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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 afe
describefd in the ISO/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-mganing of ISO specific terms and
expressipns related to conformity assessment, as well as jnfermation about ISO's adherence to
the Worlld Trade Organization (WTO) principles in the echnical Barriers to Trade (TBT), sge
www.isd.org/iso/foreword.html.

This dofument was prepared by Technical Committee ISO/TC 60, Gears, Subcommittee SC [L,
Nomenclfature and wormgearing.

This firsf edition of ISO/TR 10825-2, together with ISO 10825-1, cancels and replaces ISO 10825:199p,
which hds been technically revised.

The main changes are as follows:

— IS0 |10825:1995 has now twelparts: ISO 10825-1 and ISO/TR 10825-2 that gives additionpl
information on failure modes.

Alist of 3ll parts of the ISO 10825 series can be found on the ISO website.

Any feedback or questiens-on this document should be directed to the user’s national standards body.|A
completg¢ listing of thésé’bodies can be found at www.iso.org/members.html.
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Introduction

This document has been developed to assist readers in identifying possible causes of gear tooth damage
and potential ways to avoid future damage. However, it is not intended to give a definitive reason for
the damage observed. Some causes that are included are still a topic of research and discussion but are
presented with the intent to provide possibilities. Also, in some cases, steps taken to reduce the risk of
one type of damage can increase the risk of another type of damage.

This document is intended as a supplement to ISO 10825-1. To facilitate the correlation of the
ffformation in the two parts, both documents have the same structure. SOome sections in this document
e mainly place holders to keep the structures parallel.

Y=
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TECHNICAL REPORT ISO/TR 10825-2:2022(E)

Gears — Wear and damage to gear teeth —

Part 2:
Supplementary information

1} Scope

This document provides information on gear tooth wear and damage. The material-containeg
i intended to help the user better understand damage to gear teeth, but the potential reg
dhmage and preventive measures discussed are not definitive. Also, for individual|eases, othej
fqr damage or measures can exist that are not mentioned in this document. At'the same time
fqr damage or measures mentioned in this document are not always of importance. In ma
dhmage can be the result of multiple interacting factors. Some causes that‘are included are st
Fresearch and discussion but are presented with the intent to providepossibilities.

o

bcument is not intended to replace such expert knowledge.

Normative References

2
The following documents are referred to in the text in such a way that some or all of theil
c
u

hdated references, the latest edition of the referenced document (including any amendments]

[§0 10825-1, Gears — Wear and damage to gear teeth — Part 1: Nomenclature and characteristi

3] Terms and definitions

QT

bply.

p—
L.

§0 and IEC maintain texminology databases for use in standardization at the following addres

- 1SO Online brewsing platform: available at https://www.iso.org/obp

- IEC Electrop€édia: available at https://www.electropedia.org

4 Overview and warnings

d herein
sons for
reasons
reasons
hy cases,
11 a topic

The solution to many gear problems involves detailed investigation and analysis by specialists; this
d

content

bnstitutes requirements of this document. Forxdated references, only the edition cited applies. For

applies.

'S

br the purposes of this document, the terms and definitions given in ISO 10825-1 and the following

Ses:

1 ORI AL
n L VCI VIUW

Gears can be damaged by a wide variety of mechanisms. Damage can range from insignificant damage
that can be ignored to damage that makes the gearset unusable. The term “gear failure” is subjective
and a source of considerable disagreement. In the case of flank surface damage, there is no single
definition of gear failure, since whether a gear is considered to have failed depends on the specific

application. When there are only small changes to the surface, such as gear teeth that have

a bright,

mirrorlike appearance, by observing them, one can think the gears have “run-in” properly. However,
another observer can think the gears have failed by polishing wear. There are numerous ways that the
tooth surface can change over time. Whether the gears are considered failed or not depends on how

much change is tolerable.
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Fracture, where part or all of a tooth or teeth breaks off, can occur as a result of flawed material, as a
result of a single application of high stress, as the result of fatigue which initiates a crack at the tooth
surface, or as the result of fatigue which initiates a crack below the tooth surface. These cases are
treated separately.

Load is a crucial factor for gears, so all influence factors increasing either the local or global load of a
gear are important. Some examples are torsional vibrations, external forces transmitted through gear
shafts, acceleration and overload.

The statements on what can be done to mitigate the chance of wear and damage to gear teeth that are
given in[this document are not recommendations or requirements, since the application determings
what is dppropriate. If a gearset has an extremely low chance of damage from a particular cause;thén
it makes|no sense to try to reduce the chance of failure from that cause. There are a number of\clausg¢s
in this dpcument that contain a summary of methods that in some cases have been observedjto'reduge
the risk pf wear or damage. Depending on the situation, it can be that none is appropriateland rarely, |if
ever, wolild all of them be followed. The statements in this document are often based oncexperience, arjd
many ar¢ not covered by the respective standards or calculation methods.

4.2 Warnings

The methods given for reducing the risk of a given damage or failure modéjare specific to that mode,
and implementation can sometimes worsen or create other damage or failure modes. Changes can have
unintended consequences, both on the gears and other components,in a gearbox, so it is prudent fo
thorouglly evaluate any proposed remedy prior to implementatien and then test and evaluate aft¢r
implementation.

This docpment is based on experience with steel gears; however, many of the damage and failure modg¢s
discusse[d apply to gears made from other materials.

This doqument is not intended to be used in determining blame for a failure. In many cases, blame |s
impossihle to determine. A gear failure can be caused by events completely outside of the gears, by the
interactipn of the gearbox with the connected: €quipment, by gearbox systems or components othe¢r
than the|gears, by the materials used, by thelmanufacturing process (including heat treatment) or by
the design of the gears. For example, an ‘overload” failure can be due to an insufficient gear design ¢r
to power above the gear rating being imposed on the gears, and it cannot be possible to conclusively
determine the root cause.

NOTE “gear” throughout this dociiment means gear wheel or pinion unless the gear is specifically identified.

5 Tribological damage (non-fatigue)

5.1 Gdneral

Non-fatigue tribological damage is often referred to as wear. It can occur as the result of particlgs
entrainef in‘the lubricant, particles embedded in the teeth of the mate, insufficient oil film thickneg
or loss ¢f-lubricant. Wear is the removal of material from the tooth surface and, as described In
ISO 10825-1, it can range from mild polishing to destruction of the gear teeth.

wn
<

In some applications, no wear is acceptable. However, in other applications, mild wear is considered
normal. Moderate and sometimes even severe wear are acceptable in some applications.

5.2 Polishing

5.2.1 General

Polishing is fine-scale abrasion (see Reference [22]) that causes gear teeth to have a bright mirrorlike
finish. Based on the severity, polishing can be categorized as mild, moderate or severe. If extreme,
polishing can reduce tooth thickness to where the top land of teeth is a knife-edge.

2 © IS0 2022 - All rights reserved
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When a hard surface mates with a soft surface, polishing can preferentially occur on the hard surface
because the abrasives embed in the soft surface and create two-body abrasion on the hard surface.

Polishing can be promoted by chemically aggressive additives when the lubricant is contaminated with
fine abrasives (see Reference [22]). Although the polished gear teeth can look good, polishing wear can
be undesirable if it reduces gear accuracy by wearing the tooth profiles away from their ideal form.
Antiscuff additives that contain sulfur or phosphorous are used in lubricants to prevent scuffing, see
4.5.1. They function by forming iron-sulfide and iron-phosphate films on areas of gear teeth where
high temperatures occur. Ideally, the additives react only at temperatures where there is a danger of
welding. If the rate of reaction is too high, and there is a continuous removal of the surface films caused
by very fine abrasives in the lubricant, polishing wear can become excessive (see Reference [22]).

Pplishing can be prevented by using less chemically active additives (see Reference (23]) and clean
oll. Antiscuff additives that are appropriate for the service conditions can reduce)polishirlg. When
djspersed material, such as some antiscuff additives is used, monitoring can be us€d to detdct if this
beneficial material is precipitating or being filtered out. Abrasives in the lubricant can be removed by
uking fine filtration or frequent oil changes.

5(2.2 Summary of methods that have been observed to reduce theTisk of polishing
The following methods can be considered for reducing the risk of potishing:

— using a less chemically aggressive additive system;

— removing abrasives from the system;

— case hardened surfaces for pinion and gear;

— sufficient lube oil film thickness (e.g. viscosity,.speed).

5{3 Scratches

Sgratches can be caused by improper handling or assembly procedures, or by a piece of hard or|abrasive
aterial going through the mesh.

=

5{4 Abrasive wear

4.1 General

5

Aprasive wear, also.known as abrasion, is the removal or displacement of material due to the presence
of hard particles.{Such as metallic debris, scale, rust, sand or abrasive powder) in the gear finit. The
phrticles can beloose (suspended in the lubricant) or embedded in the surface of the gear teeth.

Al

brasive.Weéar causes scratches or gouges on the tooth surface that are oriented in the dirpction of
sliding. Under magnification, the scratches appear as parallel furrows that are smooth and clean.

Tivo<body abrasion occurs when embedded particles or asperities on one gear tooth abfade the
opposing tooth surtace. Abrasion due to l00se contaminants is called three-body abrasion. Generally,
two body abrasion is more damaging than three-body abrasion because the abrasive is fixed in one
body and it abrades directly on the other body. Three-body abrasion is generally much less severe
because the abrasive can roll, slide and vary its approach angle.

NOTE Abrasive wear is not limited to gear teeth; it can also severely degrade bearings, seals and other
components. Abrasion of bearings can promote damage to gear teeth by causing misalignment.

5.4.2 Sources of particles that cause abrasive wear

Contamination can enter gear units by being present at assembly, internally-generated, ingested
through breathers and seals, carried by the lubricant from an improperly cleaned lubrication system or
inadvertently added during maintenance.

©1S0 2022 - All rights reserved 3


https://standardsiso.com/api/?name=625d635b626707f1cea74a5d8330ba52

ISO/TR 10825-2:2022(E)

Sand, scale, rust, machining chips, grinding dust, weld splatter or other debris can find their way into
new gear units.

Internally generated particles are usually wear debris from gears, bearings or other components due
to Hertzian fatigue, adhesive wear and abrasive wear. The wear particles can become more abrasive
as they become work hardened when they are trapped between the gear teeth. Internally-generated
wear debris can be minimized by using accurate, surface-hardened gear teeth (with high macropitting
resistance), smooth tooth surfaces and clean appropriate viscosity lubricants.

5.4.3 Methods for rpdllring abrasive wear

5.4.3.1 | General

Clean lubricant is essential to prevent abrasive wear. Foreign particles in the lubricant are.damaging to
gears, bdarings and seals and can cause a decline in the integrity of the geared system.

Magneti¢ plugs can be used to capture ferrous particles that are present at start-up, or are generatqd
during operation. Periodic inspection of the magnetic plug can be used to monitgi-the development pf
ferrous particles during operation. Magnetic wear chip detectors with alarms are also available.

Careful aintenance and monitoring of the lubrication system can ensuréthat the gears receive gn
adequat¢ amount of cool, clean, uncontaminated lubricant. Contamination can be removed by draining
and flushing the gearbox lubricant and changing the lubricant filter (if there is one) after an appropriate
time of ¢peration. Usually, the gearbox manufacturer recommends)the appropriate time interval for
changing the filter or changing the lubricant. For circulating-oil.systems, fine filtration helps to remoye
contamination. Very fine filtration has been used to significantly increase gear life, however the fingr
the filtration the higher the pressure loss. Offline filters (kidney-loop type systems) can also be used {o
clean oil] They efficiently remove very small particles (fider than what is achievable with other filterf)
because they process only a small amount of the total flow rate. They can use electrostatic agglomeratign
systems|to reduce the amount of very fine particle§’that normally would pass through filters. Othe¢r
systems|can be used to remove water from the oil. Fine filtration can remove some beneficial additives
from sorpe lubricants; the lubricant supplier cair'be consulted regarding the filtration level and filt¢r

type.

The lubrjicant can be changed or processed to remove contaminants and maintain additive levels. F
mineral based lubricants, water is nermally considered a contaminant. For oil-bath gear units, changir
the lubricant is the only way to reinove contamination, which is usually done frequently. The lubrical
needs to| be changed more frequently when the operating temperature is high. See ISO/TR 18792 f
additiongl information. For ctifical gear units a regular program of lubricant monitoring can be use
to assesg§ lubricant conditien: The lubricant monitoring can include such items as spectrographic ar
ferrographic analysis of eentamination along with analysis of acidity, viscosity and water content. Use
filter elements can b€ examined for wear debris and contaminants.

Q0= +00 =

Breather vents ateised on gear units to relieve internal pressure that occurs when air enters through
seals or whensthe air within the gearbox expands and contracts during normal heating and cooling.

Locatinglabreather vent with a filter in a clean, non-pressurized area can prevent ingression of airborre
contaminants. A desiccant in the vent can remove water. In especially harsh environments, the gearbox
can sometimes be completely sealed, and the pressure variation can be accommodated by an expansion
chamber with a flexible diaphragm.

Contamination of the gear unit can be minimized by providing an environment as clean as possible when
performing any maintenance procedures that involve opening any part of the gear unit or lubrication
system.

Unless the tooth surfaces of a surface-hardened gear are smoothly finished, they can act like files if the
mating gear is appreciably softer. For this reason, a worm is polished after grinding before it is run with
a bronze worm wheel.

4 © IS0 2022 - All rights reserved
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5.4.3.2 Summary of methods that have been observed to reduce the risk of abrasive wear

The following methods can be considered for reducing the risk of abrasive wear:

— minimizing lubricant contamination by:

— flushing unit thoroughly before initial operation;

— removing built-in contamination from new gear units by draining and flushing the |
after an appropriate period of operation (per gearbox manufacturer and lubricant s

than rafilling with claan racommandad lnheicant and vaonlacinagthg filtariftbhara ic Ana-
e+t nere+

ubricant
upplier),

(9]}

[ |

I’

o)

8t
W

— circulating-oil systems by:

— maintaining the lubricant by:

cIre eI vv o CreT T S Com I e T o rao T oot oo T o pratcritg ot oo

— minimizing internally generated wear debris by using surface-hardened gear teeth
tooth surfaces and high viscosity lubricants with suitable additives;

vents located in clean, non-pressurized areas;

procedures;

— using fine filtration in consultation with the gearbox manufacturer and lubricant supg
— using an offline (kidney loop) filter to remove verysmall particles;

— using an agglomeration system to remove very-fine particles;

— changing or processing the lubricant teiremove water contamination;

— for oil-bath systems, changing the [ubricant as recommended by the gearbox manufaq
as determined by lubrication sampling analysis;

— monitoring the lubricantwith spectrographic and ferrographic analysis together with
of acidity, viscosity and Water content. Oil sampling is the best method for det
lubrication changing.intervals.

L5 Scuffing

5.1 General

cuffing is severe adhesion that can occur in gear teeth when they operate in the boundary lu
pgime. [f€he lubricant film is insufficient to prevent significant metal-to-metal contact, the ti
nd oxide layers that normally protect the gear tooth surfaces can be broken through, and
etal surfaces can weld together. The sliding that occurs between gear teeth results in tearir

)

smooth

— minimizing ingested contamination by maintaining oil-tight seals and using filtered jpreather

— minimizing contamination that is added during maintenance by using good housgkeeping

lier;

turer, or

analysis
brmining

brication
ribofilms
the bare
g off the

elded junctions, metal transfer from one tooth surface to another, and damage.

In contrast to Hertzian fatigue and bending fatigue, which only occur after a period of running time,
scuffing can occur immediately upon start-up. In fact, gears are most vulnerable to scuffing when
they are new, and their tooth surfaces have not yet been preconditioned by running-in. To reduce the
chance of scuffing, new gears can be run-in under partial load. In some cases, a gradual series of steps
of increasing load and speed to reduce the surface roughness and allow the formation of tribofilms on
the teeth before the full load is applied. There have been reports of substantial increases in scuffing
resistance due to proper run-in. The gear teeth can be coated with iron-manganese phosphate or plated
with copper or silver to reduce the risk of scuffing during the critical running-in period. The use of
an oil with an antiscuff additive can be useful during running-in to both help prevent scuffing and to
promote polishing. However, if a different oil is used for running-in, at the end of the running-in period,
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the gearbox is normally completely drained and flushed so only the recommended oil is present during
normal operation.

The basic mechanism of scuffing is not fully understood, but there is general agreement that it is caused
by frictional heating generated by the combination of high sliding velocity and intense surface pressure.
Critical temperature theory (see Reference [27]) is often used for predicting scuffing. It states that
scuffing occurs in gear teeth that are sliding under boundary-lubricated conditions, when the maximum
contact temperature of the gear teeth reaches a critical magnitude.

For mineral oils without antiscuff additives, each combination of oil and gear tooth material has a
critical Jcuffing temperature that is constant regardless of the operating conditions (see Referenge
[28]). The critical scuffing temperature is not always constant for synthetic lubricants and lubricants
with antfscuff additives, and so needs to be determined from tests that closely simulate the operating
conditions of the gears or with in-situ tests on the actual gears.

Most antiscuff additives are sulfur-phosphorous compounds, which form boundary-lubticating filns
by chemjfcally reacting with the metal surfaces of the gear teeth at local points of high temperaturg.
Antiscuff films help prevent scuffing by forming solid films on the gear tooth surfaces and inhibitiy

true metal-to-metal contact. The films of iron sulfide and iron phosphate have<high melting points
allowinglthem to remain as solids on the gear tooth surfaces even at high contact temperatures.

~

The rate| of reaction of the antiscuff additives is greatest where the gear‘tooth contact temperaturgs
are highpst. Because of the sliding action of the gear teeth, the surface films are repeatedly scrapgd
off and rleformed. In effect, scuffing is prevented by substituting mild corrosion in its place. Antiscuff
additive$ can promote micropitting. Some antiscuff additives can/betoo chemically active and promote
polishing wear (see 5.2). This can necessitate a change to less aggréssive antiscuff additives that depodit
a boundary film without reacting with the metal. Lubricant specialists can be consulted for furthé¢r
guidancg.

Gear units that have friction plate clutches or backstaps can, in some cases, be negatively affected [if
additive$ that change the coefficient of friction are used in the lubricant. The gearbox manufacturer ar{d
lubricant supplier can be helpful in determining if a change from one lubricant to another is advisable

For mingral oils without antiscuff additives, the critical scuffing temperature increases with increasirng
viscosityand ranges from 150 °C to 300 °C: The increased scuffing resistance of high-viscosity lubricants
is believed to be due to differences in chemical composition rather than increased viscosity. However|a
viscosityf increase also helps reducesthe risk of scuffing by increasing elastohydrodynamic lubricatign
(EHL) filjm thickness and reducing.contact temperature generated by metal-to-metal contact.

Methods|to calculate critical temperature are given in ISO/TS 6336-20 and ISO/TS 6336-21. ISO 14635
gives test methods to determine scuffing resistance of gear lubricants.

Lack or loss of lubricant-and insufficient cooling effect (quantity, direction of injection) can also cauge
scuffing.

In some fases, ifiitial scuffing can occur but then stop developing during further operation.

Scuffing|can change the material characteristics of a shallow layer near the surface, with rehardenirng
and/or tempering, wiich carm tead to other danmage or faiiure modes:

Nitriding can lead to improved scuffing resistance due to the change in chemical composition of the
surface layer, provided the white layer remains in place (i.e. it is not removed by grinding after the final
nitriding process). Carburizing and induction hardening do not have the same effect as nitriding, but for
some designs, these hardening methods are preferred.

5.5.2 Methods for reducing the risk of scuffing

Anything that reduces either the bulk temperature or the flash temperature reduces the total contact
temperature and lessens the risk of scuffing. Higher viscosity lubricants or smoother tooth surfaces
help by increasing the specific film thickness, which in turn reduces the frictional heat, and therefore
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the flash temperature. The lubricant coefficient of friction and additive package strongly cont
scuffing probability.

ribute to

The lubricant performs the important function of removing heat from the gear teeth. It can only do

this effectively if it is supplied to the gear teeth in a manner that removes heat rapidly and ma

intains a

low bulk temperature. A heat exchanger can be used with a circulating oil system to cool the lubricant

before it is sprayed at the gears (see Reference [29]).

Scuffing resistance can be increased by optimizing the gear geometry such that the gear teeth are
as small as possible, consistent with bending strength requirements, to reduce the temperature rise

z¢ro when the gear teeth contact at the pitch point, and largest at the ends of the path of actie
shift can be used to balance and minimize the temperature rise that occurs in thecadden
dedendum of the gear teeth. The temperature rise can also be reduced by modifyingthe tooth
with tip relief, root relief, or both to ease the load at the start and end of the engagément pa
the sliding velocities are the greatest. Also, gear teeth that are accurate, held rigidly in good al
nd provided with lead modification to minimize the local tooth loading and temperature ris¢
Fone to scuffing.

chsed by sliding. The amount of sliding 1s proportional to the distance from the pitch po1

have high resistance to scuffing. Nitriding steels containing alumiirium have the highest r¢
scuffing. Some stainless steels can scuff even under near-zeré loads. The thin oxide layer
stainless steels is hard and brittle and it breaks up easily under'sliding loads, exposing the ba
lhus promoting scuffing. Anodized aluminium and titaniumealso have low scuffing resistance. |
one does not seem to be a reliable indication of scuffing tésistance.

[ =s

The initial run-in of gearing can be critical to ensuting long term service life, which is w
njanufacturers provide recommended run-in procediuires.

vl

5.3 Summary of methods that have been;observed to reduce the risk of scuffing

—3

he following methods can be considered for reducing the risk of scuffing:
— reducing pitch line velocity;

— using smooth tooth surfaces produced by careful grinding, honing, polishing or chemically
polishing;

— running-in new gearsets following manufacturer’s recommendations;

— protecting the gear teeth during the critical run-in period by use of a special lubricant, coat|
as iron-mangafese phosphate), or by plating (such as copper or silver);

— using cleah oil;
— usingilubricants of adequate viscosity for the operating conditions;

— cusing lubricants that contain adequate antiscuff additives;

a
p
The gear materials also influence scuffing resistance. Steels that have been nitrided are generally found
t
t

ht and is
h. Profile
Hlum and

profiles
th where
ignment,
b are less

psistance
on these
re metal,
{ardness

hy many

assisted

ing (such

— coolingthe gear teeth by supplying an adequate amount of cool lubricant evenly cooling the complete

flank surface. For circulating-oil systems, using a heat exchanger to cool the lubricant;

— optimizing the gear tooth geometry for scuffing resistance by using small teeth, profile shift and

profile modification;

— using accurate gear teeth, rigid gear mountings, profile modification, and lead modification to

obtain uniform load distribution during operation;

— avoiding use of stainless steel, aluminium or titanium alloys since they greatly increase the risk of

scuffing;
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— using nitriding. For improved scuffing resistance, if gear accuracy requirements allow, the white
layer resulting from nitriding can be left in place.

5.6 Adhesive wear (Adhesion)

5.6.1 General

When new gear units are first operated, the contact between the gear teeth cannot be optimum
because of manufacturing inaccuracies. If the tribological conditions are favourable, mild adhesive
wear ocqUurs during run-in and subsides with time, resulting in a satistactory liletime for the gears. 11e
wear thdt occurs during run-in is beneficial if it creates smooth tooth surfaces (increasing the specifjic
film thickness) and increases the area of contact by removing minor imperfections through logal wed
Run-in performed in accordance with the manufacturer’s recommendations is usually (bereficig
An effecfive run-in requires a proper combination of partial load, partial speed and sufficient timle.
Followinjg run-in, the lubricant is usually drained and the gearbox flushed to remove wear debris, and
the filter} if present, changed before refilling the gearbox with the recommended lubricant. An alternate
is to usefan external filtration system to clean the oil.

— 0

The amdunt of wear that is considered tolerable depends on the applicationsThe wear is considergd
excessive when the tooth profiles wear to the extent that high dynamic loads’are encountered, or the
tooth thickness is reduced to the extent that tooth failure by bending fatigueé becomes imminent, or the
gears geherate excessive noise or vibration.

Many geprs, because of practical limits on lubricant viscosity, speed and temperature, operate undg¢r
boundarfy-lubricated conditions where some wear is inevitable, Reference [21] indicates that highly-
loaded, sfow speed (less than 0,5 m/s pitch line velocity), bouridary-lubricated gears are especially prone
to excesgive wear. The problem can also affect gears operating at up to 2 m/s pitch line velocity. Tesfs
with sloyv-speed gears (see Reference [21]) have shown’that nitrided gears have good wear resistange
whereas|carburized and through-hardened gears haye'similar, but lower wear resistance than nitridgd
gears. The combination of a carburized and a through hardened gear that are oil lubricated has lower
resistange to wear in low speed applications. Reference [21] concluded that lubricant viscosity has|a
large influence on slow-speed, adhesive wear:lt found that high viscosity lubricants reduce the wear rate
significaptly. It also found that some chemi¢ally aggressive additives that contain sulfur-phosphoroys
antiscuff additives can be detrimental with very slow-speed (less than 0,05 m/s) gears, giving higher
wear rafes than expected. In some eases with low speeds, adhesion can look like polishing with|a
resulting mirrorlike finish. Howeyeryhot all sulfur-phosphorous containing additives are detrimenthl

the application.

Some gear units operateander ideal conditions with smooth tooth surfaces, high pitch line speed arld
high lubticant film thickness. It has been observed, for example, that turbine gears that operated almopt
continudusly at 150an¢/s pitch line speed still had the original machining marks on their teeth even aft¢r
operating for 20 years. However, most gears operate in the regime of boundary mixed-film lubricatiop,
under elastohydredynamic lubrication (EHL) conditions. In the EHL mixed film regime, provided that
the propgr typeand viscosity of lubricant is used, the wear rate usually reduces during running-in anjd
adhesive Wwear virtually ceases once running-in is completed. If the lubricant is properly maintaingd
(kept cool, clean and dryJ the gearset usually does not sutler any rfurther adhesive wear damage.

Under certain conditions, adhesion can cause continuous removal of surface films and oxide layers,
resulting in severe wear (see Reference [21]).

Adhesive wear can be due to mild interference creating metal to metal contact. More serious
interference can cause plastic deformation. See 8.13.
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5.6.2 Summary of methods that have been observed to reduce the risk of adhesive wear
The following methods can be considered for reducing the risk of adhesive wear:
— reducing surface roughness by:

— using smoother tooth surfaces;

— running-in new gearsets by operating initially at partial load;

— optimizing geometry by:

— usinghigh pitch line speeds if possible. Highly-loaded, slow-speed gears are boundary, l{jbricated
and especially prone to excessive wear;

— optimizing metallurgy by:

— using nitrided gears if they have adequate capacity;

— avoiding combinations of hard and soft materials on oil lubricated slow’speed gears;
— optimizing lubricant properties by:

— draining and flushing the lubricant after the run-in period.to remove wear debris, refilling with
recommended lubricant, and replacing the filter element-if there is one;

— using lubricants with appropriate additives;

— using an adequate amount of cool, clean and dky(free of water) lubricant of the highest jiscosity
permissible for the operating conditions;

— lowering mesh lubrication temperatureby:
— improving the cooling;

— using a lubricant that provides a lower coefficient of friction.
5\7 Fretting corrosion

7.1 General

5

Fretting corrosion (often referred to as just fretting) is localized wear of contacting gear flgnks that
are pressed togetherand subjected to cyclic, relative motion of extremely small amplitude. Ungler these
cpnditions, lubricant squeezes from between the surfaces, and the motion of the surfaces is foo small
td replenish thétubricant. Natural, oxide films that normally protect surfaces are disrupted, pgrmitting
njetal-to-ntetal contact, and causing adhesion of surface asperities.
T

he fretting that occurs on gear teeth is the same as that which can occur on bearing raceways and
llers, in joints that are bolted, keyed, or press-fitted and in splines or couplings. It occufs under
5ectfie-conditions—where-the gearsare hotrotating andaresubjected+eo neture-berne—wbrations
such as those encountered during transport, or in parked wind turbines (see References [24] and [25]).

The initial period of fretting corrosion can be referred to as false brinelling. For lubricated contacts,
under fretting conditions, false brinelling begins an incubation period of mild adhesive wear under
boundary lubrication. If the contact becomes starved for lubrication, it can be subjected to severe
adhesive wear known as fretting corrosion.

5.7.2 False brinelling

False brinelling is also known as stand still marks. Fretting begins with an incubation period during
which the wear mechanism is mild adhesion that is confined to the natural oxide layer that covers
steel. When there is a lack of oxygen, the wear debris is iron oxide magnetite (Fe;0,4), which is black
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and highly magnetic. Magnetite discolours the lubricant surrounding the contact and forms a black,
greasy film. Damage during incubation is false brinelling (see Reference [24]), and it has distinctly
different morphology than true brinelling. False brinelling is characterized by dents that do not have
raised shoulders. Furthermore, the original machining marks within the dents are worn away by mild
adhesive wear. The dents are created by wearing off preexisting and continually reforming oxide films
(see Reference [24]). Generally, the damage caused by false brinelling is negligible and the wear rate
is low. False brinelling occurs on gear teeth and bearing components when they are not rotating but
oscillating through extremely small angles.

True brinelling is a separate damage mode that is unrelated to false brinelling.

5.7.3 retting corrosion

Wear depris from false brinelling accumulates in the oil meniscus surrounding the contact. If the
amount |s sufficient to dam lubricant from reaching the contact area, the lubricating regime changegs
from boyindary lubrication to unlubricated. Once the lubricant within the contact are€ais depleted hy
oxidatiof, the wear rate increases dramatically until the natural oxide layer is broken through. Then
strong welds are formed between the asperities of the parent iron components dhd damage escalatg¢s
to fretting corrosion. Relative motion breaks strongly-welded asperities and generates extremely smdll
wear particles that oxidize to form the iron-oxide hematite («Fe,03); a non-magnetic powder that has
the finerless and reddish-brown colour of cocoa. The wear debris is hard, and/abrasive, and is in fact the
same cofnposition as jeweller's rouge (see References [24] and [25]), and\polishing wear (see Referenge
[22]) (fipe scale abrasion) is frequently found around the periplery of a fretting corrosion sca3
Hematitg¢ discolours the lubricant surrounding the contact and forins'rouge-coloured paste. Usually, the
wear scdr is discoloured with black or reddish films.

]

Fretting|corrosion damages gears by forming ruts along lines of contact. During operation, damaggd
gears capn generate sharp, hammering noise as the weat scars pass through the contact areas. F¢r
example| fretting corrosion can occur when gears ake in mesh under load and vibrating withotit
significapt relative rotation. When the ruts are sever€ the gears can be noisy when they rotate.

Pits from fretting corrosion create local stress<gdncentrations that can cause macropitting or initiate
fatigue ¢racks, which if in high tensile stress areas, can propagate to failure. Generally, fretting
corrosioh reduces fatigue strength significantly.

If rolling element bearing fits are_ihadequate to stop relative motion between the inner ring and
shaft, or|between the outer ring and housing, fretting corrosion can develop at these interfaces. In|a
similar rhanner, fretting corrosion can also occur between a gear bore and shaft if there is inadequate
interfergnce.

False brinelling and frettinig corrosion can often be avoided by stopping the vibration, rotating the
compongnts to entrainfresh oil, or both. Each time the components entrain fresh oil, the incubatign
period r¢starts, and-the wear regime shifts to mild adhesive wear. The length of the incubation periqd
depends|on the lubyicant type and how easily lubricant reaches the contact.

For unlupricatéd contacts, there is no incubation period, and fretting corrosion can start immediately.
The weaf tate can be high from the beginning.

5.7.4 Summary of methods that have been observed to reduce the risk of fretting
The following methods can be considered for reducing the risk of fretting:
— stopping the vibration, rotating the components to entrain fresh oil, or both;

— forreciprocating systems such as yaw drives or actuators, ensuring the angular motion is sufficient
to wipe fresh lubricant into the contact;

— avoiding micro motions between otherwise stationary mated gears;
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— ensuring adequate interference fit between shafts and couplings, gears, bearing rings, and other
interference-fit components;

— using case hardening or surface hardening to obtain adhesion-resistant surfaces (nitriding is best);

— using physical or chemical vapor deposition (PVD or CVD) hard coatings to obtain adhesion-resistant
surfaces;

— using cold work, case hardening or shot peening to induce compressive residual stresses;

using alubricant with antivwear additives:
O 4

— using oil rather than grease and using a high-pressure jet to flood the contact and flush ayay wear
debris;

— storing the gearbox in a vibration-free environment;
— supporting the gearbox on vibration isolators;
— shipping the gearbox with shafts locked to prevent any motion;

— shipping the gearbox on an air-ride truck.

(9]}

8 Interference wear

When there is only a small amount of gear mesh interferengeysinterference wear can occur. When there
d interference, the gears are forced together and there, is no chance for the lubricant to kgep them
¢parated. See 8.13.

v -

N

Fatigue damage

L1 Fatigue cracks

htigue cracks initiate and propagaté-under the influence of repeated cyclic or alternating strejsses that
e below the yield strength (on‘a’macroscopic level) of the material. These cracks can appgar at or
elow the surface on tooth flanks or in tooth root fillets. Non-fatigue-initiated cracks can sgmetimes
ropagate slowly like a fatigueinitiated crack.

htigue is often characterized as low cycle, high cycle or very high cycle fatigue. The number [of cycles
the borders of these-areas vary depending on material and heat treatment. For gears, fatigye can be
lassified as either’bending fatigue or contact fatigue.

Lo T oo H o

(@)

612 Contactfatigue

=)

2.1, >General

peated stresses generated by Hertzian contact in combination with forces caused by sliling and
pressure distribution in the lubricating film can cause surface or subsurface fatigue cracks and the
detachment of material fragments from the gear tooth surface. The exact mechanism is not fully
understood.

6.2.2 Micropitting

6.2.2.1 General

Micropitting is a phenomenon that occurs in Hertzian type of rolling and sliding contact that operates
in mixed elastohydrodynamic or boundary regimes. It is more commonly observed on materials
with a high surface hardness. Specific film thickness (lambda ratio (A)) is an important parameter
for micropitting that is influenced by many other parameters, see ISO/TS 6336-22. It is a fatigue
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phenomenon caused by cyclic stresses and plastic flow on the asperity scale (see References [21], [33],
[34], [35], [36], and [37]). Micropitting generates numerous surface cracks that grow at a shallow angle
to the surface. Micropits form as small pieces of material break off from the surface. The micropits are
small relative to the size of the Hertzian contact zone, typically of the order of 10 um - 20 um deep. The
micropits can coalesce to produce a continuous fractured surface which typically appears as a dull,
matte, surface during unmagnified visual inspection.

Micropitting is influenced by:

— operating conditions during run-in and service;

— load;
— |oad distribution;
— ppeed, both rolling and sliding;
— tooth flank temperature;
— ppecific film thickness;
— gear|properties;
— pear tolerance class;
— macrogeometry (basic tooth dimensions);
— microgeometry (tooth modifications);
— purface topography (texture, waviness and roughiiéss);
— Instantaneous coefficient of friction;
— purface hardness;
— metallurgy at the surface (including-any coatings);
— properties of run-in and service lubrieants;
— |ubricant viscosity and rheelogy;
— |ubricant chemistry, beth’base stock chemistry and additive chemistry;
— |ubricant cleanliness:

In additipn to Hertziah stress due to normal loading, sliding between gear teeth causes traction forcgs
that subjectasperitiesto shear stresses. Some theories suggest thatas aresult there can be an incubatign
period during which damage consists primarily of plastic deformation at asperities. Macroscopically,
surfaces|appeatglazed or glossy. Microscopically, the original machining marks can be partially ¢r
totally opliferated as the result of plastic deformation. Cyclic Hertzian and shear stresses accumulafe
plastic defarmation on asperities and at shallow dpp‘rhq helow asperities Plastic flow prndnrpq tensile
residual stresses, and with sufficient cycles, fatigue cracks initiate.

Micropits can rapidly nucleate, grow and coalesce. Periodic inspection of gear tooth surfaces can
disclose a steady rate of surface deterioration. Damage can be extreme after a relatively short running
time. However, in some cases, the development of micropits stops.

To the unaided eye, micropitted surfaces appear dull grey, etched, frosted, matte or stained with
patches of gray. Under magnification, the surface appears to be covered by very fine pits and cracks.

The inclined crater floors reflect light preferentially. Therefore, intense directional lighting is used
to disclose micropitting. Different lighting angles can emphasize features. Metallurgical sections cut
transversely through micropits show fatigue cracks start at or near the gear surface and grow at a
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shallow angle (typically 10° to 30°, but sometimes as steep as 45°) to the surface. The cracks typically
extend deeper than the visible micropits. A micropit forms when a branch crack connects the main
crack with the surface and separates a small piece of material.

Like macropitting, micropitting cracks grow opposite to the direction of sliding at the gear tooth
surface, see Figure 1. Because slide directions reverse as the pitch line is crossed, micropitting cracks
grow in opposite directions above and below the pitch line. If micropitting grows across the pitch line,
it makes the pitch line readily discernible because the opposite inclinations of the floors of micropit
craters scatter light in opposite directions above and below the pitch line. See ISO 10825-1, Figure 26.

Key

1| driving gear s  sliding direction
2| driven gear R rollingdirection
3| pitchline

Figure 1 — Crack orientation due to rolling and’sliding contact (figure from Reference [33])

Ekternal, internal, spur, helical, and bevel gears are susceptible to micropitting. Micropiffting can
ofcur with all surface heat treatments including carburized, nitrided, flame hardened and ipduction
hhrdened. See ISO 10825-1, Figures 23 to.25: With through hardened gears micropitting rarelly occurs,
anhd generally only on gears that are abeve conventional hardness. Experiments (see Reference [21])
hhve shown that flame-hardened and,induction-hardened gears have less resistance to micfopitting
than carburized gears of the samé hardness. This can be due to the lower carbon content of the surface
1gyers of flame-hardened and induction-hardened gears.

Glar teeth dedenda are vulnerable to micropitting, especially along the start of active profile (FAP) and
the lowest point of single‘tooth pair contact (LPSTC). However, micropitting can occur anywhefe on the
attive flanks of gear teeth (see Reference [33]).

There can be mjeropitting only on the pinion, only on the gear, or on both. Generally, the gear|with the
roughest surfage.causes micropitting on the mating gear, especially if it is harder than the matjing gear.

Micropitting'does not always lead to catastrophic failure. It can occur only in patches and cqn arrest
after the tribological conditions improve after running-in. Mild polishing can remove micrgpits and
smooth tooth surfaces due to wear. In these cases, wear can suppress micropitting. However,|arrest is
hpredictable, and micropitting can reduce gear tooth accuracy, increases noise, and can esfcalate to
scuffing or full-scale macropitting that can subsequently lead to larger cracks and tooth breakage (see
References [21], [34], [35]).

=

Specific lubricant film thickness (A) is an important parameter in the evaluation of micropitting.
Damage occurs most readily on gear teeth meshing with teeth that have rough surfaces, especially
when they are lubricated with low-viscosity lubricants. Surface roughness is a very important influence
parameter. Gear pairs finished with special grinding wheels (see Reference [36]) or other processes to
mirrorlike finish have reduced possibility of micropitting. See ISO/TS 6336-22 for a proposed rating
method.

Gears running at low speed are prone to micropitting because their elastohydrodynamic lubrication
(EHL) film thickness is low. Maximizing specific film thickness by using smooth gear tooth surfaces,
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high-viscosity lubricants, and if possible, high pitch line velocity can help prevent micropitting.
ISO/TR 18792 and Reference [18] give recommendations for viscosity as a function of pitch line velocity.

Run-in is critical because it is the incubation period for micropitting. During incubation, contacts
between asperities on opposing surfaces occur frequently, causing plastic deformation of asperities; the
principle cause of micropitting. In addition, adhesion and abrasion at asperities generate wear debris.

According to some theories, using a series of increasing loads allows progressive reduction of
roughness through the action of mild adhesion and limited plastic deformation. This controlled run-in
minimizes plastic deformation while limiting adhesion and abrasion to the iron oxide layer covering

asperitig
surface 1f
deforma
completd

s. Mild adhesion consists of small junctions that generate wear particles smaller than-tf
oughness. If adhesion remains mild, asperities are eventually flattened by adhesion and plast
[ion, and subsequent deformation remains elastic for that particular load. Then, whenaun-in
, asperities carry the load solely by elastic deformation.

If adhesion causes strong bonds that break through oxide layers, adhesion escalates to‘scuffing, larg

wear pal

The run
so expel
(see Refe

ticles are generated, and surfaces become rougher rather than smoother.

in properties are likely to depend on lubricant chemistry, temperaturé/and sliding velocit]

rence [37]) have shown that zinc dialkyldithiophosphate (ZnDTP) antiwear additives can &

detrimental to run-in.

For som
anticorr
the wate

6.2.2.2

The follo
is achiev

— sped

e lubricants, water contamination can promote micropitting in gears, and can reduce th
psion, EHL film formation, and friction reducing properties-of lubricants. This can be a result
r adversely interacting with the additives.

Summary of methods that have been observedito reduce the risk of micropitting

wing is a summary of methods for mitigatingand preventing micropitting. Not every measus
hble or applicable for a given application.

ific film thickness can be maximized by
ncreasing oil film thickness by:

— using the highest practical oil viscosity;
— running gears at high ;speed if possible;
— reducing gear tooth temperature;

— choosing lubricant operating viscosity and lubricant chemistry to achieve higher operatir
film thiCkitess. Both the gearing manufacturer and lubricant supplier are normal
consultéd before switching lubricants.

Feducing surface roughness by:

—_avoiding shot-peened flanks unless the flank surface is finished after shot peening;

iments on actual gears are necessary to determine a good run-in\ubricant. Experiment

le
ic
is

master;

— making the hardest gear as smooth as possible;

scuffing risk;

— running-in with a special lubricant without ZnDTP antiwear additives;

— pre-filtering lubricant and using a fine filter during run-in;

14

honing or polishing gear teeth, or burnishing by running gears against a hard, smooth

coating teeth with iron-manganese phosphate, copper, or silver to limit adhesion and
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— keeping oil cool during run-in;
— running-in gears using a series of increasing loads and appropriate speed;

— draining lubricant and flushing the gearbox after run-in, changing the filter if there is one,
and filling with clean service lubricant.

— optimizing gear geometry by:

— using helical gears with overlap ratio &g 2 2,0;

— minimizing Hertzian stress by specifying high accuracy and optimizing centre distance, face
width, pressure angle, and helix angle;

— using profile shift to minimize specific sliding;

— using proper profile and lead modification;

— optimizing metallurgy by:

— using a high amount of retained austenite for case carburized gears;
— optimizing lubricant properties by:

— using oil with sufficient micropitting resistance as determined by tests, such as DIN 3p90-16;
— using oil with low traction coefficient;

— using oil with high pressure-viscosity coefficient;
— avoiding oils with aggressive antiscuff additives;
— keeping oil at appropriate temperatufe;

— keeping oil clean, i.e. free from sélid contaminants;

— keeping oil free of water contamination.
6/2.3 Macropitting

2.3.1 General
tting due to Hertzian fatigue can start after a very high number of load cycles. Therefore, gears are

6

P

designed for a defined lifetime with a suitable stress safety factor. Rating methods for macropitting are
glven in ISO 6336-2.

6{2.3.2 ~Methods for reducing the risk of macropitting

6/2:3.2.1 General

The macropitting life of a gearset can be prolonged by keeping the Hertzian stress low, material
strength high, material relatively free of inclusions, and the lubricant specific film thickness high. The
face width and the radius of curvature, which is influenced by geometric variables such as diameter,
number of teeth, pressure angle and helix angle, can be optimized to lower the Hertzian stress. Material
alloys and heat treatment can be selected to obtain hard tooth surfaces with high strength, such as
carburizing or nitriding. Maximum macropitting resistance is obtained with carburized gear teeth
because they have hard surfaces, and carburizing induces beneficial compressive residual stresses that
lower the apparent shear stresses. Adequate lubricant specific film thickness can be obtained by using
smooth tooth surfaces with an adequate supply of the proper temperature, clean and dry (free of water
contamination) lubricant that has sufficiently high viscosity and sufficiently high pressure-viscosity
coefficient.
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Macropitting can initiate at the surface or at a subsurface defect, such as a nonmetallic inclusion. With
gear teeth, macropits are most often surface-initiated because the film thickness is usually low, resulting
in a relatively high degree of metal-to-metal contact. Interaction between asperities and contact at
defects, such as nicks, furrows, or dents creates surface-initiated, rather than subsurface initiated
cracks. Point Surface Origin (PSO) macropitting is often caused by geometric stress concentration
(GSC) (see Reference [31]).

For high-speed gears with smooth tooth surfaces, elastohydrodynamic lubrication (EHL) film thickness
is greater and subsurface initiated macropitting, rather than surface-initiated macropitting, can
predominate. In these cases, macropitting usually starts at a subsurface inclusion, which acts as a
point of |stress concentration. Cleaner steels such as those produced by vacuum remelting, increage
macropifting life by reducing the size and number of inclusions. See 6.2.6.2 for a discussion of inclusionis.

The chemnistry of the base lubricant and the additive package can have an influence on macrepitting,
especially when the film thickness is low, but the mechanism by which this occursiis not fully
understqod. See Reference [17] for a description of a test method for lubricant effect en macropitting.
Contamipation from water in the lubricant promotes macropitting, and solid particlés)in the lubricant
also promote macropitting by indenting tooth surfaces, causing stress concentrations and disrupting
the lubrigant film.

6.2.3.3 | Summary of methods that have been observed to reduce the risk of macropitting

NS
g

— The methods to reduce macropitting are similar to those to redueé niicropitting, see the listin 5.2.
except optimal coating and lubricant chemistry can differ for macropitting.

— Higher surface hardness generally leads to higher macropitting resistance, up to a limiting value.

NOTE Excessive surface hardness can lead to other.problems, such as risk of hardening cracks gn
indugtion hardened gears and risk of grinding cracks, see'\2.3.

— For purface hardened gearing, ensuring adequate surface hardness and case depth after fingl
prodessing is helpful.

— Therte are many material parameters.that influence macropitting. For additional information gn
gearlmaterials and macropitting strength values, see ISO 6336-5.

6.2.3.4 | Combined macropitting.and wear

When thlere is high sliding velocity, it can be difficult to separate the usual effects caused by contagt
pressurd fatigue, which stresses both the surface and subsurface of tooth flanks, and the wear effect dn
their surfface caused by sliding which only stresses the surface of the teeth. This is most likely to occyr
in single|stage high geaf atio cross axis worm gear drives, where high sliding velocity occurs due to the
combinafion of the translation of the worm threads, the rotation of the worm wheel, and especially the
rotation jof the wor.

This specific phenomenon can sometimes be observed on tooth flanks as macropitting on the gear

wheel, with ‘wear surrounding macropits in the direction of sliding. Wear can sometimes also he

observed hy evistence of 2 wear Cfnp nearthe root ofthe flank (cnn Reference [i])

6.2.3.5 Coupling effect between macropitting and wear

With worm gears, the initial contact pattern on a worm wheel usually remains stable for a time after
running-in. Since worm wheel material is softer than the worm (bronze against steel), the worm wheel
is the first to encounter contact fatigue. After an incubation period, subsurface fatigue cracks initiate
and undermine the wheel flank surface. Macropits form when the fatigue cracks grow to the surface of
the wheel flanks. The macropitting redistributes the load and a coupling effect between macropitting
and wear begins (see Reference [51]). If the wear rate exceeds the macropitting rate, the wear can
completely remove the macropitting, and the coupling effect between macropitting and wear begins

again. See Figure 2.
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Figure 2 — Coupling effect between macropitting and wear (fi&g\ is from Reference

This coupling effect between macropitting and wear is strongeé\when the lead angle of the
hjgher, i.e. for lower gear ratios. Q

far a certain amount of tooth thickness reduction bef0r§t~he worm wheel needs to be replaced

NOTE Figures 3 through 8 show a wear step at root of the tooth flanks and a reduction of
thickness caused by wear. N

@ Figure 3 — Macropitting in progress for a low lead angle worm gear set

1 some applications, this phenomenon of combined macr 'ging/wear in a worm gear set is ad

[51])

worm is

ceptable

top land
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SLO
Figure 4 — Same flank as in Figure 3, after macropitting has been rem@g&
N

O

Figure 5 — Macropitting in progress for a high lead angle worm gear set

Figure 6 — Same flank as in Figure 5, after macropitting has been removed
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Figure 7 — Macropitting in progress for a very high lead q; worm gear set

Figure @ Same flank as in Figure 7, after macropitting has been removed

=)

2.4 C%Qgtlshing (subcase fatigue)
6|2. Q§General

quoﬁb)rrllching, also known as subcase f;n'ignp, can occur when the ry{‘]ir‘ shear stresses exceled shear
fatigue strength near the case core interface. It is influenced by Hertzian stresses, residual stresses and
material fatigue strength. The subsurface distribution of residual stresses and fatigue strength depends
on the case hardness, case depth and core hardness (see Reference [39]). The maximum grind stock
thatis removed effects the finished case depth, so it needs to be accounted for when specifying the case
depth. To prevent case crushing, steels with adequate hardenability are used to obtain optimum case
and core properties. The use of clean steel can be beneficial since inclusions can initiate fatigue cracks
if they occur near the case/core interface in areas of tensile residual stress. See 6.2.6.2 for a discussion
of inclusions.

Overheating gear teeth during operation or manufacturing, such as surface temper from grinding,
can lower case hardness, alter residual stresses, and reduce resistance to subcase fatigue. See 9.3 for
discussion of surface temper from grinding.
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es [39] to [44] give methods for analysing the risk of subcase fatigue.

Summary of methods that have been observed to reduce the risk of case crushing

(subcase fatigue)

The following methods can be considered for reducing the risk of case crushing (subcase fatigue):

— reducing Hertzian stresses by reducing loads or optimizing gear geometry;

— using clean steel with adequate hardenability to obtain acceptable case and core properties;

— obtalining acceptable values of case hardness, residual stresses, hardness gradient, case depth and

core
— avoi
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6.2.5.1

White 14
off parti
completd
layer is
The whif
polishing
is influel
such as 3

composi
be felt w
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6.2.6

Tooth flank fracture (TFF) (subsurface initiated bending fatigue)

hardness to maximize resistance to subcase fatigue;
Hing overheating gear teeth during manufacturing and operation;

b analytical methods to ensure that subsurface stresses do not exceed subsurface fatigye
hgths.

White layer flaking

General

yer flaking occurs when the compound layer (white layer) on nitrided gears locally chips
hlly or completely leaving shallow scars that have a whité appearance. Local flaking of the
compound layer can be detrimental. If only the porous zone on the surface of the compound
yorn off, in some cases this has no detrimental effect‘on the gear load capacity.

e layer is sometimes removed by grit blasting, grinding, honing, lapping or chemically assistgd
r. However, for some applications the compouiid layer is left on the gears. The risk of flaking
iced by the thickness and chemical composition of the compound layers. Different processes
ingle-stage gas nitriding versus two-stage gas nitriding or ion nitriding, can also influence th
fion of the layer. The edge of the shallow scar resulting from white layer flaking can general
hen a fingernail is run across it.

-

< o

Summary of methods thatthave been observed to reduce the risk of white layer flaking
wing methods can be considered for reducing the risk of white layer flaking:

pving the white layer-with grit blasting, grinding, honing, lapping, or polishing, while being
e of a possible réduction of flank load capacity;

ling an excessively thick compound layer;

ly controlling of the chemical composition and thickness of the compound layer.

6.2.6.1

General

TFF is influenced by factors such as gear geometry, load distribution and the local subsurface stress
condition. A rating method for TFF is proposed in ISO/TS 6336-4.

Assumed influence parameters of the material and microstructure include case hardening depth (CHD)
and hardness profile, residual stresses, cleanliness and homogeneity of the microstructure, especially
in regions at and below the transition zone.

— TFF

is often, but not always, associated with nonmetallic inclusions. In particular, macroscopic

nonmetallic inclusions, which can be detected with NDT methods, can increase the risk of TFF. Also,

20

© IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=625d635b626707f1cea74a5d8330ba52

ISO/TR 10825-2:2022(E)

stringers of nonmetallic inclusions that are shattered during the forging and are more difficult to
detect by NDT can increase the risk for TFF. See 6.2.6.2 for a discussion of inclusions.

Dendrites and porous structures have also occasionally been found close to the crack origin, as well
as cracks related to quenching, and cracks of unknown cause showing white etching constituents of
ultra-fine, recrystallized ferrites with no or very finely distributed carbides.

Stressraisersrelated to coarse singular grains, orlarge grain size gradients, can also cause increased

TFF risk.

——Hardmessvartatiomrduetobamdedstructuresof SEET cgdtcd dHU_yb furtherimcreasetheTish
or the susceptibility of the microstructure against TFF initiated by nonmetallic inclusigns

— Finally, failure analyses suggest that steep transition of the hardness from case to corelean, e
in combination with nonmetallic inclusions, cause an increased risk for TFF-related failurg

=)

2.6.2 Inclusions

Alll steel contains inclusions. Steel cleanliness is a measure of the inclusions present. See ISO 6
steel cleanliness requirements and material inspection methods.

The harmful effects of nonmetallic inclusions depend on the chemistry, size, location, and qu

Q

nd the stresses imposed on the final part. Hard, nondeformable inclusions such as calcium aly
ingle-phase alumina, spinels, titanium nitride and some-gsilicates are especially damaging,
anganese sulfide inclusions are regarded as being the least potent stress concentrators. See Re
8] and [50] for additional general information on inclusions. Inclusions are commonly identi
actured surface or on a sectioned sample either by optical microscopy or more precisely 1
M EDX methods.

irsedi= !

wn —h

(=)

2.6.3 Summary of methods that have .been observed to reduce the risk of TFF on case
VIrburized gears

o

hen ISO/TS 6336-4 or other method indicates there is a risk of TFF, the following measurg
nsidered to reduce the risk of TFB:

(@)

—+ specifying mandatory UTinspection in roughed condition according to ISO 6336-5, possib
better material quality\class, to reduce the risk of undetected nonmetallic inclusions;

— specifying additional UT inspection after hardening and grinding to detect quenching crad
—+ specifying mote stringent requirements on microscopic cleanliness, especially of the DS-t}
— alleviating-residual stress gradients by specifying a low slope of the hardness gradient;

— increasing forging reduction ratio to reduce the risk for dendrites and alloy segregations.

x for TFF,

specially
S,

B36-5 for

antity of

lhe inclusions, tensile strength of the steel and residual stressesdmmediately adjacent to the ifpclusions

minates,
whereas
ferences
fied on a
by use of

s can be

ly with a

ks;

pe;

NOTE Increased area reduction ratio can further shatter nonmetallic inclusions, so|is often
Supplemented—with—inereased—cleantiness—of—steelmaking—and-UTinspection—practices—with-limproved
detection capability for small defects.

6.2.7 Tooth interior fatigue fracture, TIFF

References [46] and [47] describe tooth interior fatigue fracture (TIFF). TIFF failures that initiated

from inclusions have been reported (see Reference [46]), but TIFF failures typically occur at moderate

stress levels where inclusions are less damaging. See 6.2.6.2 for a discussion of inclusions.

TIFF failures can occur after long running times, but also can have a lifetime of only 105 to 10 cycles

(see Reference [46]).
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Reference [46] concludes:
— TIFF has been observed in case hardened idlers.

— Thesurface ofa TIFF has a characteristic shape with a distinct plateau in the centre at approximately
tooth mid-height.

— The mechanical driving forces of the crack are residual tensile stresses in the interior of the tooth
and alternating stresses due to the idler usage of the gear.

— An na]ycic fnr‘hniqnn based on finite element r‘nmpnfafinnc forthe cfnriy of TIEFE is prncnnfnd

— The hnalysis shows that alternating stress due to the idler usage of a gear wheel and tensile sttessS¢s
due fo case hardening lead to potential fatigue initiation in a large region in the interior of the'toot

=

— Theisk of fatigue initiation in the interior of the tooth is increased by idler usage of thejgear whepl
as cgmpared to single stage usage.

Referende [47] concludes:

— TIFHis a possibility at loads lower than the load where tooth root bendingfatigue is achieved and at
loadp higher than the load where contact fatigue occurs.

— By ulsing the gear wheel as an idler instead of as a single stage gearythe risk of TIFF is increased hy
20 %.

— The more slender the tooth (greater whole depth) and the higher the load, the greater the risk pf
TIFH.

— Thelinfluence of the carburizing depth on TIFF is small, but the risk of TIFF is lower for a high
carburizing depth than for a low carburizing depth:

NOTE TFF and TIFF are unrelated.
6.3 Bgnding fatigue
6.3.1 Tooth root fatigue fracture

6.3.1.1 | General

Fatigue ¢racks can culminate,in a fracture when the fatigue cracks grow to a size where the remaining
tooth seqdtion can no longérsupport the load. In this sense the remaining material is overloaded; however,
the fracture is a secondary failure mode that is caused by the primary mode of fatigue cracking.

6.3.1.2 | Low cycle fatigue

Low cycle fatigue occurs when macroscopic plastic strain occurs in every cycle and the number pf
cycles td fagilure is less than 10 000 according to many sources. It is an uncommon failure mode for
many gear applications unless the gear teeth are overloaded because they are under-designed, severely
misaligned, or the load is unexpectedly high.

Surface conditions of a gear tooth subjected to low cycle fatigue are less important than under high
cycle fatigue loading because cyclic plastic deformation tends to relax both stress concentrations and
residual stresses. Cracks can initiate within gear teeth, as well as on the surface, and a smaller fraction
of the life is spent initiating rather than propagating cracks.

Low cycle fatigue life can be extended by maximizing ductility and toughness (see discussion in 7.1.1
regarding factors that promote toughness). Reference [44] lists the following methods that can be used
to increase toughness of carburized gears:

— using steels that contain nickel as a major (more than 1 %) alloying element;
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— quenching to produce 15 % to 30 % retained austenite in the case microstructure;

— tempering as-quenched case hardness from 58 to 62 HRC down to 51 to 55 HRC, provided that this
does not reduce the strength to an unacceptable level. Avoid tempering temperatures of 250 °C to
400 °C because this temperature range can cause embrittlement of the core.

Changing the material or heat treatment to improve low cycle fatigue life can result in a decrease in
high cycle fatigue life. However, designing gears so stresses are reduced generally not only helps avoid
low cycle fatigue but can also reduce the chance of some of the other types of damage.

6{3.1.3 High cycle fatigue

Hiigh cycle fatigue is defined as fatigue where the cyclic stress is below the yield strength of the
njaterial and the number of cycles to failure is high. Most gear tooth bending failurés, are dup to high
icle fatigue rather than low cycle fatigue. See ISO 6336-3 for a rating method to<void both high and
Igw cycle fatigue.

o

NOTE Fretting corrosion on the fracture surface indicates high cycle fatigue,

Ky
1| origins 3 fretting corrosion
2| beach marks 4 ratchet mark

Figure-9 — Two adjacent teeth on a helical pinion that failed by bending fatigue

With high cycle fatigue, a large fraction of the crack life is spent initiating rather than propagating
racks.'See Figure 9.

o)

igh cycle fatigue Tife can be extended by maximizing the ultimate tensile strength of the material and
ensuring that the microstructure of the surface of the gear teeth is optimum.

6.3.1.4 Morphology of fatigue fracture surfaces

Ratchet marks - High tensile stresses or high stress concentration can initiate several fatigue cracks on
different planes. A ratchet mark forms where the cracks join to form a common plane. Ratchet marks
help locate the crack origins. If there are no ratchet marks, it indicates there was a single crack origin.
One or more ratchet marks indicate there were multiple crack origins. The higher the stress, or more
acute the stress concentration is, the more likely multiple ratchet marks occur.
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Beach marks - If a fatigue crack grows intermittently, marks form along lines of arrest where the crack
stopped because the load decreased. If the range of cyclic load remains constant, the beach marks are
less visible. Fine, closely-spaced beach marks indicate slow growth. Beach marks surround and help
locate the crack origin and show the direction of crack growth.

Case/core origins - Case hardened gears have tensile residual stress below the case/core boundary.
Subsurface fatigue cracks can initiate at material flaws such as nonmetallic inclusions if the flaws are
near the case/core boundary in an area of high tensile residual stress. See 6.2.6.2 for a discussion of
inclusions.

At an indlusion — Nonmetallic inclusions are often the root cause of bending fatigue cracks that initiate
at a subgurface location. In some instances, the severe stress-raising effects of an inclusion can"evén
initiate dracks on the compression side of the gear tooth.

Smeared polished areas of fracture surface - If a fatigue crack opens and closes repeatedly undér
alternating tension and compression, the surfaces of the crack can appear polished. These areas are
often foynd around subsurface fatigue origins caused by nonmetallic inclusions or othermaterial flaws.

Fretting|corrosion - Fretting corrosion often occurs on a fracture surface whenthe-faces of the fatigye
crack rup together during slow, high cycle fatigue growth. Fretting corrosion ‘is often found on the
oldest, sinoothest, and largest fatigue zone.

Size of the fatigue zones on adjacent teeth - The first tooth to fail usually has the largest, smoothept
fatigue zone because the tooth unloads as the crack grows and the tdeth loses stiffness, decreasing the
bending|stress and the crack growth rate. Due to the loss in load-shdring, adjacent teeth take on more
load and|crack sooner, have faster crack growth rate and a rougher fracture surface. Adjacent teeth cqn
have secpndary distress such as macropitting.

Ratio of|fatigue/fracture surface area - A large fatigue‘zone and a small fracture zone indicate the
bending|stress was low, whereas a small fatigue zone'and a large fracture zone indicate the bending
stress was high. The size of the final fracture zone is.@n indication of the magnitude of the stress at finpl
fracture

ISO 10825-1, Figure 9 shows two adjacent\teeth that failed by bending fatigue. The lower tooth
failed firfst. It has a single crack origin, the:largest, smoothest fracture surface and extensive fretting
corrosioh. The adjacent tooth failed next,"and it has a smaller, rougher fracture surface. Ratchet marks
formed gn the adjacent tooth becausethe bending stress was higher and more fatigue cracks initiatefl.
See Figules 10 and 11 for additional)examples.
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fracture zone
beach marks
rachet marks

Figure 10 — Bendingfatigue of spiral bevel tooth
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Figure 11 — Bending fatigue of several spur gear teeth
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6.3.1.5 Progression of fatigue

Bending fatigue is a progressive failure consisting of three distinct stages:

— Stage 1, crackinitiation (plastic deformation at stress concentrations leading to microscopic cracks).
— Stage 2, crack propagation (cracks grow perpendicular to maximum tensile stress).

— Stage 3, fracture (when a crack grows large enough, it causes sudden fracture).

Most of the fatigue life is occupied by stages 1 and 2 until the cracks grow to critical size where sudden
fracture|occurs in stage 3. The fracture can be ductile, brittle or mixed mode depending uponrthe
toughness of the material and the magnitude of the applied stress.

During qtage 1, the peak bending stress is less than the yield strength of the material and no gross
yielding pf the gear teeth occurs.

The stage 2 propagation phase begins when the crack turns and grows across grain boundarig¢s
(transgranular) in a direction approximately perpendicular to the maximum tensile stress.

Under the scanning electron microscope, contours, called fatigue striations,can be seen on a fatigye
cracked kurface. They can be associated with the advance of the crack during each stress cycle. The
orientation of the striations is at 90° to the crack advance.

If the crack propagates intermittently, it can leave a pattern of macrfescopically visible “beach markg”.
These njarks correspond to positions of the crack front whepe“the crack stopped because stress
decreasqgd. The origin of the fatigue crack is usually on the concave side of curved beach marks and |s
often suyrounded by several concentric beach marks. Beach‘marks are not always visible, especially|if
the fatigue crack grows continuously under steady state aperating conditions. The presence of beagh
marks iy a strong indication that the crack was due to*fatigue, but not absolute proof, because othg¢r
failure mjodes can leave beach marks (for example, stréss corrosion under changing environment).

If there gre multiple crack origins, each producing separate crack propagation zones, ratchet marks cgn
be formg¢d. They are caused when adjacent cracks, propagating on different crystallographic plane
join togefther to form a step. Ratchet marks are often present on fatigue cracked surfaces of gear teeth
because the stress concentration in the root fillet frequently initiates multiple fatigue cracks.

wn
~

6.3.1.6 | Methods to reduce the risk of tooth root bending fatigue fracture

Gear teeth bend slightly each timethey pass through mesh. Teeth on idler gears are subject to alternating
tensile apd compressive stress; which is more detrimental that unidirectional stress. Bending fatigye
cracks typically initiate in-the root fillet on the tensile side of the gear tooth but can also start below
the surface of the rootfillet. Fatigue life can be extended both by decreasing stress and by improved
material|properties.

High cydle fatiguelife can be extended by maximizing, up to a point, the ultimate tensile strength pf
the matdrial.and ensuring that the microstructure of the surface of the gear teeth is optimum. Surfag¢e
hardness$ correlates with tensile strength, which is why surface hardening improves fatigue life.
There are hrafny other-material propet ttes—and-characteristicsthatinfluence bcudius fatisuc }ifc, see

ISO 6336-5 for further information.

Case or surface hardening, in particular by carburizing, can be beneficial because this hardening
process can induce compressive residual stresses that counteract the tensile bending stresses. Also,
controlled shot peening or mechanical cleaning by shot blasting can be used to increase compressive
residual stresses, although subsequent root fillet finishing operations can reduce these stresses in that
area. For carburized gears there are optimum values of case hardness, case depth and core hardness
that give the best balance of residual stresses and fatigue strength to maximize gear tooth resistance
to bending fatigue. For nitrided and induction hardened gears, there are also optimum values of case
hardness, case depth and core hardness. While cracks usually initiate at the surface of the gear tooth
root fillets, with increased surface compressive stresses the likelihood of subsurface initiated cracks
can increase.
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There are several geometric variables, such as module, diameter, face width, number of teeth, pressure
angle, helix angle and profile shift that can be optimized to lower the bending stress and increase the
bending fatigue life. The gear tooth geometry can be designed to reduce the tensile bending stress in
the root fillets. When gears are finished by shaving or grinding, avoiding creation of notches in critical
areas of the root fillets reduces the chance of crack formation.

Stress concentrations can be avoided by, as much as possible, eliminating all cracks, especially near the
surface of the root fillets, and eliminating defects on or near the surfaces of the root fillets. Designing
and manufacturing gear teeth to obtain large radius root fillets can minimize stress concentrations in
critical areas of the root fillets.

6{3.1.7 Summary of methods that have been observed to reduce the risk of high cycle‘bending
qtigue

—3

he following methods can be considered for reducing the risk of high cycle bendingfatigue:
—+ optimizing geometry by:

— using full fillet roots, the root shape has a strong influence on behding stress;

— using larger module;

— using a combination of centre distance, face width, number of teeth, pressure angle, h¢lix angle
and profile shift to optimize and lower the bending stress;

— ensuring that the surfaces in critical areas of the'toot fillets are free from significant notches
and tool marks;

— ensuring good load distribution;

— reducing bending stresses by reducingloads;
—+ optimizing metallurgy by:

— ensuring that, as a minimum; the material quality requirements of ISO 6336-5 are met;

— using case hardening or~shot peening, or both, with proper process control to |increase
compressive residual stresses. For carburized gears, material and heat treatment pafameters
can be selected to. maximize residual compressive stress in the case;

— for case hardéned gears, specifying values of case hardness, case depth and core hafdness to
maximize reSistance to bending fatigue;

— using steel with sufficient hardenability to obtain a microstructure of primarily tempered
margensite in the gear tooth root fillets;

— <avoiding embrittlement;

for carburized gears, making sure that the microstructure of the case is essentiall
batnitepeariite network-—earbides-and-espeecialymicrocracks-withinrmartensite-phdtelets or

— using fine-grain steel;

— ensuring that the surfaces of the root fillets are free from significant cracks, nonmetallic
inclusions, decarburizing, corrosion, intergranular oxidation, or other potential stress risers.
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6.3.2 Rim web and hub cracks

6.3.2.1

General

If the gear rim is thin, it can be subjected to significant alternating rim bending stresses that are additive
to the gear tooth bending stresses. These stresses can result in fatigue cracks in the rim. Rim cracks are
similar to tooth bending fatigue cracks, except that rim cracks usually propagate radially through the
gear rim, whereas bending fatigue cracks propagate across the base of the teeth. Rim cracks can grow
into the web of the gear.

Web cra
blank. A

Rim and

one or more of the following: sharp corners or notches in the root fillets, keyways, splinegs,‘tholes, shrin

fits, web
Other ca
— tipt
— use

— inco

— gear| blanks with significant changes in section thickness that’lead to changes in stiffness and

redi

— poot load distribution across the face width;
— impact loading.

Rim or Wweb cracks can cause catastrophic failure in high speed gears if centrifugal forces cause t}

fatigue c

Magneti

and gearlweb are free of material flaws:

6.3.2.2

The follgwing methods can be-considered for reducing the risk of rim or web cracks:

— usin

— desi

— paying atténtion to details that cause stress concentrations such as keyways, splines, holes ar

web

— usin
and

'ks can be caused by cyclic stresses due to vibrating loads near a natural frequency of the ged
fatigue crack can originate in the web of the gear and can grow into the rim of the gear.

web cracks generally originate at stress concentrations. These concentrations canarise fro

Lto-rim or hub-to-web fillets or metallurgical defects such as inclusions.
ises of rim or web cracks include:

b root interference, operation in tight mesh;

flower strength web materials in fabricated blanks;

Frect welding procedures, particularly inadequate stress relieving;

stribution of stress that overloads the adjacent thin (weaker) section;

racks to propagate to a brittle fracture mode, opening the rim.

" particle or dye penetrant inspection can be used to ensure that the gear tooth fillets, gear ri

Summary of methods-that have been observed to reduce the risk of rim or web cracks

b adequate rim-thickness;

bning the gearblank such thatits natural frequencies do not coincide with excitation frequencie

to-fim fillets;

\r

k

a

m

u

TMagnetic particte or dye penetrant imspection to ensure that the gear tooth filtets; gear Tt
gear web are free of material flaws;

— controlling manufacturing to avoid notches in the root fillets;

— avoiding uneven load distribution across the gear face width;

— controlling operating centre distance, tooth clearance, and avoiding tip-to-root interference.
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7 Non-fatigue fracture

7.1 General

Gear tooth fractures without prior fatigue cracking are infrequent but can result from shock loads. The
shock loads can be generated by the driving or driven equipment. They can also occur when foreign
objects enter the gear mesh or when the gear teeth are suddenly misaligned and jam together or operate
in tight mesh after a bearing or shaft fails.

711.1 Brittle fracture

—

hree primary factors control the susceptibility of gear teeth to brittle fracture:

- material toughness;

- material flaws;

- tensile stress level resulting from load and residual stresses.

o]

rittle fracture occurs when combinations of tensile stress and flaw size\create a critical stress [ntensity
fqQr a particular material toughness. Part shape, machining marks afid material flaws can lead|to stress
bncentration, which usually plays a role in brittle fracture. The material toughness deternjines the
ritical rate of loading and stress intensity that leads to brittle fracture.

a0

The compliance of shafts and couplings in a drive systeém“helps to cushion shock loads anfl reduce
the loading rate during impact. Gear drives with close:coupled shafts and rigid couplings :t)ave less
pmpliance. When drive systems with low complian¢e’are used in applications where overloads are

kpected, the use of gears large enough to absorh<the overloads can help achieve reasonalfle stress
gvels. Also, gears can be isolated from shock loads by using torque-limiting couplings. However, using
tgrque-limiting couplings in critical applicatigns such as hoists can lead to problems such as a load
being dropped.

c
e

1

The toughness of a gear material depends on many factors, especially temperature, loading|rate and
cpnstraint (state of plane stress orplane strain) at the location of material flaws. Many stee|s have a
transition temperature where the fracture mode changes from ductile-to-brittle as temperature
dpcreases. For low temperature service (including temperature at start-up), the transition temperature
i of primary importanceSifice the transition temperature is influenced by the loading fate and
bnstraint, operating close to the transition temperature can be problematic. When selecting npaterials,
tlis often possible to find a material that has a transition temperature well below the gear tooth service
mperature. The duetile-to-brittle transition can be determined with the Charpy V-notch impact test.
bme high strength, alloyed, quenched and tempered steels do not exhibit a transition temperature
thaviour.

;'-._-.n»—-

he toughness of a material depends on its elemental composition, heat treatment and me¢chanical
Focessing. Typically, alloy steels with a very high core hardness have limited fracture toughndss. Many
loying elements that increase the hardenability of steel also decrease its toughness. Exceptions are
ckel ‘and molybdenum that increase hardenability while improving toughness. Tests on the impact
racture tougnness ol carburized steel have found the following, See Reterence [45]:

500 o oW

-

— High-hardenability steels have greater impact fracture toughness than low-hardenability steels.

— High nickel content does not guarantee good impact fracture toughness, but nickel and molybdenum
in the right combination results in high impact fracture resistance.

— High chromium and high manganese contents tend to give low impact fracture toughness.

The microstructure of steel depends on initial microstructure, hardenability and heat treatment.
Tempered martensite gives the highest toughness. Microstructures consisting of ferrite, pearlite
or bainite have lower fracture toughness. Steel with sufficient hardenability, so that its heat-treated
microstructure consists primarily of tempered martensite, can lead to maximum toughness. Steel
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can be selected so the desired hardness is achieved without tempering in the range that promotes
embrittlement.

Most ma

terial properties are improved when grain size is uniform and fine. This is especially true

for toughness; fine-grained steel has increased toughness and a lower transition temperature. Steel-
making practice, alloying elements, mechanical treatment and heat treatment influence grain size.
Steels containing nickel and molybdenum resist grain coarsening during austenitizing better than plain
carbon steels. Elements such as aluminium, vanadium or niobium can help produce fine grain size.

In summary, toughness can be optimized by proper alloy design. This is a very complex subject that

requires

Material
ahead off
inclusiorn
constrai
crack, th
fracture
and orie
service t

The roof
tooth be

a high degree of expertise.

flaws or other discontinuities create stress concentrations that elevate the stresslocally
the discontinuity. The discontinuity can be a notch, crack, surface tear, surface or subsurfage

or porosity. Fracture can initiate at these locations. Adjacent material, at lowér stress,
s and limits plastic deformation. The discontinuity size can be small, but if it initiates a fatigye
nt crack can grow until a critical size is reached, at which point the crack can €xtend in a britt]e
The critical discontinuity size is not constant, but depends on the geometry of the part, shape
htation of the discontinuity, applied stress, and the fracture toughness af the material at the
emperature and loading rate. See 6.2.6.2 for a discussion of inclusions:

fillets of gear teeth are especially vulnerable to fracture because this is the location where
nding stresses are highest. Clean materials increase fracture resistance.

The gear

teeth cam be cut with full-fillet tools to obtain a larger root filletradius to decrease stress concentratiqn
effects. IIthe gears are to be finished by shaving or grindingsprotuberance tools can be used to reduge

the risk
can indul
shot pee

7.1.2
The follo
— opti]

— optimizingmetallurgy by:

tooth geometry can be selected to reduce the tensile bending stress in the root fillets. The gegr

fnotching the root fillets. Case hardening can be beneficial because these hardening process¢s
ce compressive residual stresses that reduce the'net tensile bending stresses. Also, controllgd
hing can be used to increase compressive residual stresses.

bummary of methods that have been gbserved to reduce the risk of brittle fracture
wing methods can be considered fetreducing the risk of brittle fracture:

mizing design by:

Feducing tensile bending §tpésses by improving gear tooth geometry;

Feducing loading ratés by using compliant shafts and couplings;

brotecting gearstfsom impact loads by using load limiting couplings;

for case hardéned gears, using appropriate case depth;

1sing materials with high cleanliness;

30

selecting material:

— using materials and heat treatments that give high toughness, such as steel with sufficient
hardenability to obtain a microstructure of primarily tempered martensite;

— using steel in which the desired hardness is achieved without tempering in the temperature
range that causes embrittlement;

using steels with high nickel content:

— for carburized gears, nickel and molybdenum in the right combination gives maximum
toughness;
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— avoiding use of steels with high chromium and manganese content;

— keeping the phosphorous and sulfur content as low as possible;
— avoiding use of steels at service temperatures below their transition temperature;
— avoiding very high core hardness;
— using fine grained steel;

— minimizing material flaws, especially in the root fillets of gear teeth. Using magnetic particle or
dye penetrant inspection to detect flaws;

— using case hardening to increase compressive residual stresses.

7|11.3 Ductile fracture

[op)

ear tooth failures that occur solely by ductile fracture are relatively jinfrequent becayse most
fijactures occur at a preexisting flaw which tends to promote brittle behaviour. If the followinlg factors
e present, a fracture is more likely to be ductile rather than brittle:

o)

— high material toughness;

— high gear tooth temperature;

— slow loading rate;

— no significant material flaws;

— low tensile stress level resulting from the combination of load and residual stresses;
— high shear stress.

Under these conditions gear teeth yield when the stresses exceed the yield strength of the mat¢rial, and
stibsequently shear off with significang plastic deformation before ductile fracture.

1.4 Mixed mode fracture

ode. This is not to be confused with a fracture surface having features that suggest successjve crack

7

Allocal area of a fracture surface that exhibits both ductile and brittle characteristics is term¢d mixed
n

propagation by differefit mechanisms, for example a fatigue crack causing a ductile fracture.

7\2 Tooth roetrupture

Tpoth root rupture can be a brittle, ductile or mixed mode fracture. This term is not used for tgoth root
dtigue fracpure (6.3.1) or fracture after plastic deformation (8.7).

7/3-., Tooth end rupture

Tooth end rupture is similar to tooth root rupture; however, it generally occurs when the teeth are
loaded more heavily at one end. There are many causes for this, including improper flank modifications
or misalignment.

Misalignment can result in end loading of the teeth, increasing the stresses in that section of the teeth
and thereby increasing the risk of damage or failure. There are many possible causes of misalignment,
including:

— inaccurate lead, profile, spacing, or runout of pinion or wheel;
— inappropriate lead or profile modifications;

— assembly or mounting errors;
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— Dbearing failures or supports not parallel;

— distortion of the gearbox housing or foundation due to applied stresses or thermal effects;

— distortion of the gear teeth due to transmitted loads, centrifugal stresses or thermal effects;

— exce

— exce

— exce

ssive radial space in the bearings, particularly those which do not have rolling elements;
ssive internal clearance in rolling-element bearings;

ssive tapered roller bearing endplay.

Misalignlment is always detrimental; proper alignment during operation is very important.

7.4 Tooth shear fracture

Tooth shear is almost always caused by a single severe overload.

8 Plas

8.1 G¢

Plastic d
when th
the activ
rim due

impact (3

8.2 In

The actiy
trapped
the dam
indentat
that can
roughly

subsurface plastic deformation ¢auses grooves (see 8.3) on the surfaces of the active flanks of the teeth

correspd

8.3 Bifinelling

True bri
to a sugd
microscq
(5.7.2).

stic Deformation

neral

eformation is permanent deformation that remains after removal of the applied load. It occurs
P stress exceeds the yield strength of the material. It can-0ceur at the surface or subsurface pf
e flanks of the gear teeth due to high contact stress, or.at'the root fillets of the gear teeth or the
Fo high bending stress (see 8.7). High contact stress.can result from large loads or gear tooth
ee 8.9) caused by vibration.

dentation

re flanks of gear teeth can be damaged byindentations caused by foreign material that becomés
between mating teeth. Depending onthe number, size and severity of the indentationis,
hge can initiate other types of damage or failure. If plastic deformation associated with the
ons causes raised areas on thé_tooth active flank surface, it creates stress concentrations
lead to subsequent contact fatigue. For gear teeth subjected to contact stresses greater thgn
1,8 times the tensile yield-strength of the material, local, subsurface yielding can occur. The

nding to the lines of gentact between the mating gear teeth.

nelling canigccur on gear tooth flanks, typically when they are not rotating and are subjectdd
lden high )impact load. With brinelling, usually the original grinding marks are visible
picallynin the bottoms of the dents. There is no relation between brinelling and false brinelling

8.4 Cold flow

Cold flow is plastic deformation that occurs on the flank in the direction of sliding at a temperature
lower than the recrystallization temperature. For steel, the recrystallization temperature usually
ranges from around 450 °C to 900 °C, depending on severity of plastic deformation, grain size prior to

plastic d

eformation, temperature at which plastic deformation occurs, time for which the plastically

deformed metal is heated to attain recrystallization, and presence of dissolved or undissolved elements
(see Reference [48]). It can occur with insufficient lubrication.
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8.5 Hot flow

Hot flow is plastic deformation that occurs at a temperature higher than the recrystallization
temperature. Keeping the gears lubricated and keeping the teeth within an acceptable temperature
range for the gear material helps avoid hot flow.

8.6 Rootfilletyielding

Gear teeth can be permanently bent if the bending stress in the root fillets exceeds the yield strength
ofthe material Usua he bending deflection atinitial yielding is small and there is a margin of safety
before gross yielding causes significant gear tooth spacing error. If the teeth have sufficieqt ductility,
injitial yielding at the root fillets redistributes the stress and lowers the stress concentratioh. Hence,
pot fillet yielding sometimes only results in rougher running and a higher noise level. However, if
the yielding causes significant spacing errors between loaded teeth that are permanently pent and
uhloaded teeth that are not, subsequent rotation of the gears usually results in destructive intgrference

Plastic deformation can occur on the active flanks of géar*teeth caused by high contact stfesses in
cpmbination with both the rolling and sliding action of the gear mesh. Displacement of surface|material
can form a groove along the pitch line and burrs on the'tips and in the roots of the driving gdar teeth.

Tpoth hammer results in plastic deformation, which increases transmission error and can also|increase

ippling usually occursinder high contact stress and boundary-lubricated conditions. Jubricant

There is a hypothesis, although it has not been proven, that ridging is initiated by scuffinlg and is
syibsequently polished over. This eventually masks the scuffing damage and results in smooth ridges
cpnsisting of smooth peaks and valleys. This hypothesis is supported by the fact that rear axle Iybricants
hhve)aggressive sulfur-phosphorous additives that promote polishing wear (see 5.2). The wear debris
from scuffing provides the abrasives for polishing.

8.12 Burr

The burr in ISO 10825-1, Figure 85 was generated by plastic deformation due to the contact pressure
and the sliding action along the surface of the active flanks.

©1S0 2022 - All rights reserved 33


https://standardsiso.com/api/?name=625d635b626707f1cea74a5d8330ba52

ISO/TR 10825-2:2022(E)

8.13 Interference deformation

8.13.1 Tip to root fillet interference

Interference in the root fillet is engagement below the form diameter which can result from insufficient
centre distance, inadequate protuberance on the tool or excessive addendum of the mating gear. It is the
result of manufacturing, assembly or design errors. Subsequent cyclic contact on areas with damage
due to tip to root fillet interference can lead to plastic deformation or local breakage. Operating with tip
to root fillet interference can result in tooth damage or failure, or catastrophic blank failure (typically
through ghe+ims-

8.13.2 Tip-to-dedendum interference

As gear feeth approach one another near the start of engagement, the corners of teeth on.the driven
gear are|very close to the Start of Active Profile (SAP) on dedendum flanks of the drivingteeth. High
loads can deflect the teeth already in mesh and close the gap between incoming teethrésulting in tip-
to-dederjdum interference. Subsequent cyclic contact on areas with damage from“tip-to-dedendum
interfergnce can lead to contact fatigue, plastic deformation or local breakage (se€e Reference [31]). To
avoid tip-to-dedendum interference, sufficient tip and root relief can be provided to account for pitc¢h
errors and the deflection of the teeth under load.

8.13.3 Tight mesh

Typically, when the mesh is running tight (i.e. in double flank éontact), scuffing appears on the lodd
flank as|well as the coast flank on the mating gear. In severecases both flanks of both gears can hje
affected

9 Manufacturing problems

9.1 Forging cracks

Forging ¢racks are mainly due to a fold intherough material that was introduced into the matrix during
the forgihg process. Consequential deep cracks within the material can be attributed to the presence pf
nonmetdllic inclusions at the time of forging.

9.2 H4rdening cracks

9.2.1 General

Hardenifpg cracks are caused by excessively high localized internal stresses generated during heat
treatmeIt. They aspially occur during or after quenching and their orientation is not normally linkgd
to those|resulting from in-service gear loading. Sometimes cracks initiate during quenching and only
become visibleTater or during subsequent machining.

The cracks=ean ho cavicn Ay oo baatin g v no i Av byl chaonagne dvin 4
ST ot taasSCaOy oo O ot g O COO S O Oy v orch - Crran g tsaat—=

phase transformation. Stress risers make the part more susceptible to cracking.

Crack formation can be related to some of the same factors that cause intergranular fracture in
overheated steels.

Cracks resulting from stress induced by heat treatment usually appear immediately but can appear
after a period of time or in operation.

9.2.2 Thermal stresses

Thermal stresses are caused by temperature differences between the interior and exterior of the gear
and increase with the rate of temperature change. Cracking can occur either during heating or cooling.
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The cooling rate during quenching is influenced by the geometry of the gear, the agitation of the quench,
quench medium and temperature of the quenchant. The temperature gradient is higher and the risk of
cracking greater with thicker sections, asymmetric gear blanks and variable thickness rims and webs.
The following preexisting conditions and events can lead to cracking of parts:

— insufficient top or bottom discard practice in ingot casting;
— severe core segregation;

— coarse grain formation (especially in the core of the material);

— solid parts with large cross sections made from high alloyed quenched and tempered stegl.

Ne)

2.3 Stress concentration due to heat treatment

1]

patures such as sharp corners, the number, location and size of holes, keyways, splines and abrupt
hanges in section thickness within a part, cause stress concentrations, which increase thle risk of
racking.

a0

wn

irface and subsurface defects such as nonmetallic inclusions, forging defects such as hydrogén flakes,
internal cracks, seams, laps and tears at the forging flash line increase the risk of cracking. Sde 6.2.6.2
far a discussion of inclusions.

Ne)

2.4 Quench severity

enching conditions and severity are usually designed considering size and geometry of the gear,
r¢quired metallurgical properties and hardenability af.the steel. Keeping the quenching only as severe
af required lowers the risk of hardening cracks.

ench severity with an uncontrolled vigorously agitated process can increase the risk of |cracking
mpared to quiescent, slow-oil or polymer guénchants.

Q

)

ardening cracks can occur after quenching if the gear is allowed to stand without proper tgmpering
ince hydrogen can diffuse to an inclusion where it can initiate a crack.

wn

O

2.5 Phase transformation

—3

Fansformation of austenite)into martensite is always accompanied by expansion and can [result in
racking. See Reference [44].

o

9(2.6 Material deféects

Stirface defector weakness in the material can promote cracking, for example, deep surface eams or
npnmetallie, stringers (a series of small inclusions in a line) in both hot-rolled and cold-finished bars.
Other problems are inclusions and part stamp impressions. See 6.2.6.2 for a discussion of inclusions.
Fprging’defects in small forgings, such as seams, laps, flash line or shearing cracks as well as|in heavy
fargings such as hydrogen flakes and internal ruptures, aggravate cracking. Similarly, som¢ casting

£ 1 : 1
defectssuch=as porosity, canrpromotecracking:

9.2.7 Heat treating practice

Through hardening alloy steels can be normalized prior to hardening or any other high-temperature
treatment, such as forging or welding, to produce grain-refined microstructure and relieve stresses.
Carburizing alloy steels can be normalized or normalized quenched and tempered prior to carburizing.
Improper heat-treating practices, such as nonuniform heating or cooling, contribute to cracking.
Hardening can cause cracking if the steel is not properly processed.
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9.2.8 Tempering practice

As-quenched martensite is brittle and high tensile residual stresses are produced by the volumetric
expansion associated with the transformation of austenite to martensite. Minimizing the time between
quenching and tempering reduces the risk of quench cracking. Although the parts are often tempered
as soon as possible to avoid quench cracking, care is taken to ensure that sufficient time is permitted
for large parts to transform to the desired structure through to the centre. Two tempering practices
can lead to cracking problems:

— Ifthe parts are tempered too soon, before transformation to the desired structure has taken place,
lateyf transformation of the core can induce sufficient stress due to the volumetric expansion to
crack the surface.

— Supdgrficial or “snap tempering” of the surface does not always reduce the internal® stress¢s
sufficiently to prevent cracking. This problem is particularly severe if rapid heating methods such
as induction, flame, or molten salt baths are used, which can induce additional thecmal stressg¢s
between the surface and the core.

9.2.9 Detection of hardening cracks

Hardening cracks are not permitted as specified in ISO 6336-5, which also provides information dn
detectiof of cracks.

9.2.10 $ummary of methods that have been observed to reduce the risk of hardening cracks
The following methods can be considered for reducing the risk-of hardening cracks:
— optimizing geometry by:

— Hesigning the gear blanks to be as symmetricaspossible and keeping section thickness uniform;

— minimizing stress risers such as abrupt,ehange in cross section, holes, keyways, sharp corners
hnd steel stamp marks. Using chamfers or radii on all edges, especially at the ends of the teeth
hnd at the edges of the gear tooth topslands;

— optimizing metallurgy by:
— pelecting steel type carefully;

— minimizing surface and subsurface material flaws such as nonmetallic inclusions, forging flaws
such as hydrogen flakes, internal cracks, seams, laps, and tears at the flash line;

— fesigning the quenching method, including the agitation, type of quenchant and temperature pf
the quenchant, for the specific gear and hardenability of the steel;

— femperihg’'the gear immediately after transformation to martensite has finished.

9.3 Grinding cracks

9.3.1 General

Grinding cracks can be caused by excessive gear flank surface temperature resulting from the grinding
technique if the grinding cut is too deep, grinding feed is too high, incorrect grinding speed, grinding
wheel grit or hardness is incorrect, or flow of coolant is insufficient. Excessive gear flank surface
temperature can also result in grinding burn, see 9.5.

Magnetic particle or dye penetrant inspection can be used to detect grinding cracks.

Steels with hardenability provided by carbide-forming elements such as chromium are prone to
grinding cracks. This is especially true for carburized gears with a case that has high carbon content,
particularly if there are carbide networks. See ISO 6336-5. Extremely high surface hardness increases
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