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Abstract

With the current tough economic times and depressed commodity prices, focus is being placed
on achieving higar power densitie gearswithout increased cost or reduced achievable life
and reliability.An investigaton intothe use of different carbgdtion methods and processes

to minimise post heat treatent distortion, with the aim to reduce and even eliaénthe
requirement for post heat tresntgrinding and grinding stock allowancesspresentedThe
investigation included the processing of test pieces, as per the recommendathiigl Af
2004-B89: Gear Materials, Heat Treatment and Processing Mariualr alloy stees, namely

AISI 3310, AISI 8620, AISI 9310 and 17CrNiMo%ere selected for thiesearchbased on
availability, cost and hardenabilitfyhe carburising cycles were derived for both gas and
vacuum carburising for a 0.10% and 0.20% carbon stepectively Two quenching options

were applied, oil quenching and intensive quenching. The test pieces sdenergionally
measured to determine distortion through the changes in diameter and ovVhkty.
microstructuresof the case and core weamalsed as well as effectivease depthThis
researcliound that current methodatmospheric carburising and oil quenchirg] steel alloy
combinationsare inadequate to produlmev distortion carburised internal gears, while the use

of vacuum carburisingnd intensive quenching as a processibinationcan achieve such
gears.It was also found that the use of AISI 3310, performed the best for both current and
proposed process combinatioliss recommended that future work be conducted, including a
full-scaled manufacturing trial with more detailed process adjustments to ensure the quality

and repeatability of the final carburised gear.
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Chapter 1 Introduction

1.1 General

Gearing is one the most common means of industrial power transmasstbisused in a wide
range of industries such as mining, oil and gas, and minerals procggsWfth the current
tough economic times and depressed commodity pricessis being placed on achieving
higher power densities without increasedtor reducedachievable life and reliability2]. To
be able to achieve thismproveddesign and manufacturingrocesses arrequired. These

processes include the hardening of the gear teeth to improve strength and wear.

Wear on gearss generally ovelRCome through the heat treatment of the gear teethake

the surfaces more wear resistadbwever,there are limitations focurrent heat treatment
processes, particularly carburisation, which can affect the usability of these processes on
certain gearsparticularly internal gear3]. One such limitation is the resultant distortion

during carburisation.

To datethere has &en muchresearchn the field of carbusgation of external gears, with little
focus on internal gear®nlike external gears, internal gears are thin in section, resembling a
ring. Hence, internal gears are also known as ring gedrns. Use of internal gesis limited to
planetary gear systemshich are not as common as external gear drive trisiast planetary

gear systems are used in low to moderate power applicattbese large reductions in speed
arenecessary. However, some applications, sudteasy industrial equipmerdorequire the

use of planetary gear systems for the increase in torque. In these insptareetsiry gear
systems are utiled for their compact natur&éhe power densityfahe gearing system is the

key criteronin these aplcations.

Most internal gearsused n these planetary systemailise induction lardeningto improve
hardnesand wearesistancef the gears during operatioWhile induction hardeningrovides
a low distortion option for heat treating gears, it alseans a compromise in mechanical
properties since it does nopromote as highhardnessas carbusing [4]. Furthermore
conventionafjascarburisingporocesseareprone to unpredictable and uncontrollable distortion

when used on internal gears.



This researchwill form the basisto developan industrial process that will enable the cost
effective manufacture of a carbsed internal gear whickequires little or no machiningnd
grinding after heat treatment, on a mass sdaleuse on heavy mining equment. It will
investigate the use of traditional and novel cadmgi methods and processes, as well as
explore the benefit®f various steel specification® determine the best fit pairingf

carburising and quenching combinasdar reducedlistortion in anindustrial application.

1.2 ResearchObjectives

The researchwill investigate the use of different carbsafion methodsand processes to
minimise post heat treatent distortion, with the aim to reduce and even eliminate the
requirement for posheat treanent grinding and grinding stock allowancedtimately to

mitigate the increase in manufacturing costs normally assedoidth the increase in hardness

The primary aims of theesearclareas follows:

To comparegasandvacuum carburising ntleods for distortion.
To compareil quencling to intensive quenchg for distortion.
To determine which churising grade alloy steel woulse most viable for further
technology development.
1 To determine the best carburisiggencling and alloy steel conbations that warrant

further development towards a production prototype.



1.3 Report Overview

This document is arranged as follows:

1 Chapter 2: Background

An overview of previousesearchielevant to low distortion carburisation is presented.

1 Chapter3: Experimental Methodology

The experimental methodology and procedures utilised iregearctare detailed.

1 Chapter 4: Experimental Results

The achieved ataareanalysed and the resutieepresented.

1 Chapter 5: Discussion

The experimental resultsid the implications thereof are discussed.

1 Chapter 6: Conclusions

The conclusions of theesearclarepresente@dnd recommendatior@seprovided



Chapter 2 Background

2.1 Fundamentals ofGearing

Gears are one of the oldest and most common mechanisms used imemyaahd mechanical
systems, such as clocks, bicycles and industrial equipfignGears are a cost effective,
relatively efficient and reliable means to either increase or decrease torque andaspeed

required.

In its simplest form, there exists two imdypes of gearsexternal and internal. An external
gear is one where the gear teeth are situated radially outwardke teeth are pointed away
from the axis of rotation of the geas shown irFigure2.1(a), while an internal gear is one
where thegear teeth are situated radially inward, i.e. facing the axis of rotation, as shown in
Figure 2.1(b). This researchis focussed on the heat treatment of internal geengch are

particularly prae to distortionthusrequiiing costly postheat treatmennachining

(@) (b)

Fiaure 2.1: Main forms of aearg$a) external aear and (binternal aear.

The primary application of an internal gear is to enable the configuration of gears in an
epicyclic or planetary gear systgs}, as shown irfrigure 22.



Figure 2.2: A planetary gear system.

A planetarygear system is a gear train whmdnsists of an internal gear andltiple external
gears. A planetary gear system, also known as an epicyclic gear system, has several

commnentsa sun, planets, carriers and ring gearshown irFigure2.3.

The sun gear is an external gear whose axis of rotation is located at tteeodehe entire
system, much in the same wayeaa r suh i the centre of rotation for tiselar system. The

planet gears are also external ge@ngch rotate about the sun geand are in essencieler

gears meshing with both the sun and ring gedilsere are multiple planet gears in a planetary
gear system, generally ranging from three to six gears, with some planetary systems having as
manyas eight planet gears, depending on the size and application of the planetary system. The
planet gears, likplanets in the sal system, also rotate about treim centreof rotation while

rotating aroundhe sun gear. The planets rotate about shafts which are supported by the planet
carrier. The resultant centre of rotation of the carrier and the sun geeidesiwith centre of

the ring gear. The ring gear is the internal gear of the planetary gear system. This coincidence
of the axes of rotation gives the planetary gear system its compact nature. The ring gear forms
the boundary of the gear system, with émdire gear systerbneingenclosed within the ring

gear.



Ring Gear
Planet Gear
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Figure 2.3 Components of planetarygear system

The following are the main advantages of planetary gear syg&ms

1. Planetary gear systems are more compact for a given ratio than traditional spur gear
drives.

2. Planetary gear systems have ebardl efficiency, with a typical power loss of 3% per
stage. This makes planetary gear systems a power efficient alternative to spur gear
drives.

3. Planetary gear systems have a distributed load. This is due to the multiple planet gears

sharing the torque, sealting in a greater torque capability.

While planetary gear systems boast many advantages over parallel shaft spur gedheyives,
also hae disadvantages, whiahclude:
1. Planetary gear systems are complex to design and may require specialist knowledge
[7].
2. Planetary gear systems aresityp to manufacturethe gears require a tight tolerance
because the backlash of the planetary gears cannot be adjusted once assembled.
3. Planetary gear systems are difficult to assemble. The reliability of planetary gear
systems dpend heavily on accurate machining to ldi®RCome some of these

difficulties.



4. Planetary gear systems have much higher dynamic gear loads than static loads. This
results in shorter fatigue livedg component$g].

5. Planetary gear systems are suscéptib high rates of wear due to the gears having
multiple simultaneous contacts. If a planetary gear system has 4 planetary gears, the
sun and ring gears have four times the contacts of external gear drive, resulting in a

shorter contact fatigue life.

2.2 Fundamentals of Steel

Since most industrial gears are manufactured from steel, it is important that the fundamentals
of steel be understood. In the following section, thedamentals of steetomposition,

microstructure and phase transformation will kplered.

Steel in its most simple form is a solution of carbon in iron. Howeéle steels used for gearing
aregenerally considered low in its carbon concentration, with less tham%.&rbon while

steels for carburising generally contain less tha @t% carbon.These steels are known as
hypoeutectoid stee[9]. It should also be noted that the steels used for industrial gearing also
contain other elements, suchmanganeseshromium anchickel. These alloying constituents

are used to enhance t@@n properties ithe steel [f The primary effects are as follows:

1 Manganeséncreases the hardenability of the steel. It is used to increase the strength
and hardness. It can produce an austenitic steel, when used in sufficient quantities.

1 Chromium als increases the hardenability of the steel, as well as increase the strength
and hardness. It is also uséd counteract the disadvantagé nickel which is
susceptibility to oxidisation ahg grain boundaries caused bgkel na uniting with
carbon

1 Nickel increases the hardenability and fatigue resistance of the steel. It strengthens the
steel and improves toughness. It is also used to counteract the disadvantages of

chromiumwhich area higher critical temperature and decrease impact resistance

With the topic of thisresearchbeing focussed owarburisation, thecomposition of some

common carburising steels are shown in Tadg10].



Table2.1: Composition®f commorcarburisingsteels(wt%) [10] .

Alloying Element [wt%] AISI 3310 | AISI 4320 | AISI 8620 | AISI 9310
Carbon (C) 0.080.013| 0.170.22 | 0.180.23 | 0.080.013
Manganese (Mn) 0.450.60 | 0.450.65 | 0.70:0.90 | 0.450.60
Nickel (Ni) 3.253.75 | 1.652.00 | 0.40:0.70 | 3.003.50
Chromium (Cr) 1.401.75 | 0.40-0.60 | 0.400.60 | 1.001.40
Molybdenum (Mo) none 0.20-0.30 | 0.150.25 | 0.080.15

To further understand steels, the various microstructures and phase transformations of heat
treated steels need to be explondthen heat treated, steels undergo phase chaagéthe
microstructure of the steel changes. Tiamel temperature are of critical importance in the heat
treatment of steels. These two parameters determine the microstructuraeahdnical
properties of the steel, such as ductility, hardness, strength and tou§hn€kse relationship
between tempetare and microstructure is shown in gguilibriumphase diagramifl]. The

phase diagram represents the phase transformations and microstructures in slowly cooled
steelsunder equilibrium conditions. &parture from these conditions, i.e. rapid cooliegults

in changes in these microstructures [1Phe compositionfor hypoeutectoid steel is shoven

the phase diagram Figure2.4 [13].
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Figure 2.4: Iron-carbonphasediagram forhypoeutectoidteels [13.

Thephases for steel are:

1 Austenites the slid nonmagnetic phase where carbon and other constituents form a
solutionof o-iron, hence it is designated bylt is the desired microstructure prior to
hardening and is stable at high temperatures. It is aci#we centered (fcc) structure.

Austeniteis shown Figur@.5[9].

Figure 2.5: Microstructureof austenitg9].



1 Ferite is a bodycubic centered (bcc) structure that normally occurs at room
temperaturein low carbon steelslt is designated byl Ferrite experiences a
polymorphic transformation to austenite at approxima®@d®°C Ferrite is relatively

soft with a vey low carbon solubilityFerrite is shown Figurg.6 [9].

Figure 2.6: Microstructure offerrite [9].

1 Cementitas a compound of iron and carharon carbide(FesC), which is very hard
and brittle.In alloy steels some of the iron atoms are replaced diher alloying

elementse.g.chromium and manganese.

1 Pearliteforms when austenite is slow cooled from the eutedtoithberaturgeaction
o Y (kCand fBrms lamellae (layers) térrite andcementite The thickness ratio
of these layers of ferrite and cementite in pearlite is usually 8:1, depending on the
temperature at which the transformation occurs. If the thickness is greaterse coar
pearlite has formed, while if the thickness is less, a fine pearlite has fdPeetite is
shown Figure2.7 [9].
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Figure 2.7: Microstructure ofpearlite [9] .

1 Martensiteis formed when austenite is rapidly cogled. quenchedyhen the cooling
rate is rapid enough to prevent diffusion of the carbon, which normally fcementite
in pearliteg as shown in Figur2.8 [14]. To obtain martensite in a plain carbon steel, a
very rapid cooling rate is needed. It is better to use a slower coolingoateallow
this, other alloying elements are added (e.g. chromium) which slows down the

martensite transformation.

\
\
\
\

Slow Moderate Rapid
cooling cooling quench
o i
i \
Pearlita o ?
+ a proeutectoid phase Bainite Martensite

\

Reheat

\

Tempered martensite

Figure 2.8 Cooling rates and phase transformationsteelg14].

Since it is formed through quenching, a requilibrium processmartenge does not appear
on the ironcarbon phase diagram.martensitic structure is shown in Figlz® [9].
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Figure 2.9: Microstructure ofmartensite[9].

Martensite is the preferred structdoe gearsafter heat treatment, but is usually tempered to
release some of the strain. Tempering is the heating of the steel to a temperature below the
transformation temperature to increase strength and toughness of the steel. Martensite has a
body-centered tetragonal (bct) structure, which results in a volunietriease, because bct is

not a closepacked structure compared to austefdife

The transformation adustenite intgearlite andmartensite is dependent on the rate of cooling
and the transformation temperatdioe a particular steel compositipwith martensite formed
through rapid coolingrhese transformations are shown on contintamgding transformation
(CCT) diagramawvhich are for a specific compositiomhe CCT diagranfor a eutectoid steel

is shown in Figur@.10[14].

12



| | [
N Eutectoid temperaturs

|
12

Temperun (°C)

1
Tesnpes ature |

Mistan)

Figure 2.10 Continuows-cooling transformationdiagramfor a eutectoid irorcarbon alloy[14].

2.3 Fundamentals ofGear Steels andHeat Treatment

Alloy steels are the preferred material for industrial gedue to their higher hardenability.
These steels also have the daesim@crostructure of the hardened case and core required for
high fatigue strengtf21]. Some of the alloy steels that offer acceptable heaetrpedperties
include AISI 4140 (EN19/ 708M40) and AISI 4340 (EN24/ 817M[&))

Heat treatment optimises therformance and extends the life of gears by altering the chemical,
metallurgical and physical propertje®. the microstructure of the stedkat treatmerdallows

for easier maching of the geaalloy in its softer state, and operation of the gea harder,
higher strength statdhe harer stateprovides wear and fatigue resistan€the selection of

the steel is dependent on the required mechanical and physical propertiebedttireated
steel, which are in turn determined by the operatinglitons of the gearisl5]. Thus a critical

part of gear design is the understanding of the importance and complexity of the heat treatment
of gears.

There are multiple heat treatment processes used on §j6farBhese heat treatment processes
include:

13



Throughhardening
Induction Hardening

Nitriding and Carbonitriding

= =A =2 =

Carburising

However, these heat treatment process are not suitable to all applications and need to be
selected based on criteria for manufacture and opergtignGearsgenerally requirdight

profile tolerancesin the range of -12 pm, to efficiently transmit torque or motionf the
tolerance on the gear is too large, it can greatly alter the contact geometry of thesgédarg

in reduced loadtarrying capacity and increased wearthe gear flanks, leading to catastrophic
failure of the gear teeth. This is particularly valid for planetary gear systems where the assembly
does not allow for pognhanufacture adjustments. Therefdres ability to control, predict and
eliminate undasable distortion during heat treatment is a dominant factor when selecting a
heat treatment procefE5]. The reductiorof distortion in gears requisgost heat treatent
machining processes, hence the elimination and control of distortion can redaostthad
improve the performance of the gedrg|. This resultantistortion is discussed in further detail

in Section2.7.

Traditionally, on applications where distortion control is critical, such as internal gears,
induction hardening is considerecetBafest heat treatment proces8].[In comparison to
carburising, induction hardening does not require the heating of the entirarmhtanbe
localised to the area on the gear requiring thprovedproperties that the heat treatment
provides [L5]. Thereforethe likelihood and severity of any distortion is minimised. However,
induction hardeningbecause athe use of probeds preferred for use on large gearsisihot
easily controlable on finepitched gear$20], due to its tendancyo throughharden tooth
landings creating brittle zonesThe materials suitabl® induction hardeningn gearsare
medium to highalloy steelq15].

While performance is a critical consideration, another important considerath@tastof the
steeland costa machine the selected steebiat usable gear. To meet these cost implications,
low to mediumalloy steels are generally used in conjunction with heat treatment processes
which improve the mechanical properties of the steel. The required steel is heseledted

based on the accompanying heat treatment process.

14



24 Gear Design and Rating

There are many standards: ISO, DIN, AGM#hich provide design procedures and
calculations for gear Gonsidemg the fundamentals of geatise strength of gearscalculated

usingthe Lewis formuld22]:

w — SKFY (2.2)
-

where W = allowable transmittable logdN].
S= allowablestress for the gear mater[dPa].
K = velocity factor
F = width of the faceof the geafmm].
Y = form factor for the gear dependent on the number of teeth and the pressure
angle

P = diametral pitch of the geégmm].

FromEquation2.1, the allowable load for a gear is proportional to the allowable stress of the
material. Thuswhen considering the selection of the heat treatment process of gears, the
required load ratings alargefactor. Considering the design standards of the Ameriear G
Manuf act ur er AAVAAtBexallowabla stréss in a gear tooth is dependettieon
achievable hardness of the gear tooth after heat treaf#je iTable 2.2). This standard
specifies the minimuntasehardness of induction hardened and carburised gear teeth as
50HRC (Rockwell Hardness, C scalayd 53RC, respectivelyfor AGMA Grade2 and 3
materials with a maximum case hardnes3#8C and 6 HRC, respectively. The standard also
recommends a core hardness range efS38RC for carburising and 3@7HRC for induction
hardeningThe AGMA material grade is a measure of steel cleanlimes#h@ quality controls
attachedd that steel, with Grade 3 beiagsery clean steel with tight quality controls.
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Table2.2 AGMA dlowable stresses [4].

Heat Treatment Allowable Bending Stress Allowable Contact Stress
[MPa] [MPa]
Grade 2 Grade 3 Grade 2 Grade 3
Induction Hardening 380 N/A 1310 N/A
Carburising 450 515 1550 1895

Table2.2showsthat with the use of a carburised steel, an 18% incie&ise allowable stresses
for both bending and contact candmhieveccomparedo induction hardeing. Hence, for the

high power density required for industrial gearing, the use of carburised gearing is more
beneficial than induction hardened gearing.

2.5 Carburisation of Gears

By far the highest strength gears are achieved through carburisstgEhmgwn inTable2.2
Carburisation is a process where a ferrous metal is diffused with carbon to create a carbon
gradient which is high at the surface and low at the[d&]e This allows for a hard outer shell
known as a cas@nd a softer, tougher conehich is beneficial to geaf23]. The maximum
hardness of the stesl dependent on the carbon contenthe steel, as shown in Figu2ell

[24].
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Figure2.11 Effect of carbon contact on hardnd24].
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Gears are generally carburised usingasegpusmedium, whichgenerate a carbonaceous
atmosphere within the heat tresntfurnace. The amount of carbon diffused into the gear is a

function of the time and temperature of the gear in the fui2d¢eas shown in Figurg.12.

3.5

A\
3 =
= A 9,
2\
g 25
£
< A
=] X Q
-
o = <
Q
2 o
8 A = &
=
o .
£ </
F s ) &,
X &
1 i )
i &
u'g’%,
R/
05 3

0 5 10 15 20 25
Carburising time, h

Figure2.12 Total ca® depth as a function cérburisingtime and temperaturg25] .

There arégwo main methods of carburisinghich areutilised today conventionabasandlow
pressure owvacuum carburising. While conventiongds carburising commonly known as
atmosphericarburisingtakes place at close to atmospheric pressuaesium carburisin¢as

its name suggestss carried outat low pressure approaching a vacuurf26]. Vacuum
carburising boasts the advantage of eliminating the creation of oxides on the suttaee of
parts being carburiseds well as having higher furnace temperatuaadthus,shorter cycle
times.Both carburising methods utiliset@o-stage process known asaostdiffuse cycle
shown in Figure2.13 [18], whereby carbon at higher concentragahan the final surface
cortent is utilised to increase the carbon diffusion into the stafér which the carbon

concentration is lowered to the final surface content

17
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Figure 2.13: Boostdiffuse carbursing cycle[18].

Vacuum carburising may alsdilise a variation of the boosliffuse cycle, where by multiple

boost diffuse cycles are used, as shown in Figure[26]4
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Figure 2.14: Multipleboostdiffuse carburging cycle[26].
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Once the required amount of carbon is diffused into the, gemugh either carburisation
method the gearis quenched to adve the required casgepthand microstructure. The
microstructure for a carburised case is normally a mixture of tempered martensite and retained
austenite, while othgghase combinatiorsmichas earlite are generally avoided [29he case

depth of a carburised gear is defined as the distmonethe surface (where there is higher
carbon) to wheréhe carbon contemiqualshat of thenitial carbon content of the cqriee. for

AISI 4320 stel the carbon content reaches 0.20%. tEngetedeffective case deptfor any
carburised stedé$ defined as the distance at whichaadness of 39RCis measured [30The

case depth of a gearnseasuredising hardnestesters to achieva hardness grasht, which

is determined according to DIN 50190, Part 1, where the measured hardness is plotted against
the distance, as shown in Fig@.a5 [31].

Distance from surface, in.
0.02 0.04 Q.08
| | 65

750 -

650

Hardneas, HY
1
m
Hardnecs, HRC

|
|

550 | -4
|
|

450 &h

1] 0.4 [1H: 1.2 1.8
Distancs from surface, mam

Figure 2.15: Hardness gradient of earburisedsteel [3].
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2.6 Quenching of Gears

Quenching is the ragh cooling of a material which aims to inhibit phase transformatoms
cooling and harden the materif25]. Depending on the required properties, parts can be
guerched inoil or water, althouglfior gears oil is the most common quenching fludgdie to

the alloy compositions Fine pitched gears may requireore aggressive quenching 1ate
Traditionally, most gears are dirgcjuenched in ojlwhichmeans that the gears are quenched
directly from the furnace. Alternatively, some gears, especially thosefactumed from high
alloy steelsmay be cooled to roofair temperature, then reheatedheaustenitic temperature
regionand quenchetb reduce distortiofi25. The carburisedooled-rehea procedure is also
used wha there are surfaces on the comportbat donot require a caséut still require
hardening. This is achieved by machining away the case in these areas prior to reheating and
guenching.The reheat and quench process may also be used in cases paner are
individually quenched because aktneed for fixturing25], i.e. the use of jigs and fixtures to

enable handling of the parts

Anotherquenching method is the Intensive Quef®H, whichwas developed by Kobasko in
the 1960s. Intensive Quendr 1Q, provides an alternative to convearial oil quenching. 1Q
has extremely high cooling rates. Timgserruptedquenching process utilisésghly agitaed
water as a quenching medium, grdduce less distortion in thin section parts due to faster,
more uniformed cooling27]. This would be bneficial in the carburisation of internal gears,
which are thin sectioned=or a modern gear manufacturing pJai@ has the following

additional benefits:

1. The use of water as the quenching medium is more environmentally friendly than oil.
It also elimindes oneof the largest risks in a plarkiurning oil.

2. With higher cooling rates, the time to quench a part is requesdlting in a shorter
heat treanenttime. The predictable distortion also allows for further reductions in the
postheat treahentmachning, creating more time savings. These time savings equate

to lower manufacturing costs per part and higher productivity for the plant.
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2.7 Distortion

Distortion is always a problem in heat treatment, but is most severe in carburising. There are

two types of distortion for geaf48]:

1 Body distortion which isdistortion in thebody surrounding the gear teeth, and is
measured in terms of cof-roundnesgovality), outof-flatnesg(straightnessand run
out, which is the deviation of cylindrical shafyem the true centre.

1 Tooth distortionwhich isdistortion in the gear geometry, and is influenced by the body

distortion.

Previously carburised and ground gears required excessive finishing processes, resulting in
high manufacturing costs and poor gtyaldue to distortion in the gear tegfl®]. Fortunately

there have been great strides in the carburising of steels, where distortion levels are dependent
on the material, the heat treatment process and the equipment used. These improvements
include impoved steel grades, which have made it possible to predict and thus control the
distortion during heat treatmeratllowing for the reductionbut not the eliminatiorgf the use

of post heat treatment machinif@g]. Carburising steels are medium to higlogs steels such

as:AlS| 3310,AISI 4320,AIS1 4620, AISI 4820AISI 8620 AISI 9310, 17CrNiMo6, En36B

and En39H3].

Although much reseeh has been done in the field of carburising, the process is not fully
understood with regards &iminatingdistottion [21], particularly for gears There are two

maja phenomenahat cause distortion during carburisiia®|:

1 Thermally induced deformatignue to thermal stressesd

1 Martensite phas&ansformation size changeesulting in transformational stress

Thermal stresses are generated in carburised parts during quenching, as thaf tasult
temperature gradiesteated during cooling, with the exterior of the part cooling morelsapid

than the interiof25]. This temperature gradient causes the extefitire part to contract faster

than the inside. Additionally, the different alloying elements have different specific volumes
which may increase of decrease the thermal stresses. These thermal stresses result in
deformation of the part as it cools to roeemperatureThe more urform the cooling of the

part, the lower the deformation of the p&2][
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During carburising, as parts are heatedhgir volume increases. As the ferrite transforms into
austenitethe volume decreases due to the change froodgcentered cubidaco to a face
centered cubicf¢c) structure[32]. Once the transformation to austenite is completed, the
volume once again increases withcreasingtemperature and thecreasingamount of
dissolved carbon. After carburisation, &g fpart cools, the part contracts as the temperature
decreases tinequenching temperature. During quenching as the austentite is transformed into
martensite, the volume increases due tostear transformatiofrom an fcc structure to a
body-centered twagonal bct) structure. The volume change after quenching is dependent on
the carbon content and themount of retained austenite. The higher ah@unt ofretained
austenite, the lower the volumetric changes. Additionally, all steels are anisotrasg tHén

volume change will not be uniform in all directions.

There are many factors whiclifect the distortion of carburesl parts[21]. The dominant

factors in the distortion of internal gears during carburising: [28]

1 Hardenability of the steekteelswith higher hardenability are more susceptible to
distortion.

1 Alloying elementshigh alloy steels usually experience more distortion. This is due to
the different specific volumes of the allog elements, and tlvedifferent mechanisms
in improving the rardenability of the steel, such @somium anchickel.

1 Quenching mediadifferent quenching media offer different cooling rates. Some
guenching media offer a more uniform cooling ratech as ojlwhich may decrease
the distortion of the part.

1 Part Geomey: the geometry of the part may also cause distortion. A part with many
different crosssectional areaand complex anglewill result in multiple temperature

gradients as it cools, increasing the thermal stresses in the part, increasing the distortion.
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Chapter 3 Experimental Methodology

3.1 Experimental Procedure

The experimental proderreis derived from the steel processing flow as specifielGMA
2004B89: Gear Materials, Heat Treatment and Processing Maf8l The experimental

procedureused is showmiFigure3.1

Based on the experimental proceduaedesign of experiments was conducted. A series of
experiments was designed for the testing of the steel samples using the various carburising and
guenching methods. The experimental inputs are showralie 3.1. The carburising and
guenching methods, factors 1 and 2 respectively, were assigned a minimum and maximum
value, as shown in Table 3.1. Since the steel alloys are independent variables, each of the

proposed steels was assigned a different factorber, 36.
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Figure 3.1 Experimental procgure of this work
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Table3.1 Experimental inputs.

Factors Input Min [ -] Max [+]

1 Carburisation Method Gas Vacuum

Quenching Method Oll Intensive

Steel alloy 1

Steel alloy 3

2
3
4 Steel alloy 2
5
6

Steel alloy 4

Therewere 16 different permutatiorisr the above inputs, as defined in Tablé Each trial
consists of a carburisation and quenching method and a steettalé®parameters which can
be as represented by a 3D cude shown in Figur.2, with each axis representing a different
parameter. The cube shown in Fig@r2 hasfour blocks pedayer and is four layers deep, i.e.
four carburising and quenching process permutations per steel multiplfedrsteels, gives

a total of 16 trial prmutations.

AIST 9310

AIST 8620

AIST 3310

170N Mo

Figure 3.2 Low distortion carbuging trial 3D cube

The different trials are shown in th@w distortion carburising triainatrix in Table 3.2 The
symbols utilised in Tabl8.2are defined in Table.B.
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Table 3.2 Low distortioncarburising trial matrix.

Factos
Trial

1 2 3 4 5 6

1 - - \ @) @) @)
2 - - O \Y O O
3 - - @) @) \ @)
4 - - @) @) @) \Y
5 - + \Y O O O
6 - + O Vv O O
7 - + @) @) \% @)
8 - + @] O O \%
9 + - \Y @) @) @)
10 + - @) \% @) @)
11 + - @] O \% O
12 + - @) @) @) V
13 + + \ @) @) @)
14 + + O \Y O O
15 + + @) @) \ @)
16 + + O O O \Y

3.2 Alloy Steels

Four alloy steed were selected for this resezh. The selection criteria for the steels were
derived from the requiremés for a commeeial heat treatment proceskhefour steet had to
meetthe following criteria:
1 The steel must be a carburising grade steel.
1 The alloy must be able to meet the AGMA recommendations for a fair to good core and
case hardenability, as shown in Fig@ra[3].

1 The steel must be readily avable and easy to sme.
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1 The steels must be cost competitive, when compared with induction hardening grade

steels.

Approximate Controlling Section Size, mm
0 200 400 GO0 00 1000 1200 1400

AISI 9310
AISE 4820 ADEQUATE
CASE HARDENABILITY
AISI 4320
AISI 8822 CASE MAY OR
MAY NOT
AISI 8620 HARDEN
-
MO CASE
HARDENABILITY
AISI 4118

0 5 10 15 20 25 30 a5 40 45 50 55 Gl
Approximate Controlling Section Size, inch

Figure 3.3 Case hardenability [3].

Fine pitch gearswhich are 4 diametral pitdiDP) or greater, as defined by AGM&], have
a contrdling sectionof 3 2 mm o rThelfoll@wing steelswere selectetbased onthe
aforementioned criteria

1 AISI 9310

1 AISI 3310

1 17CrNiMo6, which is equivalent to AISI 4320, and

1 AISI 8620.

All material procured were supplied with batch material certificatesetdy the actual

chemical composition.
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3.3 TestPieces

As per the AGMA Standard [3)ylindrical test pieces may be used to show that achieved case
and core properties from a heat treatment cycle meet specification. The test pieces must fulfil
the following requirements:
1 The test pieces must be of the same steel type as the intended gearing.
1 The test pieces should undergo the same heat treatment aimdumEsting process as
the intended gearing.
1 Consideration must be given to the portion of case remaweilg gear tooth finishing,

if applicable.

Test pieces are considered satisfactory for determining effective case depth, core hardness and
microstructure. The size of the test pieces are specified in the AGMA standard [3], and are
shown in Table.3.

Table 3.3 AGMA test piece siz¢3].

Gear pitch in DP Test Piece Dimensions
Max. Min. Diameter in mm| Length in mm
41/, finer 32.0 76.0
2Y 5 4 57.0 130.0
1Y 2 76.0 180.0

coarset| 1 89.0 205.0

Based on the definition of fine pitch gears, i.e. geatis adiametral pitch cf%2 DP or greater,
the dimensions of the test pieces usede82mm diameter by 76mm leng@¥ pieces of each
material type were machined, six per process combinalios.test pieces were also drilled
through to allow thm to be ted together before heat treatment to prevemtest pieces being
lost in processas shown in Figur8.4. The two pieces of each steeleretied togetheito

prevent them being lost in the furnace during carburising.
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Figure 3.4: Test piece dimensions

To control the machining of the test pieces, a tolerance for the length and diameter was applied.
These tolerances are shown in Table 3.4.

Table 3.4: Test piece machining tolerances

Dimension| Nominal [mm] | Minimum [mm] | Maximum [mm]
Diameter 32 31.953 32.055
Length 76 75.870 76.124

3.4 Identification of Test Pieces

Each test piece had to be identifiable for each ahitsetrial parametersalloy, carburising
method and quenching methddhealloy was identified by a numeric or alpinameric code,

as shown in Tabl&.5.
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Table3.5: Testpiecematerial identificationcode

Material Code

Material type

9310 AlSI 9310
3310 AISI 3310
8620 AISI 8620
17C 17CrNiMo6

The remainingwo parametersgarburising and quenching methadere identified in awo

alphamerical designation, as shown in T

Table3.6: Carburisingand quenching method test piece designations

Designation | Carburising Method | Quenching Method
CC Gas Oil Quench

Cl Gas Intensive Quench
VC Vacuum Oil Quench

VI Vacuum Intensive Quench

The identifiable test piece is shown in Fig@re.

Figure 3.5: Test piecadentification
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3.5 3-DimensionalMeasurements ofl estPieces

All test pieces were-8imensionally measured ornCordax RS30 DCC coordinate measuring
machine The length, diameter and ovality were measurélde Cordax RS30 has a volumetric

error range of 10m? or approximately @m in each plane.

3.6 Carburising Cycles

The carburising cycles were determined for both gas and vacuum carburising for a 0.10% and
0.20% cabon steel respectively. This meant that the 3310 and 9310 ktmthe same
carburising cycles, while the 8620 and the 17CrNiMté&Isunderwenthe same cyclell

cycles were determined using the CarbTapriety software developed by the Centre fo

Heat Treat Excellence (CHTE). The target surface concentration for both steels was 0.85%

carbon.

The cycles forcarburising arayiven in Table 3.7 and 38, for conventionafjasand vacuum
carburising respectivelyBoth cycles were based on achievagquired case hardness of 57
62HRC, with a core hardness of 3®HRC andan effective case depth @f27mm(0.05j,)
with a total case depth &80mm(0.07j.)A boostdiffuse cycle was used fawothcycles.

Table3.7: Gascarburisingboostdiffusecycles

Cycle stage Temperature Time [hours]
3310/9310| 8620/17CrNiMo6
Heat up Ramp up to 92% 2 2
Soak 925°C 0.5 0.5
Boost @ 1.1% Carbor 925°C 6 5.25
Diffuse @ 0.8% Carbol 925°C 2 2.75
Gas Quencland cool ambient 2 2
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Table 38: Vacuumcarburisingboostdiffusecycles.

Cycle stage Temperature Time [hours]
3310/9310| 8620/17CrNiMo6
Heat up Ramp up from 2 2
760°C to 925C
Soak 925°C 0.5 0.5
5 Boostcycles@ 1.4% Carbor 925°C 0.82 0.73
5 Diffuse cycles@ 0% 925°C 5.2 5.23
Carbon neutral atmosphere
Gas Quench and cool ambient 2 2

3.7 Reheat and Quench

Due to the test pieces being gasburisedand vacuuncarbursed by different vendors, the
test pieces were gas quenchbyg the vendorsto ambient temperature and thioad to be

reheated prior to quenching.

The reheating of all the test pieces prior to quenchingthe sameThe test pieces were
reheatedo 83C0C and soakedbr 75 mirutes or 1.25 hours The reheating time was based on
the rule of thumb of 1hour/inch of sizevhile the reheating temperature was based on the
recommendations of the ASM Metals Handbook V.oWith the test piees sized at 38m
(1.2%j,) 1.25 hours were required for reheatinBeheating was conducted in a neutral
atmospheref nitrogen The reheating was conductedbox furnaces with a loading car, to
enable easy loading and unloading of the test pieces.

After reheating, thdest pieces were quenched. Twoenching options were appliedil
guencling and intensive quenatg. The oil quench was conducted atC@Z160F). Theparts
for the IntensiQuench were all intensively water quenched togetre712.5 litrg6,000
galon) batch 1Q tankfrom Intensive Quench Technologiés; the minimumtime neededo
develop maximum surface stress compres@oopriety information) then removed from the
IQ bath, therthecorewas allowed to cool in the air by conduction througke toldmartensite
shell. The 1Q process was the same for the 0.10% steels and 0.20% steels, respectively.
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3.8 Temper

After quenchingall test pieces were temperadl75C for 75 minutesn a neutral atmosphere

of nitrogenand air cooled.

3.9 Metallurgical and Distortion Analysis

The test pieces were split into two groups, test samples numbered 1 to 3;diveen8ionally
measuredad determine distortiorchange in length, diametandovality. The remaininghree
pieces per process aatloy, i.e. tes samples numberedtd 6, were analysed for case depth
through a hardness trageconducted on the crosection of the test piecess per ISO 6507

1, and theexamination of theore microstructurelThe test piecewer e pol i shed
0 . 0 5 ¢ mmeneetthied with 2% NitalThe test piecewere evaluated and photographed at

50X and 500Xmagnificationin the core and case locatidmg optical microscoyp

The hardness profile was derived using the Vickers HardnessMesisurements were done
on a eoss section using microhardness techniques with a Vickers indentor. A 500gfdsad
used as per ASTM E384, which specifies spacing and edge retention.
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Chapter 4 Experimental Results

4.1 3-DimensionalMeasurements of estPieces

4.1.1 Initial Measurements

Prior to heat treatment, the test pieces were measured for their baseline dimensions. The
dimensions are shown ifable 4.1 for AISI 8620, Table 4.2 for AISI 3310, Table 4.3 for
17CrNiMo6 and Table 4.4 for AISI 9310.

Table 4.1: Initialmeasurements fa&kIS18620

Process Test Dimension [mm]
Sample | Diameter| Length Ovality
Gascarburising 1 32.025 76.014 0.012
& oil quench 2 32.030 | 75.986 0.015
3 32.011 | 76.027 0.007
Gascarburising 1 32.019 76.014 0.012
& intensive 2 32.019 | 76.008 0.011
quench 3 32.022 | 75987 | 0.007
Vacuum 1 32.015 76.024 0.012
carburising & 2 32.008 | 75.966 0.012
oil quench 3 31.998 | 76.057 | 0.007
Vacuum 1 32.025 | 76.019 0.012
carburising & 2 32.08 76.021 0.012
intensive quencl 3 32.011 | 76.057 | 0.007
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Table 4.2: Initialmeasurements foAIS| 3310

Process Test Dimension [mm]
Sample | Djameter| Length | Ovality
Gas carburising 1 31.975 75.996 0.015
& oil quench 2 31.978 | 76.010 0.019
3 31.991 | 76.005 0.010
Gas carburising 1 32.008 76.014 0.015
& intensive 2 31.969 | 76.011 0.012
quench 3 31.962 | 76.037 | 0.008
Vacuum 1 31.987 | 75.998 0.012
carburising & 2 31.989 | 76.995 0.016
oil quench 3 31.995 | 76.009 | 0.012
Vacuum 1 31.975 | 76.002 0.015
carburising & 2 31.978 | 76.014 0.017
intensive quencl 3 31.971 | 76.010 | 0.011

Table 4.3: Initial measurements fdr7 CrNiMo6

Process Test Dimension [mm]
Sample | Diameter| Length Ovality
Gas carburising 1 32.005 76.013 0.007
& oil quench 2 32.008 | 76.015 0.022
3 32.004 | 75.970 0.009
Gas carburising 1 31.998 76.00L 0.014
& intensive 2 32.008 | 75.941 0.012
quench 3 32.017 | 75993 | 0.009
Vacuum 1 32.010 | 75.998 0.007
carburising & 2 32.013 | 76.005 0.022
oil quench 3 31.998 | 75.998 | 0.011
Vacuum 1 32.010 | 76.002 0.009
carburising & 2 32.013 | 76.008 0.019
intensive quencl 3 32.014 | 75.965 | 0.011
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Table 44: Initial measurements fakISI| 9310

Process Test Dimension [mm]
Sample | Djameter| Length | Ovality
Gas carburising 1 31.974 76.042 0.007
& oil quench 2 31.974 | 76.010 0.012
3 31.992 | 76.019 0.014
Gas carburising 1 31.979 76.012 0.012
& intensive 2 31.981 | 76.017 0.011
quench 3 31.971 | 76.011 | 0.014
Vacuum 1 31.982 | 76.022 0.009
carburising & 2 31.982 | 76.010 0.012
oil quench 3 31.990 | 76.009 | 0.015
Vacuum 1 31.979 | 76.032 0.007
carburising & 2 31.978 | 76.012 0.015
intensive quencl 3 31.989 | 76.015 | 0.016

4.1.2 Measurementsafter Carburising

After the carburising cycle, botbonventional gasand vacuum, the test pieces were 3D
measured on the Coordinate measuring machine.dimensions after carburising are shown
in Table 45 for AISI 8620, Table 4.6 for AISI 3310, Table 4.7 for 17CrNiMo6 and Table 4.8
for AISI 9310.
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Table 4.5: Measurements aftearburising forAlSI 8620

Process Test Dimension [mm]
Sample | Djameter| Length | Ovality
Gas carburising 1 32.03 75.980 0.012
& oil quench 2 32.043 | 75.976 0.013
3 32.034 | 75.976 0.012
Gas carburising 1 32.045 75.986 0.012
& intensive 2 32.062 | 75.967 0.015
quench 3 32.037 | 75975 | 0.012
Vacuum 1 32.041 | 75.980 0.012
carburising & 2 32.043 | 75.976 0.013
oil quench 3 32.84 | 75976 | 0.012
Vacuum 1 32.032 | 75.989 0.012
carburising & 2 32.019 | 75.997 0.015
intensive quencl 3 32.019 | 76.002 | 0.012

Table 4.6:Measurements aftearburising forAlSI 3310

Process Test Dimension [mm]
Sample | pDiameter| Length | Ovality
Gas carbrsing 1 32.016 75.935 0.012
& oil quench 2 32.022 | 75.925 0.015
3 32.029 | 75.932 0.013
Gas carburising 1 32.025 75.918 0.012
& intensive 2 32.022 | 75.908 0.015
quench 3 32.029 | 75.924 0.012
Vacuum 1 32.027 | 76.002 0.012
carburising & 2 32.025 | 75.920 0.015
oil quench 3 32.034 | 75929 | 0.013
Vacuum 1 31.991 | 75.979 0.012
carburising & 2 31.999 | 75.974 0.016
intensive quencl 3 31.989 | 75979 | 0.013
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Table 4.7 Measurements aftexarburising for17CrNiMo6G

Process Test Dimension [mm]
Sample | Djameer | Length | Ovality
Gas carburising 1 32.029 75.990 0.012
& oil quench 2 32.035 | 75.977 0.013
3 32.034 | 76.012 0.015
Gas carburising 1 32.042 75.937 0.011
& intensive 2 32.059 | 75.917 0.015
quench 3 32.044 | 75933 | 0.012
Vacuum 1 32.014 | 76.007 0.012
carburising & 2 32.027 | 75.994 0.012
oil quend 3 31.989 | 76.007 | 0.015
Vacuum 1 32.034 | 75.979 0.011
carburising & 2 32.037 | 75.972 0.013
intensive quencl 3 32.032 | 76.989 | 0.012

Table 4.8: Measurements aftearburising forAlSI 9310

Process Test Dimension [mm]
Sanple | Diameter| Length | Ovality

carburising &
intensive quenct

32.006 75.961 0.012
32.009 75.974 0.013

Gas carburising 1 32.040 75.933 0.013
& oil quench 2 32.040 | 75.903 0.015
3 32.052 | 75.905 0.012
Gas carburising 1 32.043 75.900 0.012
& intensive 2 32.063 | 75.903 0.013
quench 3 32.043 | 75.919 0.013
Vacuum 1 31.999 | 75.974 0.012
carburising & 2 32.014 | 75.982 0.012
oil quench 3 32019 | 75.997 | 0.015
Vacuum 1 32.006 | 75.974 0.013

2

3

4.1.3 Measurementsafter Quenching

After querching byboth oil and intensive quenicly, the test pieces were 3D measured on the
Coordinate measuring machine to determine distoriitve. dimensions after quenching are
shown in Table 4.9 for AISI 8620, Table 4.10 for AISI 3310, Table 4.11 for 17CrNavid6
Table 4.12 for AISI 9310.
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Table 4.9: Measurements aftgunenching foAISI 8620

Process Test Dimension [mm]
Sample | Djameter| Length | Ovality
Gas carburising 1 32.039 76.020 0.017
& oil quench 2 32.047 | 76.007 0.017
3 32.037 | 76.017 0.013
Gas arburising 1 31.991 76.210 0.015
& intensive 2 32.009 | 76.210 0.017
quench 3 31.997 | 76.177 | 0.018
Vacuum 1 32.041 | 75.980 0.015
carburising & 2 32.043 | 75.976 0.012
oil quench 3 32.034 | 75976 | 0.017
Vacuum 1 32.001 | 76.28 0.015
carburising & 2 31.996 | 76.236 0.011
intensive quencl 3 31.994 | 76.195 | 0.011

Table 4.10:Measurements aftejuenching foAISI 3310

Process Test Dimension [mm]
Sample | pDiameter| Length | Ovality
Gas carburising 1 32.006 76.019 0.019
& oil quench 2 32.014 | 76.015 0.016
3 32.027 | 75.989 0.013
Gas carburising 1 32.012 76.109 0.013
& intensive 2 32.004 | 76.144 0.018
quench 3 32.006 | 76.101 0.016
Vacuum 1 32.027 | 76.002 0.019
carburising & 2 32.025 | 75.920 0.015
oil quench 3 32.034 | 75929 | 0.015
Vacuum 1 31.987 | 76.149 0.017
_carburising & 2 31.989 | 76.172 0.015
intersive quenct] 3 31.986 | 76.149 | 0.015
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Table 4.11: Measurements aftgnenching foll 7CrNiMo6G

Process Test Dimension [mm]
Sample | Djameter| Length | Ovality
Gas carburising 1 32.034 76.030 0.015
& oil quench 2 32.047 | 76.050 0.014
3 32.046 | 76.040 0.020
Gas carburising 1 32.024 76.100 0.013
& intensive 2 32.047 | 76.078 0.017
quench 3 32.035 | 76.086 | 0.018
Vacuum 1 32.014 | 76.007 0.015
carburising & 2 32.027 | 75.994 0.017
oil quench 3 31.989 | 76.007 | 0.015
Vacuum 1 32.026 | 76.126 0.017
carburising & 2 32.032 | 76.109 0.013
intensive quencl 3 32.026 | 76.127 | 0.020

Table 4.12: Measurements afggienching foAISI 9310

Process Test Dimension [mm]

Sample | pDiameter| Length | Ovality

Gas carburising 1 32.034 76.027 0.015
& oil quench 2 32.029 | 76.010 0.015
3 32.034 | 76.032 0.015

Gas carburising 1 32.022 76.073 0.015
& intensive 2 32.029 | 76.098 0.017
quench 3 32.019 | 76.096 0.015
Vacuum 1 31.999 | 75.974 0.018
carburising & 2 32.014 | 75.982 0.015
oil quench 3 32.019 | 75.997 | 0.018
Vacuum 1 32.012 | 76.180 0.013
carburising & 2 32.017 | 76.159 0.018
intensive quencl 3 32.024 | 76.147 | 0.017

4.2 Metallurgical Analysisof Test Heces
4.2.1 Hardness Profile

After carburising and quenching, thest samples we sectioned andardness profikewere
derivedfor test samples-8 of each steel.
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4.2.1.1Conventional Gas Carburising and Oil Quench

The hardness profildsr conventionabascarburising and oil quenaig are shown in Figure
4.1 for AISI 8620, Figuretl.2 for AISI 3310, Figure 4.3 for 17CrNiMo6 and Figure 4.4 for
AlSI 9310.
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Figure 4.1: Hardnesgrofile for AISI 8620for gas carburising anail quenching.
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Figure 4.2: Hardnesgrofile for AISI 3310for gas carburising anail quencling.
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Figure 44: Hardnessprofile for AISI 9310for gas carburising anail quencting.

4.2.1.2Conventional Gas Carburising and Intensive Quench

The hardness profiles for conventibigascarburising and intensive querieg are shown in
Figure 4.5 for AISI 8620, Figure 4.6 for AISI 3310, Figure 4.7 for 17CrNiMo6 and Figure 4.8
for AISI 9310.
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Figure 4.5: Hardnesgrofile for AISI 8620for gas carburising andntensivequenchng.
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Figure 4.6: Hardnesgrofile for AISI 3310for gas carburising andhtensive quenchg.
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Figure 4.8: Hardnesgrofile for AISI 9310for gas carburising andhtensive quencimg.

4.2.1.3Vacuum Carburising and Oil Quench

The hardness profiles for vacuum carburising and oil queg@re shown in Figure 4.9 for
AISI 8620, Figure 4.10 for AISI 3310, Figure 4.11 for 17CrNiMo6 and Figure 4.12 for AISI
9310.
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Figure 4.11: Hardnesprofile for 17CrNiMo6for vacuum carburisin@nd oil quenchng.
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Figure 4.12: Hardnesprofile for AISI 9310for vacuum carburisingnd oil quencing.

4.2.1.4Vacuum Carburising and Intensive Quench

The hardness profiles for vacuum carburising and intensive gugnatre shown in Figure
4.13 for AISI 8620, Figure 4.1#r AISI 3310, Figure 4.15 for 17CrNiMo6 and Figure 4.16
for AISI 9310.0ne sample each for both 3310 and 9310 were damaged during analysis and

could not be analysed.
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Figure 4.13: Hardnesprofile for AISI 8620for vacuum carburisingndintensivequenaing.
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Figure 4.16: Hardnesprofile for AlISI 9310for vacuum arburisingand intensive quenaig.

4.2.2 Microstructure Analysis
4.2.2.1Conventional Gas Carburising and Oil Quench

The microstructure for both the case and cofer each samplavere identified through
metallographysee Figures A-A.12andA.47-A.58. The microstructurefr conventionabas
carburising and oil quenchirage given in Table 4.13 for AISI 8620, Table 4.14 for AISI 3310,
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Table 4.15 for 17CrNiMo6 and Table 4.16 for AISI 93T@e microstructures are presented

according to Joy Global repgorg guidelines.

Table 4.13: Case ancbre microstructures foAISI 8620

Sample Numbe

Case Microstructure

Core Microstructure

4 Martensite Tempered martensite and ferri
5 Martensite Tempered martensite and ferri
6 Martensite Tempered martensitad ferrite

Table 4.14: Case ancbremicrostructures foAISI 3310

Sample Number

Case Microstructure

Core Microstructure

4 Martensite Tempered martensite and ferri
5 Martensite Tempered martensite and ferri
6 Martensite Tempered martensite andriée

Table 4.15: Case ancbre microstructures fod7CrNiMo&

Sample Number

Case Microstructure

Core Microstructure

4 Martensite Tempered martensite and ferri
5 Martensite Tempered martensite and ferri
6 Martensite Tempered martensite and ferri

Table 4.16: Case ancbre microstructures foAISI 9310

Sample Number

Case Microstructure

Core Microstructure

4 Martensite Tempered martensite and ferri
5 Martensite Tempered martensite and ferri
6 Martensite Tempered martensite and ferri

4.2.2.2Conventional Gas Carburising and Intensive Quench

The microstructure for both the case and cofer each samplevere identified through
metallographysee Figures A.13.24 and A.59-A.70. The microstructure®r conventional
gascarburising and imnsive quenchingre given in Table 47lfor AISI 8620, Table 4.8 for
AISI 3310, Table 4.9 for 17CrNiMo6 and Table 20for AISI 9310.
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Table 4.77: Case anctore microstructures foAISI 8620

Sample Number Case Microstructure Core Microstructure
4 Martensite Tempered martensite and ferri
5 Martensite Tempered martensite and ferri
6 Martensite Tempered martensite and ferri

Table 4.B: Case andtore microstructures foAISI 3310

Sample Number Case Microstructure Core Microstructure
4 Martenste Tempered martensite
5 Martensite Tempered martensite
6 Martensite Tempered martensite

Table 4.D: Case anctore microstructures fod7CrNiMoG

Sample Number Case Microstructure Core Microstructure
4 Martensite Tempered martensite
5 Martensite Tempered martensite
6 Martensite Tempered martensite

Table 420. Case anccore microstructures foAISI 9310

Sample Number Case Microstructure Core Microstructure
4 Martensite Tempered rartensite with minimalerrite
5 Martensite Tempered marters with minimal ferrite
6 Martensite Tempered martensite with minimal ferritg

4.2.23 Vacuum Carburising and Oil Quench

The microstructure of the case and cordéor each samplewere identified through
metallography see Figures R5A.36 and A.71-82. The microstructures for vacuum
carburising and oil quenching are given in Table 4.21 for AISI 8620, Table 4.22 for AISI 3310,
Table 4.23 for 17CrNiMo6 and Table 4.24 for AISI 9310.
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Table 4.21 Case anctore microstructures foAISI 8620

Sample Number

Case Microstructure

Core Microstructure

4 Martensite Tempered martensite and ferri
5 Martensite Tempered martensite and ferri
6 Martensite Tempered martensite and ferri

Table 422: Case andtore microstructures foAISI 3310

Sample Numbe

Case Mcrostructure

Core Microstructure

4 Martensite Tempered martensite and ferri
5 Martensite Tempered martensite and ferri
6 Martensite Tempered martensite and ferri

Table 423: Case anctore microstructures fod7CrNiMoG

Sample Numbe

Case Microsucture

Core Microstructure

4 Martensite Tempered martensite and ferri
5 Martensite Tempered martensite and ferri
6 Martensite Tempered martensite and ferri

Table 424. Case anccore microstructures foAISI 9310

Sample Number

Case Microstructe

Core Microstructure

4 Martensite Tempered martensite and ferri
5 Martensite Tempered martensite and ferri
6 Martensite Tempered martensite and ferri

4.2.2.4Vacuum Carburising and Intensive Quench

The microstructure for both the case and mofor each samplavere identified through
metallography see Figures A.37-A.1.46 and A.83-A.92. The microstructures for vacuum
carburising and intensive quenching are given in Table 4.25 for AISI 8620, Table 4.26 for AISI
3310, Table 4.27 for 17CrNiMo#&nd Table 4.28 for AISI 9310.
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Table 4.25: Case ancbre microstructures foAISI 8620

Sample Number Case Microstructure Core Microstructure
4 Martensite Tempered martensite and ferri
5 Martensite Tempered martensite and ferri
6 Martensite Tempeed martensite and ferrit

Table 4.26: Case ancbre microstructures foAISI 3310

Sample Numbe

Case Microstructure

Core Microstructure

4

Martensite

Tempered martensite

6

Martensite

Tempered martensite

Table 4.27: Case ancbre microstructures fod7CrNiMoG

Sample Number Case Microstructure Core Microstructure
4 Martensite Tempered martensite
5 Martensite Tempered martensite
6 Martensite Tempered martensite

Table 4.28: Case ancbre microstructures foAISI 9310

Sample Number

Case Microsucture

Core Microstructure

4

Martensite

Tempered martensite with minimal ferritg

5

Martensite

Tempered martensite with minimal ferritg
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Chapter 5 Discussion

5.1 Microstructure

The microstructureof the test samplesereconsistenfor both steel alloy ahprocess, i.e.lla

the test samples of a given steplocesses in the same manner, produced the same
microstructure. As mentioned fBection 2.2, the desired case microstructure for carburised
steels is a martensitic structure. This gives the part ar ayeary hard higlstrength wear
resistant outer shell. The case microstructure achieved on all test saraplemrensitic
(shown in Tables 4.13.28). Due to reheating prior to quding, the case microstructuresva
slightly coarse and less refined, ultgg in a very hard and slightly brittle cas¢éowever, he

slightly coarse microstructure is suitable for the wear resistanféjse

While the core microstructure also requires high strength like the case microstructure, it also
needs some toughnedhe goalwas to produce a tempered martensitic structuridae core
which has more toughness than martensite. However, to achieve tempered mateusase
cooling rate control during quenchiags requiregthe cooling rate had to be suféatly rapid
to achieve a martsitic structureHence, in many instanceake core microstructure may be a
tempered martensite with dispersed ferrite. Ferrite is soft and ductile, hence a microstructure
of tempered martensite with dispersed ferrite is softer thanof tempered martensite only.
When analysing the core microstructure of AISI 8G#terall the processesonventionabas
carburising with oil and intensive quench, and vacuum carburisinganitil and intensive
guencha core microstructure oéinpered martensite with ferritgas observedas shown in
Tables 4.13, 4.17, 4.21 and 4.2%ence, from a microstructure perspective thess no
appreciable difference in process. When considering AISI 3310, it was found that the core
microstructure wasapendent on the quenchiprocess. For both gaad vacuum carburising
with an oil quench, a core microstructure of tempered martemstte ferrite was achieved
(Tables 4.14, 4.18, 4.22 and 4.26). However, for the two carburising with an intensive,quench
a core microstructure of tempered martensite was achieved. Since the desired core
microstructure is tempered martensite, the use of intensive quenching on AISI 3310 is
preferable. The core microstructures of 17CrNiMo6 exhibited identical core microstsiotu
AISI 3310 (Tables 4.15, 4.19, 4.23 and 4.27). Hence, the prefeteedivequenching process
wasalso applicable to 17CrNiMo6. AISI 9310, as with both AISI 3310 and 17CrNiMo6, also
displayed a dependence on the quenching procesther quend, in conjunction with both
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conventionalgasand vacuum carburising, a core microstructure of tempered martensite with
ferrite was achieved for AISI 9310 (ahown in Tables 4.16 and 4.20)hie for both
carburising processes with an intensive quenchra acrostructure of tempered martensite
with minimal ferrite was found (as shown in Tables 4.24 and 4.28). The core microstructures
of AISI 9310,showed a minor improvement liytensive quendhg, asfor AISI 3310 and
17CrNiMo6. Hence, from a microstruceuperspectivethe combinationgor AISI 3310 and
17CrNiMo6 with intensive quenchere the best

5.2 Hardness Profile

The case depth of a gear is an important parameter for the strength of the gear, particularly the
contact fatigue strengfi3]. The caselepth required is proportiontd the tooth sizetoo thin

and the tooth will have a low pitting resistajaed too thick a case and the tooth will be brittle,
particularly at the tip where throudtardening might occyB]. Fine pitched gears (gears it

a diametral pitch of 4 or greater) are particularly prone to thrtwagtiening at the tips. The
recommended case depth for a 4 DP gear isI1L.B2mm (0.040.0&1). Hence, the measured
hardness and hardness prdfitee critical in determining the prefexd material and process
combination. When analysing the hardness profiles, the averageveffezse depth for each
steeland process combination was considetedethemwith the maximum case and average
core hardnesses. AIS| 86BAdthe greatest varian of case and core hardness over the process
combinations, the average case and core hardnesgethemwith the effective case depths are

shown in Table 5.1.

Table 5.1: Hardness Parameters for AISI 8620

Procesy Case Core Effective Variation from
Hardness Hardnesg Case Depth  specification
[HRC] [HRC] [mm] [mm]
CC 61.9 32.0 1.397 0
VC 62.7 33.1 1.287 0
Cl 62.3 47.6 1.968 + 0.448
VI 62.7 48.2 2.042 +0.522

For the hardness requirements of a case microstructure of 57 HR@Gand a core
microstructire of 35 to 4BRC, it can be seen that the case hardnesses for both intensive

guench process options excedthe 6 HRC maximum case hardness. The core hardnesses
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for the same process options also exeddlde 431RC specified for the core. The effective
case depths for the intensive quench process options also ea¢kednaximum specified
effective case depth of 1.52mm. Since all three parameters exldbedspecified values, it

was concluded that the quench cycle was in excess of what was recamedhould be
adjusted to achieve the specification. However, when oil quenchinggsraptions we
considered, the core hardness for both carburising processes were belowHRE 35
specification. The effective case depths for both oil quenching processes within
specification, with th@ascarburising process meeting the case hardness specification, while
the vacuum carburising option exceeded the specification marginally. The hardness profiles for
AISI 8620 when quenched in oFigures 4.1 and 4.9) setvedvariation in the core hardnesses

of the three test piecewhich did not occurin the intensively quenched pieces, as seen in
Figures 4.5 and 4.13 he oscillation of the core hardnesses measured is possibly due to the
measurement having been takeraosas with different amounts fefrrite, especially because

this sample was the coarsest.

The hardness parameters for AISI 3310, as shown in Table 5.2, showed the highest levels of
consistency of all the steel alloys investigated.

Table 5.2: Hardness Pameters for AlSI 3310

Procesy Case Core Effective | Variation from
Hardness| Hardnesg Case Depth specification
[HRC] [HRC] [mm] [mm]
CC 60.1 41.6 1.270 0
VC 59.2 41.2 1.245 0
Cl 58.5 42.2 1.266 0
VI 58.4 40.5 1.201 0

Both the effective case depths atate hardnesses of all the processes were clos@do
specification The case hardnesses for the oil quench processes were also mid specification,
while the intensive quench process options were tosxtid lower specification. Hence, the

use of AISI 330 with any process combination can yield acceptable hardness parameters. The
hardness profiles for AISI 331Figures 4.2, 4.6 and 4.14) were remarkably consistétit

only vacuum carburising with oil guench (showrigure 4.10) showing any variatiom @ne

test samplesample 4.
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When analysing the hardness parameters achieved for the 17CrNiMo6 test pieces, as shown in
Table 5.3, the results were mixed. All process options prodtassihardnesses and effective
case depths within specification. Thaxed results were found with regards to the core
hardnesses. The core hardnesses for the convergi@asedrburising with oil quenching and
vacuum carburising with an intensive quench met specification, while the core hardnesses for
the other process optis exceeded the specification marginally. If 17CrNiMo6 were to be
utilised with vacuum carburising with oil quemnieh and conventionajascarburising with an
intensive quench, the processes will need further refining to achieve specification. Analysing
the hardness profiles for 17CrNiMo6, the two inteali quenched process optionsgures

4.7 and 4.15, both showed slight variations in the core hardnesses of the three testlpleces, w
the oil quenched optionsjdtires 4.3 and 4.11, showed fairly catent hardness profiles for

all three test samples.

Table 5.3: Hardness Parameters for 17CrNiMo6.

Process Case Core Effective | Variation from
Hardness| Hardnesg Case Depth specification
[HRC] [HRC] [mm] [mm]
CcC 61.4 44.4 1.439 0
VC 61.9 45.2 1.380 0
Cl 61.8 46.1 1.513 0
VI 61.8 44.5 1.486 0

All the hardness parameters for the AISI 9310 test pieces met specification with the case
hardnesses toward the lower specification and the core hardnesses toward the higher
specification. When analysing tharknes profiles for AIS1 9310bothgascaiburising process
options andvacuum carburising with oil quenchirgad minimal variation among the test
pieces. Vacuum carburising with an intensive quench showed more variation between test
pieces. All hardness parataees and profileswith variations considerednet the required

specifications.
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Table 5.4: Hardness Parameters for AlS| 9310.

Process Case Core Effective | Variation from
Hardness Hardness Case Depth specification
[HRC] [HRC] [mm] [mm]
CC 59.1 42.6 1.355 0
VC 59.7 42.3 1.194 0
Cl 58.6 43.2 1.323 0
VI 59.2 41.9 1.237 0

5.3 Distortion

When considering distortion of heat treated components, the effects of the two forms of
distortion must be analysed. Body distortion, or the change in the bodyd$tiapeomponent
surrounding the gear teeth, which in this recess represented by the ovality of the test piece,

is generally considered the warping of the part due to heat treatment [19]. Even withgiost
treatment machining, the effects of badigtortion may not be fully rectified. Depending on

the body form change, the relative movement may be both positive and negative, some areas
of the component may require the removal of material, while other areas will not clean up when
machined. Hence, i critical that body distortion be minimised to mitigate the need for post
heat treatment machining. The other form of distortion, tooth distortion, is represented in this
reseach as the growth or contraction of the gear teeth. Since tooth distortgenésally
growth of the gear teeth, it is easier to rectify through-peat treatment machining. However,

the aim of this reseeh is to identify a process to reduce the need for-peat treatment
machining. Thus, this ideal process should have Iediptable distortion, which will allow

for adjustment on prleat treatment machining.

Considering the four steels, the trends in the measured distortion varied. The average
percentage change in ovality and diameter for AISI 8620 is given in Tablen8.8isplayed

for each test piece in Figures 5.1 and 5.2 respectidely to the calculation method an error
could not be determinedAISI 8620 showed moderately high changes in ovality, but low
changes in diameteThis is possibly due to the positioning the test piecesn the furnace

during carburisation and in the tank during quenching.
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Table 5.5: Measured Distortion for AISI 8620.

Process Variation [%0]
Ovality | Diametral
CC 46.90 0.059
VC 64.29 0.067
Cl 78.90 0.066
VI 46.03 0.055

The distotion measured for AlSI 8620 was found not to have a clear dependence on either the
carburising or quenching process. The two process combinations that displayed low levels of
distortion were conventional gas carburising with an oil quench (CC) and vaeuburising

with an intensive quench (VI). The measured distortion levels for these two process
combinations were very similar, with the vacuum carburising with intensive quenching (VI)

having the marginally lower levels.
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Figure 5.1: Pecentage changeniovality for AISI 8620.
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Figure 5.2: Pecentage change in diameter for AISI 8620.

When analysing the levels for the individual test pieces, it was found that for both ovality and
diametral change, vacuum carburising with an intensive quench (VI) modbe lowest
deviation among the test pieces. Hence, for distortion predictability the preferred process for

AISI 8620 is vacuum carburising with intensive quenching (V).

The measured distortion levels for AISI 3310 are shown in Table 5.6. For AIS] ®&hO
regards to measured distortion levels, it was found that vacuum carburising with intensive
guenching (VI) produced the lowest levels of distortion, both changes in ovality and diameter,
of all alloy and process combinations. The distortion re$oitthe three remaining process
combinations showed mixed results, with no direct correlation between changes in ovality and
diameter.

Table 5.6: Measured distortion for AlISI 3310.

Process Variation [%0]
Ovality | Diametral
CC 24.15 0.107
VC 29.86 0.082
Cl 54.44 0.086
VI 20.49 0.040
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The distortion levels for the individual test pieces for AISI 3310 are shown in Figures 5.3 and
5.4 for ovality and diameter changes respectively.
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Figure 5.3: Pecentage change in ovality for AISI 3310.
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Figure 5.4: Rrcentage change in diameter for AlSI 3310.
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When considering the individual test pieces, the process combination with the lowest deviation
in ovality is conventional gas carburising with oil quenching (CC), while the lowest average
change in ovality is dfm vacuum carburising with intensive quenching (VI), which also
produced the lowest deviation in change in diameter. The highest deviation, both in ovality and
diameter change, and hence the least suitable process combination for AISI 3310 was found to

begas carburising with intensive quenching (ClI).

The measured distortion results for 17CrNiMo6 are displayed in Table 5.7. The measured
distortion values for 17CrNiMo6 showed mixed variability with regards to the carburising and
guenching processes. The twacuum carburising process options displayed similar average
changes in ovality, while the quenching method appears to have had more direct effect on the

changes in diameter, with the intensive quenching process producing less change in diameter.

The indvidual test pieces, as shown in Figures 5.5 and 5.6, displayed large variations in both
ovality and diametral changes, compared to the other alloys. The changes in ovality for
17CrNiMo6 were not consistent, as there were high variations between thetest pFor
components which require accurately controlled body distortion, such as internal gears, the use
of 17CrNiMo6 is thus not recommended. When considering only the tooth distortion, the
variation between test pieces for diametral changes, thef weeuum carburising produced

more consistent results than conventional gas carburising. The diametral changes for
17CrNiMo6 were higher than those of AISI 8620 and AISI 3310, making it the least preferred

steel.

Table 5.7: Measured distortion for 17Cio6.

Process Variation [%0]
Ovality | Diametral
CC 90.96 0.115
VC 49.60 0.086
Cl 66.88 0.052
VI 67.43 0.049
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Figure 5.5: Pecentage change in ovality for 17CrNiMo6.
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Figure 5.6: Pecentage change in diameter for 17CrNiMo6.

The fourth and final &y, AISI 9310, showed partially consistent distortion results, as shown
in Table 5.8 and Figures 5.7 and 5.8. Similar to 17CrNiMo6, AISI 9310 displayed similar
average ovality changes for the two gas carburising processes, with 48.81% and 48.33% for oll

and intensive quenching respectively. It was also found that the two oil quenching processes
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produced marginally higher diametral changes than those of intensive quenching. Vacuum
carburising with oil quenching (VC) produced the lowest average ovality ebamgile
vacuum carburising with intensive quenching (VI) produced the lowest average change in

diameter.

Table 5.8: Measured distortion for AlISI 9310.

Process Variation [%0]
Ovality | Diametral
CC 48.81 0.164
VC 28.90 0.145
Cl 48.33 0.127
VI 37.32 0.112
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Figure 5.7: Pecentage change in ovality for AISI 9310.
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Figure 5.8: Pecentage change in diameter for AISI 9310.

The individual test pieces for AISI 9310, similar to 17CrNiMo6, displayed high variation
between test pieces for changes in ibyabut good consistency for diametral changes. The
diametral changes for AISI 9310 were the highest of the four alloys investigated. The process
combination of conventional gas carburising and intensive quenching produced the lowest
variation of ovalitychanges, with vacuum carburising with oil quenching producing the most
consistent changes in diameter. Due to the high variation of ovality changes and the larger
average diametral changes, the use of AISI 9310 is not recommended where low predictable

distortion is required.

5.4 Alloy and Process Comparison

The aim of this reseeh was to identify the best combinations of alloys, and processes to
achieve low predictable distortion to enable the carburisation of fine pitched internalligears.
should be nted that while it would have been ideal to include baseline samples, which have
not been carburised but only heated and quenched, it was not possible due to a limitation on
material costs. All procured material was carburised and quenched to ensu@ensstmple
size.To compare the results of the various process combinations for the different steel alloys
a rating system was devised. Eadmbination was rated for the following seven factaigh
thefollowing ratings
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Case Microstructure

4. Martersitic structurethe preferred microstructure

2: Any other structurenot preferred microstructures.

Core Microstructure

4: Tempered Martensitghe preferred microstructure

3: Tempered Martensite with minimal Ferrite partially preferred microstructure
2: Tempered Martensite with Ferriteot preferred microstructure.

Effective Case deptlspecification was 1.02.52mm (0.04{0.06n)
4: 1.02 to 1.52mmwithin specification

2: less than 1.02mm or greater than 1.52ront of specification.

Case Hardness
4: 57 to 6 HRC- within specification
2: less than 5MRC or greater than 2RC- out of specification.

Core Hardness
4. 35 to BHRC- within specification
2: less than 35RRC or greater than 45RC- out of specification.

Change in Ovality

4: 0 to 25% minimal distortion, as preferable
3: 26 to 50% low distortion

2: 51 to 75% moderate distortion

1: 76 to 100% medium distortion.

Change in Diameter

4: 0 to 0.0406- minimal distortion, as preferable
3: 0.0420.080%- low distortion

2: 0.0810.120%- moderate distortion

1: greater than 020%- medium distortion.
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1 Overall Steel Rating

4: best performing

3: second best performing

2: secaond worst performing

1: worst performing

The rating factorghe abovdour point systerg, wereapplied to all the steel alloy and process

combinations, as given in Table5.

Table 59: Alloy andprocessrating.

Steel | Quench| Microstructure| Effective | Hardness Distortion Total | Overall
Case | Core cas€ | Case| Core| Ovality | Diameter Steel
depth rating
AlSI CcC 2 4 4 4 2 3 3 22
8620 | vC 2 4 4 2 2 1 3 18 1
Cl 2 4 2 2 2 2 3 17
VI 2 4 2 4 2 3 3 20
AlSI CcC 2 4 4 4 4 3 2 23
3310 | vcC 2 4 4 4 4 3 2 23 4
Cl 4 4 4 4 4 2 2 24
VI 4 4 4 4 4 4 4 28
17Cr CcC 2 4 4 4 4 1 2 21
NiMo | vC 2 4 4 4 2 2 2 20 5
6 Cl 4 4 4 4 | 2 3 3 24
VI 4 4 4 4 4 2 3 25
AlSI CcC 2 4 4 4 4 3 1 22
9310 | vC 2 4 4 4 4 3 1 22 3
Cl 3 4 4 4 4 3 1 23
VI 3 4 4 4 4 3 2 24
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Figure 5.9: Overall Steel Ratings

Through the use of the above rating system, is was found that the best alloy and process
combination was that of AISI 3310 with vacuum carburising iatehsive quenching. This
produced the best results ih@tegoriesas well as high consistenbgtween test pieces. The

next best process combination according to the rating system was 17CrNiMo6, also with
vacuum carburising and intensive quenching. AISI 3310thabest performing alloy, having

the highest scores for @agiven process combinatioflSI| 9310 was also found, according

to the rating system, a good performing steel with near equal scores in all process combinations.
However as previously discussed due to the high variation of ovality changes and the large
average diametral changes, the use of AlISI 9310 for low distortion carburisation of thin walled

components, such as internal gears, is not recommended.

Since all the steels investigated in this study were low carbon alloy steels, the effects of the
alloying constituents, such as nickel and molybdenum, have to be considered. One method for
including the effects of these alloying elements isGhebon Equivalen{CE). Steels with a
similar CE have similar hardenability [33]. Considering the best and werfgirming steels

as per Table 5.9, AISI 3310 and AISI 8620, their carbon equivalents are-0.8%% and
0.43%0.60 % respectively. Hence, when the alloying elements are considered the performance
of the AISI 8620 and AISI 3310 can be explained. The hadtéty of AlISI 8620 from CE
perspective is lower than that of AIS1 3310. The presence of molybdenum i884§iwhich

is not present in AISB310,explairs some of thenigh case hardnesses achieved. The much
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lower nickel content in AISI 8620 than AISBB0 may give reason for the lower core hardness

in some of the AISI 8620 test samples, as the presence of nickel increases the core hardness of
low carbon steel when carburised and quenched TB44.could have been verified by a control
experiment of ausnitising and quenching samples which had not been carburised.
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Chapter 6 Conclusions

6.1 General Conclusions

Thisreseach investigatedhe use of different carbgdtionmethods and processes to minienis
postheat treanentdistortion, with the aim to reduce éeven eliminate the requirement for
postheat treanentgrinding and grinding stock allowancestimatelyto mitigate the increase
in manufacturing costs normally assoettwith the increase in hardne$sie methods used

were either gas or vacuum carisurg, with either oil or intensive quench.

The primary objectives of the resela were

To compare conventionghsand vacuum carburising methods for distortion.
To compare conventional oil quench to intensive quench for distortion.
To determine whictkcarburising grade alloy steel woulse most viable for further
technology development.
1 To determine the best carburisiggench and alloy steel combinatsoothat warrant

further development towards a production prototype.

Current carburising and quenclopessesconventional carburising with anl quenchdo not

allow for the low cost carburisation of internal gears, particularly fine pitched, thin sectioned
internal gearsThis researciound that with the exception of AlISI 8620, the current methods
andsteel alloys are inadequate to produce low distortion carburised gearsise of AlSI
9310 and 17CrNiMo6, while producing good results with regards to a few of the parameters
utilised, did not meet the consistency required to produce predictableidistparticularly

with regards to body distortion, or in the case of tegearchhe change in ovality of the test
pieces. The AISI 8620 samples, while having good distortion reslidtsiot meet the core
properties required and as such would not hgualgerformance to the other alloys. The best
performing steel alloys foundin this reseach, and the one that is recommended for further
investigation,was AlSI 3310. This alloyshowed themost consistenperformancen all the

rating factors, particakly in conjunctionwith vacuum carburising and intensive quenching.
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6.2 Recommendations for Future Resaah

The full-scale production of carburised internal gearglifferent from the processing of
cylindrical test pieces. Real components may haveaouar crosssections and complex
geometry, which were not represented by the test pieces. Hence, it is recomthatfiether
reseach include these aspec#/ith the dentification of AISI 3310 as a potentialloy that

may enable the low distortion canising of internal gearsit is recommended thaa
manufacturingrial be conducted. This trial will require the design of a requisite forging of
AISI 3310, and the manufacture of a trial batch of gears. These gears will need to be machined
to nominal sie and heat treated as per the recommended process combination of vacuum
carburising and intensive quenching. Tlesultantdistortionof the full sized partwill then

need to be analysed.

It is also recommended that more detailed proadgsstmentsre madeto ensure the quality

and repeatability of the final carburised gear. This may include removal of the intermediate
reheating cycle. To achieve direct quenching, the heat treatment will need to be conducted at a
suitable location that has both requifadilities: avacuumfurnace and a 600§allonintensive

Quench Technologi®water quench tank.

Finally, it is recommended that on completion of the above mentioned wdidd trial is
conducted whereby the products tife above manufacturing trial earinstalled in a
representative environmenand the achievable lifend performance improvementre

measured.

70



Chapter 7 References

[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

S.P. Radzevich, fADudleyb6s HandbogRBocaof Pr a
Raton, GHRC Press, 2012, A.

Deloitte Gl obal Services, ATracking the t
2013, p 6.

Ameri can Gear Manufactur er sB8AGeardVaterials i on ,
and Heat Treatment Manual o, AGMA, Al exand
American Gear Manafct ur er s Associ at i-00#& Fundaddtdll / AGM.
Rating Factors and Calcul ation Methods fo
Alexandria, 2010.

A. Flanagan and J. Mar sc h,Gedr&atutionsppc2h-i ¢ Ge a
31, Septembez008.

J. Shi m, S. Han, Y. Shin, C. Yoon, J. Sul
Pl anet ar y ,Greemationdl YCenferemo® on Mechanics, Fluid Mechanics,

Heat Treatment and Mass Transf@rlando, July 2014.

Di vyar aj si mavieew of minite Elem@ri Analysis of Gears in Hpiclic

Ge ar t Internatiodal Journal for ScientifiResearcland Developmentjol. 2,

no. 3, pp. 71712, 2014.

C. Yuksel and A. Kahr aman, ADynamic Toot
ToothPr o f i |,&echdeiesard Machine Theomgl. 39, pp. 695715, 2004.

G. Totten, K. Funatani and L. Xi e, A Har
MaHRCel Dekker, New York, 2004, pp. 45805.

Ti mken, APract i cal Ediflan 52 Thé TGmkenNCempanly, 120068, g i s t S
pp. 435.

W. Callister and D. Ret hwi sch, AnMateri al
vol. 9, Wiley, 2014, pp. 33345.

A. K. Rakhit, AHeat Treat ment o f Gear s: /
International, Materials Park, 2000,18.

W. Callister and D. Ret hwi sch, AMateri al
vol. 9, Wiley, 2014, p. 338.

71



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

W. Callister and D. Ret hwi sch, AMateri al
vol. 9, Wiley, 2014, p381-384.

V. Rudnev, D. Lovel ess, R. Cook and M. B
R e v i, BleatdTreatment of Metalspl. 4, pp. 97103, 2003.

L. Jones, ARSel ection of Materi anlgGeard Co mg
Technologiespp. 3138, May 1986.

M. Howes, AThe Effect of Surface Harden
Sy s t, @eardTechnologiegp. 3041, January 1991.

J. Davi s, i Ch a pinh Gear MaterialsC Rropbriies and Mafegtare,

Materials Park, ASM International, 2005, p. 188.

V. Heuer, K. Loser, D. Faron and D. Bol t
Transmi ssi onAméreanGeanManufasturers Association, 2000,

pp. 4.

V. Rudnev, fori’ @ard énnovatiohsiry ledaction Hardening of Gears and
Gearl i ke CGearfdecmelogys6b69, MaHRCh/April 2013.

R. Husson, J. Dantan, C. Baudouin, S. Silvani, T. Scheer and R. Bigot, "Evaluation of
Process Causes and Influences of Resifitrass on Gear DistortionCIRP Annals
Manufacturing Technology 6pp. 551554, 2012.

Brown & Sharpe Manufacturino, @A Pr act i cal ,Pfovigeace,i®®e on G
N. Bugliarello, B. George, D. Giessel, D. McCurdy, R. Perkins, S.dRiidon and C.

Zi mmer man, AHe at Tr e a Geae SotutiolBppo3I8Elskly f or G
2010.

A. Rakhit, AThe Essentials of MakKlerisi al Sc
Corporation, 2013, p. 181

A. Rakhit, ACar bangi ZGieradea dneaiment af rGearsn A

Practical Guide for EngineerdMaterials Park, OH, ASM International, 2000, pp- 33

132.

D. Herring, A V a ¢ @earmMmecholdgieR 2 Mogemben2§id.

IQ Technologies In¢ "Summary of Intesive Quenching Processes: Theory and
Applications'’; IQ Technologies Inc, Akron, October 2011.

D. Herring and G. Lindell, "Reducing Distortion in Hélatated Gears"Gear
Solutionspp. 2635, June 2004.

72



[29]

[30]

[31]

[32]

[33]

[34]

ASM Handbookyvol. 4, i He at T ASMValntarnatgral, Materials Park, Ohio,

USA, 1991, p. 738

A. Rakhit, ACar bur i zi nideat dreadment afrGeagsn An g Ge
Practical Guide for EngineerdMaterials Park, OH, ASM International, 2000, p. 52.

ASM Handbookyvol. 4, i ld at T r, ASM Intemngtional, Materials Park, Ohio,

USA, 1991, p.830
M. Aronov, N . Kobasko and J.

International, Material®ark, Ohig USA, 2013, pp198-212.

P o wASMI , Al n
Handbook, vol. 4A, Steel Heat Treating Fundamentals and ProcesseSM

J. Marr ow, AUnder stqairedicihg Ttelsd 0J orhindy sEn d
2001.
M.M.A.Bepari K. M. Shorowordi, fAEffects of moly

structure and properties of carburizadéd har dnened

Materials Processing Technoloy, 2004, pg.-156

73

| ow

car bon



Appendix A Microphotography

A.1 Core Microstructure

A.1.1 Conventional GasCarburising and Oil Quench

Figure A.2: Tempered martensite and ferrite core microstructure for AlSI 8620 for gas carburising and oil quench sample 5.
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Figure A.5: Tempered martensite and ferrite core matracture for AlSI 3310 for gas carburising and oil quench sample 5.
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4.

Figure A.8: Tempered martensite and ferrite core mitrosture for 17CrNiMo6or gas caburising and oil quench sample
5.
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6.

4.

Figure A.11: Tempered martensite and ferritere microstructure for AISP310for gas carburising anail quench sample
5.
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Figure A.12 Tempered martensite and ferritere microstructure for AISB310for gas carburising anadil quench sample
6.
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A.1.2 Conventional GasCarburising and Intensive Quench

Figure A.13: Tempered martensite and ferritere microstructure for AISI 8628r gascarburising and intensivguenching
sample 4.

Figure A.14: Tempered martensite and ferritere microstructure ér AISI 8620for gascarburising and intensivguenching
sample 5.
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Figure A.15: Tempered martensite and ferritere microstructure for AISI 8628r gascarburising and intensivguenching
sample 6.

Figure A.17: Tempered martensiteore microstructure for AISI 331@or gascarburising and intensivguenchingsample 5.
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Figure A.20: Tempeared martensiteore microstructure for 17CrNiMo6or gascarburising and intensivguenchingsample 5.
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Figure A.22 Tempeared martensitevith minimal ferritecore microstructure for AISI 931@or gascarburising and intensive
quenchingsample 4.

Figure A.23: Tempered martensitevith minimal ferritecore microstructure for AISI 931@or gascarburising and intensive
guenchingsample 5.
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Figure A.24: Tempeared martensitevith minimal ferritecore microstructure for AISI 931@or gascarburising andintensive
guenchingsample 6.

A.1.3 Vacuum Carburising and Oil Quench

Figure A.25: Tempered martensitavith ferrite core microstructure for AISI 862@r vacuum carburisingnd oilquenching
sample 4.
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Figure A.26: Tempered martensitevith ferrite core microstructure for AISI 862@or vacuum carburisingnd oil quenching
sample 5.

Figure A.27: Tempered martensitavith ferrite core microstructure for AISI 862@r vacuum carburisingnd oilquenching
sample 6.

Figure A.28 Tempered martensitavith ferrite core microstructure for AlSI 331@r vacuunmcarburisingand oilquenching
sample 4.
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Figure A.29: Tempered martensitavith ferrite core microstructure for AISI 331@or vacuum carburisingnd oilquenching
sample 5.

Figure A.30: Tempeared martensitevith ferrite core microstructure for AISI 331@r vacuum carburisingnd oilquenching
sample 6.
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