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Foreword

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

The prog¢edures used to develop this document and those intended for its further maintenance ate
describefd in the [SO/IEC Directives, Part 1. In particular, the different approval criteria needed for the
different types of ISO documents should be noted. This document was drafted in accordance with the
editorialrules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attentioh is drawn to the possibility that some of the elements of this document may be the subject pf
patent rights. ISO shall not be held responsible for identifying any or all such patentrights. Details pf
any patept rights identified during the development of the document will be in the Tntroduction and/¢r
on the IS0 list of patent declarations received (see www.iso.org/patents).

Any trade name used in this document is information given for the conveniénce of users and does n¢t
constitufe an endorsement.

For an ¢xplanation of the voluntary nature of standards, the-meaning of ISO specific terms an
expressipns related to conformity assessment, as well as infermation about ISO's adherence to th
World Trade Organization (WTQO) principles in the TechnicalyBarriers to Trade (TBT) see www.i{
.org/isofforeword.html.

o o o~

This dochment was prepared by ISO/TC 60, Gears.

This third edition cancels and replaces the seecond edition (ISO/TR 10064-1:2017), of which |it
constitufes a minor revision.

In addition to minor editorial correctionssand clarifications, the changes compared to the previoys
edition dre as follows:

— congdistently referring to the “reference diameter” and eliminating references to the outdated tern
"sta]\dard pitch diameter”;

— clarifying what “adjacentpitch deviations” are in 6.2.3.3;
— in 9.JL.1, clarifying thatwhat is specified is the design profile;

— in 9.2.1, clarifying that what is specified is the design helix;

— adding chamfers to the list of things in 9.2.2 that can be detected on a helix deviation chart;

— in FigGres 54 and 55 adding that the grinding fillet is produced by the finishing tool while the ropt
is created by the pre-finishing toot;

— afactor of 10-3 was added to Formula (43) to account for the specified units.
Alist of all parts in the ISO/TR 10064 series can be found on the ISO website.

Any feedback or questions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found at www.iso.org/members.html.
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Code of inspection practice —

Part 1:
Measurement of cylindrical gear tooth flanks

Scope

h flanks of individual cylindrical involute gears, i.e. with the measurement ofipitch, prof
nd tangential composite characteristics. It describes measuring equipment, provides advice
easuring methods and for the analysis of measurement results, and discusses the interpre
r¢sults.

1
This document supplements ISO 1328-1:2013. It provides a code of practice dealing with.measu
0
a
]

applies to involute gears.

N

Normative references

here are no normative references in this document.

—3

3 Terms, definitions, symbols and abbreviated terms

w

1 Terms and definitions

No terms and definitions are listed in.this document.

rements
ile, helix
for gear
tation of

Measurements using a double flank tester are not included (see ISO/TR\10064-2). This docunpent only

I§0 and IEC maintain terminologicaldatabases for use in standardization at the following addresses:
— ISO Online browsing platform: available at https://www.iso.org/obp
—+ IEC Electropedia: available at http://www.electropedia.org/
312 Symbols andabbreviated terms
Fpr the purpaoses.of this document, the following symbols and abbreviated terms apply.
NOTE The symbols and terms used throughout this document are in basic agreement with the symbols and
tgrms given in ISO 701 and in ISO 1122-1. In all cases, the first time that each symbol is introduced, it {s defined
and disecussed in detail. See Table 1. Abbreviated terms are given in Table 2.
Table 1 — Symbols and definitions

Symbols? Definition Units First use
a tip point — Figure 31
b face width mm Figure 37

which represent combinations of several individual element deviations, are composed of capital letters “F”

dimension is larger than optimum and negative when smaller than optimum.

b These deviations can be + (plus) or - (minus).

a2 Symbols used for deviations of individual element measurements from specified values are composed of lower case
letters “f” with subscripts (exceptions include f,, f; and f,) whereas symbols used for “cumulative” or “total” deviations,

subscripts. It is necessary to qualify some deviations with an algebraic sign. A deviation is positive when, for example, a

also with

© IS0 2019 - All rights reserved
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Table 1 (continued)

Symbols? Definition Units First use
Ce profile control point — Figure 31

d reference diameter mm Formula (4)
d, tip diameter mm 14.3.2.1

d, off effective (measured) tip diameter mm Figure 29

dy, base diameter mm Formula (6)
dy, off effectivebasediametet i 42

dy measurement diameter mm 6.2.3.2 Ar\q}
dye start of active profile (SAP) diameter mm M@)
d, individual inspection diameter (measurement diameter) mm Figure 29
F, tip form point (where tip break starts) — F@M
Fig total single flank composite deviation pum ,\S)\ﬁ
F, total cumulative pitch deviation pm 9.3.1
Fy individual total cumulative pitch deviation _m NEEY:
Foy sector pitch deviation over k pitches \O)\p{m 9.3.7
F. radial runout P o~ pum 6.2.5
F, total profile deviation AQ T pum Figure 14
Fg total helix deviation 0\) ) pm Figure 37
fo difference between the actual and nominal pressure’algje\ degrees |9.14
fom mean pressure angle deviation O Nd degrees  |14.3.1
I3 Ei]sigic(lﬁﬁ;‘gti?)on (difference between theé(:@l and nomi mm 9.1.4
fom mean base diameter deviation A’\‘O mm 14.3.1
fe eccentricity between gear axis and ax{K@f gear teeth pum Figure 34
fra profile form deviation . (-\‘jr pum Figure 14
i helix form deviation C)\' pm Figur
fepT helix form tolerance R \’ . pum 8.3.1
it profile slope deviatiorfo\\ pum Figure 14
fHam mean profile slope ,Qe(&i&tionb pum 9.1.5
fiai individual profi@%l-e)pe deviationP pm 9.1.5
fup helix slope g\e@s\fi’onb pum 6.4
fugi individu@\.»ﬁx slope deviationP pum 9.2.5
fHpm mearyk\&l'f\( slope deviationP pm 9.2.5
fitpme /gﬁ}r{:g:sﬂfgigrftv(ljeil;lr(r)lré’tler:-ghe transverse plane and tangent um Formula (37)
12 %)tBoth-to-tooth single flank composite deviation without removal - 1199

! of the long term component T -
£ footh-to-tooth single flank composite deviation after removal of um 111

ong term component

fr variance of the long period component over one revolution pum 11.2.2
fo single pitch deviationP pum 8.4.3

a  Symbols used for deviations of individual element measurements from specified values are composed of lower case
letters “f” with subscripts (exceptions include f,, f; and f,) whereas symbols used for “cumulative” or “total” deviations,
which represent combinations of several individual element deviations, are composed of capital letters “F” also with
subscripts. It is necessary to qualify some deviations with an algebraic sign. A deviation is positive when, for example, a
dimension is larger than optimum and negative when smaller than optimum.

b These deviations can be + (plus) or - (minus).
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Table 1 (continued)

Symbols? Definition Units First use
fozm mean lead deviationP mm 14.4.1
fobnm mean normal base pitch deviationP pm 1421
fobn normal base pitch deviationP pum 6.2.4
fobni individual normal base pitch deviationP pm 14.1
fob single pitch deviationP, normal base pum 8.4.3
Vs strglepitehdeviationtransversebase rer Formuta (19)
i individual single pitch deviationP pum Figgs&z
i individual double pitch deviationb um @
A individual adjacent pitch differenceb pm ,hm
floi individual adjacent double pitch difference® ulp\Q)v‘ 9.3.8
Jins undulation wave height in profile direction ,\@) Figure 74

N

s undulation wave height in helix direction - pm Figure 74
f] pressure angle deviationP ,< \degrees 9.1.4
flomn mean normal pressure angle deviationP \G)U degrees |14.2.1
flmt mean transverse pressure angle deviationP r‘\\\v degrees |14.2.1
/k helix angle deviationP AQ = degrees |9.2.4
fbm mean helix angle deviationP 2 degrees 9.2.4
Y« length of path of contact ) \\\\ mm Figure 65
Ry chordal addendum to an individual measurgfﬁéﬂt diameter mm Figure 20
Hy radial distance from tip to an individua@‘é’surement diameter mm Figure 29
K number of pitches in a sector X 01@ — 5.7
1 left flank K\ — 5.3
I, profile evaluation length xO mm Figure 14
I e functional profile length\\(}r mm 14.3.2.2
I e base tangent length to Start of active profile mm Figure 14
1 helix evaluation lenigth mm 8.3.1
1 left hand helix- ()" — 5.4
m, normal qu\lﬁj mm Formulal (1)
N pitch r‘l_u\@\é/r — 5.6
N; stagt{@a‘ctive profile point on line of action — Figure 3}1
1 ‘\IQ-%er of deviation values included in the mean — 9.1.5
by \C;K:;se pitch mm 8.4.3
Hon . b?v normal base pitch mm Formulal (1)
[,bc\/\‘ transverse base pitch mm Formulal (16)
P — true positiom pitch® LTI Tt
p, lead of the helix mm Formula (36)
Py off effective lead mm 1441
R right flank — 5.3
r right hand helix — 54
a2 Symbols used for deviations of individual element measurements from specified values are composed of lower case
letters “f” with subscripts (exceptions include f,, f; and f,) whereas symbols used for “cumulative” or “total” deviations,
which represent combinations of several individual element deviations, are composed of capital letters “F” also with
subscripts. It is necessary to qualify some deviations with an algebraic sign. A deviation is positive when, for example, a
dimension is larger than optimum and negative when smaller than optimum.
b These deviations can be + (plus) or - (minus).
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Table 1 (continued)

Symbols? Definition Units First use
s undulation weighting factor mm Figure 80
Scy chordal tooth thickness at an individual inspection diameter mm Figure 29
Sy normal circular tooth thickness at the reference diameter mm Formula (12)
Syn ngrmal circular tooth thickness at an individual inspection mm Fioure 2

diameter

z number of teeth — 6.2.32
Zy number of teeth in master indexing worm wheel — Formula (22)O)
z4 number of teeth on driving gear — Figure 6;\Q N
z, number of teeth on driven gear — Figurﬁ’}v
s o Gauss parameter — F ula (24
Qe transverse pressure angle at the measurement diameter degrees @.‘iﬂ
a, normal pressure angle degre;g_'\ Formula (1)
O off effective normal pressure angle deg\({sé 1421
a, transverse pressure angle é@r\ees Formula (5)
Oy off effective transverse pressure angle \vd/egrees 14.2.1
Oyp normal pressure angle at an individual inspection diameter ,, ) degrees [8.2.3
Oy transverse pressure angle at an individual inspection dia}x@\r degrees |Formula (11)
Oy transverse pressure angle at measurement diameter ‘\\\< degrees  [10.3.9
B helix angle \\)‘ degrees Formula (4)
By base helix angle ,&\‘0 degrees  |Formula (17)
Befr effective helix angle at the reference diameten - degrees |14.4.1
B off effective helix angle at the measurement @&ﬁeter degrees |14.4.1
By helix angle at an individual inspection\ﬁmmeter degrees Formula (10)
€y total contact ratio . (-\‘jr — 11.3.4.2
Ay undulation wavelength C)\' mm Figure 74
Ay undulation wavelength inAI\QSf‘ile direction mm Figure 74
Ag undulation wavelengt‘h@ﬁlix direction mm Formula (22)
13 involute roll angleAU degrees Figure 14
&, involute roll ang;,‘te)the tip diameter radians Formula (7)
EnE involute rol}\@;to the start of active profile diameter radians Formula (8)
€y individu@gpection roll angle radians Formula (9)
0 angu}a&ﬁsition of gear radians Figure 61
A6 anguldar gear position deviation radians Figure 61
I f/&e‘f&ence face — 53
I ~“non-reference face — 5.3

a  Symbols used for deviations of individual element measurements from specified values are composed of lower case
letters “f” with subscripts (exceptions include f,, f; and f,) whereas symbols used for “cumulative” or “total” deviations,
which represent combinations of several individual element deviations, are composed of capital letters “F” also with
subscripts. It is necessary to qualify some deviations with an algebraic sign. A deviation is positive when, for example, a
dimension is larger than optimum and negative when smaller than optimum.

b These deviations can be + (plus) or - (minus).

Table 2 — Abbreviated terms

First use

6.2.6

Definition

3D three dimensional

4 © IS0 2019 - All rights reserved
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Table 2 (continued)

Definition Firstuse
CAD computer aided design 6.2.6
CMM coordinate measuring machine 6.1
CNC computer numerically controlled 6.1
CT computer tomography 6.2.6
GCM gear cutting machine 8.3.3
Giviv gear-meastringmachine orn s

4 General considerations

41 Background

The purpose of this document is to provide background information that will assist with under
gear classifications defined in ISO 1328-1. This information will assist those involved in gear dg
Z]d guidance on good measurement practice and addresses the interpretation of measuremer

¢ identify common causes of gear manufacturing errors. Impreved knowledge of gear meag
Focesses enhances the value of investments in measuring eqliipment.

o o

=

(hen producing multiple identical gears in a large batch, it is rarely necessary or econd
easure all possible deviations on all the gears manufactured. Stable manufacturing process
relatively small number of samples to be measared and still ensure that the required t
class is maintained. Certain elements may not significantly influence the function of the ge
bnsideration. However, some gear manufacfiiring processes are known to increase the
significant variation in tooth geometry in a'single gear and thus require additional measure
verify gear geometry parameter tolerances have been achieved. Some guidance is provided
4 necessary, but it remains the responsibility of the manufacturer of the gears to assure that {
tisfy the specified requirements, such as those in ISO 1328-1. It is recommended that measur
e agreed upon between the manufacturer and the purchaser.

» 3

o w = o

S

.2 Required inspection information

Alll necessary information should be provided to the operator(s) of the measuring equipm
nformation requiredwill vary depending on the type of measurement(s). Most measurement p
r¢quire basic gear’and blank data, such as number of teeth, pressure angle, helix angle, md
djameter, root-diameter, face width, design profile, design helix, etc. Certain measuring task
aflditional infermation. For example, to measure profile, the profile control diameter and st
break need to be provided. Minimum requirements are defined in ISO 1328-1 but it is the respd
0
d

—

f the gear designer to ensure the specification provides sufficient information for the manufa
bvelop a measurement strategy that is suitable for the subject gears.

standing

the requirements, implementation and effectiveness of the gear measurements needed to establish the

sign and

pecification, gear manufacture and gear measurement processes. ltincludes background information

t results
urement

mical to
es allow
olerance
ar under

risk of
ments to
'hen this
he gears
ng plans

ent. The
rocesses
dule, tip
b require
art of tip
nsibility
cturer to

4.3 Measurement selection

4.3.1 Substitution of measurement methods

Inspection may be carried out using a number of methods. In some cases, some measurement
substituted for others. For example, single flank composite measurement may be substituted

s may be
for pitch

measurement, or radial composite measurement may replace radial runout measurement. However,
such substitutions may only be done with agreement between the manufacturer and the purchaser. See

ISO 1328-1:2013, Table 4.

A number of factors should be considered when selecting the measurements, including the tolerance class
required, size of the gear, manufacturing cost, and most importantly, the application of the product gear.

© IS0 2019 - All rights reserved
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4.3.2 First piece inspection

It is possible to verify that the manufacturing process is correct by inspecting only the first piece of
a batch, allowing the inherent accuracy of the process to assure subsequent parts meet the required
tolerance class.

4.3.3 Sampling and statistical process control

The deviations from the design shape of the gear that result from the manufacturing process are
dependent on the production process used. When the process js proven capable of producing the
required tolerance class (e.g. when using statistical methods), sampling inspection may be utilizef.
Many faftors may influence the sample size and frequency; foremost among these should /e the
assurande that the required tolerance class of the parts is met.

The varipbility of the measuring process contributes to the perceived variability of the manufacturing
process.|For more information, see ISO 22514-7.

To achieye statistical compliance, the manufacturing deviations need to be smaller than the specifigd
tolerance. In some cases, for very accurate gears, the use of statistical processicontrol is not possibje
due to the uncertainty in the measurements.

5 Conventions and measurement positions

5.1 Gdneral

When mfeasuring gear teeth, specific reference is made to right flanks, left flanks, pitches, teeth ¢r
combinafions of these.

5.2 D3atum axis

Specificqtion of the design profile, design helixtand design pitch requires definition of an appropriate
referencg axis of rotation, called the datum-axis. It is defined by specification of datum surfaces. S¢e
ISO/TR 10064-3.

The dathm axis is the reference foxr measurements and associated tolerances. The location and
orientation of the measurement diameter circle are determined by this axis.

Ideally, the surfaces used tg construct the datum axis, the surfaces used to locate the gear fi
manufadturing, and the fufctional surfaces that define the gear axis of rotation in its final assemb
will all be the same. In ‘ppactice, this is often not the case. For example, shaft type parts are oftg
manufadtured and inspected using centres to define the datum axis. In cases where the inspectio
manufacturing, and/or functional datum surfaces are different, these surfaces should be coincide
with each other to_a'level of accuracy sufficient to assure the final positioning of the gear is adequate
represerjted during measurement.

<R D<=

When a [rétary table is used, the gear being measured should be oriented so that its datum axis fis
coincident with the axis of rotation of the measuring instrument. In the case of mounting the gear
between centres, care should be taken to assure that the mounting arbor, if used, is in good condition,
and the centres are clean and concentric with the datum surfaces of the gear. In the case of computer
controlled measuring instruments, if the measuring program is capable of mathematically correcting
the errors resulting from off axis mounting condition, then it is possible to mount the gear with some
deviation to the instrument’s axis of rotation.

5.3 Left or right flank

It is convenient to choose one face of the gear as the reference face and to denote it with the letter “I”.
The other non-reference face might be termed face “II”.
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For an observer looking at the reference face, so that the tooth is seen with its tip uppermost, the right
flank is on the right and the left flank is on the left.

Right and left flanks are denoted by the letters “R” and “L”, respectively. See Figure 1.

a) External gear l@vﬁernal gear
Ly \Z

K
1| Tooth1 6 tip Cs)\
2| Tooth 2 7 rig k
3| left flank 8 QQ pitch number 1, left flank
4| 30R = pitch number 30, right flank 2 oth 29
5| 2L = pitch number 2, left flank 30 Tooth 30
)
Figure 1 — Notation and nx@ﬁ:ring for external and internal gears
xO
5

.4 Left hand or right hand h{\l@‘ﬁl gears

he helix of an external or internfg’helical gear is referred to as being right hand or left hand. The hand
F helix is denoted by the letk@s “r” and “l”, respectively.

o -

The helix is right hand (léfthand) if, when looking from one face, the transverse profiles show siiccessive
clockwise (counter-%@}\'/vise) displacement with increasing distance from an observer. See Figure 2.

Figure 2 — Right hand gears, external and internal
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5.5 Numbering of teeth and flanks

Looking at the reference face of a gear, the teeth are numbered sequentially in the clockwise direction.
The tooth number is followed by the letter "R" or "L", indicating whether it is a right or a left flank. For

example,

“Flank 30 R”. See Figure 1.

5.6 Numbering of pitches

The numbering of individual pitches is related to tooth numbering as follows: pitch number “N” lies

between

whetherf|the pitch lles between right or left flanks. For example, “Pitch 30 R” (see Figure )

NOTE

pitch nunpber 2.

5.7 Nuymber of pitches “k” in a deviation symbol subscript

The subcript “k” in a deviation symbol denotes the number of consecutive ¢pitches to which the

deviatio

In practice, a number is substituted for “k”, for example, F3 indicates titaba given cumulative pit¢h

deviatio

6 Typ

6.1 G¢

The ana
the mea;j

are mad¢ by positioning a contacting probe at the theoretical position where the gear flank should he

relative {

types of measuring devices including:

— coordinate measuring machines (CMM, with appropriate software), illustrated in Figures 3 and 4

— trad

— Ccom

— in-py

— port]

— port]

pitch and ¢adial runout of the tooth space on large gears, as illustrated in Figures 10 and 11.

the r‘nrrncnnndlncr flanks of teeth numbers “N-1" and “N” with g letter "R" or "I" it isindicated

Pitch 1 lies between the last and first tooth. Therefore, sector gears have no pitch 1; they start with

applies.
refers to three pitches.

es of measuring equipment and principle

neral

ytical measurement of gears, also known as«individual or elemental measurement, includ¢s
urement of helix, profile, pitch, radial rungut and tooth thickness deviations. Measurements

o the datum axis and measuring any déviation. This can be performed by a number of differept

tional mechanical gear measuring machines (GMM), illustrated in Figure 5;

NN

buter numerically controlled (CNC) gear measuring machines (GMM), illustrated in Figure 6 and
ocess CNC measuring stations mounted on a machine tool, illustrated in Figure 8;
able measuring-devices, illustrated in Figures 9, 17 and 18;

hble geatmeasuring machines which can be mounted on machine tools or rotary tables to measute

NOTE

POrtable measuring arms typically cannot achieve the same level of uncertainty as can be achieved by

other measuring devices.

These methods generally involve scanning the probe over the tooth flank in a continuous manner.
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Figure 3 — Large coordinate measuring machine (C w used for helix, profile, pitch, radial
runout and tooth thlckne{ easurement

Figure mall CMM used for helix, profile, pitch, radial runout and tooth thickngess

measurement
N
v
O:;
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Figyre 5 — Traditional GMM mechanical base disc profile and helix measuring machine

a) Workpiece mounted directly to rotary table b) Workpiece located between centres on a
rotary table

Figur¢ 6 —€NC GMM using the generative method of measuring profile and helix deviations
and the capability to measure pitch, radial runout and tooth thickness
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NOTE Profile is measured by scanning in X-Y coordinates only and the rotary table used to
1] the correct position for access by the probe.

—-

-

=y

2 machine

\w
P

4
jgure 7 — Two examples of non-generative internal gear profile measure@h on a 4-aj

h the gear

kKis GMM

Figure 8 — 1 ocess measurement with a CNC measuring station mounted on a grinding

© IS0 2019 - All rights reserved
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NOTE Commonly used for large gears when independent measuring machig{?gre not available.

o)

Figure 9 — Portable pitch measuring equipment suitable f(&éunting adjacent to a machine
tool rotary table (mounted on a measuring % hine in this image)

QO

Figure 10 — Portable measuring arm with gear artefact
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Non-generative method: Measuremen;}qf%e involute and helix by scanning the surface wit

ISO/TR 10064-1:2019(E)

N
easuring machines can use two methods for profllé}nd helix, as illustrated in Figure 12.

enerative method: The generative method cre s1‘;%95 the theoretical involute or helix with a con
[ simultaneous rotation of a rotary axis and nslation of a linear axis.

Kis measuring machine [usually wit ee linear (orthogonal) axes but some machines use ty
kes and rotary axis]. Collectively, tbgse can be considered as non-generative profile methods.

MM that use the generative method for external gears often use a non-generative method for
pars to minimize the risk f; nterference of the stylus shaft with the internal tooth tip (see F
iddle sketch). The mea ent methods are summarized in Table 3.

N

OTE A laser tracker determines the distance and position of a -held device in a local cpordinate
rstem. The result is the centre position of the probing tip. O
Figure 11 — Measurement of a large gear a@act with a laser instrument

bination

h a three
wo linear

internal
igure 12,

a) Generative b) Generative c) Coordinate
profile measurement profile measurement (non-generative) profile
external gear internal gear measurement

Figure 12 — Profile measurement methods

© IS0 2019 - All rights reserved
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Table 3 — Summary of measurement methods

Internal
Machine type Figure for Principle (1) and/or | Number of Comments
an example external axes
(E) gear
CMM 3 and 4 Non- EandlI 3linear |An additional rotary table
generative may be used to minimize the
orthogonal .
number of measuring probes
required.
Traditional 5 Generative EandI 3linear |Machines require a base dise
mechanifal GMM orthogonal |(fixed diameter or variable
and 1 rotary |diameter using a mechanism),
axis
CNC GMM 6and 7 Generative EandlI 2 or 3 linear |Most use the generative
and non- orthogonal |method for profile
generative and 1 rotary |measurement but at larger
axis diameters, change to
non-gehérative because of
either\limitations in linear axip
length or rotary table encoder
accuracy. For internal gears,
often, the non-generative
method is used since the
generative method may have
interference with the stylus.
Machineltool based 8 Non- land E 2 linear |Normally use the machine too
measurifg station generative orthogonal |rotary axis as the datum axis.
for profile and 1 rotary
axis
Portable|CMM, 10 Non- Evand I 3 axis Generally require an auxiliary
including generative coordinate |datum surface.
measuripg arms system
Portable|dedicated 28 Non- E 2 linear axes | Generally locate on the gear
profile mleasurement generative teeth themselves and require
the measurement of tooth
thickness to establish a datumn.
Portable|pitch 9and 17 Pitchonly | EandI (less | 1linear axis |[Measures adjacent pitch with
measurefment common) |and 1 rotary |atwo-probe system and relieg
axis on a machine tool rotary table|
to provide the datum axis.
Commonly used for large
gears.
Portable[base pitch 18 Base pitch | Eand I (less | Single axis |Uses the teeth as a datum
instrumgnt only common) to measure adjacent base
pitch deviation. If set with a
reference test piece or gauges
maybeused-to-find-meanbase
pitch deviation.

6.2 Measurement methods

6.2.1 Generative measurement methods

Generative methods measure tooth geometry deviations from a generated theoretical geometry.
Involute profile testing involves generating a theoretical involute at the measuring probe with the
relative motion of the machine axes. During such tests, the contact points between the stylus and
the tooth surface are constrained within the plane of action (base tangent plane, a line tangent to
the gear base cylinder used to define the involute profile). See Figures 12 and 13. Generative helix
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testing is carried out according to generation of the theoretical helix. Generative pitch testing involves
rotational positioning of the gear according to ideal, equally spaced tooth locations. Profile and pitch

measurements take place in the transverse plane, the plane of the involute curve.

On unmodified involute helicoid tooth flanks, the point and angle of contact between the 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. Although either a spherical or a sharp stylus may be used, a sphere is normally used b

ecause it

allows the measurement of other features such as datum axis definition and tip and root diameters.

I'he generative principle was first used in mechanical base disk GMM and 1s still the preferred
i} CNC machines.

he profile results from a generative measurement along the line of action (which is a has€ tang
0 1328-1 specifies that measurement points should be uniformly distributed aleng this lin
Chieved with even increments in roll angle or length of roll. Note that this datd@pacing req
eans the radial locations of the data are non-linear.

==

gure 13 illustrates how the generative measurement principle was applied in the construd
faditional mechanical gear measuring machine. The base circle disc (which is the same size ag
hse diameter) is located on the machine spindle and the straight edge’contacts the disc. The

o= llcHEN=T0")

(%)

theoretical involute by the translation and the resulting rotation of the machine spindle along
tangent line (without sliding between the disc and the straight edge). Thus, the stylus scans a
Fofile in the transverse plane. For helix measurement, the'vertical movement of the stylusis c
7 the helical guide connected to the machine spindle;:it generates a base helix by the rotati
achine spindle.

5 oo

Key

1| helix guidé' mechanism 4  indicator

2| gearnbeing measured 5 base circle disk
3| stylus 6  straight edge

method

ent line).
b, This is
lirement

tion of a
the gear
stylus is

¢t on the tangent line of the base circle disc. To measure the involdte profile, the stylus generates a

the base
cross the
bntrolled
bn of the

Figure 13 — Generative helix and profile measuring device

The resulting profile trace is illustrated in Figure 14.

The traditional manual GMM requires three orthogonal linear axes and a rotary axis and thus, CNC

GMM that use the generative principle require the same four axes.

© IS0 2019 - All rights reserved
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AB C DLE

Pl
IROIEAY %
he 03 F,
ol

Key
1  design profile F,  total profile deviation
2 meaqured profile fro  profile form{deviation
3 mean profile line fue  profile slope deviation
A tip cicle point B-D activeprofile
B  start|of tip break (chamfer) B-E usable profile
C  pitch[point L, .profile evaluation length
D  start|of active profile L& base tangent length to start of active profile
E  start|of profile control 13 involute roll angle (shown to point C)
T  start|of roll (point of tangency of transverse(base
tangént)
T' origih of involute
Figure 14 — Tooth profile and profile diagram
6.2.2 on-generative measurement methods

Generative measurerent methods typically are not used with CMM and, due to probe interference rig
or the rgquired roll\féngth being too large, they are sometimes not used for internal gears in four ax
CNC GMM. In the.non-generative method, the tooth flank geometry is considered as a series of point

centre tg

the flank surface, and this needs done along a normal to the flank. A spherical stylus tip shou
be used ; i ; i een—the i

stylus tip and the tooth flank will vary sustantially around the tip. Therefore, the sphericity influences

measurement accuracy and both probe datum and the non-uniform stiffness of the probe stylus will

affect measurement result accuracy if not properly compensated.

The data should be evenly spaced along the line of action (which is a base tangent line). ISO 1328-1
specifies that measurement points should be uniformly distributed along this line. This is achieved
with even increments in roll angle or length of roll. Note that this data spacing requirement means the

radial locations of the data are non-linear.
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6.2.3 Pitch measurement methods

6.2.3.1 General

Pitch parameters can be measured by two principles. The indexing (single probe) method measures
the location of each tooth around a gear, relative to a datum such as an angular encoder. This method is
used on CNC GMM, in-process CNC measurement stations and CMM. The pitch comparator (two-probe)
method compares the distances between adjacent tooth flanks to the distance between an initial
reference pair of adjacent tooth flanks. This method is used on portable pitch measuring devices such

ag-these-iHustrated-inFigure S

2.3.2 Single probe method with rotary table

6

The indexing (single probe) device uses an angular datum such as a rotary encoder with'a CNC c¢ntrolled

ﬂ:tary drive to precisely rotate the gear by an angular increment equal to its pitch;yor 360°/z (Where z is
e number of teeth) (see Figure 15). The degree of the device’s precision should-be consistent|with the

lerance class and diameter of the gear.

Key
1| encoder
2| probe

Figure 15— Pitch measurement using a rotary encoder as an angular datum

The gear is meunted with its datum axis coincident with the rotational axis. The single prohje should
bp oriented te-contact the tooth flanks at the measurement diameter, dy;, and to gather measyrements
1} the specified measurement direction. The gear is incrementally rotated around its datum|axis and
the single probe moves in and out on a precision slide and stop, measuring each successive topth flank
ppsition, relative to the angular datum. This process is repeated until every tooth has been measured.

—

[t 1S common practice to complete this series of measurements by taking a final measurement on the
initial reference tooth, thereby closing the circle. Ideally, this would produce a second measurement
value of zero for the first tooth, as was set at the beginning of the process. Excessive deviation of this
second measurement value from zero indicates a problem with the measurement.

Cumulative pitch or index and adjacent pitch deviations are calculated in accordance with ISO 1328-1.

6.2.3.3 Two-probe pitch comparator

The gear should be mounted with its datum axis coincident with the pitch comparator’s rotational
axis. The first probe acts as a datum for the measurement. The second probe measures the variation in
position of the second tooth relative to the first tooth, from which single pitch variation is calculated.

© IS0 2019 - All rights reserved 17
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The device is adjusted to indicate zero while the probes are contacting the randomly selected initial pair
of teeth (see Figure 16). Care is required to assure that the two probes contact at the same diameter.

Key
1 datum probe
2 meaduring probe

Figure 16 — Two-probe pitch comparator

The two|probes should be oriented to contact the adjacent tooth flanks within the same transverge
plane, af the measurement diameter, dy. As the gear is rotated around its datum axis, the pit¢h
comparadtor moves in and out on a precision slide and stop; measuring each successive adjacent tooth
pair. Thip process is repeated until every adjacent pair of teeth has been measured.

Most twp-probe devices include analysis software which calculates the average pitch deviation, arjd
subtract| this value from the measured data to ‘calculate single pitch deviations. Cumulative pit¢h
deviatiops are calculated by summing the single pitch deviations. Adjacent pitch deviations afe
calculatgd from the difference between single pitch deviations. Most devices allow the results to be
printed. [This procedure is then repeatedon.the other flank.

6.2.3.4 | Measurement without rotary table

When masuring without a rotary table, the probe tip (single probe) or the probe tip configuratiqn
(several probe tips) moves around the gear and probes each point at the measurement diameter. Sg¢e

Figures 3 and 4.

6.2.4 HMHand-heldpitch measuring devices

Hand-he]d pitch:measuring instruments, such as those illustrated in Figures 17 and 18, do n¢t
measure| piteh/relative to a datum axis. Therefore, they cannot be used to determine compliance with
the tolerfances defined in accordance with ISO 1328-1. However, when mutually agreed upon by the

f 1 41 1 4] 1 4 34=1 - 1 3deal 1 L. )
manula urct 4diiu tic purtiidstTI, LIITy 1lidy UT USTU LU ITITASUT T TILITT LIt Uuidl pItLIT Ul DdST PILLUIL.

The normal base pitch parameter provides a localized composite observation of gear tooth pitch
deviations. It is localized in that the observation is made only at a single point on the tooth flank. It
is composite in that it combines the effects of involute profile, helix, and pitch at different contact
diameters into a single observation that directly relates to the gear’s ability to achieve smooth,
conjugate meshing action with its mate.

Hand-held base pitch measuring instruments can either be set to directly measure the deviations
from the theoretical normal base pitch, with the aid of a suitable gauge, or set to reference a randomly
selected initial pair of adjacent teeth. If the instrument is adjusted to the specified normal base pitch of a
gear prior to commencing measurements, it can provide an observation of normal base pitch deviation,

Jobn (see 14.2).
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V.

1| springloaded
Figure 17 — Hand-held two-probe pitch measuring instrument
Key
1| measuring feeler
2| base circle
3| counter support
4| anvil
Figure 18 — Base pitch measurement, two-probe device
The normal base pitch can be calculated by using Formula (1):
Ppn = M{TECOS 0Ly, (1)

where

re—tl 11 it ala
[an IS T HTUT Al U4S5T PItLl, 11T,

m_ is the normal module, mm;

n

o, isthe normal pressure angle, degrees.

n

The two measurement probes of the device are oriented to contact adjacent tooth flanks within a base
tangent plane. In practice, this involves rocking the device through the possible range of contact of
the measuring probe with the involute tooth flank while observing the measurement indicator. The
observed minimum deviation of the indicator will occur at the point of contact corresponding with a
base tangent plane. It is important to ensure that the points of contact of the probes do not lie in zones
with profile or helix modifications, especially when measuring deviations from the theoretical normal
base pitch.
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The normal base pitch measurement device is applied successively to each pair of teeth with each
indicator measurement recorded. This process is repeated until every adjacent pair of teeth has been
measured.

6.2.5 Radial runout measurement

Radial runout is defined as the runout of the tooth space relative to the datum axis of the gear. It is either
measured directly by a single ball contacting the left and right flanks of a tooth space simultaneously or
calculated indirectly from the measurement of pitch deviations separately on left and right flanks and
the theoreticalradialposition-ofaballintwo flank contac mayalsobedetermined by measurements
over a cyllinder or anvil (shaped like a single tooth of a mating rack) placed in the tooth spaces. Althdugh
all thesg methods produce valid measurement results, it is likely that these results will be slight]y
differeny because of flank form deviations, small differences in measurement position, and, when|a

h

e

cylinder|or anvil is used, averaging along the line of contact between the cylinder or anvil and'the toof
flanks. Fpr non-symmetric teeth, the runout measurement process should be agreed upan/between th
manufacturer and the purchaser.

The probing sphere or cylinder with an appropriate diameter is moved inside<the tooth space until
two-flank contact is realized. The diameter of the ball or cylinder or the anvil‘size should be chosgn
to contaft at the measurement diameter. In cases where interference with.the root diameter would
occur, a pall or cylinder with a flat should be used. Depending on the device’and the gear parameters,
the meagurement can be produced with or without a rotating table by means of an axis parallel prohe
or a stariprobe. In the case where a star-probe is used, it is necessary.to always use an eight star-prohje
because jof the contact conditions. See Figure 19. The gear may alse be rotated while supported by “V”
blocks on the datum surfaces.

The use ¢f other methods, such as dual flank composite measurement, to estimate radial runout F,. dog¢s
not meef the requirements of ISO 1328-1.

a) Runout test with b) Runout test without
rotating table (four axis) rotating table (three axis)
and axis)parallel probe with star-probe

Figure 19 — Radial runout measurement

6.2.6 Computertomography metiods for smatl gears

Very small gears, even those with module <0,1 mm, made of plastic or titanium can be measured with
dimensional computer tomography (CT) using x-rays. The result is a cluster of 3D points. See Figure 20
for an example where pitch is measured in the transverse plane and four teeth are measured for profile
and helix on both flanks. The gear measurement is executed in three steps. The surface of the point
cluster (voxels) is determined first. In a second step, the datum surfaces are measured on a system
similar to a CAD system. Then the gear coordinate system can be established and the gear is measured
in the same way as on a CMM. The difference is that the physical surface is not touched with a probe pin
but instead the virtual calculated surface of the part is measured.
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thicknessindirectly and therefore tend to produce different values of tooth thickness.

Figure 20 — Small gear measured with computer tomography showing virtual traces
flanks

2.7 Optical devices for small spur gears

br very small spur gears, it is common practice to use optical devic€s;With image processing,

bints, the standard gear profile evaluation can be executed. Intersection of a circle with the g
bntours gives the pitch points.

.3 Calibration of equipment

[l measurement processes include random and systematic errors which affect the meas
esult. The likely size of the errors is estimated using simple statistical analysis to charact
Focess measurement uncertainty.

ethods of estimating measurement wncertainty are defined in ISO 18653. Also, ISO/TR
nd ISO 22514-7 provide more guidance and examples for calculating measurement ung
he procedures are based around\acomparison of measurements from a measuring proce
pbmparison with calibration values from an accredited calibration laboratory. It is recommer
1 measuring processes used for inspecting gears have measurement uncertainty evaluated
hen considering compliarice with tolerance specifications.

be 7.1 for recommendations on implementation and evaluation processes.

L4 Tooth thiekness, differences between CNC/CMM and manual measurement

here are séveral methods for the manual measurement of tooth thickness. They all measy

bmmon methods include:

pn the

the tooth

ge and the bore along the upper face can be determined. After @n*appropriate selection of measured

bar flank

urement
brize the

10064-5
ertainty.
ss and a
ded that
hnd used

re tooth

— measurement over or between balls or pins: this can be done on all but very large gears;

face width for span measurement;

— measurement over blocks (rack shaped artefacts): appropriate blocks are required;

this method, the distance from the outside diameter to the edges of the jaws of the calipe

span measurement: it is often very convenient, but helical gears may not have sufficient unmodified

a special gear tooth caliper may be used where the gear outside diameter is used as the datum. With

r defines

where the normal chordal tooth thickness is measured. All of these methods have some uncertainty.
However, a gear tooth caliper has additional uncertainty due to its reliance on the outside diameter

of the gear, and the potential for slight rounding of the caliper tips giving false readings.
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The manual tooth thickness measurement methods inherently measure in the normal plane at the
points of contact. With the exception of a measurement over one ball or pin to the datum axis or a
chordal measurement that has been corrected to the radius from the datum axis to the tip of the
individual tooth being measured, the manual measurement methods do not reference the datum axis
and so do not include the effect of tooth radial runout.

Itis important to recognize the fundamental difference between tooth thickness measurement methods
that reference the datum axis and those that are independent of the datum axis. Measurements taken in
relation to the datum axis determine the functional tooth thickness and can be used to directly predict
backlash. Therefore, use of measurement methods that reference the datum axis can be advantageous to
closely cpntrol backlash. To predict backlash during the design stage, when specifying a tooth thickness
measuripg method that is independent of the datum axis, such as most of the manual methods\it fis
necessarly to know the total composite tolerances of both mating parts. The total composite tdlerancgs
may be estimated from elemental tolerances for this purpose, but such estimations introduce sonje
additiongl uncertainty.

On a CN(/CMM device, the exact position at the flank in the normal plane, relative to,the datum surfad
can be probed, at least in principle. But in most cases, the pitch measurement peints, which are in
transverfe plane, are used to determine the tooth thickness. In case of a helicalgear, the points whig
define the normal tooth thickness are not in a transverse plane but more ina‘normal plane. Startiy
from thelmeasured pitch pointsin a transverse plane, the tooth thickness points are calculated using th
unmodiffed involute flank, ignoring deviations like profile slope deviation, f;,, helix slope deviation, f4
and crowning plus all other surface deviations. The tooth thickness/esult is influenced in proportid
to the sige of the deviations. Tooth thickness specifications should ¢learly indicate if the tooth thickness
value is in the transverse, normal or axial plane, and is a circular'arc or chordal thickness.

o

(¢3¢ (SR 5]

=

There are measurement strategies available on some CMM whiich allow the thickness measurement gt
the corr¢ct positions in the normal plane but these featuresare seldom used.

When it |s known that the only measurement of tooth;thickness will be on a CNC/CMM device, then it fis
best to just specify on the drawing the transverse circular tooth thickness and avoid mentioning of any
of the manual methods of measurement.

6.5 “In-process” gear measurement.on manufacturing machines

There is|considerable time and effortiinvolved in measuring gears. This is particularly the case when
the gears are large as they take a long time to set up. Furthermore, if the gear has to be re-worked, thgn
the meagurement process will need to be repeated.

Some mdchine tools have atrin-process measuring station mounted adjacent to the cutting tool whigh
allows the gear to be inspected without removing it from the rotary table. See Figure 8. There are sonje
potentia| problems with this approach, for example, ensuring that the gear blank is correctly mountgd
on the work table and-is not distorted by clamping. But if it is used in conjunction with a conventiongl
gear inspection rachine, there can be significant benefits in terms of reduced process time. It is algo
useful for monitoring some aspects of grinding wheel performance.

Howevey}, it-should be realized that since the measuring equipment uses the same datum axis as the
manufacturing process, some deviations may not be detected. Mounting errors (radial runout of the
gear blank) will not be apparent in the measurement results and temperature effects can also cause
geometry deviations unless the machine can properly compensate to the reference temperature of
20 °C. Some measuring stations allow the measurement results to be adjusted by means of profile and
helix geometry compensation by comparing measurements to those obtained from an independent
measuring machine.

Use of in-process measurement stations can be subject to agreement between the manufacturer and
the purchaser and should be calibrated with workpieces validated by a dedicated measuring machine.
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6.6 Gear mounting

It is necessary to mount the gear on the measuring device in a way that allows access to all surfaces of
interest, i.e. the tooth flanks and the datum surfaces. The mounting should be stable to avoid rocking
but it should also avoid a deformation of the gear by fixture forces. Naturally, a displacement of the gear
under probing forces is not permitted. In most cases, the gears are mounted between centres or in a
multi-jaw chuck.

Mounting in a multi-jaw chuck: This type of mounting can be used for nearly all types of gears. On
a chuck with four jaws, rocking is often an issue. But also in the case of three jaws, rocking will occur
when the contact surfaces are not parallel to the gear axis. On ring gears with small wallthickness,
a|deformation can occur and will be visible from the radial runout and pitch measuremeént graphical
r¢sults.

ounting between centres: This type of mounting is only usable for external gears. It allqws good
ccess to the bearings or reference surfaces; rocking or deformation is no preblem. It is critical that
lhe centre of the tailstock cone is coaxial with the rotary table. Also, the centfés on the part ghould be
axial with the datum axis. If mandrels are used and their reference surfaees are used without further
athematical alignment, then the parts may not meet required tolerance classification.

L =2

-

ounting of large ring gears: A large ring gear with a relatively small thickness of the ring hody will
end under its own weight between the support points. Therefore, itis good practice to measufe profile
hd helix only above the support points.

p o=z g a

ounting of very long pinions: Some GMM use an upper support bearing on very long shafts;
bwever, care is required to ensure that the bearing does not introduce additional errors. For yery long
nions with no possibility for vertical mounting, the pinion can be mounted horizontally if appropriate
ftware and hardware are available for alignment @and measurement.

0w o o2

ear datum radial runout correction: Many. CNC GMM and CMM are equipped to meagure and
bmpensate gear blank mounting errors on:the measuring machine. It is recommended that|the gear
ounting surface or bearing journal surfaces are used to define the datum axis. The required number
F data points to minimize errors caused by datum surface form deviations should be established by
t¢sting.

oz oo

o)}

L7 Example output formatfrom a CNC GMM

7.1 General

tch, radial runout and tooth thickness to illustrate some of the information that is required for a
easurement/ahd analysis. The figures also identify key information that can be used to analyse the
r¢sults. Othépwvalid formats are frequently used.

6
Aln example result from a CNC GMM is provided in Figure 21 for profile and helix and Figufe 22 for
p
n
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GEAR
SSerwaee  MecHne  GEAR PROFILE AND HELIX RESULTS FIHD
VERSION
Prog.No.: §T112345 P45 Operator: SJIW Date: 02.02.07 08:32
Type: Master gear No. of teeth 30 Face Width: 30mm|
Drawing No.: MS5Z30B30RH Module = Smm| Leagen Ev. ta 20.98mm
order No.: quality check 588 Pressure angle 20°) Lengtn Bv. 18 24mm|
Cust./Mach. No.: Helix angle 30°| appr. Lengeh w1 22 .69mm|
Loc. of check: NGML Base Ciz.-@ db 159.6762mm| seylus-2 2mm,
Filter settings — Filter: G50 0.35mm /G50 1.0mm Bass Helix angle 28.024° Add.Mod.Coett x 0
ISO 1328 MEASUREMENT i
f R e left flank PROFILE right flank ]
2
5 Tip form diameter dre ( lQD
¥ 4 - —
um r—— LN
Material Q
Vaz2000:1 tooth 1 Q
= 4 \ + -
Profile
18 j evaluation
¢ length Lo |
Vb2:1 \ ot
R
Profile control diameter dcs
Root || M%an Variation in fis QQ H
o les 17 9 1 Tootk\ M1 9 17 25
Prdfile slope Act.value [ym] Quality Lim.valgke\bﬁal. Act.value[um] Quality
d iation\ft-m-m 1.2 v_1.5 - 2.8 3 v 1.2
Totbl orofile | 1.8 1.0 0.3 1.8 2| #1200 1.2 3.8 ai| 3.1 2.2 2.4
3 iat?;n i 2.6 2.0 2.5 3.0 2| DA\- 189 3.9 3| 3.7 2.8 ¥
o 1:d: 1.3 2.4 2] 2.0 | N4 1.4 1.9 1| 1.8 1.5 1.7
Profile form \f";
deviation left flank ight flank
® 04 HELIX il Q)
Top f \
| T il 6{‘ |
. N\ | ! _-QLR ;
1 T
t . = . & 2 H - 27.00 J—T~
Va2000:1
Y i ol
—1—15.00 Helix
Scale - : evaluation
| Profile length Ls |
' measurement
position on |
| facewidth
: : 3.00 SR o
Y G I-‘ L E
R [#
? ) — Tolerance requirements pm il
& Tolerance class achieved
H ix%pe iy 9 1 Tooth 1 9 17 25
deviation ~ B L@ -1.0 vV 1.1
- 3.4 4] -1.6 -1.5 $1.4 +1.1 -0.6 -0.6 =19 2l 1.2
d“'?‘at. o 4.2 3| 2.9 3.0 1.6 1.5 2.7 2.6 2.9 2| 2.9
IO 2.3 2.0 2.3 1.1 1.1 ok 3| 2 19 2.2
Helix form
deviation

Figure 21 — CNC GMM example result for profile and helix, with comments added
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PITCH, RUN OUT AND TOOTH THICKNESS RESULTS

ii
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Figure 22 — CNC GMM example result for pitch and radial runout, with comments added
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6.7.2 Example evaluations of modified helices and profiles

An example result from CNC GMM for helix measurement with linear end relief is provided in Figure 23.
The measurement result has three evaluation ranges — the middle is an unmodified helix. Between
the end relief area and the unmodified helix, there is a transition zone. This zone is not considered in
the evaluation of either the unmodified helix or the end relief. It is needed to allow for manufacturing
tolerances on length and amount of end relief. Lack of a transition zone could change the evaluated
form deviation. The end of the evaluation length for end relief is indicated on both face sides (upper and
lower end of each trace) to avoid tooth chamfering influencing the evaluation results.

Figure 23 — Helix with end relief, evaluated with linear regression and transitional zones

Figure 24 provides an example result from CNC GMMfor helix measurement with non-linear end religf.
The megsurement result has also three evaluation‘ranges—unmodified helix in the middle and end
relief on|both sides. A transition zone betweenxthe end relief and the unmodified helix is not requirqgd
because [the non-linear end relief begins tangential to the centre portion of the helix. The evaluatign

e

zone ends before both face sides to avoid-airinfluence of the tooth chamfering on the evaluation of t}
end relieff.

a0

Figure 24 — Helix with end relief, evaluated with parabolic regression and without
transition zones

An example result from CNC GMM for profile measurement with linear tip and root relief is provided in
Figure 25. The middle zone has an unmodified profile. As with the helix, transition zones are necessary
because of manufacturing tolerances in length and amount of tip and root relief. Also, the evaluation
length ends prior to the tip or root so that form deviation is not effected by tip chamfering or by start
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of fillet. Below the start of active profile, a certain profile length should be recorded to check that no
interference will occur when the tooth is in mesh.

Figure 25 — Profile of an external gear with linear tip relief, root relief and transition|zones

n example result from CNC GMM for profile measurement with non-linear tip relief is prqvided in
gure 26. The gear has two evaluation ranges—the unmodified-profile and the non-linear tiy relief. A
fansition zone between the tip relief and the unmodified profile is not required as the start of{the non-
ipear tip relief is tangential to the centre portion of the profile. Below the start of active profjle, every
gear should have sufficient profile length recorded to_check that no interference will occur yhen the
tgoth is in mesh.

[ >

—_—

Figure'26 — Profile of an external gear with non-linear tip relief without transition Zones

Recommended measurement procedure and good measurement practice

7.1 Measurement procedure

Any gear measurement process can indicate deviations which appear similar to those introduced from
the manufacturing process. An example is radial runout of the gear blank or a tailstock alignment error
which can occur during manufacturing or during the inspection processes. The inspection results look
identical. Applying good measurement practice minimizes the risk from rejecting gears which would
otherwise comply with the specification or accepting gears which fail to meet the specification.
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The procedures that follow apply to CMM, CNC and GMM. Inspection devices integrated into machine
tools and portable inspection machines may require additional investigations to ensure measurements
are valid for the proper evaluation of the tolerance class.

The following should be considered prior to gear measurement.

Recommlended measurementprocedure:

a)

b)

d)

28

Environment: it is recommended that the temperature of the measuring machine and workpiece
should be 20 °C, or results compensated to this temperature. In all cases, the workpiece and the
machine should be at a stable temperature. Temperature compensation should be used. Any
temperature gradient will affect the accuracy of profile, helix and tooth thickness measurement
and [thus the validity of results. Refer to [SO/TR 10064-5 for guidance on temperature conirpl
and [quantifying the effect that temperature deviations have on measurement results. It is\algo
recommended that measuring machines are located in a clean environment to minimize the\risk pf
contgmination and extend the measuring machine life.

Calibration: it is recommended that the measurement uncertainty of the measuring process
is agsessed using procedures defined in ISO 15530-3 or ISO 18653 and recommendations in the
supporting document ISO/TR 10064-5. If measurement uncertainty is to be ‘considered when
intefpreting compliance to a tolerance specification, the method of implementing this should he
agreed upon between the manufacturer and the purchaser. Different options are presented |n
ISO/ITR 10064-5. Also, see ISO 22514-7 for additional information and mere detailed procedures.

Forrhulae (2) and (3) should be used to calculate uncertainty;Cthe uncertainty equations In
ISO 18653:2003 should not be used.

2 2 2 2 2
Ugs :k\/um+un+ug+uw+e (2

Ugs :k\/urzn +urzl+e2 (3

See ]SO 18653 for symbols and definitions.

Meapuring machine condition: tooling:used to mount gears (e.g. centres, drivers, etc.) should Qe
cleap and free from damage. Indicators used to align gears (or the gear measuring machine) should
be calibrated and have a discrimihation of 1 pm or better, and any location fixtures need to be clegn
and free from damage.

Chegk that the correctprobe is selected and calibrated, that the probe tip is small enough to measufe
the fequired controlydiameter and is suitable for measuring the datum surfaces if required. Whije
meapuring the gear teeth, the probe (or probe cluster when applicable) should not be changef.
The [frequency 0f probe re-calibration depends on the measurement requirements and measuring
machine type.

Chegk-that the measuring machine has been calibrated within the prescribed period. The machine

ShOL]r*] bha racularhs varifiad wrth o goqr artafact v sactor goar wazith o tra-~nahla nf\“]nvv\firn
oo et e gty —ve e a—wWith—a—gtdt—at ettt or— g St ea—wWitn—a—taeeadte—atiatdt

certificate. The frequency of these checks will vary depending on environment, machine condition
and required measurement performance. Intervals of once per week for low volume up to once
per day for higher volume are commonly applied in industry. The date of each calibration should
be recorded and made available to the purchaser. The required frequency of calibration should be
verified by testing with calibrated master gears or workpieces.

Clean the gear teeth and the mounting surfaces. Check to see that all the teeth were cleaned up
(properly machined) during the finishing operation, if appropriate. Verify the gear is free from
nicks, burrs or corrosion.

[tis recommended that the gear be removed from any manufacturing fixture before final inspection
to avoid errors caused by radial runout of the gear blank on the mounting fixture.
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e) The proper selection of datum axis is important for accurate gear measurement. Unless otherwise
stated on the gear drawing, the datum axis should be defined by measuring the functional datum
surfaces that will define the gear orientation in service.

1) Measuring instruments with rotary tables: verify that runout of datum surfaces is small if
no correction for gear blank mounting errors is used (5 um or less for most applications) and
record the mounting deviation on the record sheet.

2) Measuring instruments with rotary tables and datum surface runout correction or measuring
instruments without a rotary table: define the datum axis by probing the datum surfaces (two
circular elements or a circular element and a transverse plane element). It is recothmended
that the minimum number of equally spaced points used be validated by testingtbedause the
required number depends on the measuring machine performance and form deviatiogns of the
datum surface (see note following point j).

f] Measure three or four teeth (left and right flanks) evenly spaced around-the gear for helix and
profile deviations. Measure profile deviations at approximately mid-face width and helix d¢viations
at the measurement diameter, dy;, in accordance with ISO 1328-1.

g) When the gear is manufactured by processes which are known to cause variation in helix d¢viations
with radial location or profile deviations across the face widthyit-is recommended that aflditional
profile and helix measurements be made to verify the constancy of the active gear flank|over the
tooth range. The variations can be caused by manufacturing(ptrocesses such as moulding grocesses
or form grinding resulting in twist. The additional profil€ measurements are often done|near the
start and end of the helix evaluation range, while the additional helix measurements are done near
the ends of the profile evaluation range.

h) Measure all teeth, left and right flanks, for cumulative pitch, adjacent pitch and radigl runout
deviation (if specified) at mid-face width and<at'the measurement diameter, dy;, in accordance with
[SO 1328-1.

i) Evaluate all the results and compare them to the limit values. If one or more paramgters are
outside the limit values, the gear fails-its tooth flank class specification. Guidance on meagurement
uncertainty and compliance with-specification is provided in ISO/TR 10064-5.

j)] Additional measurements such as topographical measurements on a single tooth or Qelix and
profile measurements on.al teeth are recommended when it is important to understand the causes
of manufacturing errofs)or when developing a measurement strategy for processes likely|to cause
significant variation‘in’flank deviations from tooth to tooth.

NOTE Many measdring instruments have options to define the gear datum axis by measuring |the teeth
themselves either_by)measuring pitch (radial runout) deviations or tooth flanks. This is not appropriate for
defining gear classification in accordance with ISO 1328-1 because radial runout effects are not inclugled in the
eyaluation. Thefefore, unless specifically specified on the gear drawing, do not establish the gear datum axis
frlom measurements on the teeth. An exception is the measurement of splines where the teeth themselvgs are the
re¢ference;

7120 Probe problems when measuring aluminium parts

It has been observed that when measuring parts made of aluminium with a contacting probe or stylus,
particles may adhere to the probe tip which will affect results. One successful strategy to prevent this
is to spray the surface with oil before measuring, then clean the workpiece after the measurement.

7.3 Suitable artefacts for calibration of measuring machines

ISO 18653 recommends the use of “workpiece-like” artefacts which are artefacts that are similar to the
product gears to be inspected with the measuring machine. The artefacts are used for helix, profile,
pitch, radial runout and tooth thickness calibration purposes. These should be similar in size and
weight to make the calibration process similar to the product gear measurement process. Measuring
machines are commonly supplied with gear artefacts which are used to demonstrate the machine

© IS0 2019 - All rights reserved 29


https://standardsiso.com/api/?name=924fece5e377e4a94d20ae93874ae9f3

ISO/TR 10064-1:2019(E)

measurement capability. Although these can be used to assess measurement uncertainty, significant
differences between workpiece and artefact geometry reduce the validity of this process. Examples
of “workpiece-like” artefacts are illustrated in Figure 27 where the gear artefacts are identical to the
geometry of the workpieces.

a) Helical gear b) Spurgear

Figure 27 — “Workpiece-like” artefacts

It is recommended that for verification of the measuring machine, gear artefacts with known deviations
and similar surface finish to workpieces should be used. If nétmanufactured from stable tool steel, the
calibratipn interval should be selected to reflect the stability of the artefacts. See ISO 15530-3.

8 Inspection procedures for gears that are too large for gear inspection
machines

8.1 Gdneral

In most fases, GMM or CMM are used to verify if gears meet the specified ISO 1328-1 classificatio
These mjay include portable measuring arms or laser based equipment that is suitable for even the
largest gears. However, when ifispection machines are not available for large gears, with agreement
between|the manufacturer aridithe purchaser, the criteria and measurement practices described in thjs

=

itis'preferable to perform inspections on fully assembled gears, if the part is assembled from

. ] - lolod £
segments;Ttmay pedarsassemorea for measurements:

8.2.2 Measurement by portable gear inspection device using coordinates

Some of these devices are mounted with respect to the gear teeth, and thus they do not reveal deviations
from the datum axis. They measure the profile as a series of coordinates. The device should be
calibrated on parts that have already been inspected on a gear measuring machine. For transportable
devices, care should be taken in their mounting and adjustment on the gear to be inspected. Incorrect
adjustment will lead to abnormal profile slope deviations (f},) (positive on one flank and negative
on the other flank). In this case, a check should be carried out by measuring the base pitch. Figure 28
illustrates a portable profile measuring device which is located on the tooth flanks.
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Repeatability should be checked and the measuring uncertainty quantified. Refer to ISO/TR
for further information.

10064-5

NOTE Some portable instruments do not measure profile and helix deviations relative to the datum axis of

the gear and thus, the effect of radial and axial datum runout deviations is not included.

Figure 28 — Close-up of profile measuring ice for large gears

2.3 Profile inspection by gear tooth caliper \\

8

The total profile deviation can be approximated us&i@ measurements taken with a gear toot
at several radial locations on the tooth (see Fi 9 and 30). The suitability of a gear toot]
should take account of the reading inaccuracy %&thls device.

<
Since the measured deviations are equall ~€l\1”str1buted on each of the tooth flanks, it is not pd
agcurately dissociate the actual deviatioéon each of the profiles.

oF
C)\\O

h caliper
h caliper

ssible to
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radidl distance, hy

chorglal addendum, h,

circular thickness, Syn

cy

1

2

3

4 chordlal thickness, s
5 meadqurement diameter, dy
6

effecfive (measured) tip diameter, d, ¢

Figure 29 — Addendum and chordal tooth thickness
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Figure 30 — Gear tooth caliper

For a better interpretation of this inspection, it should be complemented by a measurement of the actual
base pitch. By comparing it with the theoretical base pitch, this measurement enables the profile slope
deviation, f};,, to be partly taken into account.

After converting the measurements to the transverse plane, the total profile deviation is calculated by
subtracting the theoretical value calculated for a design profile from the value of the chordal thickness,
and then by redistributing the deviation equally on the two flanks.
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It is recommended that for closer compliance with ISO 1328-1, the deviation should be multiplied by cos
(ay,) where (ay,) is the normal pressure angle at an individual inspection diameter.

The recommended minimum number of measurements is 12, equally distributed by involute roll angle,
€, over a height corresponding to the evaluation length and taken at a constant axial position. The
following calculations should be performed using the measured tooth thickness of the gear.

The roll angles at the tip and start of active profile can be found with Formulae (4) to (8):

zm

] n
= 4
cosP )
1 | tanov,
o, =tan ~{——+ (5)
cosP
dy = Z™n cos ot (6)
cosf
d
£, =tan cos 1 —b (7)
daeff
d
Ene =tan| cos 1 —2- (8)
dyg
where
z is the number of teeth;

B is the helix angle;

d is the reference diameter;.fam;

is the normal pressure.angle;

o is the transverse.pressure angle;

dy, is the base.diameter, mm;

d, . 1s thetipdiameter, mm;

dys istthe start of active profile (SAP) diameter, mm;

&, is the roll angle to the tip diameter, radians;

&wr  is theroll angle to the start of active profile diameter, radians.

The difference between the roll angles at the tip and start of active profile is divided by the desired
number of measurements minus 1, then repeated subtraction from the roll angle at the tip diameter
will give the evenly spaced roll angles where the chordal measurements should be taken. These roll
angles can be converted to diameters using Formula (9):

_ dy
U= cos(tan_1 Sy ) )
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where

dy is an individual inspection diameter, mm;

¢y isanindividual inspection roll angle, radians.

The local helix angle, transverse pressure angle, normal tooth thickness, chordal addendum and chordal
tooth thickness can now be found for each inspection diameter shown in Formulae (10) to (15):

] 1)
=tan - < —-tan
By 1 - Bj an
d
-1 “Yb
O FCOS | — 1
" a, 1
s . .
Syn Tdy [dccr)ls[i +invor —inv oy, )COSBY (1%)
Sy COSP
yn y
y
h. =+ 13
N . (1)
8 2
2 Syp COS
Scy 7 (Syn SinBy) +| dy sin L 4 (1)
y
Oy = tan ™ {tanocyt CosBy} (%)
where

By is the helix angle at an individual inspection diameter, degrees;

is the transverse pressure angle at an individual inspection diameter, degrees;
is the normal cireudar tooth thickness at the reference diameter, mm;

s is the normal circular tooth thickness at an individual inspection diameter, mm;
h is the coydal addendum to an individual inspection diameter, mm;

is the'chordal tooth thickness at an individual inspection diameter, mm;

S| 1 1 - O R | 1 P 1 + 1
IS LT TTUTTIIAT PTESSUT T dIIgIT dU dIT TTTUIVIUUAT TIISPTULIUIT UIdITICLEL, UCET TS,

On large gears, the difference between the normal and chordal tooth thickness is usually very small,
but it is recommended that the chordal tooth thickness always be calculated.

NOTE These formulae are only for external gears.
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Table 4 — Gear data

Symbol Value Units
Module my, 40 mm
Pressure angle, normal a, 25°=0,436 332 |radians
Helix angle B 0°=0,000 000 |radians
Number of teeth, pinion Z 134 —
Profile shift coefficient X 0 —
Table 5 — Calculations
Tooth thickness, normal circular |s, 62,832 min
Reference diameter d 5360,000 mm
Transverse pressure angle o 0,436 33 radians
Base circle diameter dy, 4 857,810 mm
Helix angle at d, By 0,000 000 radians
Table 6 — Results
rrcf%’n radzi}z’ms radﬁi}éns raglatns rilylx;l n}icr}r’l rflcr}‘;l
Tip 5440 0,504 04
1 5425,83 | 0,497 53 0,00 0,461 67 31,68 7,13 31,68
2 5411,81 | 0,491 01 0,00 0,456 43 38,52 14,16 38,52
3 539794 | 0,484 50 000 0,451 17 45,17 21,12 45,17
4 5384,22 | 0,477 99 0,00 0,445 88 51,65 28,01 51,65
5 5370,65 | 0,471 47 0,00 0,440 57 57,96 34,83 57,96
6 5357,23 | 0346496 0,00 0,435 22 64,09 41,57 64,09
7 5343,97 (| 0,458 45 0,00 0,429 85 70,04 48,24 70,04
8 5330,86-| 0,451 93 0,00 0,424 46 75,83 54,84 75,83
9 581791 | 0,445 42 0,00 0,419 04 81,45 61,36 81,45
10 5)305,11 | 0,43891 0,00 0,413 59 86,91 67,80 86,90
11 5292,48 | 0,432 39 0,00 0,408 11 92,20 74,16 92,19
SAP 5280 0,425 88 0,00 0,402 61 97,33 80,45 97,32
8.3 AIlnspection of helix form deviation

8.3.1 Inspection of helix form deviation on the gear cutting machine

For spur gears, this inspection may be carried out using a dial gauge mounted on the tool spindle
and linked to a continuous graphic recorder. The straightness of the slide should be checked with a
calibrated straightness measurement standard.

If the helix angle is not zero, the differential of the machine should be used.

The deviation is measured with a minimum of 10 equally spaced points on the evaluation length, Lg. It
should be evaluated with the helix form tolerance, fggr.
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8.3.2 Straightness inspection using a cylinder

This inspection may only be carried out on spur gears.

A ground cylinder is used whose diameter enables it to be tangent to both the right and left flanks of a

tooth space. The flank-cylinder contact points should be approximately at mid-tooth depth.

The cylinder length should equal the face width inspected plus at each end sufficient length for handling

the cylinder.
The cyli

coated with Prussian blue. The deviation values are measured using "precision feeler gauges" |slipp¢
in between the cylinder and the gear tooth flank in the unmarked zones. The recommended minimu
size of tHe precision feeler gauge is 0,04 mm.

8.3.3 Inspection of the tooth contact pattern

Contact marking tests provide a method of verifying helix consistency. When agreed between th
manufacfturer and the purchaser, contact marking tests can replace individual helix measurements.

Inspectipn of the tooth contact pattern should be carried out in accordance with ISO/TR 10064-4.

The tooth contact check should be done with single flank contact] This is often done by bringing t}k
gears info tight mesh contact, then separating them by a few millimetres.

For the dontact pattern check, three different roll tests can bé.done. In order of preference, they are:
— on gpar cutting machine (GCM), fixed centre distance;

— with crane, pinion on top, roll check;

— with crane, gear on top, roll check.

Results g@btained through the three differenttests are practically equivalent.

Blueing japplication: blueing is applied on the roughest surface (generally the gear).

Apply blgeing uniformly on the whole surface of both tooth flanks on a minimum of five consecutive teet

Among these teeth, two of/them will be covered with a thicker coat of blue to help contact patter
evaluatign.

Test reallization: A miinimum of three teeth go through the gear mesh on both flanks.

Test reqords: Dociimentation is done by use of transparent and self-adhesive plastic films. They a1
applied tio theiteeth and then transferred to paper. After application of the film to paper, the result m3
be recorfled'with a colour photograph for storage.

y

The helix form modifications and deviations of the pinion are known.
Small variations in backlash around the nominal value have no influence on the tooth contact pattern

Typical tooth contact patterns are given in ISO/TR 10064-4.
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8.4 Inspection of the pitch

8.4.1 Calculation of pitch

The transverse base pitch is the length of the common normal to two consecutive corresponding
apparent flanks. It is also the length of the base circle arc between two points where these two profiles
touch the base circle.

Ppe =dy, z (16)
Z

The normal and transverse base pitches are related by Formula (17):

Pbn =Pt 0sPy 17)

—3

he actual distribution of the load between the teeth of meshing gears requires-appropriate inspection
F the variation of the base pitch of the two parts making it up.

@]

his is especially important when the parts should be interchangeablé.

T
The theoretical value of the actual base pitch depends on the aétual module and the actual pressure
a

hgle. See Formula (18).

Ppn =T M, COSOL, (18)

NOTE Given the production deviations of the tip diameter of girth gears, inspection of the circpilar pitch
bing a device that takes this diameter as reference is'tot advised. It is replaced by the base pitch inspefction.

c

o)

4.2 Inspection using an automatic device on the cutting machine: inspection of the single
rcular pitch and the cumulative pitchdeviation

(=)

prtable automatic pitch inspection.devices are two-probes pitch comparators (see Figures 9 3nd 16).

easurement of the pitch devjations using a two-probe pitch comparator should occur in a stjress free
nd unclamped state.

L Z s

he two probes should be/positioned at the same distance from the gear axis and in the same plane
brmal to the axis (transverse plane). The direction of the probes displacement should be tangential

the measuring circle. As the exact radial distance is difficult to assess, such comparators are seldom
ced to check the true values of transverse pitches. Thus, the most suitable use of these deviges is the
bterminationd ofpitch deviations.

bme pitch Jcomparators are equipped with a table that advances the probes at a constaht radial
staneepapproximately at mid-tooth depth.

— o wn ac o5 -

he“gear under inspection turns slowly, either continuously or intermittently around its axis} and the
probes on the table are moved in and out of the gauging position.

Based on the single pitch deviations, these devices are capable of calculating for each flank the
cumulative pitch deviation for one revolution.

Depending on the application, the cumulative pitch deviation can be measured for a cumulative pitch
number (k pitches) or for all the teeth. In the latter case, it advantageously replaces the gear radial
runout deviation, which is not representative of the gear action and is not a required measurement.
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8.4.3 Manual inspection: inspection of base pitch, p;, and base pitch deviations, f,

In practice, a portable comparator is used for the measurement of the normal base pitch deviations. The
principle of such an instrument is shown in Figure 18. By using an appropriate gauge, the comparator is
calibrated to measure directly the deviations from a theoretical base pitch.

During the measurement of the base pitch, the contact points with the instrument's probes should not
be located in zones where the profile and/or helix have been modified.

When the gear is manufactured in sections, pitch deviations should be measured across every joint in
additiontomeasurements withitr the sections:

The follgwing relationship is used to convert to the standardized single pitch deviation, f;:

f pbt

COS 0Ly

fo= (19)

When a girth gear is made in several parts, it is recommended that the inspections be carried out with
the part placed on a reference surface. This is to avoid introducing deviations, especially at the faces qn
either sidle of the joints.

ent of the base pitch deviation does not enable the cumulative pitch deviation to Qe
determiped.

8.5 Measuring tooth thickness

See ISO 21771 for tooth thickness measurement calculations.

8.6 Measuring gear radial runout and axial runout of reference surfaces

The radipl and axial runout inspection of the reference surfaces of the part is carried out on a cutting
machine|before machining.

The refefrence surfaces and diameter are“defined by the manufacturer of the gear and indicated dn

At the uder's request, these same inspections may be carried out after unclamping the fixing clamps pf
the gear fon the cutting machine:

The readings are given forZiniformation purposes. The measured deviations should be less than the
requested tolerances aftezjnounting on site.

9 Measurement analysis — Profile, helix, pitch and radial runout

9.1 Prpfile

9.1.1 Profile deviation

Profile deviation is the difference between the specified design profile and the measured profile of the
gear. Unless profile modifications are specified, the shape of the profile in the transverse plane is an
involute curve. ISO 1328-1 specifies the direction of tolerance for profile deviations to be within the
transverse plane, tangent to the base circle.

Amplified traces of the profile inspection test results should be presented on charts that are graduated
for rolling path length, angle of roll, or diameters. They should also be labelled for magnification, filter
wavelength and number of evaluation points in conformance with the specification.
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Any point along the profile diagram can be related to a diameter (radius), a base tangent length and an
involute roll angle. See Formula (9) and ISO 21771.

Figure 14 shows a sample tooth profile and the relation to the corresponding profile trace, together
with the appropriate terms. Details of terms, definitions and concepts concerning the profile trace are
provided in ISO 1328-1. Figure 31 shows a typical profile inspection chart.

a
Cf Nf Fa
b
h
fHu Fa
9a
Ky
measured profile Points on line pfaction
_______ mean profile line C; profilécontrol
ffffff facsimile of design profile N¢ stdpt'ef active profile (SAP)
,,,,,,,,, facsimile of mean profile line - tip form, where tip break starts
a, " tip
Figure 31 — Typical profile inspection chart

9|1.2 Profile deviation diagram

A unmodified involute profile With no deviations will be charted as a straight line. Deviations of
the curve from a straight line represent, in magnified form, deviations of the actual profile|from an
uhmodified involute. Profilevmodifications introduced by the designer create the “design profile”
which will also appear as departures from the straight line, but these are intentional. It can also be
helpful to chart deviations from design profile in addition to the traditional chart of deviationg from an
uhmodified involutel

kcess materiaklonthe profile is considered a plus deviation, while insufficient material is congidered a
inus deviatiemr(see Figures 32 and 33). In addition, these charts are valuable for determinirg profile
haracteristiCs such as tip break, undercut and tip or root relief.

=

(@)
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a) External gear b) Internal gear
Key
1T ¢t design toothshape, unmodified involute
2 root _ measured tooth shape
3 leftflank
4 rightflank
5 tootl cross sections
6  profile charts

Figure 32 — Gear with excess material at tip (decreased pressure angle)

9.1.3 Evaluation of profile diagrams

Dependihg on flank tolerance class specified, it may only be necessary to measure total profi|e
deviatiol\, F,.See ISO 1328-1:2013) Clause 4.

The profile slope deviation{fj,, and the profile form deviation, f;,, are determined by superposing the
mean profile line onto the-diagram as shown in ISO 1328-1:2013, Figures 4 to 8. Allowable values of f}}
and f¢, can be calculated.in accordance with ISO 1328-1.

04

40 © IS0 2019 - All rights reserved


https://standardsiso.com/api/?name=924fece5e377e4a94d20ae93874ae9f3

ISO/TR 10064-1:2019(E)

1 . fha 6 1 e Fita
| | | |
31| |14 3| 14
2 1|\ 2§}
a) External gear b) Internal gear

Key
i tip - ___ design tooth shape, unmodified involute
2| root _ myeasured tooth shape
3| leftflank
4| right flank
5| tooth cross sections
6| profile charts

Figure 33 — Gear with minus material at tip (increased pressure angle)

Ne)

1.4 Algebraic signs of f};, f,, and f,

br the proper interpretationof measurement results, it is necessary to define algebraic sig
pviations and calculate iumerical values.

Q. T

fJis the difference betiveen the actual pressure angle and nominal pressure angle.
fi| base circle deviation is the difference between the actual base diameter and nominal base d

Akcording to71SO 1328-1, the profile slope deviation, fy,, is termed positive and the corre;
pfessure'dangle deviation, f,, is termed negative when the mean profile line rises towards the
enhd oftthe diagram, as shown in Figure 32. In Figure 34, both positive and negative slopes, c
efcentricity of mounting on the gear generating machine, are shown.

hs to the

ameter.

ponding
tooth-tip
hused by

If the slopes, seen in the profile diagrams of mating gears, are equal and have the same
deviations are mutually compensating. This applies to both external and internal gears.

9.1.5 Mean profile slope deviation, f;;,,,

sign, the

Slope deviations of individual profiles can be caused by eccentricity due to inaccuracies of manufacturing
or inspection set-up. Such deviations will vary around the gear. The use of mean profile slope deviations

cancels out the influence of eccentricity on individual profile traces.

The effect of eccentricity on profile slope and the determination of mean profile slope deviation are

illustrated in Figure 34.
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Calculating the mean profile slope deviation is a step towards the correction of manufacturing
processes or other suitable action.

For all practical purposes, it is usually sufficient to calculate the arithmetic mean of the profile slope
deviations by calculating the average of the deviations measured on three or more corresponding
flanks of equally spaced teeth around the gear circumference according to Formula (20):

1
fHocm=;(fHoc1+fHoc2+'“+fHan) (20)
where
fHam 1S the mean profile slope deviation, um;
fHqi | are the individual profile slope deviations, ; can have values from 1 to n, pm;
n is the number of profile slope deviation values included in the mean.
= | A B E
! +
: T ﬂ.*( 1
1l - = =
27
o | +
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||N I - ‘\7_“/2
ETY
2
D~
e} }_1 +
" 7— —t =4\ 2 - 3
Z L,
LAE
1
SHem :g(—11,1—6,6+5,7)=—4 Hm
Key
M axis of rotation of thie'gear on the machine tool
I axis of rotation.efthe gear on the inspection apparatus
C position of téelor profile measuring probe
1,2,3 positions of the teeth from which the profile traces were obtained (at 45°, 165°, 285°) and relevant
profilestraces
Figure 34 — Mean profile slope deviation, f;, ...

9.2 Helix

9.2.1 General

Helix is the lengthwise shape of the tooth flank across the face from one end to the other. The theoretical
helix of a helical gear is contained on the surface of a cylinder concentric with the datum axis at the
intersection of that cylinder with the tooth flank. The theoretical helix of a spur gear is a straight line
parallel to its rotating axis.
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Helix deviation is the difference between the specified design helix and the measured helix of the gear
(see Figure 35). ISO 1328-1 specifies the direction of tolerance for helix deviation to be within the
transverse plane, tangent to the base circle.

Key
1| measured helix
2| design helix

Figure 35 — Helix deviation

9/2.2 Helix deviation diagram

An unmodified helix with no deviations will be charted as a straight line. Deviations of the cufrve from
straight line represent, in magnified form, deviations of the actual helix from an unmodififed helix.
elix modifications introduced by the designer.créeate the design helix; they are intentional departures
fom the unmodified helix. It can also be helpful to chart deviations from design helix in addition to the
tiaditional chart of deviations from an unmedified helix.

iy

™

kcess material on the helix is considered a plus deviation while insufficient material is considered
minus deviation. In addition to identifying the location and magnitude of the helix deviatipn, these
harts are valuable for determining helix characteristics such as edge chamfer, edge rounds, qrowning
nd end relief.

L O QD

Reference to right hand andeft hand helices can be indicated by means of the letters “r” and [1” or the
ymbols + and -, respectively.

wn

et

{L Figure 36, a typical example of a helix diagram shows the helix deviations of a tooth flank|of which
e design helixis an unmodified helix. Had the design helix been crowned, end relieved or ofherwise
odified, tracésrepresenting it would be appropriately formed curves.

qﬁ
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Jy

[
A 4

| measured helix

| mean helix line

[ facsimile of design helix

| _ facsimile of mean helix line

Figure 36 — Typical helix inspection chart

Details df terms, definitions and concepts concerning the helixtrace are provided in ISO 1328-1.

The heli
each end
reductio
are not

with stri

ffﬁ, exceq
outside t

9.23 1

Dependi
ISO 132§
helix sloj
helix ling
Figure 9
with I1SO

k evaluation range, Lg, unless otherwise specified, is equal to the length of trace, reduced

by the smaller of two values: 5 % of the fa¢e width or the length equal to one module. Th
h is made to ensure that unintentional, slight end reliefs caused by some machining conditior
hormally included in the assessment.of)the deviation magnitudes intended for comparisd
ngent tolerances. For assessment of‘\the total helix deviation, Fj3, and the helix form deviatio
s material which increases the amount of deviation should be taken into account even if it
he helix evaluation range.

valuation of helix diagrams

ng on the class specified, it may only be necessary to measure the total helix deviation, Fg. S¢
-1:2013, Clause 4+For flank tolerance classes 1 through 6, it is also mandatory to evaluate th
he deviation,fHB, and the helix form deviation, f. For this, it is necessary to superpose the meg3
onto the diagram as shown in ISO 1328-1:2013, Figures 9 to 13. For reference, [SO 1328-1:201
is reproduced here as Figure 37. Tolerance values fygr and figr can be calculated in accordan
1328-1:

nt
IS
LS
n
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I 11 I 11
rrrrrrr - <
S \\ .

L, ; )

b b
Key
b facewidth ———————— measured neix
F§  total helix deviation I facsimile of design helix ,\Q
fi¢  helix form deviation I facsimile of mean helix line .(1/
fijg helix slope deviation b‘:\ ’
Lt helix evaluation range QQ)
I'| reference face Q
1| non-reference face Q~

o
Figure 37 — Helix diagram \%
S
2.4 Algebraic signs of fyg and f; Q<<

- 3 O

he helix slope deviation, fl}p: and the helix angle de@';}ion, fp, are to be reported with an algeb

levn)
o

ee 14.4.7).

he helix angle deviation, f, is the difference between th\g‘&gtual helix angle and the specified helix angle.

raic sign.

he helix angle deviation, fg, is calculated in a n@ner similar to the mean helix angle devigtion, fg,

lf]—{[}

Figure 39 — Spur gears showing plus and minus helix slope deviations, f;
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Figure 40 — Left hand helical gears showing plus and minus helix slope deviations, fy;;

According to ISO 1328-1, for helical gears, deviations are deemed to be positive (fyg > 0 and fg~>"0)
when the absolute values of the helix angles are larger than the design helix angle, and negative when
smaller. [The helix slope deviations of spur gears are deemed + (positive) if the measured helix is right
hand and - (negative) if left hand. See Figures 38, 39 and 40.

NOTE In the past, the helix deviations of spur gears if other than zero were indicated by the subscripts “
and “1”, injstead of an algebraic sign, implying deviations in the sense of right or left hand helices, respectively.

™

In Figur¢ 41, both positive and negative slopes, caused by eccentricity or wobble due to mounting qn
the gear[generating machine, are shown.

If the helix slope deviation, fs, (assuming equal evaluation ranges) of the corresponding flanks of two
mating gears is equal in magnltude and algebraic sign, the deviations.are mutually compensating.

fHB—1> |— fHﬁ—zﬁ |— fHBg — fHB4 |
L I ]
) \ n) [
A \
[ 1
1 1
K .qu - 1 + = ' + - “ + - l +
>
A ) \
/ ') -
A d A d Y
0° (3602) 90° 180° 270°

Figure 41 — Traces generated from four tooth flanks

9.2.5 Machine corrections based on mean helix slope deviation, fy5,,

For corr¢ction ofimachine tool settings or for matching the helix with a mating gear in a matched pair,
determinationyef the mean helix slope deviation, fyg,, of the gear is useful. If the helix slope deviations

are eithdrandom or are fairly consistent, then the mean helix slope deviation may be used to correft
the hehv Settlng r\F tho machino ucod to manufacturo tho gaar Inthe case nF 3 m')tchaﬂ c‘nf r\F matIrg

Tt e oot To ot rar St 5 I cIre

gears where one has been manufactured and inspected, then the mean helix slope deviation may be
used to adjust the manufacture of the other gear in the set. This will result in improved contact between
the gears without the need to make corrections to the previously finished gear. Note that ISO 1328-1
does not apply to matched gear pairs.

If the helix slope deviation, fyg, varies in a regular pattern around the circumference of a helical gear,
then the datum axis of the gear was probably tilted, offset or misaligned relative to the machine axis
during either manufacture or inspection. See Figure 41. Tilting affects spur gears in the same manner,
but offset (eccentricity) does not.

— Eccentricity: The variation of helix slope deviation caused by eccentricity (if within specified limits)
is not normally detrimental to the operation of the gear.
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— Tilting: Variation of helix slope deviation caused by misalignment of the gear teeth relative to the

datum axis may affect the proper functioning of the gear. Tilting leads to poor load distribu

tion. The

helix slope deviations will cause the centre of contact pressure to shift axially back and forth with
each revolution. This can, in turn, cause gear tooth damage. Therefore, attention should be drawn

to this condition even if the deviations are within tolerance.

The mean helix slope deviation, fyg,, is calculated by averaging the helix slope deviation, fy;g, observed
on the corresponding flanks of three or more teeth equally spaced around the circumference of the

gear. See Formula (21).

L Q>

O

= 4

[

=

Z O

1

~

M

1
SHpm :;(fH[Sl + fup2 +'“+fHBn)
here

fupm 1s the mean helix slope deviation, pm;
fupi  are the individual helix slope deviations, ; can have values from<d*to n, pm;
n is the number of helix slope deviation values included in thé mean.

suitable mean value can be obtained from the helix diagrams of corresponding flank
ametrically opposite teeth. However, if the helix slope deviations vary around the gear, this
ways be disclosed unless traces of at least three equally spaced flanks are obtained.

.3 Pitch

3.1 Pitch deviation

he single pitch deviation (f;)) and the totak¢umulative pitch deviation (F,) are elemental pa
plating to the accuracy of tooth locationsaround a gear. The following is a description of the m
ethods and a guide to the interpretation of the data generated by the measuring devices.

3.2 Pitch deviation measurement

easurements for determinming the single pitch deviation (f;) and the total cumulative pitch
fp) are made:

- relative to the dattim axis of the gear;
- at the measurement diameter, dy;

- in the specified tolerance direction (within the transverse plane along the arc of the meas
diameter).

easurements made in other directions need to be adjusted so that they are equiyv

1

(21)

5 of two
will not

fameters
easuring

leviation

urement

alent to

edsurements in the tolerance direction. This adjustment should be made before comparisd

n of test

results to tolerances.

Sector pitch deviation (F,) is an optional parameter described in ISO 1328-1:2013, Annex D.
Measurements of sector pitch deviation are also expected to conform to the above requirements.

Pitch should be measured on both left and right flanks.

9

.3.3 Relationships of pitch parameters and measuring methods

The relationships of pitch parameters using different measuring methods are illustrated in
Figures 42 to 44.
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Tooth number 1 12 |3 (41|51|6 |7 (8|9 |10 (11 |12 |13 |14 |15 |16 |17 |18
Single probe 0 |3 (4|7 1(81(7 [4121]0|-3|-7]|-9 |-10|-11[-10|-7 | -4 |-2
readings, right
flanks
Cumulative pitch |0 |3 |4 |7 |8 |7 |4 |2 |0 |-3| -7 |-9 |-10|-11|-10|-7 |-4 |-2
deviation
Pitch number 18 (1 |2 |3 |4 |5 |6 |7 |8 |9 (10 |11 |12 |13 |14 |15 |16 |17
Single pitch 2 (3 (1|3 |1 |-1|-3|-2|-2(-3|-4|-2|-1]-1|1 (3 |3 |2
depationf=
(cqlculated)
NOTE 1 | In practice, integer values are seldom encountered.
NOTE 2 | Maximum magnitude offpi and minimum and maximum values for cumulativeypitch deviatioms
are shadégd.
Figure 42 — Sample table with hypothetical deviation values obtained by indexing (single
probe) device
10
8
g 4
E%Hﬂ'_'ﬂﬁl—il-lrﬂl—ll- e "
e o
S 3
2
1 2 3 4 5 6 7 8 95210 11 12 13 14 15 16 17 18
Figure[43 — Sample graphic representation of single pitch deviations, f,, versus pitch number
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Figure 44 — Sample graphic representation of cumulative pitch (index) deviations versus

tooth number

9.3.4 Calculation of cumulative pitch (index), F,

If the indicator always reads plus material as a plus reading and the gear is indexed counter-clockwise
(teeth are numbered clockwise), then the right flank measurement values provided by the indexing
(single probe) pitch measurement device can be used directly as the plus and minus values of index

for each

48

tooth of the gear (see Figure 42). Left flank single probe measurement values should be
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multiplied by -1 to produce the correct plus and minus index values. Other pitch parameters may then
be calculated from that data.

9.3.5 Calculation of single pitch deviation, f;

Individual single pitch deviation values, f,;, are the differences between adjacent index values.
Subtraction of each successive pair of index values produces the values of single pitch deviation for each
adjacent pair of tooth flanks of the gear. See Clause 5 for specified tooth numbering, pitch numbering,
and flank naming conventions.

[%2)]

ngle pitch deviation value number 1 is equal to the index value of the last tooth subtracted ffrom the
index value of the first tooth. Single pitch deviation value number 2 is equal to the index valpe of the
first tooth subtracted from the index value of the second tooth, and so on.

O

3.6 Calculation of total cumulative pitch deviation, Fp

—3

he total cumulative pitch deviation, F, is equal to the difference between 'th€ most positiv¢ and the
ost negative index value for the compl%te gear. See Figure 45.
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Figure 45 — Cumulativepitch, Fp, and sector pitch over four teeth, Fp4, versus flank number

Ne)

3.7 Calculation.ef-sector pitch deviation, Fpk

hiculation of the\sector pitch deviation, F,,, is presented in ISO 1328-1:2013, Annex D. An exdmple for
| is shown ifEigure 45 where subscript i is equal to four.

o>l

e}

3.8 <Segment gear measurement

A gear is called segmented if it con51sts of a single segment or if one or several teeth or spaces are
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teeth and one missing tooth, tooth number 10. The pitch is measured in a clockwise order. Obviously,
the cumulative pitch has no value on tooth 10. But the individual pitch has no value at tooth 10 and
tooth 11. That is because tooth 11 has no preceding tooth to calculate the difference. The adjacent
pitch has three missing values because it is created out of the differences of individual pitch deviations.
Therefore, individual cumulative pitch deviation, F;, has no value at tooth 10, individual single pitch
deviation, fpi, has no value at teeth 10 and 11, and individual adjacent pitch difference, f;, has no value
at teeth 10,11, and 12.

On special gearing where each second tooth is missing, no f,; and no f,; values can be calculated at
all. Such gear has only F,; values. To get information about the behav1our in between the teeth, the
parameters f,; and f5; can be created, which means that only every second tooth is used.
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9.4 Radial runout, determining eccentricity

9.4.1 Measuring principle

Relative to the gear reference axis, the radial runout, F,, of gear teeth is the difference between the
maximum and the minimum radial positions of a suitable ball, anvil, cylinder or prism, which is placed
successively in each tooth space.

If a ball, cylinder or anvil (a piece shaped like a single tooth of a mating rack) that contacts both sides of
a tooth space is used, the tolerance in 1ISO 1328-1 may he applied

Alternatjvely, radial runout, F,, may be calculated from left and right pitch measurements on a CMM J)r
GMM, prpvided the probe diameter contacts at the measurement diameter specified on the drawing.

The size| of the item used for the measurement should be selected such that it contactsithe tooth at
approxirhately mid-tooth depth and it should be placed at mid-face width (see 1SQ~21771 for the
calculatipn of ball diameter).

9.4.2 Evaluation of measurement

9.4.2.1 | Radial runout, F,

The radigl runout, F,, is referenced to the datum axis and is equal to theralgebraic difference between the
maximum and minimum values of the radial deviation measured iiraccordance with ISO 10064-2:199p
5.3.Itis fomposed of roughly twice the eccentricity, f,, togetherwith superimposed effects of pitch arld

profile deviations of the gear (see Figure 46).
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12 3 45 6 7 8 9101112 13 14 15 16 17

NOTE The horizontal axis indicates the tooth number.

Figure 46 — Radial runout diagram of a gear with 16 teeth

9.4.2.2 Eccentricity, f,

A diagram showing measured radial runout is shown in Figure 46. The sinusoidal component of the
curve roughly drawn by hand or calculated by the least squares method indicates (in the plane of
measurement) the eccentricity of the teeth to the reference axis by an amount f,. When the runout is
caused mainly by eccentricity, then the maximum pitch deviation is approximately 90° + o, on the left
flanks and 90° - a, on the right flanks from the high point of runout.
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10 Interpretation of profile, helix, pitch and radial runout results

10.1 Interpreting measurement results

The measurement of profile, helix, pitch and radial runout provides data that can be used to identify
the potential causes of the measured deviations. Before diagnosing a manufacturing problem using
this information, it is vital that potential sources of measurement error be eliminated. For example,
measurements which show radial or axial runout merely indicate that the measurement axis is not the
same as the production axis and can easily be caused by an error in the measurement set-up. Careful

C
b

1

—

I’

1)
2)

1)
2)

3)

0.2 Procedure for interpreting measurement results

he following procedure provides a robust method of evaluating and interpreting gear meas
esults. Examples of measured deviations are provided for guidance.

Helix and profile error visual examination:
Review all teeth measured (left flanks and right flanks).

Use slope parameters to detect trends.

i)

Pitch and radial@driout deviation visual examination:
Reviewdallthe available evaluated parameter values and deviation charts.

Examiine the shape of the deviations. Smooth sine waves are generally caused by radi
oreoncentricity errors during either final machining or measurement process.

Review the phase of the high points on the cumulative pitch deviations.

Generally consistent slope deviations bétween the measured teeth at regular
indicate the same manufacturing erro¥ is present on all teeth and thus, the t
setup is the predominant cause of\deviations. Example error sources include al
tool setting or dressing errors, re>grinding faults on hobs and shaping cutters, cut
runout, temperature effects, elastic deflection from cutting forces, mould cavif
due to shrinkage or cavity stiape errors.

Deviations that vary {frem tooth to tooth in a cyclic manner over measured
regular intervals are.generally due to blank mounting errors, in the case of ma
gears. Example error sources include axial or radial runout of the blank on the pr
machine (or measuring machine), radial runout of the teeth and gear blank from
operations, motld cavity concentricity errors, mould shrinkage variation.

prItrotanmd TreasuTenTernt of TMoUTTting erTors and simpty Tenoving the gear fromr itsTmouTting fixture

bfore repeating the inspection will provide confidence in measurement results.

urement

Use all the information available to diagnose the cause of the deviations (helix, profile, pitch and
radial runout deviations and tooth thickness).

ntervals
oling or
ignment,
ting tool
y errors

teeth at
thine cut
oduction
previous

h] runout

4)

)

ii)

If the high points of the sine waves are out of phase by approximately two t

imes the

transverse pressure angle, then the deviation is likely to be due to blank radial runout.

If the high points are in phase, the deviation is due to an indexing error on the

manufacturing machine spindle or from the previous operation when checking s

haved or

honed gears. Examination of radial runout deviation should show no significant sine wave

once per revolution error in this case.

Review the cumulative pitch deviation charts to identify repeating patterns of pitch deviations
that may cause excessive noise. The deviations may be within tolerance but still cause excessive
noise and vibration in service. Possible causes of repeating pitch deviation patterns include
multi-start hob errors, spindle drive errors or grinding wheel dressing errors.
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10.3 Recognition of common manufacturing errors

10.3.1 General

The following examples illustrate common manufacturing errors and discuss the potential causes of
error both from manufacturing and measuring processes. The results are from measurements taken on
actual gears and thus, they are typical of what is seen in a production environment.

10.3.2 Example of a profile with pressure angle deviation

ion of the left and right flank profile deviations in Figure 47 shows a consistent error,fro
indicating minus metal at the tip. The mean left flank profile slope deviation fy,,, is =23;1'n

Examin
roottot

and vari
-24,4 nun
by a con
pressure

s between -22,4 pm and -23,5 pm. The mean right flank profile slope deviation \fi;,m
and varies between -23,8 pm and -24,7 um. Consistent profile errors indicate they.are cause
mon error source. 14.3.1 provides a method to calculate the deviation in basécdiameter ar
angle deviation from the mean deviation, fy,,.
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this could indicate an erfor'in the mould cavity caused by the manufacturing process or shrinkage 3
cools. Measunemient errors can also cause this effect. Programming of measuring instrument
wrong modile or pressure angle or selecting the wrong size base disc on manual instrument
e these.érvors. Temperature errors will also affect the profile slope deviations in this manng¢

the gear
with the
will caug

Figure 47 —Consistent profile slope deviations

t likely cause is a toolifig problem. For machine cut or ground gears, this could be an err
ng the grinding whee} or honing tool. For hobbing or shaping processes, it could be causg
For in cutting tool mtanufacture or an error when the tool is re-sharpened. In moulded gean

(see ISO/TR 10064-5 to quantify these effects).

10.3.3

‘Ynmplp of prnfilp deviations with varying pressure nnglp deviation

Examination of the left flank profile deviations in Figure 48 shows a varying profile slope deviation
between four teeth measured at 90° intervals. The mean left flank profile slope deviation fy,,, is
-0,3 um and varies between -7,9 pum and +6,1 um. The mean right flank profile slope deviation f};,, is
-1,9 um and varies between -8,2 um and +3,9um. The mean profile deviations are small and thus, the
tooling errors and tooling runout are not the primary fault here. The deviations vary and thus, the most
likely cause of the deviations is radial runout of the gear blank. The radial runout effect varies cyclically
around the gear depending on the phase of the runout with respect to the four teeth samples randomly
at 90° intervals. What cannot be established is whether the runout occurs from the measurement
process or the manufacturing process. All that is clear is that there is a difference between the
measurement axis and the manufacturing axis. Careful measurement and verification of runout of the
datum axis will eliminate the measurement process from this. Note that radial runout or incorrect
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datum axis definition on measuring instruments has the same effect. With traditional mechanical base
disc instruments, runout of the base disc has the same effect as radial runout of the gear, and thus this

should also be checked.
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Figure 48 — Example of varying profile slope deviation

10.3.4 Hob runout or shaping cutter deflection

Ekamination of the profile deviations in Figure 49 showsthat the mean left flank profile slope ¢
Sfiam 1S +0,8 um and varies between +5,8 pm and 6,2 pm while the right flank mean f};,, is
ahd varies between -3,2 um and +15 pm. The form of these deviations is consistent betweer]
right flanks and is the predominant deviationiThe deviation is the same for four teeth meg
D° intervals and thus, radial or axial blankrunout is not contributing to this deviation. If {
bviation is present on all teeth, tooling-related problems are the most likely cause. In thi
bbbing process was used to make the gear. Errors in manufacturing the hob could cause th
bviation and the cutting tool should.be measured to verify that it is not at fault. However, an
itting tool (hob) mounted with. excessive radial runout can also cause these deviations. N
fferences between left and right flank deviations generally result from the combination o
xial and radial) runout deviations that are resolved differently because of the pressure ang
ol flanks. Other causes ©f;this type of deviation include variations in elastic deflection of the
iring the cutting praocess. Shaping cutters may also show this type of form deviation due to
deflection of the cutteér shaft.
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Figure 49 — Example of effect on profile of either hob radial runout or deflection of the hob arbor
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10.3.5 Consistent mean helix slope deviation

Examination of the left and right flank helix deviations in Figure 50 shows a consistent slope deviation
across the face width. The left flank shows plus metal at the end marked “top” on the deviation chart
and the right flank shows minus metal at the same end. Deviations from a vertical straight line are
deviations from the helix. The mean left flank helix slope deviation fyg,, is -34,4 pm and varies between
-32,1 um and -36,1 um over the four teeth spaced at 90° intervals. The mean right flank helix slope
dev1at10nf1_”3m is =35,2 um and varies between -32,0 pm and -37,2 um over the four teeth spaced at 90°
intervals. The helix deviations are consistent, which indicates they are caused by a common error source
at each tooth equally spaced at 90° intervals. 14.4.7 provides a method to calculate the deviation in
helix angle from the mean slope deviation, fyg,. The primary error is a consistent mean slope deviatign
but the $mall variation in slope is consistent with axial runout or wobble during manufacturing ¢r
measurement processes.
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[

Va500:1

|
mm
4

Bottom
N:Z
£HBM -34.4 14
£HE = R0 =-36.1 -36.1 1
FR 26.4 28.9 2
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o|@|n
‘AA\J

Figure 50 — Example of a helix deviatien with consistent mean slope deviation

The medn helix deviation could be caused by an alignment error in the manufacturing machine
tailstock, wrong helix programmed or afiitndamental axis alignment error. Helix deviations can algo
be caused by temperature deviationsysee ISO/TR 10064-5 to quantify temperature effects). Measuring
machine|alignment errors, helix specified or temperature effects during measurement can have similgr
effects. The risk of these occuryihgis minimized by routine alignment tests and the use of calibratqd
artefactg to verify measuringmmachine performance.

10.3.6 Helix slope variation

Examindtion of the-Jeft and right flank helix deviations in Figure 51 shows clear variation in heljx
slope deyiation of around 19 um (left flank) and 16,4 pm (right flank) over four teeth spaced at 9(°
intervald. The.méan helix deviations are very low, around 2 pm. The primary error is the variation In
slope deviation and is commonly caused by axial runout (sometimes called swash error) during eithé¢r
the manyifacture or measurement processes. This can also be caused by radial runout in helical gears
because of the different angular position of the tooth across the face width. Careful control of radial
runout in the measurement process will minimize the risk of this occurring during measurement, but
the selection of the wrong datum surfaces for defining the measuring datum axis will cause similar
deviations. Again, it is the variation in results which show this is caused by blank mounting errors.
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Figure 51 — Variation in helix deviation

0.3.7 Profile control diameter not achieved

gure 52 is an example of where the gear teeth have not fully cleaned up in the root of the right flank.
he right flank profile deviations show that neither the profile control diameter nor the SAP has been
Chieved during finish grinding. This could be due to the wrong hob or excessive protuberan¢e on the
1tter or due to uneven stock removal from each flank:after heat treatment. The key point i that the
Fofile deviations are consistent on four teeth spaced-at 90° intervals (both left and right flajnks) and
thus, the cause is likely to be a set-up or tooling errop:
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Figure 52 — Non-clean up during grinding processes

Figure 53 shows flank clean up variation for profile on the left flank. Teeth 1 and 6 meet the control
diameter requirements. Teeth 10 and 15 do not and are out of specification. Observe that the flank
trace below the profile control diameter shows variation in metal condition. This variation indicates
a difference in mounting error between hobbing and grinding operations. In addition, the right flanks
have all met the profile control diameter requirements (cleaned up). They show no variation in metal
condition below the profile control diameter. This indicates uneven stock division at the start of the
grinding process as well as excessive errors in mounting between operations.
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Figure 53 — Variation in start of involute caused by radial runout, uneven stock

Figures p4 and 55 present a tooth contour manufactured without protuberance and ground on the
flank only. In this case, consideration should be given to the tip curve of thé-mating gear. The grinding
process should ensure sufficient distance between the mating gear tip curve and the tooth contour (sge
Figure 54). There, the generated length of involute is sufficient and, the’mating gear tip curve has 1o
interfergnce with the tooth contour.
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a) Tooth profile b) Profile chart
Key
1 tooth contour
2 mating gear tip trace
3 start of active profile
4  start of involute
5 grinding fillet (produced by finishing tool)
6  root fillet (produced by pre-finishing tool)

Figure 54 — Tooth profile that has no interference with mating gear tip trace

If the distance between the mating gear tip curve and the tooth contour is not sufficient, interference
during mesh will occur (see Figure 55). There, the mating gear tip curve has interference with the tooth
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contour after grinding, although the generated length of involute is sufficient for the active profile.
Those conditions will lead to noise excitations.
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1| tooth contour
2| mating gear tip trace
3| startof active profile
4| start of involute
5| grinding fillet (produced by finishing tool)
6| rootfillet (produced by pre-finishing tool)

Figure 55 — Tooth profile with interference of mating gear tip trace

ey

0.3.9 Pitch results with radial'\runout of the gear blank

hen an otherwise perfect-gear has an eccentric bore, as in Figure 46, and it rotates about the axis of
the bore, the radial runout, F,, will approximately equal 2 f,. Eccentricity causes single pitch d¢viations
afound the circumfergnce of the gear with a maximum value of f,, = 2 f, [sin (180°/z)/cos quy]. The

r¢sulting cumulativé-pitch deviation also has a sinusoidal form, with a maximum value of A
cps ay. The anglébetween the maximum cumulative pitch deviation and the maximum radiz
approximately,90° + a, on the left flanks and 90° - «, on the right flanks. Radial runoy
by eccentricity results in a variation in backlash and accelerations and decelerations due

=2 f)
1l runout
t caused
to pitch

dpviations.

fion sine
whether

The xesults in Figure 56 show the cumulative pitch results have a cyclic once per revolu
ave characteristic which is commonly caused by radial runout. The deviation is identical

g P g the manufacturing process.
Examination of the cumulative pitch deviations in Figures 56 and 57 shows that the high points of the
sine wave deviations are displaced by a phase angle of two times the transverse pressure angle, which
in this case is approximately by 40°. The calculated radial runout plot confirms the runout.

10.3.10Pitch with indexing deviations

Indexing deviations while form cutting, shaving or power honing teeth can create a gear in which all
tooth spaces are of equal size, resulting in no runout, while substantial pitch and cumulative pitch
deviations are present.

Results in Figure 57 illustrate this. The large cumulative pitch deviation sine wave peaks on left and
right flanks are in phase and thus, the deviations cannot be caused by blank radial runout. This is
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confirmed by the radial runout deviations which are small. It may be caused by an indexing deviation of
the rotary table drive. Butitis also common in shaving and honing processes where the pitch deviations
introduced during the hobbing process are not removed by the finishing process.
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Figure 56 — Gear blank radial runout deviation and influence on adjacent cumulative pitch
results

58 © IS0 2019 - All rights reserved


https://standardsiso.com/api/?name=924fece5e377e4a94d20ae93874ae9f3

ISO/TR 10064-1:2019(E)

PITCH + RUNOUT TEST
Part No.: . REMARKS: .
z= 400 [m= 2.5 mm[p= 47'6'22" L |d— 264.574 mm| Date/insp.42,07.4996/RCF
b 3 £ Fpe/8 fis 1, % Fy Fpz/8 F E
Reqd. Qual | « 6 6 6 6 | 6 6 6 6 g |2
Limit Value | 5 8.0 10.0 32.0 eo.o_&f 8.0 10.0 2.0  20.4] 22.0g
Act. Value | o 23 A7 52.6| 22.0|§ 2.1 2.5 48.4 20.§ 9.7| 4
Act Qual. | % 2 3 B 7 |= 2 3 8 7 4 |5
(] max.T.NO.: 11 L.l 4 =il e D
o
20 f — —
el | . : i

P

El MIN.T.ND.: B3 N
v/
EIMIN.T.ND.: 72 %)
\)

|

*

: s S -
0 | i - a Ay
uzne 5 \ A ‘
®
+ ;
[F] MAX.T.NO.: 1B \%
] Max.T.NO.: 43 O‘\
O«
20 &
pm
& B
o
El mMIN.T.ND.: 90 .®$
Fp — A\
EIMIN.T.NO.: 43 \O
o
N
a5 &
pm 9
o)

@)
FXX.7.M0.: 96

E)MAX.T.NU.: 57

|
1
]
f
(=]

Figure 57 — Example of an indexing deviation on cumulative pitch and radial runout

To reveal this condition on the gear, a modified radial runout check can be applied using a “rider” as
a probe (see Figure 58). The reason why this check detects the effect of the pitch deviations is that
here, the pitch deviation results in tooth thickness deviations, which a rider indicates as a radial change
when contacting both flanks. This type of gear measurement is not included in ISO 1328-1.
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Key
1 ridertype A
2 rider|type B

Figure 58 — Measurement of radial runout of thefeeth with a rider

10.3.11Pitch with repeating deviation patterns that may cause noise

Figure 5P shows a repeating adjacent pitch deviation pattern that has occurred during manufacturg.
This type of deviation is likely to cause excessive noise and vibration in operation. Typical causes pf
these defiations are multi-start hobs with thread pitch deviations or deviations caused by the rotary
table driyes on machine tools.

11 Single flank composite testing

11.1 Single flank composite testing principle

Tangential (single flank) composite testing can provide valuable information about the transmissign
error of 4 gear, a pair of gears,or an entire gear train. Transmission error is the deviation of the positign

n gear from the ‘position that the driven gear would occupy if all the gears involved in the
ent were geemetrically perfect. It should be noted that gears with modified flanks will show
deviatiofs during analoaded single flank test that are different from the deviations that will exift
when th¢ gears are loaded.

Recordedl diagsams of single flank composite measurements generally include short period components
correspqnding to successive cycles of tooth engagement, superposed on long period components
associatedwith rnmplpfp revolutions of each of the mpching gears

ISO 1328-1 provides tolerances for two characteristics of transmission error (without applied load
between the gear pair) for individual product gears measured with a master gear, total single flank
composite deviation, Fj,, and tooth-to-tooth single flank composite deviation, f.

The following is a description of the measuring methods and a guide to interpretation of the data
generated during single flank measurement:

a) individual gears measured with a master gear;

b) apair of product gears.
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Single flank testing of more than a single mated pair of gears is the assessment of the kinematics of a
gear transmission. This is not considered to be within the scope of this document or ISO 1328-1.

11.2 Single flank composite test

11.2.1 Single flank test setup

For measurement of single flank composite deviations, two gears are mounted, with backlash, at an
appropriate centre distance. Contact should occur only on one set of corresponding flanks. Rotating

si_lﬁl_rl—l—d—m_f—'—l_t_ﬂ'ninc Tonously with each gear 15 a device capable of measuring angular motion,; these ax‘é‘typically
tary optical encoders (gratings and reader head assemblies), but may be rotary acce%x heters or

r
velocity transducers. If both flanks are to be tested, two tests need to be run. (1/
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Figure 59 — Single and cumulative pitch deviations with repeating patterns
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Figure 60 shows the principle of single flank testing and double flank testing. For single flank testing,
the rotational movements are measured; for double flank testing, the centre distance variation is
measured. A schematic of a single flank measuring device is presented in Figure 61.

Key

1  singlp flank test (with backlash)
2 double flank test (no backlash)
3 fixed|position

4  floating (movable) centre

NOTE Meshing teeth are enlarged for clarity.

Figure 60 — Principle of single flarik'and double flank composite gear testing

Key

1 driving (master) gear

2 driven (product) gear

3 rotary encoder of driving gear

4  rotary encoder of driven gear

5 calculation of transmission error
a

Fixed centre distance.

Figure 61 — Schematic of a single flank measuring device
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Single flank composite measurements are performed with tooth flank contact maintained, under very
lightload, and with low angular velocities. During measurement, one gear acts as the driver, rotating the
other gear. During rotation, the angular positions of the driven gear relative to the driver are measured,
taking the ratio of the number of teeth into account. The angular deviations from nominal are recorded
either on a strip chart or into digital storage on a computer for one complete revolution of the product
gear being measured. See 11.4 for single flank measurement of product gear pair. The results generated
reflect the combined elemental deviations (profile, helix, pitch) of both gears. To compare the angular
readings to the tolerances provided in ISO 1328-1, they should first be converted to linear values at the

measurement diameter specified. If no measurement diameter is specified, the conversion should be
doneatthe reference diameter

Before starting the single flank composite measurement, it is very important that:

- the spindle runout is minimized;

- the tooth flanks have been adequately cleaned;

- the gears are properly aligned and set up with minimum eccentricity to theé spindle axis.

hngential composite deviations of heavily loaded gears can also similarly be checked when d suitable
g is available. Under these conditions, recorded deviations are influenced by load inducged tooth
formations, by mesh stiffness variation, and, depending on the speed of rotation, by impact effects, as
ell as by imperfections of tooth geometry. The loaded test will-also include effects from the pearings
nd housing deformations resulting from load. Tolerances forimeasurement under load are not covered
y 1SO 1328-1.

o 0=

oL S a

1.2.2 Single flank composite deviations

he total single flank composite deviation, F,, is:the maximum measured transmission errjor range

hen the gear wheel is moved through one coniplete revolution. See Figure 62, Key A.

he tooth-to-tooth single flank composite deviation with long term component removed, f, is the
hlue of the greatest measured transmission error over any one pitch (360°/z) after removal of the
ng term component (low pass filter)*when the gear is moved through one complete revolution. See

gure 62, Key C.

e s 3 s -3 =

The long term component anay be found by using a moving average (rectangular filter) with a
window length equal to 10 % of the number of teeth. This has been found to be generally applicable
to all size gears.

The variance of thelohg period component over one complete revolution achieved by using alow pass
filter is described by parameter f|'. See Figure 62, Key B.

The tooth-te-tooth single flank composite deviation before removal of long term component,|f;, is the
value of the)greatest measured transmission error over any one pitch (360°/z) without remoyal of the
ldng terfit component when the gear is moved through one complete revolution. See Figure 62,|Key A.
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e pitch of tooth meshing

vheel revolution

e pitch of tooth meshing

signal of tangential composite deviation

period component obtained by using a low pass filter
period component obtained by subtracting low pass curve

re 62 — Single flank composite diagram with long period and short period deviation
compofients

Master gear requirements

e flank measurement of/individual product gears, a master gear of known accuracy (calibrated)
ifically designed to /mesh with the product gear to be inspected should be used. Attentidn
e paid to the fact thiatthe tolerance class of the master gear will influence the measurement pf
bears. However, when the flank tolerance class of the master is at least four classes better thgn
red class of tlie product gear, inaccuracies of the master are often ignored.

nfluence of profile deviations

The ass

composife-deviation diagram represents only the combined deviations of the tooth elements of the

mption that the master gear is perfectly accurate implies that the generated single flank

product gear.

Figure 63 shows schematically single flank composite recordings of three consecutive cycles of tooth
engagement of a master gear and product gear. Each corresponds to a different tooth profile. The first
is unmodified and faultless, the second being progressively modified from mid-depth towards each
limit of the active profile (barrelling), and the third with negative profile slope deviation (modified
pressure angle).

64
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Key

1| master gear 6 angular motion curve

2| product gear 7  one angular pitch

3| tip A perfect conjugate tooth shapé

4| root B modified tooth shape (prefile with barrelli
5| angular displacement C modified tooth shapéfmodified pressure a

Figure 63 — Angular motion curves from tooth,modification

h—

t{ should be noted that diagrams of single flank composite measurements do not merel
nfluences of profile deviations revealed by individual measurements made on a few teeth, bu
influenced by contact with excess material on the working'surfaces of the teeth of the product
hklical gears, axial overlap may significantly influence results (see 11.3.4).

—-

[y

1.3.3 Influence of pitch deviations

Q T

bmposite diagram as a displacement of the corresponding profile generated component of the

—

he schematic diagram in Figure 64 illustrates the influence of single pitch deviations, f;, on t
lank composite diagram. While aSingle pitch error can increase the tooth-to-tooth deviations
1} Figure 64, it generally is not possible to determine the single pitch error from single flank r¢
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diagram.

he single
hs shown
sults.

Figure 64 — Influence of cinglp pitrh deviation diagram ofa Spur gear

11.3.4 Influence of helix deviations

11.3.4.1 General

A helix slope deviation that is constant in magnitude and sign (i.e. is similar for every tooth) results
in consistent localized contact in the mesh. This does not substantially influence the single flank
composite deviations of spur gears. The single flank composite deviations of helical gears, however,
may be adversely affected by a constant helix slope deviation. This is due to the different nature of the
path of contact of helical gears. This effect increases with overlap ratio if the overlap ratio is greater

than one.
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When helix slope deviations vary in magnitude and/or sign around a product gear, the contact location
will vary around the gear. This condition may adversely affect single flank composite deviations of both

spur and

11.3.4.2

helical gears.

Spur gears

A single flank composite deviation diagram generated from a master gear and product gear
combination is composed of successive curves representing for the most part the profile deviations, as
shown in Figure 65. The traces at the top of this figure represent those of a test with a perfect master

m

gear. Sin
during a
maximu
one.Ast
than twd

In order
as deep
extendeq
centre d

11.3.4.3

When the total contact ratio, €,, is less than two, the meshing conditions for a helical gear are simil4
of a spur gear with a contact ratio, €, less than two, in which case, all of the above comment
concerning spur gears apply equally to such a helical gear.

to those

When th
period c
general,

Diagram|
illustratg
types co

le-pair and two-nair taaoth engagements and the single flank comnasite deviation diaora
i 555 =] ) S

complete cycle of tooth engagement are clearly illustrated. It can easily be recognized thatt}
m length of the single-pair tooth contact path is realized when the contact ratio, €,, is equal {
he contact ratio increases, this length reduces and when the contact ratio is equal to or igreatg
, there is no single-pair tooth contact at all.

to derive the maximum amount of useful data, the teeth of the master gearshould be mag
hs is consistent with adequate thickness at the tooth tip. This enables checks to be made
| centre distance such that the contact ratio is unity and other checks(to be made with t}
stance so adjusted that the “in-service” working flanks are fully explofed.

Helical gears

e total contact ratio, €,, exceeds two, which is nogmally the case for helical gears, the sho
pmponents which represent profile irregularities are smoothed to some extent because
simultaneous contact takes place on two or mere tooth pairs.

s in Figure 66 with the two cases “A” (generated from helical gears) and “B” (from spur gear
 the difference between the ways in which the influence of the overlapping teeth of the tw
mbine.
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1| tooth number 8, product gear
2| tooth number 9  direction of paper feed
3| tooth number 10 tangential composite deviation
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5| root 12 profile component
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7| profile deviation diagrams 9. length of path of contact

Figure 65 — Effect of contact transfer on the profile component in a tangential comppsite
deviation diagram (spur gears)
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A diagram for helical gears
B diagram for spur gears

Figure 66 — Influence of overlap ratio
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11.4 Single flank measurement of product gear pair

11.4.1 Differences between tests with a master gear and between two product gears

The single flank tooth-to-tooth and total composite deviations involving a mated pair of product gears
are termed “transmission deviations of a gear pair”. To fully explore the complete spectrum of the
deviations, it is necessary to continue rotation until the complete meshing period of both gears has been
explored. The number of revolutions of the smaller gear that is required corresponds to the number of
teeth in the larger member divided by the largest factor common to both members.

Analysis

is similar to that described in 11.3 for a product gear with a master gear, except thatCt}

deviatiofs should be calculated based on the complete meshing period of both gears rather than ‘on

single re

11.4.2 |
The med

defects (|
in the di

Key
1 onep
2 dama

Figy

11.4.3 ¢

In some

volution of the product gear. See ISO 1328-1:2013, Figure F.2.

dentification and location of defects

surement of tangential composite deviations facilitates the identification~and location
hicks or burrs) which may degrade the smoothness of transmission. Foréexample, as indicatg
hgram in Figure 67, the presence of a defective tooth can readily be seen.
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itch
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ire 67 — Part of tangential composite.deviation diagram — Interpretation example

belective meshing of gears

ratios, special steps can be taken'to ensure that optimum performance is realized. Such gears can &

meshed
which si
meshing

In Figur¢
mesh ind

and righ
provided

fo best advantage by re-meshing the gears with a phase shift of 90° to find the quadrant
hgle flank composite.deviations are smallest. Following this, the process is repeated by r
the gears with phase shifts less than 90° in order to find the optimum meshing phase.

b 68, diagrangs.are shown which were generated from a pair of gears at the different phases

F flanks-arxe not the same. It may be necessary to choose an intermediate meshing position th
the best compromise solution if a high degree of transmission accuracy is needed for bof

bxceptional cases involvingsmated pairs of gears with equal numbers of teeth or other integg

icated. Itis;quite evident that the single flank composite deviation diagrams for the left flank

a

d

directioTs of'rotation.
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Figure 68 — Tangential composite deviation diagrams showing-influence of mesh relocation
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1.5 Data analysis by the Fourier transform method

(@)

bmposite deviations are mainly used to evaluate the gear’tolerance class. However, it may be flesirable
t¢ carry out additional analysis for diagnostic purposes, such as noise potential or manufacturing
process monitoring. In such cases, more comprehensive data analysis is necessary. Figure §9 shows
the Fourier transformed deviations. The amplitudeis drawn against the harmonic numbers “h”. Sharp
peaks can be seen at the mesh frequency and the second order mesh frequency.
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Figure 69 — Fourier transformed single flank composite deviations
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It should be borne in mind that gear noise and vibration spectra may include significant components at
one or more of the sub- and higher harmonics of the tooth meshing frequency.

Often, for a specific application, an enveloping tolerance curve is defined which is the result of tests on
the shop floor or in the field.

12 Additional measurements

12.1 Flank measurements

12.1.1 General

Manufacuring processes can produce variation in profile and helix deviations across the active fage
width. This may occur with crowning or helix modification. In some cases, the designjintent is sucgh
that profile and helix shape should vary across the face width. In both of these circumstances, it |is
recommended that additional measurements are made to confirm that the total active flank conforms
to the depign specification. Two common methods are used: twist measurement oritopography method

v

12.1.2 Twist measurement

To measure twist, helix measurements are made not only at the measurement diameter but algo
at both ¢nds of the profile evaluation range, and profile measuremeénts are taken at mid-face and at
both ends of the helix evaluation range. It is usual practice to medsure these on a single tooth only. Se¢e
Figures 0 and 71.

NOTE This measurement is commonly taken on one tooth, generally tooth 1. Two teeth are marked up in
this figure for clarity.

Figure 71 — Image showing typical profile and helix measurement positions during a torsion/
twist measurement

Figure 72 is an example of a gear inspection output for a gear with twist. Examining the right flank
tooth 1 profile result shows that the mid-tooth result (1b) has a profile slope deviation of +0,3 pm
(within tolerance) while the lower part of the tooth is 5,7 um (result 1a) and the upper is +10,1 pm
(result 1c) and is outside tolerance. Examining the left flank profile deviation shows that similar effects
are evident but the profile deviation slopes are reversed. This “twist” or “torsion” of the teeth can occur
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