - All rights reserved
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A machine tool component can maintain its shape while warming up only if the thermal expansion can
be exactly the same in all the points of its structure, i.e. if there were only temperature gradients in
time not in space and if the coefficient of thermal expansion (CTE) is the same. But, in practice, there is
always a temperature gradient in the machine tool structure in the presence of local heat sources such
as electric motors, friction in ballscrew bearings and nut, and hydraulics.

Due to thermal gradients, different machine tool components expand in different amounts creating

stresses and

angular distortions as twist and bend of the structure.

Measurements described in this clause reveal the effect of all thermal distortions mentioned above.

7.2 Test

7.2.1 Mea

The targetp
not further

position, thy
changesint

For ballscre?
temperaturg

7.2.2 Sety

Three exam
fixtures, wit
mounted on
stroke (see |

The linear d
the test mal
readings at
test as well
(all corresp
tool) are ca
nomenclatui

d(Exx )p
d<EXX )}

d(Eyy )y

ples of typical measurement setups are shown as’follows. The first is composed o

cthod

surement positions

psitions should be selected close to the end points of travel, where applicable; and geng
than 2 m from each other. Each target position is only approached from’the other
s including the reversal error of the linear motion in the measurements.’ It is assumeg
he reversal error are not significant.

v/rotary encoder type systems, reversal values (both linear,arid angular) can change
. In these cases, bi-directional measurements are to be takety, if possible.

p of instruments

h five linear displacement sensors each, and,a-test mandrel. The test mandrel shj
the spindle and two fixtures, shall be securely*fixed on the table at each end of the sel

igure 8).

isplacement sensors shall be set to measure the changes in position and orientati
ndrel at each target position (Pl.and P2). From the corresponding displacement s

s the two orthogonal lineardeviations and two angular deviations at each target po
nding to the relative motion'between the cutting tool and the work sides of the ma

brally
arget
| that

with

f two
11 be
bcted

on of
bnsor

each target position, the change in distance traversed by the moving component ynder

sition
chine

culated. These calculations are done using Formulae (12) to (21) (using the setup and

(12)

(13)

(14)

d(EYX )p
d(EZX )p

d(EZX )p

d(EAX )Pl,t :|:(

20

e shown in Figure 8):
Lt =(Pa1 ) ~(Bapho
20 = (Prar), —(Pxa1) g
5P ), (P )
2= (Pa1), ~(Bat )y
L= L(Ba)~(Pa)y ]
2t =L (B2 ~(B2)o ]
P11=PBy1s), —(Pyll—Pylz)tO}/ll
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d(Epx Jp, ¢ :_|:(Py21 ~Fy22 )t ~(Py21-P2z )tO J/lz (19)

d(Egy )pl,t =[(Px12 ESe! )t ~(Paz=Penr )tO ]/13 (20)

d(EBX )PZ,t =—[(PX22 _PX21 )t _(PXZZ _PX21 )tO ]/14- (21)
where

| ot —rrethedisbneesbebweenthe-boodisphreementsentsorstieastrre e same direction;

tp indicates the beginning of the test period;

t indicates the end of the axis cycling time period;

B.1  indicates the reading of the first displacement sensor in the difection of X-axis located at
position P,.

NOTH1  d(Ecx)p; and d(E.x)p, cannot be calculated with the measuremeft setup of Figure 8.

NOTH2  The sign convention in Formulae (12) to (21) is such that motion of the spindle r¢lative to the
workpiece in the positive direction causes positive reading of the linear displacement sensor.

Key

Iy I, 13,1, distances between sensors used to calculate angular distortions

Figure 8 — Typical setup for measurement of thermal distortions due to moving X-axis table of
a machining centre

The second example is composed of one fixture with seven displacement sensors, and two target blocks.
Itis shown in Figure 9. In such a setup, a sensor fixture is mounted on the spindle. Two target blocks are
mounted at each end of the travel. This setup allows the simultaneous measurement of six components
of the thermal distortion, one in the direction of travel, two in the orthogonal directions and three
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angular components around three linear axes using Formulae (22) to (33) (using the setup and
nomenclature shown in Figure 9).

22

d(EXX)pz,t =

d(Eyy )py, ¢ =(Px ), ~(Pea Do (22)
[(P2) (P )y ] (23)

d(Eyy oy ¢ :(Pyll )t —(Py11 )tO (24)
d(Eyy e, =(P21), ~(Ba1 ) (25)
d(Ezy oy« = (Paz )y ~(Paz ) | (26)
d(Ezy Jpp, « == (P23 ) (P23 )0 ] (27)
d(Epx )by « =L(Pa1 +Pa2) /2= Baz), ~((Bia1 +B12)/2-Poaz )y J/ (28)
d(Eax g,c = ((Prza +Pi22) /2= Pzs) ~((Pr +1D222)/2—11>223)t0}/11 (29)
d(Epx )y = :(Ple +P13), ~(Pa1 +Pus )to}/l2 (30)
=:(P221_P222)t_<P221_P222)t0:|/12 (31

d(Eex oy « =[(P Pz ), ~(Pa1+Paz ), }/1 (32)
d(Ex)ob,  =| (P21 ~Pya ), ~(Par 7833 ) g |/ (33)
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+7
+C +X
+A
Py
Y
/' PXZ PXl \
Py2o Pyiz  Pynn
L X
4
1
Key
1 target right 4  sensor fixture
2 target left 5  machine spindle
3 gap sensor 6  machine table
I I, I distances between‘sensSors used to calculate angular distortions
Figire 9 — Alternative setup for measurement of thermal distortion caused by moving X-axis
slide of a machining centre
For most turning centres, the sensor fixture (with 6 transducers) is mounted to the tool-holding part
of the @machine tool and a special artefact, with reference surfaces aligned against thosg sensors, is
moutlted on tire worKhotding Spindte as SToOW 1T FIgUre 10- FOT SUCHT a SEtup the thiermat distortion can

be calculated using Formulae (33) to (42) (using the setup and nomenclature shown in Figure 10).

d(Ezz)py, e =(Fa ) =(Pia )yo (33)
d(Ez )y, =~ (B2) ~(P2)o ] (34)
d(Ezx o, ¢ =| (Pean ) (Pt Do | (35)
d(Exz oy, =~[ (Pa1 )i ~(Pa o] (36)
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d(Exy)pr, o = (B ), (B )y | (37)
A(Evz) o =—[(Py21 ), (Pt ) | (38)
o1t [ (B11-P12), (Pyll_Py12)tO}/ll (39)
oo [ (B21=Rpaz), (Py21_Py22)t0:|/11 (40)
d(Egg oy, = (Perz=Pa t(Px12_Px11)to]/12 (41)
d(Egg )b, = (Peaa =Pea1 ) ~(Paz =Peat o )/ (42)

NOTE3  d(E(;) cannot be calculated with the measurement setup of Figure 10.

X
A y/
C
B "y
Key
1  machine tail stock I, 1, distances between sensors to calculate angular distortions
2 sensor holding bracket a Optional flat surface for d(E;) calculation.
NOTE Coordinate axes rotated for clarity purposes

Figure 10 — A typical setup for measurement of thermal distortions due to moving Z-axis
carriage of a turning centre
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The third example is composed of machine tool’s touch-trigger probe (if available) and two target
blocks. The two target blocks are mounted at each end of the travel as shown in Figure 11. Ideally, by
touching six points on each artefact (as shown in Figure 11) and recording the machine tool X, Y, and Z
positions corresponding to those points all six components of the thermal distortion can be calculated
using Formulae (43) to (54) (using the setup, nomenclature and the machine tool structure shown in

Figure 11).

d(Exx )py ¢ =(Paan ) =(Peat o (43)
d(Exx )pz,t :—[(szl ), _(Px21)t():| (44)
d(Eyx Do, =(Pa1), ~(Ba )y (45)
A(Eyx )py, ¢ =(Py21)t _(Py21)t0 (46)
d(Ex )pl,t =(Pa1 ) ~(Pa1 ) (47)
d(Ezx )pz,t :(Pz21)t ~(Pyy )tO (48)
4(Eax )py ¢ :[<Py11 _Py12)t ~(Py11 - y12) }/11 (49)
a(EAX)pz't :[<Py21 —Pyzz)t _(Py21 y22) }/11 (50)
d(Epx )p1,t =[(Px11 ~(Peaz+Pe3)/2), ~(B1 ~(Peip + Pz )/ 2 tO]/I (51)
d(Epx )pz,t:_[(me ~(Pea2 +Px23)/2) ~(Pgy ~(Peqp+ x23)/3>to]/l (52)
d(Ecx )pl,t :[(Px12 =Po3dy=(Pc12=Pas o ]/13 (53)
d(Ecx )pz,t :[(szz <Pos )t ~(Pa2—Pes )tO ]/13 (54)
wherje
I}, 1,,and’l; are the distances between the two probing locations in the same directign;
tp indicates the beginning of the axis cycling period;
t indicates the end of the axis cycling period.

It should be noted that an angular distortion of a machine tool component can only be estimated if
it causes a difference in the measured thermal distortion at two probed points. Care should be taken
in the selection of the probing points to ensure that all angular distortions of interest yield such a
difference. For example, only the angular deviation of X-axis slide is captured by d(E.y) calculations,
the angular deviations of the Y-axis slide (a part of E.y) and Z-axis slide (a part of E;) are not included
in the determination of overall distortions represented by the probing locations shown in Figure 11.
So, if these probing points are used for the Y-axis or Z-axis tests, there can be some inconsistency with
respect to the other alternative measurement setups mentioned previously.

NOTE 4 Identification of some angular distortions can require measurements with two different probe offsets
to achieve this condition.
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It should also be noted that using the above-mentioned setups requires zeroing of all readings at the
start, and thus provides no absolute measurements of deviations, only their change in time.

+Y +X
+A " I’
Py '
P P)%jgj Pl I
221 P,
/ '/szzla E 11l;y11 /
P22 T y12 D)
h Py Piz > 7
: N

Key

I, I, I;distanges between probing points to calculate angular distortions

NOTE Same distances I, I, and I; apply to P2 artefact,

Figure 11 — Typical setup for measurement of thermal distortion caused by moving X-axi

bridge of a machining ¢entre using touch-trigger probe

NOTES5  Regpeatability of the touch-trigger probe affects the measurement results.

7.2.3 Tesfcycle

hents

The test cycl
may be inte
the distortic
(for exampld
during whig
manufactursg

e is made of twoperiods of time, 4 h of axis cyclingand 1 h cooling down. The measurer]
rrupted whén-the distortion change noted during the last 60 min is less than 15
n registered over the first hour of the test. In situations where a set pattern of ac
e periodictool setting) is observed, the tests should be carried out over a period of]
h relevant events are repeated or over any other period of time agreed by the sup
brand the user. Sufficient time should be allocated after each test to allow for the ma

% of
Livity
time
blier/
chine

tool to cool

UWI1I.

Starting from one of the target positions 1, where the machine tool remains at rest long enough (dwell
time) to record the readings of the displacement sensors, the machine tool slide shall be programmed
to move to the target position 2, where the second set of readings is taken. The motion is then reversed
and the readings at target position 1 shall be measured and recorded again. This test sequence shall
then be repeated until the end of the axis cycling period, recording data at the two target positions. The
programmed traverse rate shall be a percentage of the maximum programmable feed speed. The dwell
time at each target position shall be the minimum required for taking the readings. The percentage and
the dwell time shall be specified in machine specific standards. Different dwell times and traverse rates
have different heat input, and can consequently cause different amounts of thermal distortion. The
dwell time and the traverse rate in these tests may be modified based on agreements reached between
the user and the supplier/manufacturer.
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If the measurement system can only record a limited amount of data, then the measurements at two
target positions may be taken at set intervals, for example, at every 5 bi-directional motion of the
machine slide. The exact procedure of the measurements should be reported.

At the end of the axis cycling period, the machine tool slide shall be stopped at the middle of its travel;
every 5 min it shall be moved to both target positions to take readings, and then stopped again in the
middle, until the end of the cool down period.

7.2.4 Temperature measurements

Useful positions for the temperature sensors can be selected as follows:

— position transducer (if possible);

— 4gn area close to the friction sources (usually between the moveable element ahd the Jelated fixed
art, e.g. table/bed, head/column, the temperature grows due to friction in the slideways, in the ball
crew support bearings, in the ball screw nut);

wn =

— 4gn area in the opposite side of the machine tool structure (e.g. bottond of the bed);
— tpble;
— gpindle head.

Ambijent temperature should be monitored at least once every5 min®) during these tests.

7.2.5( Compensations

If the| correct operation of the measuring instrumeht requires compensation for environmgntal factors
such ps air temperature and pressure, then these:shall be used.

If thgf measuring instrument incorporates faeilities for NDE correction, then these facilitieg shall not be
used,because they hide the contributionto the overall thermal distortion given by the elonjgation of the
axis gcale.

7.3 | Presentation of results

For epch axis of the machine, the following plots versus time should be presented:
— two position plots-ofthe target positions;

— fpur orthogorallinear distortion plots of the target positions;

— fpur or six)angular distortion plots of the target positions (number depending on|the type of
measucrement setup);

— ip‘each of these plots the quantities of variations from the starting values as opposed to absolute
values should be indicated.

In addition, the plots of the environment temperature and the machine tool temperatures measured
during the test versus time should be provided. It should be noted that the results are influenced by the
positioning repeatability of the machine tool axis under test.

An example set of such plots is shown in Figure 12 and Figure 13.
The following parameters shall be reported along with the plots as shown in Figure 12 and Figure 13:

a) traverse speed;

6) Some temperature compensation systems show cycle times shorter than 5 min. In such cases, the frequency for
monitoring can be increased accordingly.
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dwell times;

c) startand end point positions;

e) instrumentand setup used;

f) temperature sensor location;

i £ + 1 .
locationrefeasurement HE;

compensation capabilities and facilities used;

coefficient of thermal expansion used;

i) time and date of the test;

j)  warm-u

1) positive
3,8and

tempers3

9;

p procedures (including the time period of warm-up procedures);
ture of the measured object at the beginning and end of test;

direction of position drift, if different from the coordinate systems'shown in Figuref

if relevant, conditions of any supply systems, e.g. lubrication, hydraulics, air supply, chillers.

Date of test

YY/MM/DD

Machine:

AAA, vertical machining.centre/X = 500, Y = 350, Z = 400

Measuring instrument and serial No.:

BBB, 6 probes movedwith spindle, 2 target fixture

Tested axis

and its location:

Y, X =250,Z =200

Type of pos]tioning scale: Glass scale
Coefficient ¢f thermal expansion of 8 x 1076 °GL
scale:

Thermal compensation used: None

Warm-up procedures:

machine is held in hold position over the last 6 hours

Position axés not under test:

X=250mm;Z=200mm; C=0

Feed speed; 500 mm/min
Start and erjd point: Y, 0,300 mm
Dwell time at each target poeSition: 5s

Interval cir¢les for data ‘taken 5

Temperatur¢ sensor/position

(ambient): front, 200 mm X, 300 mm Y from spindle head

(machine): table, X = 50 mm; linear scale; slide

Temperature at startin °C Temperature at end in °C

— Machine temperature
— Ambient temperature

24
21,9

25
22,3

28
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T
25 M
:
23
21 T I I T I T T

0 60 120 180 240 300 t

2

Key
1 targetright ——O— ambient temperature in °C
2 tqrgetleft —{}— Yscaletémperature in °C
3 ghp sensor —A—— machine temperature in °C
4  sensor fixture ——<&—<Yslide temperature in °C
5 :[achine spindle t time in min
6 achine table T temperature in °C

Figure 12 — Typical presentation of setup information for the tests of thermal distortion

caused my'moving linear slides
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D AD

o s

WW -1

30T T T e
0 60 120 180 240 300 ¢
d(Eyyp1,60=16 d(Eyy)py,240 = 23 d(Ecy),60=0,3 d(Ecy)1240 70,6
d(Ey )P2,60 =4 d(EYY)P2,24o =4 d(ECY)2,6o =13 d(ECY)z, 240=1,5
a) Eyyplot b) E;yplot
AD AD
1 2
0
0 2
-4 .
-1 X -6
-8
2T T I I T[T T[T I T T I TTTTT 10 g YT T I T I I T T T T T I T
0 b0 120 180 240 300 t 0 60 120 180 240 300 ¢
d(Egy)p1,60= 0,5 d(Egy)p1,240= 1,6 d(Eay)p1,60=19 d(Eay)p1,240 =5
d(Egy)p2,60=0,5 d(Egy)p2, 240 = 1,4 d(Eay)pz,60= 2,1 d(Epy)p2, 240 = 8,2
c) Egyplot d) E,yplot
D D
20 20
15 ﬁé Is XM\
10 ﬁ 10 x
5 5 —
O S T T G T T T T I T T T O —FFTTTT TTT T T[T T T I T T T I TTTTT
0 60 120 180 240 300 ¢t 0 60 120 180 240 3(|)0 ¢
d(Exy)p1,60=12 d(Exy)p1,240= 16,5 d(Ezy)p1,60=15 d(Ezy)p1, 240 =18
d(EXY)Pz, 60=15 d(EXY)P2,240: 17 d(EZY)PZ,GOZ 4 d(EZY)PZ, 240 =7
e) Eyyplot f) E;yplot
Key
—aA— P1 AD angular distortion in arcsec
—¥%— P2 D linear distortion in um
t time in min

Figure 13 — Sample measurement results for measuring the thermal distortion caused by
moving linear slides
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8 Thermal distortion due to rotary motion of components

8.1

General

-3:2020(E)

This test is carried out to identify the thermal distortion generated by the machine tool rotary
positioning system observed between the workpiece and the cutting tool. The test indicates the
amount of the change in position and orientation of the rotary component at two angular positions,
due to thermal influences on machine tool scales and deformations (twist and bend) of the machine
tool structure caused by local generation of heat during the warm-up period. This test is carried out on
numerically controlled (NC) machine tools only.

A ma
canb
time
alwaj
as eld

Due
stres

Meas|
at sp
of a
comp]

8.2

8.2.1
Forr
posit
trave
1) 1
2)

3)

d

1]

8.2.2

A prg
rotat
axes)

chine component can maintain its shape during temperature change only if the therm
e exactly the same in all the points of its structure, i.e. if there were only temperature
not in space and if the coefficient of thermal expansion (CTE) is the same. But,dn-prad
s a temperature gradient in the machine tool structure in the presence of loeal heat
ctric motors, friction in bearings, couplings, and hydraulics.

Ses and angular distortions as twist and bend of the machine tool stgucture.

urements described in this clause reveal the influence of all thébmal distortions ment
ecified position(s) in the work volume. These effects are guantified as the change in
recision sphere mounted with a radial offset with respect’to the axis average line
onent.

Test method

Target positions

btary heads and rotary tables with a rahge of rotation less than 360°, three (equally-sf
jons are selected, two of them near’the end points of rotary motion. For those wit|
| more than 360°, four target pogitions 90° apart from each other are selected to dete

near thermal distortions in X,.Y, Z directions;
ngular thermal distortions’in A, B, C directions; and

adial thermal distottion.

Test setup

cision sphere shall be mounted on the rotary component with a radial offset fro
jon. A linear displacement sensor nest holding three sensors (aligned along the machi
shallkbe mounted at the opposite end of the structural loop to measure displacem

the c

utting tool and the workpiece side of the machine tool at the sphere centre. See Figy

"

hl expansion
gradients in
tice, there is
sources such

o thermal gradients, different machine tool components expand imdifferent amounts creating

ioned above
the position
f the rotary

aced) target
h a range of
Tt

the axis of
coordinate
ent between
re 14 for an

example of setup for rotary tables. Other setups providing similar information are also acceptable (see

[SO 2
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+7Z
+C
+Y
+B
+X
/<=>\
Key
1 precision sphere
2 special fikture with sensor nest

Figur

Measurements of changes in sphere locations corrésponding to target positions of rotary axis,
avel equal to or larger than 360° (P1,-P2, P3, P4) shall be taken (see Figure 15). Froin the

a range of ti
correspondi
and axial di
Formulae (5

p 14 — Typical setup for measuring thermal\distortion caused by a rotary table

ng sensor readings at each target position, the change in location, orientation, and the {
stortion of the rotary component/are calculated. For a rotary axis along the C-dire
5) to (62) can be used to caleulate these distortions. It shall be noted that similar rg

can be obtai

d(Exoc
d(Eyoc

d(Ezor

t :[(le +PX2 >/2]t _[(le +PX2 )/Z]to

t :[(Ple'PyZ)/Z]t _[(Pyl +Py2)/2]to

e =[(le +P22 )/Z]t _[(le +PZZ )/Z]to

hed using measurement data corresponding to other combinations of target positions,.

with

adial
ction,
sults

(55)

(56)

(57)

d(Egor

N =[Py +P; )/Z]t (P4 +P, )/Z]tn

(58)

d(EAoc )t :[(Pz3 —P, )t _<Pz3 -

Pz4

o 11

ord(Egc), :[(Pz?, ~(P,1+F,3)/2), ~(P3—(P,1 +B,3)/2) ]/I’

d<EBOC )t z_[(

d(ECOC )

where

32

P

Z

P

z2 P

z1 _PZZ )toj/l

)t _(

2 )t _(Pyl _P_VZ )tO i|/l

1=

P

y1 —K

y

P1,t :[(

(59)

(60)

(61)

(62)
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land I’ are the distances between the target positions used for angle calculations (e.g., P1 and P2);

to is the beginning of the test period;

¢ is the end of the axis cycling period;

P4 is the reading of the displacement sensor in the direction of X-axis located at target position P1.
NOTE Movements of other linear axes of the machine tool to bring the precision sphere to the sensor nest

are necessary, therefore repeatability of these linear motions affect the measurement results.

p30%

Y

5 (3
w/

P1,P2,P3,P4 measurement target positions

Key
Lr distances between target positions used to calculate angular distortions

Figire 15 — Example setup for a rotary table with 360° rotation with four target pgsitions P1
through P4-[only two sensors shown for the sensor nest)

8.2.3| Testcycle

The test cycle is made’of two periods of time, 4 h of rotary axis cycling and 1 h cooling down. The
meagurements may-be interrupted when the distortion change noted during the last 6() min is less
than (15 % of the/distortion registered over the first hour of the test. In situations where @ set pattern
of activity (forexample periodic tool setting) is observed, the tests shall be carried out over a period of
time [during-which relevant events are repeated or over any other period of time agreed petween the
supplier/manufacturer and the user. Sufficient time shall be allocated after each test to gllow for the

machHne tanl ta canl dcwnn

TTITCtoOUTToOCoOUoUTTovv 11t

Starting from target position P1, where the machine tool remains at rest long enough (dwell time) to
record the readings of the displacement sensors, the rotary component shall be programmed to move
to the target positions P2, and P3 (and P4 if applicable), where the corresponding set of displacement
readings are taken after moving the sensor nest to these positions via linear axes motion. After the
measurements in P1 are recorded, the sensor nest is disengaged from the target sphere and the
rotary table is moved to target position P2. The sensor nest is then moved to this position via linear
axes motion. The rotary component is then rotated continuously for a period of time after which
displacement readings at target positions are taken. The period of continuous rotation is based on the
agreement between the user and the supplier/manufacturer. This test sequence shall then be repeated
until the end of the axis cycling period, recording data at the target positions. The programmed rotation
speed shall be a percentage of the maximum programmable rotation speed. The dwell time at each
target position shall be the minimum required for taking the readings. The percentage and the dwell
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time shall be specified in machine specific standards. Different dwell times and rotation speeds have
different heat input, and can consequently cause different amounts of thermal distortion. The dwell
time and the rotation speed in these tests may be modified based on agreements reached between the

user and the

The exact pr

supplier/manufacturer.

ocedure of the measurements shall be reported.

At the end of the axis cycling period, the rotary component shall be stopped at the first target position;
every 5 min it shall be moved to all other target positions to take readings, and then stopped again at
the first position, until the end of the cool down period.

8.2.4 Ten

Temperatur
interpretati
responsible
consequent
the bending

Useful posit

angular

an area

an area
table;

spindle

Ambient ten

8.2.5 Pres

For each rot
and radial d

In each of th
shall be indi

In addition,
the test vers
machine axi

An example

pclqdauurc Icd>SurcIiiciiw

h

measurements in some points of the machine tool can be helpful for the'cg
n of the results. For example, the rotary component temperature increase can‘be m
for the linear expansion, whereas the temperature increase of the bearingsurfaces an

distortions.
ons for the temperature sensors can be selected as follows:

position transducer (if possible);

n the opposite side of the machine tool structure(€:g., bottom of the bed);

head.

)perature should be monitored at least-once every 5 min7) during these tests.

entation of results

iry axis of the machine to6l,)plots of the three linear and angular distortions (X, Y, Z, A,

ese plots, the quantities of variations from the starting values as opposed to absolute v
Cated.

he plots ofithe environment temperature and the machine temperatures measured d
us time.shall be provided. The results are influenced by the positioning repeatability
5 undefttest and the machine axes moved to take the measurements.

rrect
ainly
d the

femperature gradient inside the fixed part (bed or column) can be mainly-responsible for

close to the friction sources (usually the temperature increases between the rotor and the
stator, due to friction in the bearings);

B, C),

stortion versus time (corresponding to the machine X-, Y-, and Z-axes) shall be presented.

alues

uring
bf the

5étof such plots is shown in Figure 16.

The following parameters shall be reported along with the plots:

axial offset of the target sphere (if applicable);

a) rotary traverse speed;

b) dwell times;

c) startand end point positions;

d) radial offset of the target sphere;
e)

7)

monitoring can be increased accordingly.

34

Some temperature compensation systems show cycle times shorter than 5 min. In such cases, the frequency for
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f) compensation capabilities and facilities used;

g) instrument and setup used;

h) temperature sensor location;

i) coefficient of thermal expansion used (if applicable);
j) time and date of the test;

k) warm-up procedures (including the time period of warm-up procedures);

+thaoboaginning and A d ~fract.
e o e g R g A e eRao1+es5t;

1 ters i aftha daobicc
Hperatare-orttat-Heasteaouiee

ositive direction of position deviation, if different from the coordinate systems shown(in Figures 1,
,3,8and9;

g
[\ Raan

if relevant, conditions of any supply systems, e.g. lubrication, hydraulics, ait supply, chillers.

2
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-15 T TTT T[T T T T[T T T T[T T T T[T TTT[TTTT] -10
o 1 2 3 4 5 6 7 t AerrrrrrrrUrrTTUTITTIILS
0 2 4 6 8 |t
3) Position and size error b) Orientation error
lue to thermal distortion due to thermal distortion
T
23,5
23
22,5

22

21,5

21

20,5 —[TTTT I Ty T[T I IITT [ TTo T TT77]
0 1 2 3 4 5 6 7 t

c¢) Temperature change during testing

Key
t ime in h _— Eoc position error of C axis in X direction
T emperature iny'€ —— Eyyc position error of C axis in Y direction
—a— TE environment temperature in°C % E; o7 displacement of the rotary table in axial
direction
—x— W warkspace temperature in °C S ERot expansion of rotary table in the radial
direction
E DOSTHIOTT eI TOT 11T [T p— — o OTTEItatio erToTr of € axis aroumd X axi
P H AOC
E, orientation error in pm/m — Epc orientation error of C axis around Y axis
A E¢(c orientation error of C axis around C axis

Figure 16 — Sample measurement results for measuring thermal distortion caused by rotating
machine components
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e are three categories of linear displacement sensors that are commonly used to-¢
urements described in this document: mechanical, electronic and optical sensor's.

Mechanical sensors

General

mechanical sensors with 0,001 mm resolution shouldbe used.

. Precautions in use
mphasized that the principal characteristics 6f‘these instruments are:
he non-linearity;

hrge hysteresis;

he maximum local variatien-of the measuring force (this force generally has differe
he in-and-out movements,of the plunger at every position in the stroke);

he repeatability when-ised upside down.

contact force,

chanical\sensors are used for testing thermal distortion caused by rotating spin

le.

arry out the

anical sensors consist of a body with a circular graduated dial and a contact point corjnected with
al or gear train, so that the hand on the dial face indicates thé amount of movement of the contact
. Ordinary tests can be made with 0,01 mm resolution mechanical sensors but, for more precise

he extreme values of the measuring force at the beginning and end of the stroke of the stylus;

ht values for

bauges with ashert stroke are recommended and, in particular, those with low hysteresis and a

dle, the test

Irel need to be centred, or the readings are always to be taken at the same angular pasition of the

A3

Electronic sensors

A.3.1 General

Contact or non-contact type electronic sensors produce digital or analog output, which is proportional
to the amount of movement of its gauge head or its target. Three common types of electronic sensors
are linear variable differential transformers (LVDT), eddy current sensors and capacitance sensors.
Electronic sensors with resolutions of 0,001 mm or better are used for the tests described in this
document.
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A.3.2 Contact-type electronic sensors

A.3.2.1 General

Contact type sensors require that sensor stylus touch the target surface, displacement of which is to be
measured. Examples of such sensors are LVDTs and incremental length gauges. LVDT provides analog
output proportional to the displacement of its stylus. Incremental length gauge uses a linear encoder
(magnetic or optical) to measure the displacement of the stylus and provides digital output.

A.3.2.2 Precautions in use

Supports forf mechanical and electronic probes are of sufficient stiffness to prevent unwanted-efrors.
The stylus qf the plunger type electronic probe is set perpendicular to the surface to be ghecked to
avoid inaccufracies.

A.3.3 Nonl-contact-type electronic sensors
A.3.3.1 Eddy current sensors

A.3.3.1.1 (eneral

The eddy cuyrrent principle has a special place in the group of induetive measuring methods|{ The
principle is pased on the loss of energy from an oscillator circuit.caused by the generation of|eddy
currents in an electrically conductive target. If a coil built into*the sensor is fed with high freqyency
alternating ¢urrent and the sensor is positioned in close proxintity to a metal plate, the electromagnetic
field of the sensor coil creates eddy currents in this target.

A.3.3.1.2 Brecautions in use

Output signal and linearity is dependent on the electrical and magnetic properties of the test mandrel
and its surfqce condition.

Individual lipearization and calibration axe required.

Due to the|high oscillator frequency; the maximum length of the sensor cable is restrictéd to
approximat¢ly 12 m to 18 m.

A.3.3.2 Capacitance sensors

A.3.3.2.1 (General

Capacitive displacement measurement systems are based on the functioning of ideal plate capaditors.
If the distance between the two capacitor electrodes varies, the voltage value of the capacitor chgnges
accordingly.|Ifa non-contact displacement measurement application, the two plate electrodes cgnsist
of the sensor and the target. If the sensor capacitor electrode is fed with an alternating current of
constant frequency, then the amplitude of this alternating current is proportional to the distance from
the sensor electrode to the target. The target functions as the ground electrode.

A.3.3.2.2 Precautions in use

This system is sensitive to changes of the dielectric in the measurement gap and is therefore useable in
a clean and dry environment only.

The maximum sensor cable length is restricted by the influence of the cable on the oscillating circuit.

The measuring distance increases proportionally with the sensor diameter; the diameter of the
measuring spot increases accordingly.
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A.4 Optical sensors

A.4.1 Laser optical triangulation measurement sensors

A.4.1.1 General

A pulsed laser beam is projected onto the target surface and from there is reflected back to a receiver in
the same housing as the transmitter.

A.4.1.2 Precautions in use

This pystem is somewhat dependent on the surface texture of the test object.

A clean environment is required for the transmission and reflection of the beam.

The dimensions of the sensor are important (compared to the eddy current and eapacitive sensors).

A.4.2 Laser scanning micrometre

A.4.2.1 General

This |nstrument was originally designed to measure wire and tube diameters. The system|consists of a
laser|light source, beam scanning prism, rotation angle measuring system, time base and [two coupled

CCD

hrrays that detect the beam position. The target diameter and its centre position are calculated

from|the beam position and prism rotating speed. One system can measure both the centre position of
the nmpandrel and its diameter, so that it is possible te*detect any change in the position of the machine

tool gpindle axis average line.

A.4.2.2 Precautionsin use

The

hccuracy and its repeatability depend on the averaging numbers. If an accuracy|better than

0,001 mm is requested, more than 100 measurements are required. The laser source requires warm-up

time,|preheating is also required for precise measurement.

A5

Temperature stability test for linear displacement sensors

The temperature stability of sensors for thermal tests is important. Some displacement|sensors are
madg up of differentKinds of materials. This mixture generates complex thermal distqrtion of the
sens¢rs. Before using the sensor system for the thermal tests described in this document,|the thermal

behayiour of thé sensor system itself is tested.

The hasic test procedure (so-called cap test) is as follows:

a)

b)

nrepare special jigs that hold the sensor body and its target rigidly. The material of th|e jigs should
be of two types. The Iirst jig, made of steel, 1s used for checking the sensor s distortion relative to
steel components that are usually used for machine tool and measurement fixture construction.
The second jig, made of low expansion material, is used to detect the sensor’s absolute distortion;

attach the sensor to be tested to the special jig. The distance, L, between the fixing point and the
target surface should be the same as in the measurement setup to be used in actual test procedures
(see Figure A.1). This distance directly affects the thermal distortion of the measurement system;

attach the temperature sensor onto the jig surface to measure its temperature change;

place the test system in an environmental chamber (an enclosure with variable controlled
temperature) or any other temperature changeable environment;

artificially change the temperature and check the sensor output and temperature. The rate of
change of temperature is set to be slow to allow all components of the tested system to reach the
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f)

Key

o~ W

40

same temperature. Several temperature-changing cycles can be performed to identify the sensor’s
expansion coefficient, non-linearity and time lag;

in some cases, the amplifier unit of the sensors can also have some temperature influence.
Therefore, it is useful to check the amplifier’s performance by applying the same test procedure.

1 2

75 -
|7

;»;\4 3“

target (CAP)

linear digplacement sensor
temperafure sensor

fixing bolt
distance petween fixing point of the linear displacement sensor and the target surface

Figure A.1 — Typical setup for sensor cap test
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