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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

estabtistredtasthe Tight tobeTepresentedomthat commmitteentermatiormat-orgamnizations; governm
npn-governmental, in liaison with I1SO, also take part in the work. ISO collaborates closely
Ifternational Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.
International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part
The main task of technical committees is to prepare International Standards. Draft-International §
agflopted by the technical committees are circulated to the member bodies for\voting. Publicati
International Standard requires approval by at least 75 % of the member bodies.casting a vote.

IN exceptional circumstances, when a technical committee has collected.data of a different kind
which is normally published as an International Standard (“state of the art”, for example), it may de
simple majority vote of its participating members to publish a Technical Report. A Technical Report
informative in nature and does not have to be reviewed until the data it provides are considered
Ignger valid or useful.

Altention is drawn to the possibility that some of the elements of this document may be the subject
rights. ISO shall not be held responsible for identifying anyor all such patent rights.

I3O/TR 10064-5 was prepared by Technical Committee ISO/TC 60, Gears.

ISO/TR 10064 consists of the following parts,~under the general title Cylindrical gears — Code of i
practice:

—t Part 1: Inspection of corresponding-flanks of gear teeth

— Part 2: Inspection related te tadial composite deviations, runout, tooth thickness and backlash
— Part 3: Recommendations relative to gear blanks, shaft centre distance and parallelism of axes
— Part 4: Recompmiendations relative to surface texture and tooth contact pattern checking

— Part 5: Recommendations relative to evaluation of gear measuring instruments
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Part 5:
Recommendations relative to evaluation of gear measuring
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Scope

his part of ISO/TR 10064 provides additional information and examples te ‘support the impleme
ickness measurement processes.

ethods are given for evaluation of the condition and alignments Gf instrument elements such as
lideways, probe systems, etc. Recommendations are included\for establishment of a proper en
nd for statistical data evaluation procedures.

also covers the application of gear artifacts to the estimation of Ugs measurement process un
uidance on the application of measurement processes to the inspection of product gears is

cluding fitness for use and the recommended limits for Ugs uncertainty based upon the accuracy t
product gears to be inspected.

pars and gear cutting tools.

Normative references
he following referenced cdoeuments are indispensable for the application of this document. H
pcument (including any-amendments) applies.

O 1122-1:1998, Vocabulary of gear terms — Part 1: Definitions related to geometry

O 1328-1:1995, Cylindrical gears — ISO system of accuracy — Part 1: Definitions and allowable
pviations yelevant to corresponding flanks of gear teeth

©:1328-2:1997, Cylindrical gears — ISO system of accuracy — Part 2: Definitions and allowable

htation of

O 18653. It proposes evaluation and calibration procedures for involute, helix, pitch, runout, and tooth

centres,
ironment

certainty.
provided,
blerances

any of its recommendations may also be-applicable to the measurement of worms, worm whegls, bevel

or dated

ferences, only the edition cited applies. For undated references, the latest edition of the r¢ferenced

values of

values of

fol 2

gAatinne ralaviant #n padin] AnpanAcifn

Aovgntinn and rinag it infarna~tinge
SvattorsS-ferevartte+ractat COMPoOSC—OCviauoranG 1T arnoat it orTiatron

ISO/TR 10064-1:1992, Cylindrical gears — Code of inspection practice — Part 1: Inspection of corresponding
flanks of gear teeth

ISO/TR 10064-2:1996, Cylindrical gears — Code of inspection practice — Part 2: Inspection related to radial
composite deviations, runout, tooth thickness and backlash

ISO/TR 10064-3:1996, Cylindrical gears — Code of inspection practice — Part 3: Recommendations relative
to gear blanks, shaft centre distance and parallelism of axes
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ISO 10360-1:2000, Geometrical Product Specifications (GPS) — Acceptance and reverification tests for
coordinate measuring machines (CMM) — Part 1: Vocabulary

ISO/TS 14253-1:1998, Geometrical Product Specifications (GPS) — Inspection by measurement of
workpieces and measuring equipment — Part 1: Decision rules for proving conformance or non-conformance
with specifications

ISO/TS 14253-2:1999, Geometrical Product Specifications (GPS) — Inspection by measurement of
workpieces and measuring equipment — Part 2: Guide to the estimation of uncertainty in GPS measurement,
in calibration of measuring equipment and in product verification

ISO 1865

Guide to
1st editio

3 Ter

For the g
and ISO

3:2003, Gears — Evaluation of instruments for the measurement of individual gears

the expression of uncertainty in measurement (GUM), BIPM, IEC, IFCC, ISO, IUPAC, IURAP; OIM
N 1993, corrected and reprinted in 1995

ms and definitions

urposes of this document, the terms and definitions given in 1ISO 1122¢1)MS0O 1328-1, 1SO 1328
8653 apply.

4 Instrument environment

4.1 Enyironment

The stab
parts. Th
temperat
environm
consideri

lity of the environment will affect accuracy of the calibration process and measurement of productid
e measurement temperature should be maintained as a constant. It is recommended that th
ire be 20 °C. Standards or instrument \mxanufacturer's recommendations often require 2
ent controlled to the extent necessary te-assure continued measurements of required accura
hg temperature, humidity, vibration, cleanliness and other controllable factors affecting precisia

measurement.

4.1.1 Important parameters

The follo
— thed
— flow
— freqy

— temgp

ving parameters are of primary importance 1):

ooling (heating) medium, usually air;

rate, distribution.and velocity of the cooling (heating) medium;

ency and_amplitude of temperature variations of the cooling (heating) medium;

erature gradients within the cooling (heating) medium;

— vibrations;

— electrical power supply quality.

1) A more thorough discussion of the effects may be found in such standards as ASME B89.6.2, Temperature and
Humidity Environment for Dimensional Measurement R(2002).
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4.1.2 Practical guidelines

The following are practical guidelines for gear measurement. However, compliance with these guidelines does
not guarantee measurements to a specific accuracy.

— Artifact temperature. Tooling, artifacts and other test pieces should be left for an adequate period to
stabilize to ambient temperature. Artifact temperature ideally should be the temperature at which it was
calibrated.

— Mean temperature variation. The instrument manufacturer's temperature variation guidelines for the
desired accuracy should be consulted. If this information is not available, it is recommended that the
mean temperature should not change more than 1 °C per hour, with a maximum change of ‘3% degrees
per day.

— Temperature cycles. The temperature may cycle + 2 °C, centred on the mean temperature, eviery 5 min
or faster. The thermal inertia of most mechanical systems will allow for rapid cyclic temperature
undulations within these guidelines for the stated accuracy. If a temperatufeycycle of the imstrument
approaches 1 °C in 15 min, serious effects on the measuring system accuracy may occur. Many people
use an air conditioner in an attempt to achieve thermal control. The temperature sensors in these units
may be very slow to respond to temperature changes. If the response is slower than 5 min, serious
effects on measurement accuracy may be noted.

— Temperature gradient. The temperature should be within 0,5 °C over the entire area of the ipstrument
surface. The best way to do this is with a high air flow. Air-flow must be uniform throughout th¢ room to
prevent dead spots and gradients. To accomplish this{ diffuse the air coming in to the room and, if
possible, design multiple air returns to further diffuse the air uniformly in the room. The goal is tp have all
air moving uniformly in the room and at the sameXemperature. Moving air must remove feat from
electronic controls, computers, motors, hydraulics, people, lights, etc., to prevent gradients.

— Vibrations caused by instrument movements-should not be allowed to interfere with measurements. Also,
vibrations from the surrounding environment should be observed or measured. If they are| affecting
instrument accuracy, vibration isolation of the instrument or a suitable foundation may be necessary.

— Electrical power supply. Power.fluctuation may cause some electronic instruments and conjputers of
numerical control positioning systems to malfunction.

4/1.3 Workshop environment

tlis recommended thatimeasuring instruments be situated in a temperature controlled room. However, many
easuring instrumentsyare placed in a workshop environment where it is difficult to maintain d process
easurement unceértainty of 5 microns. Accumulation of dirt or other contaminants on the ways of the
strument can cause inaccuracies as well as premature wear.

533

flan instrument must be used in this kind of environment, care must be taken to avoid certain conditipns, such
as

— Clocal radiant heat sources such as space heaters or sunlight through nearby windows that may tFistort the
nstroment,

— roof vents that allow cold air to drop on the instrument, and
— cooling systems or open windows that cause a draft to hit one side of the instrument.

The formulae in 4.2.1 and 4.2.2 may also be used for estimating the effect of a stable, but consistent,
difference in instrument temperature from the standard temperature (20 °C). If the formulae are used, CTE
should be the instrument material or encoder scale value and the sign of the resulting compensation should
be changed. The user should be aware that the results might vary depending upon the location of temperature
measurement.

© 1SO 2005 - All rights reserved 3
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4.2 Effect of temperature on gears and artifacts

Temperature can have a significant effect on the geometry of gears and artifacts. Temperature effects upon
involute profile slope, f,,, helix slope, fi;5, and tooth thickness measurements of external gears and artifacts
can be predicted using the following formulae. Such calculations assume uniform temperature of the given
test piece; localized temperature variations cannot be conveniently modelled. Temperature of the measuring
instrument is not considered in these calculations.

The temperature of the measuring instrument is not considered in these calculations, but a difference between
standard temperature (20 °C) and the instrument temperature will also cause errors in measurement result.

It may bp desirable to correct profile and helix slope measurement values for temperature effect.(Sugh
corrections are required by Ugs estimation methods described in Clause 7 of this document.

Uniform femperature variations of a gear or artifact are not considered to have an effect upon _pitch or runojt
(tooth position) parameters.

4.2.1 Profile temperature effect calculation

For involpte profile measurement, the effect of temperature can be modelled by considering the associated
change in the base circle diameter. The effect upon profile slope ., can be calcutated as follows:

a) Giveh (typical) data:
z s number of teeth;
s normal module;
B |s helix angle;
s normal pressure angle;
s roll length to the start of profile analysis;
s roll length to the end of profile analysis;

CTElis coefficient of thermal expansion (approximately 11,5 x 10-6 C-1 for steel).

NOTE When profile analysis start and end points are specified in roll angle degrees (), conversion to rp
length can be done with the(fellowing formula:

[ &y
(o]

b) Calcllate the slope change due to the temperature difference:

t, isthe actual (measured) temperature;

a

ts is the standard temperature (20 °C).

S

See Annex A for an example and further information.

4 © ISO 2005 — All rights reserved
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4.2.2 Helix temperature effect calculation

For helix measurement, the effect of temperature can be modelled by considering the associated change in
the lead. The effect upon helix sIope,fHB, can be estimated as follows.

a) Given (typical) data in 4.2.1 a), plus:
LB is helix evaluation range;

b) Calculate the base helix angle, B,

By =arcsin(sinBcoso.p, ) (3)

(2

Calculate the slope change due to the temperature difference:
AfHB :—LBtaan(ta—tS)CTE (4)
See Annex A for an example and further information.

412.3 Tooth thickness temperature effect calculation

rl addition to involute profile and helix, tooth thickness may be significantly affected by temperatufe. These

effects can be modelled by considering the associated change,'in the tooth section intersecting [the pitch
dfameter, where tooth thickness is usually measured. The effect’of temperature upon normal tooth thickness
of an external gear can be estimated as follows.:
a) Given (typical) data in 4.2.1 a), plus:

s, is normal tooth thickness at the reference pitch diameter, d:
b) Calculate the reference pitch diameter, @:

d=zn (5)

cosp

c] Calculate the change in hormal circular tooth thickness at the reference pitch diameter of an extgrnal gear

due to the temperature difference:
As, =dtand{t, —ts)CTE (6)

See Annex A for-an example and further information.

5| Measurement system condition

any factors affect the accuracy of gear measuring instruments. 1hese include squareness and parallelism of
the instrument guideways to each other and to the rotary table, straightness of the guideways, linear
positioning errors, and angular motion errors (pitch, roll and yaw) of the moving components of the instrument.
Errors caused by electronic components, scales, controls, and software may also adversely effect the
accuracy of a measuring instrument. There are various methods of measuring these errors. While a complete
discussion of machine kinematics and electronic controls is beyond the scope of this document, it is
recommended that users of these instruments be aware of the many possible sources of inaccuracy.

Some manufacturers of measuring instruments provide detailed procedures for periodically verifying their

product’s conformance to original factory specifications. The generalized tests and recommended tolerances
found in this section are for use in the absence of, or in addition to, the instrument manufacturer's

© 1SO 2005 - All rights reserved 5
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recommended procedures. These tests are not to be considered a replacement for the manufacturer’s

procedures.

Gear accuracy grade and parameters to be tested should be identified prior to starting verification procedure

S.

The actual work envelope should also be known. Results of all procedures should be recorded to document

this verification work and to provide data for statistical analysis.

5.1 Evaluation procedure for generative instruments

probe styli that are subject to wear and damage should be checked. Confirm also th
ntal conditions meet the requirements of 4.1.

The probe systems and indicators that measure instrument errors should be calibrated~and have 3
appropridte discrimination (1 ym or less is recommended). The user should note that data-capture rates ar
filters willlaffect the measurement results. See 5.4 for further information.

5.1.1 Verification of mounting centres

Inspectiop of gear geometry by generative methods requires mounting the-gear such that its datum axis
rotation i$ coincident with the instrument’s main spindle axis. See ISO/TR 10064-3. Any eccentricity or no
parallelisp of this mounting will cause an error in measurement results.See Figure 1.

Between{centres mounting of test gears is a common practice. Most gear testing instruments are fitted wi
centres, one on the main spindle and one on a tailstock assembly. Misalignment and runout of these centrg
are common. Verification of instruments used for testing should’therefore begin with the observation of theg
mounting| centres.

|
A
I
1
NI,
-
|

to
d
at

th
S
e

r

Key

1 between-centres axis
2 workspindle axis

3 error

Figure 1 — Alignment error of the spindle axis and the between-centres axis
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5111 Centre runout

Using an indicator with an appropriate discrimination, measure the runout (TIR) of the main spindle centre in a
direction normal to the surface. This measurement of runout should be within the manufacturer’'s

specifications or the guidelines listed in Table 1. It is advisable to measure runout of each centre at
and large end to detect bent or skewed centres.

the small

Table 1 — Recommended guidelines for deviations when checking instrument alignment 2

Accuracy grade Runout of centres | Z-axis parallelism with spindle axis in any Alignment of top
to be tested (TIR) measured 200 mm region centrewith| spindle
ISO 1328-1 pm Ab BC axis (Trlnl?% ger 200
ISO 1328-2 um pm

2 1 1 2 2
3 1 2 2 2
4 1 2 3 3
5 2 3 4 4
6 2 4 6 6
7 3 5 6 6
8 4 5 6 6
9 5 7 6 6
10 7 10 8 8
11 10 10 12 12
12 10 10 12 12

8 The guidelines are for multi-purpose instruments. Single-purpose instruments may only require one or more of the parani
Bl Inthe measuring (base tangent) plane. See kigure 5.

¢l Perpendicular to the measuring plane. See Figure 6.

d Alignment tolerance is the greater of 2 ym or the table tolerance per 200 mm of the length, R, in Figures 3 and 4.

eters.

-

pad the spindle assemblies by mounting an arbor between centres. The length, accuracy, or config
His arbor is not significant. See Figure 2.

—

uration of
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|
B

Key
1 tailstopk live centre
2 work gpindle centre

Figure 2 — Centre runout test

5.1.1.2 | Tailstock centre positioning

A testing|practice often called sweeping can be used to effectively evaluate the position of the tailstock centfe
relative tp the main spindle axis. Sweeping the tailstock centre at only one location on the tailstock slige
verifies itp positioning for testing gears at that location only. Sweeping the tailstock centre at two significanily
separated tailstock slide locations verifies beth-lateral positioning and angular alignment of the tailstock slide
with the main spindle axis. If straightness“of travel of the tailstock slide has been confirmed to be withjn
manufacfurer’s specifications by other.methods, a two-location test will verify tailstock centre positioning at all
locations| Otherwise, sweeping of the failstock centre at a minimum of three significantly separated locations
within its fange of operation is required. For high-quality gears, it is recommended sweeping of the tailstock he
done for gach unique configuration‘before inspection.

Two sweeping test set-ups-will be described.

a) The ffirst is recommended only for instruments with a vertical main spindle axis. Figure 3 provides gn
example of this)set-up. The spindle assemblies are loaded by mounting an arbor between centres. The
r.
d.

accuracy and*configuration of this arbor is not significant as the indicator and arbor rotate togeths
A mihimdm’ of two such sweeping tests, each using different length arbors, is normally require
Instruments that use base discs should be tested with a base disc contacting the base tangent slide o
ensure spindle clearance effects are included. The lengihs of the two arbors should be selected 1o be
toward opposite ends of the range of tailstock operation.

An indicator with an appropriate discrimination is mounted so as to be carried by the rotating main spindle
and simultaneously to measure in a radial direction the alignment (TIR) of the arbor near the tailstock
centre. These measurements of the tailstock centre alignment with the spindle axis should be within the
value listed in Table 1.

The value is stated as a ratio of permissible centre alignment (TIR) to the axial distance of that
measurement from the main spindle centre. The recommended value therefore changes with
measurement location and should be adjusted accordingly. The tolerance value is the greater of 2 um or
the table tolerance per 200 mm of the length, R, in Figure 3.
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between-centres axis
work spindle axis
error

Figure 3 — Tailstock alignment measurement method (vertical axis instruments only)

The second sweeping test set-up is recommended for instruments with a horizontal main spindlg
may also be used for vertical instruments. Figure 4 provides an example of this set-up. This figy
the sweeping set-up made at two locations, L, and L,. As before, the spindle assemblies are |
mounting different length arbors betwéen centres at the two locations.

In this case, an indicator with appropriate discrimination is mounted so as to be carried by the rof
arbor and to measure in_an axial direction the alignment (TIR) of a fixture carried by the rota
spindle. These alignment measurements of the tailstock centre with the spindle axis should be
value listed in Table 1!

The value is stated as a ratio of permissible centre alignment (TIR) to the axial distanc
measurement. from the main spindle centre. The recommended value therefore chan
measuremeéntlocation and should be adjusted accordingly. The tolerance value is the greater @
the tableitelerance per 200 mm of the length, R, in Figure 4.

axis, but
re shows
paded by

ating test
ting main
ithin the

e of that
ges with
f 2 um or
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Figure 4 — Tailstock centre alignment fixture for horizontal or vertical work spindles

Kial measuring slide verification

m of the path of the axialmeasuring slide with the main spindle axis should be confirmed. A parall
s required for this evaluation. Alternatively, an accurately manufactured mandrel can be used
bn with a self-proving, reversal-method. This verification should apply to the length of the wo
or at minimum,80°% of the full travel, see Figures 5 and 6.

Centre-mounted mandrel

drel may be mounted between centres. In this case, its orientation concentric with the main spind
Id-be ‘confirmed by two observations. First, its concentricity near the main spindle centre and ne

rk

e
ar

the tailst]

pbck’ centre_can _be confirmed by measuring its radial runout near those centres. Second. i

its

concentricity near the tailstock centre can be confirmed by sweeping the mandrel. If the sweeping set-up
recommended for vertical axis instruments is used, the test indicator should be positioned near the tailstock
centre. It is recommended that this mounting of the test mandrel be optimized before observation of axial
measuring slide parallelism. This may include minimizing runout of the main spindle centre, runout of the
tailstock spindle centre, and alignment error of the tailstock slide assembly at this test location.

10
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Kpy

1| rotary direction

2| radial direction

3| axial direction (Z)
4| tangential direction

_-
—

Figure 5 — Z-axis to between-centres axis alignment verification
axial plane parallel to the measuring (base tangent) plane

/s

Key

1 rotary direction

2 radial direction

3 axial direction (2)
4  tangential direction

/s

o
—

Figure 6 — Z-axis to between-centres axis alignment verification, perpendicular to measuring plane
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5.1.2.2

Direct mounted mandrel

Alternatively, the test mandrel can be attached directly to the main spindle, thereby eliminating adverse
influences of mounting centres. In this case, its orientation concentric with the main spindle axis must be
confirmed by observation of radial runout near each end of the mandrel. Centring and tilting adjustments will
be required to optimize this mounting before observation of axial measuring slide parallelism.

5.1.2.3

Axial slide parallelism testing

Once a calibrated mandrel has been properly oriented on the instrument, it should be tested by traversing its

length wi
and align
planes:

a) theq
b) thep
See Figu
These m
guideline

measurin
any meag

51.24

Ideally, tests should be carried out with the instrument head placed at the limits of the measuring capaci

[i.e. with
the limitin

h the measuring probe carried by the axial measuring slide. This will reveal errors of straightres
ment of the axial slide. The observation should be made in a radial direction within two different axi
lane parallel with the measuring plane (the base tangent plane);

lane perpendicular to the measuring plane.

res 5 and 6.

pasurements of axial measuring slide parallelism with the main spindle axis should be within tk
5 listed in Table 1. Two such guideline values are provided: one for observations parallel with tk

g plane, and one for those that are perpendicular to the measuring plane. These value(s) apply
ured 200 mm region of the axial measuring slide.

Change in alignment with heavy load

he tangential slide length at £ the maximum length of roll (4-axis instruments only) and radial slide
g base radius], see Figure 7.

S
al

e
[0

ty
at
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2
£I \1
i -
5 Zd
a) Four-axis measuring instrument b) Three-axis measuring instrume
Kpy
1| tangential
2| radial
3| axial
4| rotary
5| load

Figure 7 — Position of the"base tangent slide during the deflection tests
( £ maximum lengthof roll for the verified measuring volume)

The measuring instrument table or table centre should be loaded with a test gear or artifact that pj
tdoth geometry that satisfies the \measuring volume as mentioned above. Weights are then to be

eight capacity as stated by the original equipment manufacturer. The smaller of the two values s
Sed.

c =

Cpordinate measuribg machines (CMM) may be loaded uniformly over the work table area, as apprd
typical measuring\applications.

sfraightness accuracy requirements specified, or in accordance with Table 1, are still satisfied with
appliéd.

rovides a
added in

ncrements to represent the (maximum weight capacity expected in service or the instrument’s work spindle

hould be

priate for

The change)in relative alignment and machine bed deformation should be such that the alignment and

the load

TheTest procedure should be carried out as Tollows.
a) Load and secure a flat test gear on the measuring table.

b) Check the helix of the test gear on a marked and designated tooth. Note the present dev
alignment from the recording chart.

iations in

c) With the test gear remaining on the measuring table, place a weight of approximately 1/4 of the required

weight capacity on top of the test gear.

d) Repeat the same test as indicated in b) above. The same tooth and radial tooth position as in b) should

be used. Compare the test result to that obtained in the original test b).

© 1SO 2005 - All rights reserved
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e) Increase the incremental load, if possible, with a total of four increments, checking the test results at each
incremental increase.

f)  Verify that the change in relative alignment and bed deformation is within the specified limits as stated, or
in accordance with Table 1.

5.2 Evaluation procedures for CMM type measuring instruments

On CMMs with or without rotary table, the measurement of gears is possible when dedicated software is

available

reference

521 P
In 1ISO 1
verificatig
25 0r 30
There arg

E

R

THP
For test H
gauge.
105 mea
For test A

All probirn
probing u

The orientation of the gauges can be in any(‘direction in space (volumetric). All of the

The gear axis definition is achieved by the measurement of the bearings (journals) or other
surfaces and used for the further measurement.

brformance test according to ISO 10360
D360, a special test for the performance of coordinate measuring machines is established. The
n is executed on gauge blocks and on a high-precision calibration sphere with a diameter of normally
mm.
3 tests specified:
volumetric length measuring deviation
volumetric probing deviation

volumetric scanning deviation

F, a set of 5 calibrated gauge blocks must be measured 3 times at 7 positions with 2 probings p

%
=

surements must be in tolerance (100 %).

@

R a high precision (half) sphere must be measured with 25 equally distributed single probing point
g (100 %) must be used for the evaluations. The total measured form deviation is the volumetric
ncertainty R.

4
A 2
7 T N\ 3
A
1 LT
Y
x/
E R THP
Key
E volumetric length measurement deviation
R volumetric probing deviation
THP volumetric scanning deviation
Figure 8 — CMM volumetric tests
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For test THP, several scanning lines on the sphere must be executed.

Tests R and THP are influenced more by the performance of the probing system, while test E covers both the
probing system and the overall accuracy of the system.

5.2.2 Ball plate test

Alternatively, a ball plate is commonly used to check CMM accuracy. A ball plate consists of a steel plate or
other material on which a rectangular grid pattern of high precision spheres are placed, see Figure 9. With a
special software program th itions of th her I tomatically m I n mpared with the
librated positions. The ball plate is mounted in different orientations in the measuring volume i.e..parallel to
tHe coordinate planes and in the diagonal.

/

Figure 9 — Ball plate tests
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5.2.3 Rotary tables

For CMM instruments with rotary tables, the procedures of ISO 10360 should also be followed, see Figure 10.

7
.

—

Figure 10 — Rotary table tests

5.3 Probe system

The datg| acquisition and processing system consists of the probe stylus, probe mechanism and the dafa
recording system.

5.3.1 Stgylus

Select and check the condition-of the stylus and record its size and geometry. Verify the position of the styllis
on the ingtrument by re-qualifying, or use the manufacturer’s setting fixture.

5.31.1 Spherical'stylus tips used on generative instruments

@

Spherical stylus~tips are often used, particularly on computer-controlled generative or CMM instrument
Spherical stylus tips are less subject to wear, less likely to mark the surface of the tooth flank, and are bett

suited to Comp iter-controlled pneifinn qnalifir‘afinn methods than Qharp nylllc fipe

1
=

Generative instruments measure tooth geometry errors as deviations from a generated nominal geometry.
Involute profile testing involves generating a nominal involute according to the constant-rise-cam characteristic
of that curve. During such tests, the centre of the spherical probe tip and its point of contact with the tooth
surface are constrained within the plane of action. Generative helix testing is carried out according to
generation of the nominal helix. Generative pitch testing involves rotational positioning of the gear according
to ideal equally-spaced tooth locations. On unmaodified involute helicoid tooth flanks, the point of contact
between the spherical stylus tip and the tooth flank will remain constant during the course of tests carried out
according to these generative methods. Contact vector variation and stylus tip sphericity are not significant
issues in this case.
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However, tooth flanks may present substantial deviations from involute geometry. This may be due to
intentional modifications such as tip relief, or unintentional production variations. Substantial deviations from
involute geometry cause variation in the contact vector that may affect observations of the position and
contour of these regions of deviation, even when employing generative testing methods. In such cases, it may
be necessary to apply software corrections to the test data.

Use of spherical stylus tips will cause apparent rounding at the ends of tooth flank surfaces even in the
presence of relatively sharp edges. This commonly occurs at the outside diameter on involute profile tests and
at the face ends on helix tests. Such apparent rounding may be eliminated by application of software
corrections. Alternatively, it may simply be ignored, since the apparent rounding occurs only beyond the edge
of tThe Tooth flank. Evaluation of edge rounding or chamier features I1s usually best carried out with ingtruments
other than those intended for gear flank metrology.

(0)]

pherical stylus tips produce a higher level of mechanical filtering of test data than sharpstylds tipg. In most
cases, this is not a significant issue.

5/3.1.2  Spherical stylus tips used on CMM instruments

AlCMM typically does not use generative methods. Rather, tooth flank geometry is considered as a| series of
ppints, each with a set of three dimensional coordinates. During such tests*the points of contact between the
spherical stylus tip and the tooth flanks will vary substantially. To achiéve valid measurements, this contact
vector variation must be accommodated by the associated computer program. Stylus tip sphericity should also
be considered.

Alpolar CMM typically measures gear helix and involute profil€ acCording to generative methods. Thig involves

tracing the tooth surface along a series of radial points while gear rotational position varies as necessary to
naintain contact with the measurement probe.

5/3.1.3  Sharp stylus tips

(0)]

harp (short-radius) stylus tips are often used-oh generative instruments, but not generally on a CMM. Sharp
{ylus tips are better suited to mechanical p@sition qualification methods than spherical stylus tips. Qommonly
bed sharp stylus tips include the chisel type and the disk (single or double conical) type.

[ )]

he chisel type is relatively simple_to qualify for position by contact with an accurate mandrel pf known
ameter. This practice is only valid'if the chisel type stylus tip is kept sharp, thereby assuring that contact will
ccur only at the extremity ofthetip. Usually, chisel-type styli are only used on involute profile testers,.

o a

sk-type stylus tips are'more challenging to produce and maintain with the required accuracy. Thely may be
Lalified for position with”a mandrel, but often a special fixture is used instead. Disk-type styli are pgrticularly
ell suited to instruments that test both involute profile and helix.

)

Compared with<spherical stylus tips, sharp stylus tips are far less affected by substantial deviation of tooth
flanks frominvolute geometry, produce less mechanical filtering of test data, and cause very little |apparent
eflge rounding on involute profile tests. Disk-type sharp stylus tips will cause apparent edge rounding on helix
tgsts.equivalent to that caused by spherical stylus tips.

5.3.2 Datarecording system

The following provides an explanation and general guidelines for critical probe measurement errors. The
evaluation methods relate mainly to mechanical gear instruments using an electronic or mechanical probe
system. For computer-controlled measuring systems, such as CMMs or CNC generative types, follow the
manufacturer’s recommendations for probe system evaluation and adjustment.

See Table 2 for probe accuracy and measuring system guidelines.
Most probe systems are bi-directional so that they can measure left and right flanks of teeth. It is important

that the probe be tested in both directions. Also note that the dynamic characteristics are not verified with this
test procedure.
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Table 2 — Probe system guidelines

Accuracy grade to be Probe gain error Resolution Lost motion
tested (% of measurement range) gm gm
1ISO 1328-1
ISO 1328-2

2 1 0,1 0,2

3 1 0,1 0,2

4 1 04 02

5 2 0,2 0,4

6 2 0,2 0,4

7 3 0,2 014

8 3 0,5 0,5

9 3 0,5 0,5

10 3 1,0 1,0

11 3 2,0 2,0

12 3 2,0 2,0
5.3.21 | Gain
Evaluation of gauging system gain involves comparing the actaal probe deflection to the amount of deflectign
indicated| by the final output device (see Figure 11). Gain*should be measured by deflecting the probe an
amount relative to the full system scale on each magnification available on the instrument. This should ke
done making sure all measurements are taken moving.itrthe same direction. This can be accomplished using
gauge bldcks, a micrometre, calibrated drop or flat, axis scale, or other calibrated device. Bring the probe to|a
known pgsition on one end of the scale in a predetermined direction. Using one of the above methods, bring
the probg to a position at the other end of thescale approaching in the same direction as before. The gajn
should bg adjusted as necessary to obtain an,acceptable comparison between actual deflection and indicated
deflection.

18
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Dimensions in millimetres
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1| LVDT measuring probe
2| probe amplifier (analog)
3| analog to digital converter
4| final readout device — digital
5| final readout device — strip chart

Figure 11 — Gauging system gain

In addition to this test, incremental measurements to test for linearity and bi-directional measurements to test
fgr lost motion should be made:'See Figures 12 and 13.

Y 4

’/

Key
X  probe deflection, mm
Y gain error

>V

-0,1 +0,1

Figure 12 — LVDT system linearity
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5.3.2.2

Lost motion can be described as the difference displayed when the probe is at the exact same position aft
approaching in opposite directions. See Figure 14.

This lost

surface. $ince it cannot be assumed that the surface is at exactly the same position on both sides of the dro
the depth of the drop should be measured two ways. First, bring the prabe to a known position against th
surface next to the drop moving in the plus direction, then measure“the drop depth. Second, repeat th
measurement after bringing the probe to the known position moving. in the minus direction. The difference

the depth

On a too

with a ground flat. Bring the probe to a known position onthe concentric portion next to the flat moving in th

plus direg
probe to
motion.

Key
1 tooth
2 lostm

10064-5:2005(E)

Figure 13 — Linearity with step gauge

Lost motion

motion can be determined by carefully measuring a calibrated drop™in an involute profile or leg

measured is lost motion.
h spacing instrument, the above artifacts cannot be.used. One method would be to use a mandr

tion, and rotate the mandrel to measure the flaidepth. Next, repeat the measurement by bringing tk
he known position moving in the minus direction. Again, the difference in the depth measured is o]

Eurface/with depression
ption

3 readout displayed deviation

Figure 14 — Gauging system lost motion

Another method of measuring lost motion is to approach the same position on an axis scale in opposite

directions with the probe against a fixed object. The difference displayed by the probe output is the lost motion.

Caution should be used to ensure there is no lost motion in the axis scale/reader head, or else this method will
give false results.

20
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5.4 Filtering

Measurements include variations of many different wavelengths or frequencies. A filter that reduces short
wavelength (high-frequency) data is called a low-pass filter. This is the only type of filtering commonly
employed by gear metrology instruments. It tends to smooth the data and eliminate the effects of surface
texture.

It is important to know the type of filtering used. There are three general categories of filtering: mechanical,
electrical and mathematical. See Figure 15.

OO S 3 -k

A

PY

probe tip shape — mechanical filtering

analog probe amplifier — electronic or mechanical filtering

analog to digital converter — input signal may be conditioned with @ctive low-pass electronic filter
software digital filter — after conversion of deviation to numeric values, software may apply digital filtering
analog display — input signal may be conditioned by the electromechanical filtering of the display

digital display — additional digital filtering may apply to beth samples

o o wWN 2 X

Figure 15 == Types of filtering

5/4.1 Mechanical filtering

Mechanical filtering limits the test data'gathered to longer-wavelength (lower-frequency) values and|is thus a
lgw-pass type filter. This occurs- when the surface of the probe tip bridges the high-frequengy (short-
wavelength) surface irregularities;.thereby suppressing variations in that portion of the spectrum.

I most cases, the wavelengths excluded from the test data by the mechanical filtering effects of the|spherical
slylus tip are not significant. In applications that require inclusion of this very high frequency datq, smaller
slylus radii designs can.be specified.

When using a.small-tip, long-reach probe, care must be taken that the spring-mass inertia of the ifstrument
pfobe system does not dampen the trace of the actual tooth form.

5/4.2 , \Electrical filtering

Electrical filhnring limits the test data ga’rhprnd to Inngnr-wa\/nlpngfh (Inwnr-frnqnpnr‘y) values andlis thus a

low-pass type filter. During electrical filtering, the test data signal passes from the probe head through an
electrical filtering (RC) circuit and finally on to the data output devices for observation.

Electrical filtering circuits are designed to accomplish the elimination of high-frequency test data at a specified
wavelength called the cut-off. All data at frequencies significantly higher than the cut-off are eliminated.

An unfortunate effect of RC electrical filtering is a phase shifting of data that can influence analysis of test
results.
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543 M

Mathema

athematical filtering

tical filtering requires that test data first be converted from analog to digital to permit processing by a

digital computer. Two general types of mathematical filter are commonly available. One type emulates the

character

istics of electrical filters (with or without the phase shifting characteristic of RC circuits). The other

type employs Gaussian mathematics. Based upon sine wave amplitude transmission characteristics and
compliance with ISO standards, use of the digital Gaussian filter is recommended.

It is advantageous to be able to view the test data with different mathematical filtering applied.

5.5 Urlcertainty estimation

The final
describeq
Clauses

use, and

6 Artifacts

A referer
treatmen
quality rq
involute |
the prod
environm

A key c
requirem
detect s
manufac

Features

6.1 Mg

Artifacts
are a va

instrumevﬂrt can affect test results] artifacts should be provided with appropriate reference surfaces to pernit

confirma
locations
of these
involute

Artifacts may also be constructed without provision for mounting between centres on the test instrument. Sugh

artifacts

procedure is to estimate the uncertainty of the measurement process. Use of artifacts such’ as’thoge
in Clause 6 and measurement uncertainty estimation procedures such as those described |n
r, 8 and 9 are recommended. Guidance on the determination of measurement process fitness-fg
recommendations for reducing measuring uncertainty, are provided in Clause 11.

=
1

ce artifact is any suitable object having an unbroken chain of traceable calibrations with proper
of measurement uncertainties at each step in the chain. Reference-artifacts normally comprise high-
ference surfaces to establish a reference axis and high-quality test surfaces representative pf
elicoid gear tooth flank geometry. The reference artifacts should be similar in size and geometry fo
Liction gears inspected on the measuring instrument. Artifacts should be stored in the sanme
ental conditions as the gear measuring instrument and protected from damage or corrosion.

naracteristic of reference artifacts is their geometric stability. Adequate stability is an inherent
ent of the comparator method of measurement. uncertainty estimation. Since it is very difficult fo
bility problems in reference artifacts duringZusage, it is important that their design, material,
re, and handling minimise instability.

of an artifact such as flank and tooth identification should be in accordance with ISO/TR 10064-1.

unting reference features

hre normally mounted betweeh centres on the test instrument. This is convenient and acceptable, s
iety of other possible configurations. However, since the physical orientation of the artifact to the

on of proper mounting. Typically, this requirement is addressed by identifying datum diameter
toward either end-ef the artifact. The amplitude and angular orientation of the runout characteristi¢s
reference surfacés must be included in the artifact certification data and confirmed as part of the
rofile test.instrument calibration procedure.

must.be provided with either two datum diameter locations near either end of the artifact or onje

datum di

pmeter location and a datum band located on one face. Careful positioning of the artifact so as fo

minimize
circular c

runout of the reference surfaces is required for this type artifact. Artifacts of this type must have a
hart documenting the amount and orientation of runout of these reference features included with the

certification statement.

6.2 Su

ggested master artifacts

As indicated in ISO 18653, there are many methods and artifacts which can be used for calibration.
Suggested artifact designs which use an actual involute tooth form are given in 6.2.2 to 6.2.5.

22
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6.2.1 Integral base circle involute master

The artifact shown in Figure 16 is one way to use an actual involute tooth form. This design allows checking
the involute from basic principles, by rolling and aligning on the base circle.

Dimensions in millimetres

=(2,2m, + 0,1)

i

Py <

z
-

L
p1hm,

L

2,2m

 J

<
-

Mm,

<
-q =

Recommended proportions=pitch diameter at 24 m,, and standard pressure angle at 20°.
Kpy
1| base circle
2| radial datum
3| axial datum

Figure 16 — Proportions for involute master
6.2:2—Hetixartifact

There are many methods and artifacts which can be used for helix calibration. The artifact shown in Figure 17
is one way to use an actual helical tooth form.

This artifact can be used between centres or placed on the lower ground surface. Axial and radial reference
bands have been provided for determining if the artifact is properly placed in the instrument being calibrated.
Use either both radial datum surfaces or one radial and the axial surface. The artifact should have one right-
hand helix, one left-hand helix and one slot with no helix. The helix angle for the RH and LH slots should be
the same. They should be greater than or equal to the helix angle of the gears to be measured on the
instrument.
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The recommended face width is 100 mm or greater than the face width of the product gear, and the OD
should be less than or equal to the length, L. The shaft extensions on either end should be no longer than
0,25 times the face width for best stability.

Dimensions in millimetres

=025
N
'. § >

~
|
mmx
7 \Z N
o 55
N_
ﬁv 60°
65°

Recommended proportions-ength L = 100 mm or greater than the face width of the product gears.
The axial ¢latum surface high’spot and amount of runout, relative to centres, shall be marked on artifact.

Key
1 radial|datum.surface

2  axial datum surface

@  Narroyv band 60° centres, with minimum form error.
b Radius type centres.

Figure 17 — Proposed design for helix artifact

6.2.3 Pitch variation, total cumulative pitch variation and runout artifact

The suggested design for a calibration artifact is one way to use a gear type artifact with two different radial
reference surfaces, see Figure 18.
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6.2.3.1 Pitch and runout artifact description

The artifact can be mounted between centres on an arbor or placed on the lower ground surface. Axial and
radial reference surfaces have been provided for determining if the artifact is properly placed in the instrument
being calibrated. There are two different radial reference surfaces. The artifact is certified to each of them,
independently. One radial reference surface locates the artifact with a minimum amount of pitch variation,
cumulative pitch and runout. The other radial reference surface locates the artifact with a typical amount of
runout. This provides a known amount of radial runout to enable checking of the instrument’s software ability
to calculate runout from index readings. There is also an axial reference band that must be aligned or
referenced. If the artifact is mounted between centres, these reference surfaces must be properly aligned or
trpedtoTmimTTOTTT OO Ut

The artifact should have between 18 and 30 teeth, and a prime number may be desirable CAt Idast three
iccessive slots (or teeth) must have numbers etched on them. This provides a reference for. the stafting point
nd sequence of measurements around the artifact, see Figure 18.

Q O

us]

ank proportions can vary from the proposed recommendations. The surface texture”’and geomefry of the
tgeth and reference surfaces must be held to accuracy sufficient for the required calibration and uncefrtainty.

6)2.3.2 Certification

The artifact should be certified for maximum pitch variation, cumulative-pitch variation and pitch line runout
rdlative to both radial reference surfaces. See ISO 18653:2003, Annex A for further information. The data for
right and left flanks should be identified according to the convention given in Figure B.1.

The location of pitch and runout measurements must be definéd and reported on the calibration repott.

2.4 Tooth thickness artifacts

6

Tpoth thickness is measured in very different ways, i.e. as dimensions over pins, over balls,[as span
mleasurement or as a measurement of the angle’between two flanks. On CMMs or CNC-gear measuring
nstruments, the dimension over balls can be~measured or the measurement of the angle can [be done.

b verify the measuring results of these measuring instruments, a traceable calibrated artifact is necgssary.

T
AJtooth thickness artifact is a calibration artifact that provides some teeth or gaps of involute form wjth a right
and a left flank. The tooth thickness aor'space width is certified as an arc at the pitch circle betweer| the right
and left flank. There should always be teeth or gaps on the opposite side so that the effects of eccentricity are
nfinimized by calculating the mean of two opposite teeth. The use of gaps instead of teeth on the art|facts has
aflvantages because the stiffness of the geometry is increased and the flanks are secured against damage.

When measuring the tooth‘thickness with different methods, it is important to touch the same point$ that are
used for calibration. 0 get minimum uncertainty, the calibration of the artifact may be done with the same
nmeasuring method-that is used to verify the instrument. These effects are especially important on| a helical
aftifact. To getssimilar measuring results for different measuring methods, the artifact must be manufactured
with minimumsdeviation of geometry, form, and surface texture. Refer to ISO/TR 10064-2 for recoqnmended
measuring‘methods and tooth thickness analysis.

6/2.5° Workpiece-like artifacts

orkpiece-Tike arfifacts can provide every parameter measured by an instrument, namely helix, involute, pitch,
runout and tooth thickness, using only one object (body). Its size and geometry should be similar or close to
gears used in the production line. The artifacts can be of external or internal type. Modifications on the gear
flanks are possible. It is recommended that artifacts be manufactured with stable material and measurement
surfaces of minimal form and roughness errors. In addition, artifacts require reference bands of high quality in
order for axial and radial runout to be determined. Usually, workpiece-like artifacts are used to easily estimate
a task-specific measurement uncertainty by using the direct comparator method. As well, they are qualified for
carrying out interim checks.

Master gears, commonly produced for double-flank composite testing, can be used as reference artifacts
when provided with appropriate traceable calibrations. Such gears typically have high-accuracy test surfaces
as well as excellent stability and durability. Usually, master gears also have high-accuracy reference surfaces.
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It is reconimended that there be two radial reference surfaces: one true to bore plus tooth pitch diameter, d, and a second
radial refefence bahd approximately 0,07 mm runout relative to the bore (each band 3 to 5 mm wide).

Key

1 primary radial reference (true)

2 secondary radial reference (0,07 mm Fr)
3 axial reference band

4  defined measurement location

5 reference surface

Figure 18 — Proposed design for pitch, cumulative pitch and runout artifact
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6.3 Modified base circle involute artifact testing

It may be desirable to test an involute master against a larger or smaller module to produce a sloped test trace.
Refer to ISO 1328-1 and ISO/TR 10064-1 for recommended methods of profile slope analysis. A calculation to
provide an amount of slope, Afy,,, introduced into the involute test trace by using a module change is:

g =iy {1 : [A{—“H )

where

m is the normal module associated with the calibration data;

n1

myo is the normal module to generate the modified slope deviation;

L, s profile evaluation range.

All other gear parameters must remain constant.

should be noted that this method changes the lead as well as the base-diameter. Helix test result$ also will
b affected by this change in the normal module. Another method is. provided in Annex B that achiieves the
nange in base diameter by modification of the normal pressure angle instead of the normal modulg, thereby
aintaining the same lead.

300=

hanges in modules that produce slope deviations significantly in excess of those measured on product gears
easured by the given instrument are not recommendedsIt'is necessary to verify that the limits of gvaluation
e at the correct diameter after the module and basé’diameter are changed. This process should only be
pplied to gears or gear artifacts with small form efrors, and where the limits of profile evaluation|lines are
ear of the base diameter and tip diameter.

' E=Ne)

6|4 Non-involute — Pin (cylindrical){_plane (flank) and ball (spherical) artifacts

non-involute artifact is a calibration.artifact which provides a feature of known form other than injyolute. In
actice, the known non-involute form is tested by an involute profile testing instrument which has been
pnfigured to generate a true involute form reference associated with a specified base circle. The dgviation of
e given non-involute form from'the specified involute form can be calculated thereby defining the cqrrect test
rgsult values which should/be-produced by the instrument. Certification of non-involute artifacts invglves both
tHe metrological analysis-of-the given artifact feature geometry and calculation of the feature’s deviatipn from a
becified involute.

90T >

n

6/4.1 Types of non-involute artifacts

Non-involute)artifacts may take a variety of forms. The most common are plane artifacts (also known as flank
artifacts,“see Figure 19) and pin artifacts (see Figures 20 and 21). Another design is the ball artjffact (see
Flogures'22). Plane artifacts consist of a flat-surface feature which represents a plane parallel to, gnd offset
frpm;) the artifact axis of rotation. Pin artifacts consist of a pin feature that represents a cylinder with its axis
parallel to, and offset from, the artitact axis of rotation. Ball artitacts consist of two ball features, one of which
defines the artifact axis of rotation and the other which represents the measured surface. Plane, pin and ball
artifacts serve similar functions in calibration of involute profile testing instruments.
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‘If%)ure 20 — Pin artifact

Figure 21 — Measurement of pin artifact
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Figure 22 — Ball (sphere) artifact

4.2 Non-involute artifact function

tifact. Instrument calibration can be further enhanced, by the use of a non-involute (plane/pin/bal
pn-involute artifact test results provide a collective:dbservation of instrument conformance includi
strument’s individual sources of variation. Howgver, unlike the involute artifact, the non-involuf
bmbines the individual sources of variation in. @proportion which does not directly relate to the ins
pility to generate a specified reference form:~Certain sources of variation, in particular measurem
psition variation, have an exaggerated effect. It is this characteristic which permits further refin
volute profile test instrument calibrationthrough observation of non-involute artifact tests.

pn-involute artifact testing is directly’ affected by slope or ratio type variations of the instrument in
anner as involute artifact testing. This category of error is recognized by a progressive trend of the
ay from the nominal reference as the test proceeds. However, the involute artifact is a preferable
r this observation since it isjSimpler and more direct to reference the basically straight involute tracs
ghly curved non-involyte artifact trace.

he non-involute artifact can also serve as a reference for observation of form or localized
pwever, owing,'to' the highly curved form of the non-involute artifact trace, involute artifacts man|
th minimum-deviation from specified nominal are preferred.

he characteristic trace of a pin or ball artifact is a smooth curve which includes two trend rev

rect calibration of involute profile testing instruments may be accomplished by use of a certified involute

) artifact.
ng all the
e artifact
trument’'s
bent probe
ement of

the same
test trace
reference
b than the

ariations.
ufactured

ersals of

maximum

gnificant amplitude. This form is recommended as an excellent reference for observation of ifstrument
variations of hysteresis or gain. The plane artifact trace which provides only a single trend reversal hefore the
jameter IS encountered is Not an appropriate reterence for nstrument gain.

The non-involute artifact is far more sensitive to variations of instrument probe-tip location than an involute
artifact. It is particularly sensitive to positioning variation of the probe tip from the correct location within the
plane of action tangent to the base cylinder of the specified involute. The non-involute artifact is the
recommended reference for observation of this category of instrument variation.
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6.4.3 Plane artifact calibration
Plane artifact calibration involves dimensional testing and certification of the following geometry parameters.

— Plane flatness. Any deviation in plane flatness in the testing location area will affect the instrument
calibration on a direct one-to-one basis. Such deviations are not normally included in calculations of plane
artifact deviation from the specified involute. It is therefore important that the plane surface be
manufactured with minimum flatness deviation and certified in the testing location area.

— Plane offset. The plane artifact must be constructed with the plane test surface parallel to the reference
axisrf the plane artifact. The offset dimension of the plane test surface to the rotational axis of the artifact

mus{ be known in order to calculate the deviation of the plane artifact from the specified involuté.\Fhe
certification should therefore list this information. Variation of the offset dimension from the-certifigd
dimgnsion will have only a very fractional effect upon the functional accuracy of the plane artifact as it jis
employed in the calibration of involute profile testing instruments.

6.4.4 Pjn or ball artifact calibration

Pin or Hall artifact calibration involves dimensional testing and certification of“the following geometfy
parametdrs.

— Pin pr ball roundness. Any deviation in pin or ball roundness in the testing location area will affect the
instriment calibration on a direct, one-to-one basis. Such deviations are not normally included |n
calcylations of pin or ball artifact deviation from the specified involuteé, It is therefore important that the pjn
or bgll be manufactured with minimum roundness deviation and Cettified in the testing location area.

— Pin pr ball diameter. The pin or ball diameter in the testing location area must be known in order fo
calcylate the deviation of the pin or ball artifact from\thie specified involute. The certification shoujd
thergfore list this information. Deviation of the pin or ball diameter from the certified dimension will haye
only |a very fractional effect upon functional accuracy of the pin or ball artifact as it is employed in the
calibfation of involute profile test instruments.

— Pin axis. The pin artifact must be constructéd with the axis of the pin parallel to the reference axis of the
pin grtifact.

— Pin pr ball offset. The offset dimension of the axis of the pin or ball to the rotational axis of the artifact
mus{ be known in order to calculate the deviation of the pin or ball artifact from the specified involute. The
certification should therefore(list this information. Deviation of the offset dimension from the certifigd
dimgnsion will have an effecty (roughly 50 %) upon the functional accuracy of the pin or ball artifact as it|is
employed in the calibratiémof involute profile testing instruments.

6.4.5 Probe-tip effects\when calculating reference curve

If the nonj-involutetartifact is to be employed for calibration of generating-type, involute-profile test instrumengs
which e%‘ploy spherical-gauge probe tips, the diameter of the tip must be known to permit calculation pf

associatdd centact vector deviations. The calculations of non-involute artifact deviation from the specifigd
involute must be compensated according to the vector deviations. Certification of spherical-probe-tip diameter
is typically carried out separately from non-involute artifact certification measurements. However, the data
must all be available for complete and accurate calculations of non-involute artifact deviation from the
specified involute. Deviation of the probe-tip diameter from the certified dimension will have only a very
fractional effect upon the accuracy of the non-involute artifact test.

Probe-tip sphericity in the testing location area will affect instrument calibration on a direct one-to-one basis.
Since sphericity deviations are not normally included in the calculations, it is important that the tip be
manufactured with minimum deviation and certified accordingly.
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6.4.6 Measurement location

It may be desirable to limit testing of the non-involute artifact to a specified axial location to minimize the
effects of manufacturing deviations.

6.4.7 Non-involute master interpretation

Non-involute masters (plane, pin and ball masters) provide highly curved test traces which respond in an
exaggerated manner to certain categories of test instrument variation. Included are measurement probe
position variation, gain variation and hysteresis variation. It is best to restrict observation of test traces of non-
involute masters to these characteristics.

The test instrument must achieve satisfactory performance in testing of involute masters\before further
rg¢finement is attempted by use of non-involute masters. Furthermore, if certain types of adjustments pre made
the instrument to improve non-involute master tests, retesting of the involute master will be| required
pcause of the interactive nature of such adjustments. Non-involute masters can beca valuable tpol in the
bnds of a skilled gear metrologist, but they must be employed with caution. See“Annex C for nop-involute
aster interpretation.

3Jox

[<}]

5 Helix artifact testing

6/5.1 Modified-lead helix artifact testing

may be desirable to test a helix artifact against a longer or shorter lead to produce a sloped trace| Refer to
O/TR 10064-1 for recommended methods of slope analysis. The example calculation of Egpation (8)
ovides a method of estimating the amount of slope introduced into the helix test trace by lead modification.

alculation required to determine a modified lead that@would produce the desired amount of helix fest trace
ppe modification, Afyg:

Q0 O =

o _ Dfwg
S|n[323|n[3{1 —LBtaan] (8)

where

Lg is the helix evaluation_range;

By is the base helix angle, By, = arcsin (sin p cos a,));

B4 is the helix angle associated with the calibration data;

B, is the hélixangle to generate the modified slope deviation.
NPTE 1 When Afyg is positive, the trend of the helix slope deviation correlates with a positive (larger) helix angle

deviation.and“a negative (smaller) lead deviation, and vice versa. The associated plus or minus material trend |of the test
trace is 'dependent upon the hand of the helix, the flank being measured, and the direction of the test trace.

B sume that
the instrument is configured to report deviations in that direction.

All other gear parameters must remain constant.

It should be noted that this method changes the base diameter as well as the lead. Involute profile test results
will therefore also be affected by this change of helix angle. A method is provided in Annex B that achieves
the change in lead by modification of multiple parameters, thereby maintaining the same base diameter.

Changes that produce slope deviations significantly in excess of those measured on product gears measured
by the given instrument are not recommended. This process should only be applied to gears or gear artifacts
with small form errors. It is necessary to verify that the diameter of measurement is correct after the helix
angle is changed.
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6.5.2 Non-involute helix masters

There are helix masters that have straight line profiles in the transverse plane. The helical surface looks like a
small chamfer at the corner of a slot. Typically, only the lead of this surface is specified. This requires the use
of special software for calibration, or the use of gear parameters that represent an involute gear surface which
is tangent to the straight line profile at the measurement diameter.

6.6 Modified eccentricity pitch artifact testing

As discussed in ISO 18653, it may be desirable to measure a pitch artifact with additional eccentricity induced.
The effefgt of the added eccentricity on pitch and total cumulative pitch (total index variation) can_Re
determing¢d by using calculations described in the example provided in Annex B.

On instruments where the artifact must be physically positioned true to the axis of rotation, eccentricity mujst
be induged through physical displacement of the artifact. On equipment where the instfrument |is
mathemdtically aligned to the artifact datums (CMMs), the eccentricity may be induced by >mathematical
displacement of the part coordinate system.

7 Ungertainty estimation guidelines

The estimation of Ugg uncertainty is to determine how various sources“of error combine to affeft
measurement processes. When a calibration document or inspection report states a Ugs measuremept
uncertainty, it certifies that the measured values will be valid, within the<stated limits, at a 95 % confidenge
level.

The detefmination of measurement uncertainty is closely tied to instrument calibration; it could be said that gn
instrument has been calibrated once its measurement uncertainty has been determined. However, it fis
importan{ to understand that many factors beyond performance of the given instrument can influence the
uncertainty of a measurement process. Often, the contribution of the instrument is small compared to other
sources. |Therefore, it is better referring to the uncertainty of a measurement process rather than to the
uncertainty of an instrument.

Applicatign of any measurement uncertainty-¢alculation will always be limited. These limitations vaty
considergbly depending on the method used. Any document stating the results of an instrument calibration pr
measurement process uncertainty estimation’shall provide the associated limitations of applicability, including
the meagurement parameters, size of.the measuring envelope, configurations of instrument hardware and
software,|and environmental conditions.

The uncdrtainty estimation methods described in this clause comply with GUM.

7.1 Uncertainty estimation methods

Methods | for estimating measurement uncertainty vary greatly as to complexity, validity, and scope pf
applicability. Typically, increased validity is achieved only with increased complexity or decreased scope pf
applicability. Selection of an uncertainty estimation method involves striking a balance between these factors

This docliment provides a range of example measurement uncertainty estimation methods. Some methods
are suitable for use in product gear measurement operafions. Others require complex analysis of
measurement processes and are only appropriate for high-level measurement operations such as those
involved in calibration of reference gear artifacts.

7.1.1 General methods

In some cases, a given instrument is used for a very broad scope of measurement applications including tasks
other than gear measurement. This often occurs for a CMM. A common approach to this requirement is
application of a single, highly non-specific, method of measurement uncertainty estimation, which can
accommodate the very broad scope of applicability. Such methods typically involve substantial complexity and
limited validity. Examples of general methods are the global, modified global, decomposition and surrogate
approaches.
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7.1.2 Comparator methods

When the scope of applicability of the measurement uncertainty estimation is limited to gear measurement,
the comparator method may be used. It can usually increase validity while significantly reducing complexity.

The comparator method evaluates the measurement process by use of a calibrated artifact with g
geometry.

ear tooth

It is important to consider the configuration, geometric accuracy, surface finish and stability of any gear or

gear artifact used in estimation of measurement uncertainty by the comparator method. See 5.1.

t|should be noted that the uncertainty of the reference artifact calibration is always a subset of,
ways smaller than, the resulting uncertainty value for the given measurement process.

)

701.21 Direct comparator method

libration laboratories. Use is made of a reference artifact, calibrated by a primary calibration labd

300 0O

ethod may also be applied to certain product gear measurement operations:

Use of the direct comparator method is desirable, owing to its relatively Iow complexity and high valid

7(1.2.2 Expanded comparator methods

The comparator method may be expanded to include thesmeasurement of workpieces that are sig
different from the artifact used to calibrate the measurement instrument. This is considered valid, s
tHe differences between the work piece and the reference artifact are within limits specified in the u
sfatement.

The disparity between reference artifact and measured workpieces can take two general forms. Ong
geometry similarity influence, u,, and includes consideration for differences such as diameter, mog
width, and helix angle. The other is called workpiece characteristic influence, u,,, and includes d
agsociated with such items as surface finish and accuracy grade. These differences necess
application of more complex variatioens in the uncertainty estimation and usually result in larger u
values. When the scope of application is broad, use of multiple sizes and configurations of referenc
is| usually required. Also, it may-be necessary to include measurements of sample workpieces in a
gference artifact tests.

- =

712 Calculation of -Uy; measurement uncertainty

m

uations used)for calculation of Uggs measurement uncertainty vary considerably. The general fo
hcertainty equation for comparator methods is shown in Equation (9):

C

0,5
U g5 :{k(u%+u§+u§+u3\,) }+|E|

and thus

rect application of this method requires that the calibrated reference artifact and Gubsequent work pieces
bve equivalent specified geometry and quality level. Often this is the case for intermediate-level gepr artifact

ratory, to

librate the process that will subsequently be used to calibrate equivalent-working reference artifacts. This

ty.

nificantly
O long as
hcertainty

is called
jule, face
fferences
sitate  the
hcertainty
b artifacts
ddition to

rm of the

9)

Where — depending on the particular method being used, the following components, which represent sources

of measurement uncertainty, may be included in the given uncertainty calculation —

Ugs is the measurement uncertainty, the expanded uncertainty of the given measuremen
with a 95 % confidence level;

k coverage factor — usually set to k£ = 2, thereby producing an expanded uncertainty val
confidence level of 95 %;

is the standard uncertainty, the variability of a series of measurements (reproducibility)
the same workpiece by the given instrument;

© 1SO 2005 - All rights reserved

t process

ue with a

made on

33


https://standardsiso.com/api/?name=8de8fdfabd4edc032c094dc2ca2b671b

ISO/TR 10064-5:2005(E)

up, is the reference artifact calibration uncertainty; the Ugs value should be clearly stated on the
reference artifact calibration document and the division by 2 of this value produces u,;

ug is the geometry similarity influence, the uncertainty associated with dissimilarity between the
reference artifact and measured workpiece geometry;

Uy, is the workpiece characteristic influence, the uncertainty associated with dissimilarity between
the reference artifact and measured workpiece, such as surface finish and accuracy grade;

E is the bias (accuracy), which is the offset of the average value of a series of measurements

made by the given instrument from the calibrated value of the measured reference artitact.

In some cases the bias will, in practice, be adjusted out of the measurement process,either by
adjusting the instrument or compensating the results. For involute gear measurements, bias
should only be compensated in slope and tooth thickness measurements. In otherCases, bias
should be included in the estimation of uncertainty.

All the pgrameters, except for bias and coverage factor, are normally entered into the calculations as standafd
deviationg. The standard deviation is a statistical parameter that is commonly used.«o{évaluate consistencly.
The compination of standard deviations is properly done by a sum-of-the-squares, method. The result is|a
composite standard deviation value applicable to the given measurement process.-as a whole.

With the ppplication of a coverage factor of k = 2, the final Uyg value for the(process will be reported as a 2|s
(two starldard deviations) value. Statistically, this confers a 95 % confidence level that the measurements
made by that process will be within the + 2 s limit.

If a different confidence interval is used, the coverage factor k£ vialue may be changed (such as & = 3 gives|a
Ugg 7 0r 99,7 % confidence interval, often used for proving machine tools).

7.3 Measurement parameters

Measurements of gear tooth surface shape or position must be analyzed according to standardized methodls
to produde consistent numerical values. These values can be compared to tolerances to determine fitness fpr
use of tHe workpiece. Additionally, they may.be used in estimation of measurement uncertainty. A grept
variety of such measurement parameters. dre available. Selection of such parameters for measurement
uncertainty estimation will affect the resulting Uy values.

7.3.1 Line-fit parameters

A standardized method of ahalyzing profile and helix test traces is by line fitting. This method provides|a
specified|shape line that is-considered the design (ideal) shape of actual work piece test traces. In practicg,
this specified reference-ling is fit to each individual test trace, typically by the method of least squares. Variogs
analysis fnethods can,then be used to measure the relationship between the best-fit specified reference line
and the actual tracés. Common measurement parameters using the line-fit method include total, slope and
form devijations,stich as those described in ISO 1328-1.

The form|deviation quantifies the conformity of the shape of test traces with that of the specified reference linje.
This paramefer cannot be compensaied for bias £. For high accuracy applications, It may be desirable to
devise form measurement evaluation methods using surrogate artifacts, such as pin, ball or plane masters,
having simpler geometry than gears, that can be produced with much lower form error.

The slope deviation quantifies the conformity of the orientation (tilt) of test traces with that of the specified
reference line. It is sometimes possible to compensate this parameter for bias E.

The total deviation is essentially a composite observation, quantifying the combined effects of form and slope
deviations. If E of the slope deviation is compensated, it may thereby affect the total deviation parameter.
However, since form deviation is also a component of total deviation, it is not possible to fully compensate the
total deviation parameter for bias.
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The inherent composite nature of the total deviation parameter makes it a desirable choice for estimation of
measurement uncertainty. When the Ugg uncertainty of a process is estimated for the total deviation
parameter, it may be assumed that the measurement uncertainties for form and slope deviations will be
equivalent or smaller.

7.3.2 Band-fit parameters

Another standardized method of analyzing profile and helix test traces is by band fitting. This method provides
a specified size and shape band within which each individual test trace must fit if it is to be considered
acceptable. Since the result of this measurement parameter is only a pass or fail observation, it is not
appropriate for statistical analysis including estimation of measurement uncertainty.

~

3.3 Pitch parameters

o standardized methods of analyzing gear tooth position or pitch are single pitch and.total cumulative pitch,
5 described in 1ISO 1328-1. The single pitch deviation parameter quantifies the conformity of positibns of an
jacent pair of teeth to their proper positions, as determined by dividing a pitch citcle by the number of teeth
n the gear. The cumulative pitch deviation parameter quantifies the conformityof any two nonadjagent teeth
their proper positions. This observation is also based upon division of a pitc¢h.circle by the number pf teeth.

QO -

—_ —
O

hen performing repeated measurements of the pitch deviations<of’ a gear, very small varfations in
easurements may result in values for different pairs of teeth being-feported. In estimation of measurement
ncertainty of pitch parameters, it is important to restrict observatigns'to specified teeth.

c3 s

When the Ugg uncertainty of a process is estimated for the sumulative pitch deviation parameter, |t may be
agsumed that the measurement uncertainties for single pitcthideviations will be equivalent or smaller.

8| Measurement procedures

2]

1 Traceability

All equipment used for measurementiuncertainty estimations shall be traceably calibrated to g national
sfandard. See ISO 18653, Clause 4{

(o2

2 Operating conditions

Tvo sets of operating conditions must be considered: those associated with determination of biag, £, and
Hose associated with‘estimation of standard uncertainty, u,,. In some cases, these may be combined.

—

8]2.1 Conditions for bias determination

The operating conditions during measurements of reference artifacts that will be entered into calculations of E
shoulds-as nearly as possible, conform to the conditions specified in the artifact calibration docum&Fnts. This
a
p

pplies ‘'to measurement process factors such as mounting conditions, test location, and measurement
prameters. Also, measurement values should be compensated for temperature effects (see 4.2).

8.2.2 Conditions for standard uncertainty estimation

The operating conditions during measurements of either reference artifacts or other workpieces that will be
entered into calculations of standard uncertainty, u,,, should as nearly as possible reflect the conditions that
will be specified in the resulting Ugs measurement uncertainty statement. Measurement process factors that
could significantly influence measurement values should be permitted to vary within specified limits. This
applies to environmental conditions, instrument condition, mounting conditions including test arbors and
fixtures, and test operators. For best validity, tests should be made over a significant period of time.
Measurement values should not be compensated for temperature effects unless all measurements made
subject to the given uncertainty statement will also be compensated.
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8.23

Conditions for combined determinations

When the operating conditions required for measurements leading to calculation of bias and standard
uncertainty are equivalent, a single set of measurements can be carried out to fulfil both requirements. This
equivalence obligation may apply to a variety of factors, including mounting conditions, measurement
parameters, and environmental conditions. Also the size, configuration and accuracy grade of the reference
artifact must meet the equivalency requirements.

8.3 Measurements

Carry ouf a preliminary visual inspection of the instrument and required apparatus to confirm the absence
unusual wear or damage. Initialize the instrument and carry out required procedures such as-prok
qualification.

The minimum number of measurements for Uys measurement uncertainty estimation shall be ten. Improve
validity cpuld be achieved by additional measurements, to a point of diminishing returns at(about thirty. Th
artifact of workpiece should be fully dismounted and remounted, including arbors or fixtures)if included in th
procedurg, between each test. Measurements should be made at a number of different positions on tk
instrument, covering the range of positioning of workpiece measurements that wilk subsequently be use
When pqgssible, measurement of the reference artifact should include an inverted orientation. It is alg
advisablg to make the measurements over a period of time, e.g. several days,t0 include the effects of th

stability

the measurement process. The data should be plotted to see if it iska hormal distribution, for validi

8.4 Calibration procedure

Typical cglibration procedures used in initial and ongoing evaluation of an instrument should be accomplishg
in accordpnce with instrument manufacturer’'s recommendations, if available.

8.41

Initial set-up and adjustments

The consjderations of the procedure are the following:

to cglibrate, the environment and measurement system conditions should be established in accordang

with Clauses 4 and 5;

an initial statistical evaluation of the' measuring instrument is made, using the calibration artifact, whi

addifional evaluation with other artifacts, as outlined in Clause 10, is desirable.

8.4.2

Initial calibration procedure

A minimym of ten individual checks is required, without any instrument calibration adjustments. For each
these, the following stéps apply.

a) Set yp the instriment to measure the artifact.

b) Place the calibration artifact in the instrument.

d

Df

c) Measure and record desired parameters.

d) Break down the set-up.

e) Repeat steps a) to d) at least nine times.

f)  Plot the data points on an X and MR chart as outlined in Clause 10.

g) Examine the control chart, to see if it meets the requirements outlined in 10.3. Evaluation of the control
chart may indicate the need for additional data points and re-evaluation.

36
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h) If required, make system adjustments. Do not continue if the system is out of control. If control
adjustments are required, determine assignable causes, correct, and repeat the above steps;

i)  Adjust bias, if required, and verify.

At this point, the instrument may be considered calibrated and fit for evaluation in accordance with
specifications.

8.4.3 Ongoing calibration procedure

Tp maintain statistical confidence in the instrument’s fitness for use, ongoing calibration is necésgary. The
nterval between measurements of the artifact may be extended when supported by data, for.examjple, once
br shift, daily, weekly. When statistics show that bias adjustment is necessary, measuremeént-of the artifact
hould be performed more frequently, see Clause 10 and ISO 18653.

»w T 5

The X and MR chart is extended and new control limits calculated with each measurement, using tip to 100
pteviously recorded data points.

—

he procedures outlined in Clause 10 should be repeated on a regular basis.

Al any time while measuring product, questionable data may indicate that-a calibration check is necesgsary.

(=]

4.4 Tooling and gauges

Ahy tooling or gauges used in the set-up or calibration of a measuring instrument should also be caliprated on
regular basis.

Q

©

Comparator measurement uncertainty estimation guidelines

This clause provides a range of guideline measurement-uncertainty-estimation cases. It does not|cover all
ppssible cases.

1 Direct comparator example A

9

One example of a direct Ugs-uncertainty estimation method is provided. It may be used when measuring
wprkpieces that are equivalent'to, but not the same as, the reference artifact used to calibrate the nmieasuring
ptocess. This procedure, can provide good validity with minimal complexity within its limited |scope of
applicability. It provides-some range of application while requiring use of only one reference artifact.

Tp meet the geofmetry equivalency requirement, the pitch diameter, module, face width, and helix angle of the
glven workpigte-should be within + 25 % of those specified parameters for the reference artifact.[ Above a
10 % difference a consideration should be given to the addition of another uncertainty component. Inglusion of
other geemetry equivalency requirements, such as mass and test location, may also be desirable.

Tp(meet the characteristic equivalency requirement, the specified accuracy of the workpiece should be

grade-5-or-better-inaccordance-with1SO-1328—4and-have-a-measurementsurfacereughnress;Ra—0of 0,4 um
or better.
NOTE The equivalency obligation factors listed here have been arbitrarily selected for this example. The exact

factors used may vary according to the application being considered.
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The calibration procedure can be carried out as follows.

a) Perform a series of measurements on the calibrated reference artifact following the procedure outlined

unde

r Clause 8. The minimum number of measurements is ten.

b) Determine the mean value, X, of the results produced in step 1. The bias, E, is then found by subtracting
the calibrated value of the reference artifact from the mean value of the results.

c) Determine the standard uncertainty, u,, of the results produced in step 1 using Equation (10):

d) Deté
refer

where

e) Dete

whether bias, E, will be eliminated:

Equation
either by

Ugs

i = ) (

. is the individual measured value of the parameter calibrated;

n is the number of measurements.

) (Xi _})2 05

—_
O
~

per i

is the standard uncertainty;
X is the mean of measured values;

rmine the reference artifact calibration uncertainty, a4, associated with the calibration of the
ence artifact using Equation (11):

U95(cal)
U = —

n is the reference artifact calibration uncertainty;

n
Ugs(cal) IS the Ugs measurement uncertainty stated in the reference artifact calibration document.
rmine the Ugg measurement uncertainty for this method using Equation (12) or (13), depending gn

(12) is applicable)only when bias determined in step 2 is eliminated from this measurement procesg,
adjusting the ‘eperation of the instrument or compensating the results.

0,5
= 2(14,%1 +u§)

Equation

Ugs

38

(T35) 1s applicable when bias determined In step £ 1S not eliminated from this measurement process.

~2(uf +u§)°'5 +|E] (13)
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Numerical example: The results from measuring profile slope deviation, f,,, on a calibrated left flank of a
spur gear (Normal module, m, =3,0 mm, number of teeth, z = 33; pressure angle, a,, =20°; Helix angle,

p

=0°), ten times, are given as:
Item Test Mean | Standard uncertainty
112|3]a|s|e]|7]s8]ol1w0]X tm
SHo 123124 (241282826 (15]|28 (1719232 0,47

—

fg

o =

reg

T
m
n

he calibration value of f,,, X4, is 3,3 ym with a Ugg of = 1,5 ym (standard uncertainty 0,75 um):

al’
he data is used in this example and is summarized as follows.
Measured data: X =2,32 ym, standard uncertainty 0,47 um.

Calibration data: Xeg = 3,3 um, Ugs =+ 1,5 uym (standard uncertainty 0,75 pm).

llowing results.
2 2\9°
U95=2(0,47 +0,75 ) = +177 pm

the bias determined by the calibration artifact is not eliminated, the measurement uncertainty
stimated using Equation (13).

he bias, E, is found by subtracting the calibrated value of the reference artifact from the mean va
sults.

2 2 0.5
Ugs =2(o,47 +0,752) " +10,98| = £275 pm

2 Comparator approach, expanded for workpiece characteristic influence

vo example expanded U¢s')uncertainty-estimation methods are provided that may be used
easuring process in question will be applied to workpieces that meet equivalency requirements for

r characteristics, u,~Example geometry and characteristic equivalency requirements are offered in

2.1 Comparator example B

his method’ accounts for the influence of workpiece characteristic (accuracy grade and surface
odification of the standard uncertainty u,,, estimation method so that the characteristic effects will bg
those observations. The workpiece characteristic influence, u,,, will therefore not be estima

the bias in the measurement process is compensated or adjusted, Equation'(12) may be used yiglding the

may be

ue of the

when the
geometry,

, with the reference aftifact used to calibrate that process, but which do not meet equivalency reqiirements

0.1.

finish) by
included
ted as a

[72]

pparate variable in the calculation of Uy measurement uncertainty. This procedure can provide gog

d validity

with moderate complexity within its moderate scope of applicability. It provides good range-of-characteristic
applicability with limited range of geometry applicability. Only one reference artifact is required.

The calibration procedure can be carried out as follows.

a)

Clause 8. The minimum number of measurements is ten.

b) Determine the mean value, X , of the results produced in stepa). The bias, E, is then

©

subtracting the calibrated value of the reference artifact from the mean value of the results.
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c) Select a workpiece with a specified accuracy grade and surface finish that is equivalent to the worst

accu

racy grade and surface finish that will be included in the scope of application specified for this

uncertainty estimation. Perform a series of measurements on the selected workpiece following the
procedure outlined in Clause 8. The minimum number of measurements is ten.

An acceptable alternative is to gather this data by application of gauge repeatability and reproducibility

(GR
WOrs

and R) procedures to workpieces with a specified accuracy grade and surface finish equivalent to the
t accuracy grade and surface finish that will be included in the given uncertainty scope of application.

If this method is used, it is important to derive the proper values from the GR&R data set following the
procedures recommended in step d).

d) Deté
alter
meth

GR

repre
prod
meth

The

rmine the standard uncertainty, u,,, of the results produced in step c) using Equation (10).f'the
native GR and R data collection method is used, determine the standard uncertainty by the following
od:

and R procedures typically report three error values: repeatability (equipmient variatior]),
ducibility (appraiser variation), and measurement error. The measurement erret.value, which [s
liced by combination of the repeatability and reproducibility error values by’sum-of-the-squargs
od, should serve as the basis for determination of the standard uncertainty, v

R&R value reported by a GR&R study represents 5,15 standard deviations. Therefore, an R and [R

valu

e) Determine the reference artifact calibration uncertainty, «,,, associated/with the calibration of the referenge
artifgct using Equation (11).

f) Detefmine the Ugs measurement uncertainty for this methad using Equation (12) or (13), depending gn
whether bias E will be eliminated.

Numeric
surface fi

Using the
values re

Mea
Calib

The resu

times, ar¢ given as:

must be divided by 2,575 to obtain a value representing the standard unicertainty, u,,.

| example: This method allows workpiece characteristics including mounting errors, geometry and
hish effects to be included in the analysis.

data from 9.1 as an example for profile measurement of a calibrated reference artifact, the following
main unchanged.

sured data: X =2,32 ym, standard uncertainty 0,47 um.
ration data: Xea = 3,3, Ugs = = 1,5 ym (standard uncertainty 0,75 ym).

ts from measuring profile slope deviation, 1., on a left flank of a selected representative gear, tgn

ltem Test Standard uncertainty
t|2|3|4|5|6|7]|8]9]10 “m
JSHe~]11,0{10,41 94 |10,2/10,1| 7,8 | 7,1 |10,7| 8,0 | 9,3 1,34

If the bias in the measurement process is compensated or adjusted, Equation (12) may be used yielding the

following

Ugs

results.

0,5
- 2(1,342 +o,752) —+3,07 pum

If the bias determined by the calibration artifact is not eliminated, the measurement uncertainty may be
estimated using Equation (13).

Ugs

40

0,5
:2(1,342+o,752) +10,98] = 4,05 pm
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9.2.2 Comparator example C

This example provides a means for estimating the influence of workpiece characteristic, u,,, where u, meets
the geometry equivalency requirements stated in 9.1. This procedure can provide acceptable validity with low
complexity within its moderate scope of applicability. It provides good range of characteristic applicability with
limited range of geometry applicability. Only one reference artifact is required.

The calibration procedure can be carried out as follows.

a)

Perform a series of measurements on the calibrated reference artifact following the procedure outlined in

Clause 8. The minimum number of measurements is ten.

Determine the mean value, X , of the results produced in step a). The bias, E, is)then ffound by
subtracting the calibrated value of the reference artifact from the mean value of the resuits.

Estimate the influence of workpiece accuracy grade on measurement uncertainty-using Equatior| (14):

”wg:Fx(kwg) (14)
where

Ug is the workpiece accuracy grade influence;
F, is a tolerance for the given measurement parameter for an example gear — gear difnensions
and accuracy grade should be near the limits specified in the measurement upcertainty
statement;
kWg is a constant factor representing thex<fraction of the tolerance contributing to the workpiece
accuracy grade influence.

NOTE  The workpiece accuracy grade influence constant factor, kg, provided here has been| arbitrarily
selected for this example. The exact factor used may vary according to the application being considergd.

Estimate the influence of workpiéece surface finish on measurement uncertainty using Equation (15):

Uws :Ra(kws) (15)
where
uys is theworkpiece surface finish influence;

Ra .is(a tolerance for the surface finish for an example gear — this value should be near|the limits
specified in the measurement uncertainty statement;

kys is @ constant factor representing the fraction of the tolerance contributing to the Workpiece
surface finish influence.

f)

NOTE The workpiece surface finish influence constant factor, %,s, provided here has been arbitrarily selected
for this example. The exact factor used may vary according to the application being considered.

Estimate the workpiece characteristic influence, v, for this method using Equation (16):

Uy :(u\%,g+u\,2vs)0,5 (16)

Determine the standard uncertainty, u,,, of the results produced in step a) using Equation (10).
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g) Determine the reference artifact calibration uncertainty, u,, associated with the calibration of the reference
artifact using Equation (11).

h) Determine the Ugs measurement uncertainty for this method using Equation (17) or (18), depending on
whether bias, E, will be eliminated:

Numeric
artifact, t

Mea

Caliration data: X, = 3,3 ym, Ugs = = 1,5 ym (standard uncertainty 0,75 um).

The (fH(x)

It is estimated that the effect of the gear accuracy on the measurement process will not exceed 10 % of the
tolerance] value.

From Equiation (14), the workpiece accuracy grade influence, Ung is

qu

The effedt on surface finish, Ra of 1,6 pm is, estimated to not exceed 10 % of tolerance. So from Equation (15

U,

ws

Uws

Thus from Equation (16) the-workpiece characteristic is estimated to be

Uy
The over

Ugs

If bias is

Ugs

42

(1,22 +o,1e‘.2)o’5 ~1,21 um

Equation (17) is applicable only when bias determined in step b) is eliminated from this measurement
process, either by adjusting the operation of the instrument or compensating the results.

Equation (18) is applicable when bias determined in step b) is not eliminated from this measurement
Drocess.

Ug5:2(u,%+u§+uv2\,)o,5+|E| (18)

| example: Using the data from 9.1 as an example for profile measurement'ef'a calibrated referenge
e following values remain unchanged.

sured data: X = 2,32 um, standard uncertainty 0,47 pm.

tolerance for the workpiece is 12,0 um.

=12,0(0,10) =12 pm

~

=12(0,1)=0,16 um

hll process uncertainty Ugg is estimated from Equation (17) if bias is eliminated:

0,5
- 2(0,472 +0,752 +1,212) — 43,0 um

not eliminated, the process uncertainty Ugg is estimated from Equation (18) that yields

0,5
= 2(0,472 +0,752 +1,212) +|0,08 = +3,98
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9.3 Comparator approach, expanded for workpiece characteristic and geometry similarity
influences

It may be desirable to construct measurement uncertainty estimation procedures for use when the measuring
process in question will be applied to workpieces that do not meet equivalency requirements for
characteristics, u,,, or geometry, Ug, with the reference artifact used to calibrate that process. Example
geometry and characteristic equivalency requirements are offered in 9.1.

A great variety of such procedures can be developed. Typically, this will involve extraction and combination of
the concepts outlined according to the requirements of the given application. These methods are beyond the

S

=

= 3 =

H

» O O

= 0 -

q

S
b

cope of this document.

D Statistical process control

an artifact is measured several times, with a given measuring device of.‘sufficient reso
easurements will not turn out to be the same. There is inherent variability in the measuring syste]
ere is inherent variability from piece to piece in the product. The variability ©f the measurement
ten called measurement error, but variability is always present and is not {o\be considered the sa
ror. In the normal process of measuring artifacts, the resultant measurements have only med
stem variability. The artifact measured is assumed to be stable.

b apply statistical process control to a calibration study, the individuals and moving range (X and M
nart method is recommended. In some cases, it is necessaryfar process control to be based on
adings, rather than subgroups. The X and MR chart method has been chosen for the following reas

- Real-time determination of statistical uniformity for_each observation determines what is happe
the individuals in time order.

- Plotted points can be compared directly withispecifications.
- Magnitude of predictable variation due«de’the chance of common causes is defined.

- Natural variation and day-to-day-\fluctuations of the process are distinguished from assignatl
variations that are the unique.and identifiable causes for bias change. Although a statistical cha
the existence of an assignable cause of variation that lies outside the system, it does not id
cause.

ontrol charts for individuals can be constructed as described in this clause.

D.1 Definitions

CL: Lower-control limit.

ben_eliminated and only common causes remain; i.e. measured variation can be attributed to a

ution, all
m just as
system is
me as an
surement

R) control
ndividual
ons.

ning with

le cause
rt detects
entify the

fatistical control: This is the condition describing a process from which all special causes of varigtion have

constant

S

steim of chance causes: evidenced on a control chart by the ahsence of points beyond the control

imits and

by the absence of non-random patterns or trends within the control limits.

U

CL: Upper control limit.

10.2 Constructing the X and MR chart

Figure 23 shows the construction of an X and MR chart.

a) Use individual readings collected from master gauges (preferably 30 or more, but initial estimate

©

made with 10 readings).
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b) Calculate moving range (MR) values. A moving range value is obtained by determining the difference
between two sequential observations, the result always being a positive number. Note that the first
observation will not have a corresponding MR value.

c) Calculate the mean (average) of the X values to establish the centre line (X) for the individual portion of
the chart.

d) Calculate the mean of the MR values to establish the centre line (R) for the moving range portion of the
chart.

e) Calc

f) Plot
dete
g) Plot
line 1
10.3 Cr
The follo
A normal
“in contrg
a) One
b) Two
the
c) Four
-1s

Lilate control limits for both portions of the chart, as follows.

For the individual portion:

UCL (X) =X +(2,66 R) (1

LCL(X)=X -(2,66 R) 2
-or the moving range portion:

UCL (MR) =3,27R (2

LCL(MR)=0 (2

he centreline and control limits. Establish a scale for both portions of the chart to suit the data. Onc
mined, draw the centre lines and the control limits inithe appropriate section and label them.

the data. Plot the X and MR values in the appropriate section. Once plotted, connect points with
o aid in visual analysis of the data. Mark all-indications of lack of control.

teria for evidence of lack of control

ving criteria are applicable towthe individuals (X) in the “X values of the MR chart” in Figure 2
distribution is assumed. When“one or more of the criteria are seen, it means that the process is n
I”

point outside of the 8-sigma limit.

out of three successive points above the +2 sigma limit or two out of three successive points belo
2 sigma limit.

out of five’successive points above the +1 sigma limit or four out of five successive points below th
gma limit.

9)

D)

W

e

d) Fifte

. g gyt 4 . 4 .
CIT SULLTOSIVE PUNTTLS WILNTITT T T olyITia U =1 SlylTia.

e) Eight successive points, none within +1 sigma or —1 sigma.

f)  Eight successive points on one side of the centre line.

g) Seven successive points constantly ascending or descending.

h) Number of centre line crossings is not within the limits of K/2 plus the square root of K, or K/2 minus the
square root of K, where K is equal to the total number of points.

If one or more of the above criteria exists, corrective action may be necessary.
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8
UCL
6
4 _/
77N\ : LCL
2 %@%‘ 7
£ lL— el
50 >
- 1
-4
B Y I Y Y o
v 12 3 45 6 7 8 9 10111213 14 1516 17 18 19 20 21 22 23v24 25
a) Xvalues of MR chart
A
8
UCL
6
4 LCL
2 —
E o %L/ -
-2
2
-4
B Y o Y S R |
v 12 3 45 6 7 8 9 10111213 14 1516 17 18 19 20 21 22 23 24 25
b)' Range values of MR chart
Kpy
1| Average (X)
2| Average (R)
1(2(3|@y5|6|7|8|9|10[11[12[13[14|15]16|17 1819|2021 |22 |23 |24] 25 |AVG
Reading |2,4|3,7 |2,041,8(2,1(1,8|1,6|1,7|3,5|3,5|1,8|1,6|2,5|25(1,6(1,8(1,7(2,2(1,8]25(2,3|1,7|3,7 2,25
Range 18,7/10,2(0,2|0,3|0,2|0,1(1,8| 0 |1,7|0,2(0,9( 0 |0,9/0,2(0,1|0,5/0,1]0,7(0,2(0,6]2,0 0,65
c) Calibration data
X|UEL'= average reading + 2,66(average range)
XIWGE=2,25+2.66(0,65)
X UCL = 3,98
X LCL = average reading —2,66(average range)
XLCL =2,25-2,66(0,65)
XLCL =0,52
R UCL = 3,27(average range)
R UCL = 3,27(0,65)
R UCL=2,13
RLCL=0
Figure 23 — Constructing the X and MR chart
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10.4 When control chart data fails one or more criteria according to 10.3

The control chart is used to sound an alarm when an established normal or stabilized process is threatened by
negative, unwanted assignable influences. In production usage, these influences can result from the following
general areas: man, machine, material, method, measurement and management. In calibration, these
influences are more likely from the following: environment (see Clause 4), measurement system (see
Clause 5) and operator. When the calibration data fail one of the tests in 10.3, then these latter influences
should be looked at to identify the cause of the unwanted influence.

A major factor in determining the seriousness of the unwanted influences, and thus the resources used to find
and corrjgt these influences, is the variability that is in the production gears which are to be measured by thiis

measurement system. If the standard deviation in the product is high relative to the standard deviation(n the
measurement system, then only limited resources should probably be expended to find and correct the
influenceg. On the other hand, if the margin is thin, then finding and correcting the influences is mandated.

11 Insfrument fitness for use

Once an|instrument has been calibrated by estimating its Ugs measuring uncertainty for a given set pf
conditionf and scope of application, a decision should be made as to whether this\uncertainty is appropriate
for measuiring tasks that will be done under this calibration. Generally, this involves comparing the uncertainty
to the asgociated manufacturing tolerance.

11.1 Linmiting measurement uncertainty

An instrument that might produce measurements that are in erroryby up to 100 % of the given tolerance |is
obviously unsatisfactory. An instrument that may be in error by 50 % of the tolerance has the possibility pf
mistakenly passing or failing an unacceptably large number:6f pieces. If the potential error drops below 10k
the tolerance, the measuring process would normally be considered acceptable.

The decigion then is exactly where to set the allowable percentage of error, given the tradeoffs between th
improved manufacturing reliability that comes with’ good measurements and the increased cost of mo
reliable measurements. Three methods are outlined here to provide guidance to this decision process. If
manufacfuring operation is to operate efficiently, the validity of associated measuring operations must k
confirmed by one of these methods.

DD ® D

It is recgmmended that unless there)'is specific agreement between customer and supplier, the methqd
according to 11.1.1 be adopted, bécause it is in accordance with an established ISO method.

11.1.1 GPS Tolerance reduction method

A erxibII1 approach isloffered by ISO/TS 14253-1:1995. This method is based on the recognition that
measurement errors \feduce the portion of the tolerance zone where test pieces are known to be acceptabl
See Figufe 24.

[
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»
0
B 3 | 5 |k
Kpy
C| design/specification phase
D| verification phase
1| specification zone (in specification)
2| out of specification
3| conformance zone
4] non-conformance zone
5] uncertainty range
6| increasing measurement uncertainty, U
NOTE The design requirement is shown on line C and the actual measurement needs shown on D accolunt for the
mleasurement uncertainty. Investing in measurement capability» increases the range of tolerance available for the
mjanufacturer.

Figure 24 — Graphical representation of GPS method

ssociated Ugg measurement uncertainty of 2 um. If a test result indicates a profile deviation betw:
nd 9 um, there is a significant probability that a piece which is actually out of tolerance will be i
ccepted. (Conversely, a test resdlt indicating a deviation between 9 um and 11 um has a
obability of incorrectly rejecting a piece that was actually in tolerance.) With the tolerance reductior
e tolerance would be reduced.tfo 7 um, thereby substantially reducing the probability of accepting
lerance piece owing to measurement error. See Figure 25.

q

b

=TT O OO

Dimensions in m

D illustrate this method, consider a gear specified with an involute profile slope tolerance of 9 umn and an

ben 7 um
hcorrectly
ignificant
method,
an out-of-

crometres

9(

Uncertainty range.
Conformance zone.
Specification zone.

b

C

Figure 25 — Example of GPS approach to determining fitness for purpose
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The tolerance reduction method transfers the instrument fithess-for-use issue from the realm of the arbitrary to
that of the economic. In the example presented in the paragraph above, the uncertainty to tolerance ratio
would be 28 %, [2/(9-2)]. With an arbitrary tolerance ratio requirement of 25 %, the instrument would be
considered unacceptable without further consideration. However, for the case of a manufacturing process that
could reliably produce pieces within the 5 um tolerance, the instrument might be deemed satisfactory without
further action. If the manufacturing process were instead known to produce pieces within 6 pm on a consistent
basis, it might be deemed appropriate to pursue improvements in the measurement operation to reduce
uncertainty.

11.1.2 Tolerance ratio method

Traditionally, the question of instrument fithess-for-use has been addressed by requiring that measurement
uncertainty be less than a specified percentage of the associated manufacturing tolerance. For' gear
manufaciuring, this ratio has commonly been set at 25 % to 30 %.

The simplicity of this tolerance ratio method is attractive. On the other hand, fixing an arbitrary percentage
may resylt in a larger or smaller measurement uncertainty (and associated cost) than optimum for the given
applicatign.

11.1.3 Instrument uncertainty guidelines

A further| method is to define the performance of the instrument with calibrated gear artifacts. To improye
uncertainty, the effects of items discussed in Clause 5 should be minimized. The requirements depend on the
accuracy|grade of the gear to be inspected, but the requirements relaté 1o the uncertainty calibration methgd
and the calibrated gear artifact used. Table 3 gives some gear measurement process uncertainty guidelines.

A limitatipn of this method is that it produces a single uncertainty\requirement that applies to a wide range pf
gear tolefances that depend on the gear geometry.

Table 3 — Gear measurement process uncertainty guidelines

Accuracy grade to Maximum recommended uncertainty, Uys
be t¢sted um
1ISO 1328-1 Single pitch @ Ruhout Total helix per Total profile | Total cumulative
ISO 1328-2 100 mm face-width b ¢ pitch
P
1,0 1,5 25 2 2
B
a
b 1;6 2,5 3,5 3 3
b
y
B 3,0 5,0 6,0 6 6
10
11 4,0 7,0 8,0 8 8
12

2  The measurement uncertainty applies to the estimation with artifacts up to module 5 and 400 mm reference diameter and tooth
numbers > 30.

b The measurement uncertainty based on helical artifacts with a helix angle § < 30°.

¢ For face-widths less than or equal to 100 mm, table values apply. For face-widths greater than 100 mm, values should be
increased proportionately.
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11.2 Measurement uncertainty sources

A summary of uncertainty sources from ISO/TS 14253-2, for calibration of measuring equipment in product

verification, is shown in Figure 26.
Common problems can include
— inappropriate specifications,

— runout errors throughout the manufacture and measurement of a gear

—t mounting errors on measuring instruments and machine tools, and

— inappropriate measurement methods.

(0]

uidance on improving the process should be available from the instrument manufacturer.

Physical

Environment
constants

Reference

element of
measurement
equipment

Measuring-
procedure

Definition
of the
characteristic

Uncertainty of
the measured
characteristic

Measurement
equipment

Measuring
object

set up

Software
Metrologist and
calculations

Figure 26 — Uncertainty contributors in measurement
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11.3 Reducing measurement uncertainty

Three general methods can be followed to improve the uncertainty of a measuring process that has been
determined to be unsatisfactorily large.

11.3.1 Following a different calibration procedure

The uncertainty estimation methods provided by this document produce increasing Ugg values as the similarity
decreases between the given procedure and a strict comparator method. Following a procedure that is closer

to the co

One way
artifact w
will redug

Another
procedur
compens

When th
equivaler

configuration as the given workpiece. Elimination of bias measured during ‘the calibration procedure wou

also be
associatg

11.3.2 Rpducing uncertainty of the reference master certification

The uncsq
reference

Reducing
may also

11.3.3 Improving the measuring process

A list of mneasurement process factors.that could potentially reduce measurement uncertainty would be ve

lengthy in

— envijonmental influences,

— instr

— oper|

— arbo

parator method will therefore usually improve measurement uncertainty

to improve conformance with the comparator method is to improve the similarity of the referend
th the given test piece. Use of a different or additional reference artifact, so as to improve similarit
e calibration uncertainty.
way to reduce measurement uncertainty is to eliminate bias measured during\the calibratiq
b from the measurement process, either by adjusting the operation ofjthe instrument
ating the results.

b specified accuracy of the workpiece is grade 5 or better in accordance with 1ISO 1328-1
t, then Ugg uncertainty could be optimized by use of a reference.artifact of the same size ar

equired. This could result in measurement uncertainty valuesonly slightly larger the uncertain
d with the certification of the reference artifact.

rtainty value of an instrument cannot be less than(the uncertainty value of the certification of th
artifact. Depending on the method, the certification Uncertainty may be the dominant factor.

certification uncertainty usually involves reducing the number of steps in the calibration hierarchy.
be possible to negotiate special testing procedures to reduce certification uncertainty.

deed. General categories.would include

Iiment condition‘and alignment,
htor trainingyand

s and fixtures.

e
ya

n
DI

t

[y

Uncertair

L
a4 T+ oot

tvean he-reduced-bvmakina reneated-measurements—on-the workniece-and-usina the - mean of tH
ty-cahbefFeadceayakiigfepeateameastemehts—oRtRe-Worpie SRa ig—the-eah-o+t

measurements and the standard deviation of the mean, where

Om =

Um

Jn

Some of these topics are discussed in greater detail elsewhere in this document. In addition, guidance on
improving process should be available from the instrument manufacturer.
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12 Measurement process (instrument) correlation

When a given test piece is measured by different measurement processes, the resulting values will be
different. Comparison of test results obtained from different measurement processes is commonly referred to
as measurement process correlation.

12.1 Basis for comparison

Before measurement process correlation can be observed, it is important to assure that the measurement

fferences

p-r\r\neene haina-compared—arefollowina—eauivalent testina nroceduras  Commaon—sourcas—of d
e+ o patea—atre—ohoWih Sgtae8t—tesSth f SHHHROH—S0UHGES —&

------------

include

-_—

3=

o)

mounting conditions,
tooth flank naming,
tooth numbering,
measurement location,
measurement direction,
trace data filtering,
analysis method,
operator practices, and

environmental conditions.

.2 Correlation of measurement

may be desirable to quantify the ratieo”of correlation. The following method statistically combines
easurement uncertainties.

prrelation can be consideredywithin the limits of statistical probability with a 95 % confidence inter
\ is less than or equal to {, using the following formula to calculate Ey:

|xa_xb|

[(Ugsa)2 +(U95b)2}0,5

EN=

ndividual

al where

(23)

where
EN is the correlation ratio, with 95 % confidence level;
X is the individual test result from the first measurement process;
Xp is the individual test result from the second measurement process;

Ugsy is the Uggs measurement uncertainty of the first measurement process;

Uggp  is the Uggs measurement uncertainty of the second measurement process.

If Ey is calculated to be greater than 1, the individual test results do not correlate within a 95 % confidence
interval. Further work may be required to determine the cause of the difference.
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Annex A
(informative)

Effect of temperature on gears and artifacts

A.1 Pufpose

The purppse of this annex is to quantify the temperature effects upon involute profile slope, £, helix._slop
fHB, and footh thickness measurements of external gears and artifacts. Such calculations assume. ‘Unifor
temperatyire of the given test piece; localized temperature variations cannot be conveniently modelled.

30

The temperature of the measuring instrument is not considered in these calculations.

A.2 Profile temperature effect calculation

For involpte profile measurement, the effect of temperature can be modelled by considering the associatgd
change in the base circle diameter. The effect upon profile slope ., can be calculated as follows:

a) Giveh (typical) data:

z | 14 Number of teeth
m, |= 8mm Normal module
B = 23° Helix angle
o, [ 20° Normal pressure angle
Ly [ 7mm Roll length to the’start of profile analysis
Ly [ 37mm Roll length-to the end of profile analysis
NOTE When profile analysis start.and end points are specified in roll angle degrees (&), conversion to roll length can

be done wfith the following formula:

&y
L, =| —— |(d& Al
y (360 (digir) (A1)
CTE| =1t;51106C! Coefficient of thermal expansion of the steel
Ay =4+25°C Temperature difference (ra =1 )= (22 5° 20°%) = +2 K°

where
t, s the actual (measured) temperature;
t; is the standard temperature (20 °C).

b) Calculate the transverse module, m;:

my =—"_ — 8690 88 mm (A.2)
cosp
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c) Calculate the pitch diameter, d:

f)

o =0 o

=S T

©

d =myz =121,672 36 mm (A.3)
d) Calculate the transverse pressure angle, o;:
= arctan(t:;:g J - 2157398° (A.4)
Calculate the unmoditied base diameter, d,:
dp =dcosa; =113,148 43 mm (A.5)
Calculate the profile evaluation range, L, (analyzed portion of the profile):
Ly=Lg—Lg=30mm (A.6)
Calculate the new base diameter, dy,,, expanded or contracted by tempefature effect:
dpy =dp +(dy, Ay CTE)=113,15168 mm (A7)
Calculate the new functional profile length, L ,,, lengthened of.shortened by temperature effect:
Lyo=Lg (%} = 30,000 86 mm (A.8)
Calculate the profile slope deviation f,,, resulting from temperature effect:
fro =(Lg2 — Ly )=0,000 86 mm = 0,86 um (A.9)
ne calculated f,, deviation is along. adine tangent to the base circle, within a transverse plane. The polarity
this deviation is plus when the given actual temperature is above the standard temperature of 20} Celsius,
ereby enlarging the base diameter and reducing the pressure angle. This slope deviation diregtion and
plarity conform to that specifiediin ISO 1328-1.
.3 Helix temperature effect calculation
pr helix measufement, the effect of temperature can be modelled by considering the associated ¢hange in
e lead. The_effect upon helix sIope,fHB, can be estimated as follows.
Given:(typical) data:
z = 14 Number of teeth
m, = 8mm Normal module
B = 23° Helix angle
o, = 20° Normal pressure angle
L, = 4572mm  Helix evaluation range
CTE = 11,5x108C-! Coefficient of thermal expansion of the steel
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Ay

where

g)

)

k)

54

la

ls

= +25°C Temperature difference (z, ~¢) = (22,5° 720°) = +2,5°

is the actual (measured) temperature;

is the standard temperature (20° C).

Calculate the transverse module, m;:

Calc

Calc

Calc

Calc

Calc

Calc

Calc

- "n__g69088
cosf

Mt
Lilate the pitch diameter, d:

d = myz =121,672 36 mm

Llate the transverse pressure angle, oy:

anop,

j: 21,573 98°
osf

(t
o ¢ = arctan

Ulate the base diameter, d,:
dy, =d cos oy =113,148 43 mm
ilate the lead, L:

dn

L = 5 =900,51279

Llate the base helix angle, By,

By, =arcsin(sinp coso, ) = 2154101°

Llate the new lead, L,(€xpanded or contracted by temperature effect:
Ly = L+(L Ay CTE)=900,538 68 mm

Ulate the newbase helix angle, B,,, enlarged or reduced by temperature effect:

d
Bps = arctan((Lﬂ—‘ =2154045°
2

(A1

(A1

(A1

(A1

(A1

D)

1)

()

Calculate the portion of the base diameter circumference, C, associated with the helix evaluation range:

C1 :LB taan =18,047 40 mm

(A.18)

Calculate the new portion of the base diameter circumference, C,, associated with the helix evaluation
range, enlarged or reduced by temperature effect:

C2 :LB taanz =18,046 88 mm

(A.19)
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[)  Calculate the helix slope deviation,fHB, resulting from temperature effect:
fHB =(C2—C1)=—0,00052 mm = -0,52 um (AZO)

The calculated fi,5 deviation is along a line tangent to the base circle, within a transverse plane. The polarity of
this deviation is minus when the given actual temperature is above the standard temperature of 20 °C, thereby
enlarging the lead and reducing the helix angle. This slope deviation direction and polarity conform to that
specified in ISO 1328-1.

Temperature-is-not-considered-to-a-significant-effect on-zero=-helix-angle-gears
1 g Irog

A.4 Tooth thickness temperature effect calculation

rl addition to involute profile and helix, tooth thickness may be significantly affected by temperature. These
fects can be modelled by considering the associated change in the tooth section intersecting |the pitch
ameter, where tooth thickness is usually measured. The effect of temperature upon normal tooth thickness
an external gear can be estimated as follows.

oo ¢]

a) Given (typical) data:

z = 14 Number of teeth

m, = 8mm Normal module

B = 23° Helix angle

o, = 20° Normal pressure angle

s, = 12,566 37 mm  Normal tooth thickness at the pitch diameter

CTE = 11,5x108C-1 Coefficient'of thermal expansion of the steel

A, = +25°C Temperature difference (1, —t5) = (22,5° -20°) = +2,56°
where

ta is the actual (measured) temperature;
tg is the standard temperature (20 °C).

b) Calculate thetransverse module, m;:

Mnp

my = = 8,690 88 mm (A.21)
cosfP

c)—Cafcufate the pitchdiameter; a-
d =myz=121,672 36 mm (A.22)
d) Calculate the transverse pressure angle, oy:

anop,
cosf3

ot = arctan(t J =2157398° (A.23)
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e) Calculate the base diameter, d,;:

dp =dcosa =113,148 43 mm

(A.24)

f)  Calculate the diameter, d,, of the new tooth section presented at the pitch diameter due to temperature

effect:

do =d—(d Ay CTE):121,668 86 mm (A.25)

g) Calcptate-the-transverse pressure GIIH:U, von atdiametet (412.
dy o X
0l {p = arccos el 21,569 82 (A.2B)
2

h) Calcllate the roll angle, &, at the reference pitch diameter:

£ = (tanat)(@j =22,65491° (A.2))

T

i)  Calcplate the roll angle, &,, at diameter d,:

£, =tanay, (?j =22,65010° (A.28)
j)  Calcplate the involute function, inv oy, at the reference pitch-diameter:

nva; =&-—o; =1,08093° (A.2D)
k) Calcplate the involute function, inv ay,, at diameter d,:

nvap =&—op =108028° (A.3D)
I) Calcplate the transverse tooth thickness, sy, at the reference pitch diameter:

s =N ~13,65161 mm (A.3[1)

cosf3

m) Calcllate the transvers@tooth thickness angle, ¢, at the reference pitch diameter:

ot = (S—tj 360 = 12,857 14 ° (A.3D)

dx

n) Calcplate the transverse tooth thickness angle, ¢y, at the base diameter:

dtp =¢t+(2 inv oct)=15,019 00° (A.33)
o) Calculate the transverse tooth thickness angle, ¢;,, at diameter ds:

b = Opp —(2 inv octz) =12,858 45° (A.34)

56
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p) Calculate the transverse tooth thickness, s, at diameter d,:

= (i%j(dzn) =13,652 60 mm (A.35)

g) Calculate the transverse tooth thickness, Stp» at the reference pitch diameter, expanded or contracted by
temperature effect:

( d w 13.652 99
oo s 4] 43 mm (A.36)
© T ld2)

rf Calculate the normal tooth thickness, s,, at the reference pitch diameter, expanded 'or,contfacted by
temperature effect:

Sp = Stp COSP =12,567 64 mm (A.37)
s] Calculate the normal tooth thickness change, A, due to temperature effect:
Agn :(sn—sn):0,00127 mm = 0,127 ym (A.38)

The calculated Ag,, change in normal tooth thickness has a positive pelarity when the given actual temperature
sl above the standard temperature of 20 °C.
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Annex B
(informative)

Modified involute, helix, pitch artifact testing

B.1 Purpose
This anngex provides calculation examples of modified involute, modified helix, and modified pitch\artifagct
testing. Refer to 1ISO 1328-1 and ISO/TR 10064-1 for recommended methods of analysis. The: following

example galculations provide methods of estimating the amount of introduced deviation into testing by variodis
modificat|ons.

Changes|in test deviations significantly in excess of those measured on product gears by the given instrumept
are not rgcommended.
B.2 Mqdified base circle involute artifact testing

B.2.1 Given data describing the subject involute master:

z | 14 Number of teeth

m, |= 8mm Normal module

B = 23° Helix angle

o, [ 20° Pressure angle

Ly [ 7mm Length of roll to the start of profile analysis
Ly |= 37mm Length offroll to the end of profile analysis

NOTE 1 When profile analysis start and end points are specified in roll angle degrees (£a), conversion to rp
length can be done with thefellowing formula:

HEFRIAS
L o (360j(db ) (B.)

Mol = 90:mm Desired amount of profile slope modification between start and end of profile
analysis

NOTE2  When fy, is positive, the trend of the profile slope deviation is toward plus material at the tip of the tooth,
which correlates with a negative (smaller) pressure angle deviation and a positive (larger) base diameter deviation,
and vice versa.

NOTE 3  The fy,deviation is in a transverse plane, on a line tangent to the base diameter. Calculations assume
that the instrument is configured to report deviations in that direction.

58 © ISO 2005 — All rights reserved


https://standardsiso.com/api/?name=8de8fdfabd4edc032c094dc2ca2b671b

ISO/TR 10064-5:2005(E)

B.2.2 Calculations required to determine a modified base circle diameter that would produce the desired
amount of profile test trace slope modification.

a)

b)

Calculate the transverse module, m:

my =—"N_ — 8,690 88
cos f3

Calculate the pitch diameter, d:

(B.2)

f)

d=my z=121,67236 mm
Calculate the transverse pressure angle, oy:

anop,

J =21,57398°
osf

(t
ot = arctan

Calculate the unmodified base diameter, d,:
dp =dcoso =113,148 43 mm

Calculate the profile evaluation range, L, (analyzed portion of the profile):
Ly, =Ly —Lyy=30mm

Calculate the base circle diameter modification,CAd,,, required to produce the desired pro
deviation:

Ady, = db(AiH“J= 0,188 58 mm

a

(B.3)

(B.4)

(B.6)

file slope

(B.7)

Calculate the modified base circle diameter, dj,,, that will produce the desired profile slope deviation:

db2 :db —Adb :112,959 85 mm

Calculate the modified-transverse pressure angle, o, for the modified base diameter 4y, (as
fixed pitch diameter,-d):

o = arccos(%j =2181422°

Calculate the modified normal pressure angle, o,,,, for the modified base diameter dj),:

(B.8)

suming a

(B.9)

oo = arctan(tanay, cosB) = 20,225 85°

(B.10)

The original values for number of teeth (z), normal module (m,) and helix angle () should then be used with
the modified normal pressure angle (a,,,) to produce the modified base diameter (dj,,).

© 1SO 2005 - All rights reserved

59


https://standardsiso.com/api/?name=8de8fdfabd4edc032c094dc2ca2b671b

ISO/TR 10064-5:2005(E)

B.3 Modified-lead helix artifact testing

It may be desirable to test a helix artifact against a longer or shorter lead to produce a sloped trace. Refer to
ISO/TR 10064-1 for recommended methods of slope analysis. The example calculation provides a method of
estimating the amount of slope introduced into the helix test trace by lead modification.

Changes in leads that produce slope deviations significantly in excess of those measured on product gears
measured by the given instrument are not recommended.

B.3.1 Given data describing the subject helix master:

z = 14 Number of teeth

m, |= 8mm Normal module

B = 23° Helix angle

a, [= 20° Pressure angle

Ly, |= 90mm Helix evaluation range

AfHB = 50 um Desired amount of helix slope modification withinthe helix evaluation range

NOTE 1 When f,; is positive, the trend of the helix slope deviation correlates with a positive (larger) helix angdle
devigtion and a negative (smaller) lead deviation, and vice versa. The associated plus or minus material trend of the
test tface is dependent upon the hand of the helix, the flank being measured, and the direction of the test trace.

NOTE 2 The i deviation is in a transverse plane, on a lineangent to the base diameter. Calculations assune
that the instrument is configured to report deviations in that direction.

B.3.2 (alculations required to determine a modified-léad that would produce the desired amount of heljix
test trace] slope modification.

a) Calcllate the transverse module, m;:

my = —"_ = 8,690 88 B.1]1)
cosf

b) Calcllate the pitch diameter;(:
d = my z=121,672-36 mm (B.1R)
c) Calcplate the transverse pressure angle, oy:

tana,
ot = arctan| ———

j:21,573 98° (B.1B8)
cosf}

d) Calculate the base diameter, d,:
dp =dcoso =113,148 43 mm (B.14)

e) Calculate the lead, L:

— | —

dn)
L=-—2=900,51279 mm (B.15)
anf
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f)

g)

ISO/TR 10064-5:

Calculate the base helix angle, By
(dpm)
Bp =arctan Y =2154101mm

Calculate the portion, C,, of the base circle circumference associated with the helix evaluation ra

Ca = Lgtanfy = 35,526 39 mm

2005(E)

(B.16)

nge, LB:

(B.17)

)

3

[O)

b

Calculate Cy,, the modified C, value required to produce the helix slope modification, Afyg:
Cap=Cy+ (AfHﬁ ><10'3) - 35,576 39 mm

Calculate the modified base helix angle, B,,, required to produce the helix slope modification, Af,
Ca2 o
Bp2 _arctan( i J 21,568 55
B

Calculate the modified lead, L,, required to produce the helix slope modification, Afyg:

dpm
tan Bbz

=899,247 18 mm

Calculate the modified helix angle B,, required to produce the helix slope modification, f, (as
fixed pitch diameter, d):

Bo = arctan(i—nj =23,02900°
2

Calculate the modified normal-module m,,, for the modified helix angle B, (assuming a fi
diameter, d):

mpo =my COSPo = 7,998 28

) Calculate the modified normal pressure angle, o5, for the modified base diameter d,,:

oy = arcfan(tana cosp, ) =19,996 04 °

he originaknGmber of teeth (z), should then be used with the modified helix angle (,), normal mod
nd normal pressure angle (o,,5) to produce the modified lead (Z,).

(B.18)

(B.19)

(B.20)

suming a

(B.21)

xed pitch

(B.22)

(B.23)

ule (mp5),

hen ‘base helix angle is required for set-up of a mechanical helix measurement instrument, use

lamantar J  rAaraaiac 1 hanand by thaca ~aalalatianas

Bpo- The

ad
ase CroTCtiCan,rerano onorango oy tic ot catrethatons:
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B.4 Modified eccentricity pitch artifact testing

As discussed in ISO 18683, it may be desirable to measure a pitch artifact with additional eccentricity induced.
The effect of the added eccentricity on pitch and total cumulative pitch (total index variation) can be
determined by using calculations described in the following example. In this example, all calculations are done
in the transverse plane tangent to the specified diameter.

B.4.1 Methods of introducing eccentricity

On instruments where th
be induged through physical displacement of the artifact. On equipment where the instrument- |is
mathemgtically aligned to the artifact datums (CMMs), the eccentricity may be induced by mathematical
displacement of the part coordinate system.

Calculating change of pitch and index values caused by added eccentricity.

Pitch valyes may be calculated as the difference between successive index values, or the index values can he
calculate@d by summing successive pitch values. Use of either method will produce the same results.

Index valles:
Left flank CCW rotation

Right flank CW rotation

L, fe

1 cosomn S| @fetm + 0 yme —Wpmt + (k= 1) (B.24#)

Right flank CCW rotation

Left flank CW rotation

fe

Vo, =T
" cosa

Sin[ayMt — W pMt — Q61M +T(k—1)J (B.2p)

Pitch valyes:
Left flank CWW rotation

Right flank CW rotation

fe 2n -
M = —LEL"""cos — gt — +1(k-1 B.2f
p1 cosdum [(Pfe1M Mt =V pmt + T ( )J (B.2p)

Right flank{CCW rotation

Left franmk CWTotation

fe 2n
M = ——CO0Ss 80—(p +a - + (k-1 B.27
p2 cos M 2 [ fe1lM yMt — ¥ pMt T( )J ( )

Because calculation of the change in index values is more direct, this method is used in the following example.

The definitions of tooth and flank identifications used are shown in Figure B.1. Table B.1 contains definitions
of symbols and data sources. Gear design data and inspection set-up data used in the example are shown in
Table B.2. The index values caused by the added eccentricity are shown for each flank in Table B.3. The
certified index values, without added eccentricity, are shown in Table B.4.
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PY

Left flank

a) Clockwise (CW) rotation

K|

1] Datum tooth
2| Right flank
3

a8l “Counter-clockwise” is the US equivalent of "anticlockwise".

ISO/TR 10064-5:2005(E)

Figure B.1 — Tooth and flank identification

Table B.1 — Symbols, their descriptions and data sources

b) Counter-clockwise (CCW) rotation @

Symbol Description Data source Bxample
d Standard pitch diameter zm, 156
- cosfP
dp Base circle diameter =dcosa 146,592
dy Probe ball diameter (use(0 iffcompensated for by Test set-up 0
instrument)
dm Measurement diameter Test set-up 156
F, Runout variation{from eccentricity only) Test set-up = 2f, 67,4
fe Eccentricity F 33,7
Test set-up=—
2
k Tooth number (1 to N) Test set-up  to 24
mp Normal module Gear data 6,5
M5 Pitch value of added eccentricity, (transverse plane, Equation 28 —
tangential to measurement circle), flank 1
1‘V1’p2 Pltbil VdiUU Uf duIdUd CULLCIT Itl Iblty, (tl dllovVel ot pidl <, Equatiuu 29 —
tangential to measurement circle), flank 2
Myq Index value of added eccentricity, (transverse plane, Equation 26 —
tangential to measurement circle), flank 1
Mo Index value of added eccentricity, (transverse plane, Equation 27 —
tangential to measurement circle), flank 2
Pz Lead (negative for LH helix CCW rotation, and for RH helix m, 0 (spur)
CW rotation) =nz—
sinf
Sn Normal tooth thickness at reference pitch diameter Gear data 10,137 5
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Table B.1 (continued)

Symbol Description Data source Example
St Transverse tooth thickness at reference pitch diameter Sn 10,137 5
- cosp
Xm Axial distance from reference face to measurement plane Test set-up 23,8
z Number of teeth Gear data 24
oLyMt Transverse pressure angle at measurement diameter (d,.) 20
= arCCOSL_J
dwm
on Normal pressure angle at reference pitch diameter Gear data 20
ol Transverse pressure angle at reference pitch diameter tana 20
= arctan n
cos B
B Helix angle at reference pitch diameter, positive for right Gear data 0
hand helix
By Base helix angle sina 0
= arceosf——"
sin a4
Wht Half angle base tooth thickness, in transverse plane [St ) j180 4,577 26
—+invoy; |—
d ! T
Wbt Half-angle base tooth thickness with adjustment for probe d 180 4,577 26
diameter, transverse plane =Ypt + —r =
dpcosfy, )«
VoMt Half-angle tooth thickness at measurement diametér with ) 180 3,723 31
probe adjustment, transverse plane =Wpt ('”V O ymt )T
T Tooth pitch angle 360 15
B z
Pfer Angle from eccentricity direction to_dentre of tooth number 1, Test set-up 136,2
at reference face in direction of tooth count (opposite
direction of rotation)
Pfe1M Angle from eccentricity(direction to centre of tooth number 1, Xwm 136,2
at measurement plane = (@1 +360 ,
z
Table B.2 — Example input data
Number of teeth, z 24
Normal module, m,, mm 6,5
Gear deslign data (basic) | Normal pressure angle, o, 20
Helix angle, B 0 (spur)
Normal tooth thickness, s,, mm 10,137 5
Eccentricity, fe, pm 33,7
Angle from eccentricity direction to centre of tooth number 1, at reference face 136,2
in direction of tooth count (opposite direction of rotation), ¢4
Inspection set-up data Direction of rotation for index measurement Cw
Probe ball diameter, dp, mm 0
Measurement diameter, dy;, mm 156
Axial distance from reference face to measurement plane, Xy, mm 23,8
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Values in micrometres

Tooth number

Calculated LF Equation 3 and RF Equation 2

Value of tooth 1 subtracted from
values to set value of tooth 1 to 0

LF index
variation added

RF index
variation added

LF index
variation added

RF index
variation added

1 -31.1 16,6 0,0 0,0

2 -25,4 7,8 57 8,8
3 -18,0 -1,5 13,1 518,

4 -9,3 -10,8 21,8 -27.8
5 0,0 -19,3 31,0 -35,8
6 9,2 -26,4 40,3 -43,0
7 17,9 -31,8 49,0 -48,4
8 25,3 -35,0 56,4 -51.,6
9 31,0 -35,8 62,1 -52,4
10 34,6 -34,2 65,7 -50,8
11 35,9 -30,3 66,9 -46,8
12 34,7 —24,2 65,7 -40,8
13 31,1 -16,6 62,2 -33,

14 254 =08 56,5 -24.8
15 18,0 1,5 49,1 -15,0
16 9,3 10,8 40,4 -5,8
17 0,0 19,3 31,1 2,7

18 -9,2 26,4 21,8 9,9

19 -179 31,8 13,2 15,2
20 =25,3 35,0 5,8 18,4
21 -31,0 35,8 0,0 19,3
22 -34,6 34,2 -3,5 17.6
23 -35,9 30,3 -4,8 13,7
24 -34,7 24,2 -3,6 7,7

1 -31,1 16,6 0,0 0,0
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Table B.4 — Certified index values (without added eccentricity)

Values in micrometres

Tooth number

LF index values

RF index values

1 0,0 0,0
2 -0,1 1,1
3 -0,1 0,4
4 07 -1.1
5 0,0 -0,3
6 1,1 1,3
7 1,1 -0,1
8 0,4 12
9 0,6 ~0;8
10 1,3 -0,7
11 1,7 1,4
12 1,1 -1,0
13 1,5 -0,4
14 1,2 -0,6
15 1,3 -0,9
16 1,4 -0,7
17 0,6 0,0
18 1.2 -0,1
19 0,8 -0,1
20 0,4 0,0
21 -0,3 -0,1
22 0,1 -1,0
23 0,2 -0,6
24 0,9 -0,2
1 0,0 0,0
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B.4.2 Comparison of predicted values to actual

To obtain the predicted index values for this test, the index values from added eccentricity and the certified
index values for each tooth are summed. The predicted values are shown numerically in Table B.5. The
predicted values and their relationship to the runout are shown graphically in Figure B.2. The actual measured
values for this test can be compared (by subtraction) to these predicted values to assess the ability of the
measurement system to accurately measure the resulting index variations.

Table B.5 — Index values predicted, micrometres

Values inrm|crometres
Tooth number LF index predicted RF index predicted

1 0,0 00
2 5,6 -9,9
3 13,0 -17,7
4 22,5 -28,4
5 31,0 -36,1
6 41,5 —427
7 50,0 -48,4
8 56,8 -52,7
9 62,7 -53,2
10 67,0 -51,5
11 68,6 —48,2
12 66,8 -41,8
13 63,7 -33,5
14 57,7 -25,0
15 50,4 -16,0
16 41,8 -6,5
17 31,8 2,7
18 23,1 9,7
19 14,0 15,1
20 6,2 18,5
21 -0,2 191
22 -3,5 16,6
23 -4.6 13,1
L —Z,1 1,9
1 0,0 0,0
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Figure B.2 — Index values, f;, from added eccentricity and-relationship to runout, 7,
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Annex C
(informative)

Non-involute pin, ball, or plane (flank) artifact interpretation

Q-+Purpose

This annex provides examples of non-involute artifact interpretation. In practice, the known nensinvglute form
tested by an involute profile testing instrument which has been configured to generate a.true invglute form
gference associated with a specified base circle. The theoretical deviations which should be ' measured by the
strument can be calculated and compared with the actual measured results.

S 3@

he concept is to replace an involute shape by a simple geometry such as a straight line or circle, which can
b produced to a higher accuracy. This enables the test to check probg“condition, probe location and
strument gain.

o —

5

(@)

.2 Types of non-involute artifacts

on-involute artifacts may take a variety of forms. The most éemimon are plane artifacts (also known as flank
tifacts, see Figure 19) and pin artifacts (see Figures 20>and 21). Another design is the ball artjffact (see
gure 22). Plane artifacts consist of a flat surface feature’which represents a plane that is parall¢l to, and
fset from, the artifact axis of rotation. Pin artifacts consist of a pin feature which represents a cylinder with its
is parallel to and offset from the artifact axis of ,rotation. Ball artifacts consist of two ball featurgs, one of
hich defines the artifact axis of rotation and thetother the measured surface. Plane, pin and bal| artifacts
erve similar functions in calibration of involute profile testing instruments.

NSO MY Z

C.2.1 Non-involute artifact functioni-and calibration

n

br a discussion of plane, pin and ballartifact function and calibration, see 6.4.2 to 6.4.5.

(@]

.2.2 Probe tip effects

—

he calculations of nontinvolute artifact deviation from the specified involute must be compensated according
tq the vector deviations. Certification of spherical probe tip diameter is typically carried out separgtely from
bn-involute artifact-certification measurements. However, the data must all be available for complete and
ccurate calculations of non-involute artifact deviation from the specified involute. Deviation of the [probe tip
ameter from>the certified dimension will have only a very fractional effect upon the accuracy of|the non-
volute artifact test.

SQ0 >

C.2:3 "Measurement location

It may be desirable to limit testing of the plane and pin artifact to a specified axial location, in order to minimize
the effects of manufacturing deviations. The ball artifact must be probed exactly at the equator of the ball.

C.3 Mounting reference features

Artifacts are normally mounted between centres on the involute profile test instrument. This is convenient and
acceptable as are a variety of other possible configurations. However, since the physical orientation of the
artifact to the instrument can affect test results, artifacts should be provided with appropriate reference
surfaces to permit confirmation of proper mounting. Typically, this requirement is addressed by identifying
truing diameter locations toward either end of the artifact. The amplitude and angular orientation of the runout
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characteristics of these reference surfaces must be included in the artifact certification data and confirmed as
part of the involute profile test instrument calibration procedure.

Artifacts may also be constructed without provision for mounting between centres on the involute profile test
instrument. Such artifacts must be provided with either two truing diameter locations near either end of the
artifact or one truing diameter location and a truing band located on one face. Careful positioning of the artifact
so as to minimize runout of the reference surfaces is required for this type of artifact. Artifacts of this type must
have a circular chart documenting the amount and orientation of runout of these reference features included
with the certification statement.

Ball artifdcts need careful positioning of the ball cenfre, which defines the position of the axis of rotation it the
instrument cannot compensate for eccentricity. The axis of rotation is defined by a line perpendicular ¢o the
axial datym surface, and passing through a ball centre.

C.4 Non-involute master interpretation

C.4.1 Recommended practice

Non-involute masters (plane, pin and ball masters) provide highly curved test.traces which respond in an
exaggerdted manner to certain categories of test instrument variation. Included are measurement prolje
position Variation, gain variation and hysteresis variation. It is best to restrict.observation of test traces of nop-
involute masters to these characteristics.

The test|instrument must achieve satisfactory performance in testing of involute masters before further
refinement is attempted by use of non-involute masters. Furthermore, if certain types of adjustments are made
to the inptrument to improve non-involute master tests, retesting of the involute master will be requirgd
because [of the interactive nature of such adjustments. Nonsifivolute masters can be a valuable tool in the
hands of @ skilled gear metrologist, but they must be employed with caution.

C.4.2 Test trace interpretation

Four typgs of test instrument variation will beimulated in the following examples. Resultant traces will he
presented for plane, pin and ball masters. ;Associated involute master traces will also be presented fpr
additiona] reference. It is important to note that the various sources of instrument variation will be presentgd
individually with other sources of instrument variation carefully adjusted to assure clarity of the example. |n
actual practice it is common for_-several, or all, sources of variation to exist simultaneously, rendering
interpretdtion a complex task.

C.4.2.1 |Probe base plane offset

In order tp generate the“specified involute, the contact point between the measurement probe and the mast
surface must lie within"the plane tangent to the specified base cylinder. Variation of the probe location in
direction perpendieular to this plane will be referred to as probe base plane offset variation. Probe base plar
offset ocqurs 90°from the direction of probe roll path offset described, see Figure C.1.

11
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probe tips which are designed to contact the involute profile at the sharp tip. Set up of this type of probe tip to
the instrument involves positioning the end of the tip within the required plane. However, if the sharp chisel tip
is worn, it may be relieved sufficiently to cause the side of the chisel rather than the end to contact the involute
profile. This condition is best avoided by maintaining the sharpness of the chisel tip.

Both the plane and pin masters display negative trending traces from the start at zero degrees of roll until a
low point or trend reversal occurs followed by a positive trend. Any variation in the probe base plane offset will
cause the contact point between the probe and master to occur at a different diameter on the master at the
start of the test. The negative trending region at the start of the test traces is quite sensitive to this. If the probe
contacts a smaller diameter on the master, the amplitude of the negative portion of the trace will increase from
the start to the trend reversal point. If the probe contacts a larger diameter, the amplitude will decrease.
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