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Samenvatting

In deze masterproef wordt het laserharden van een inwendige vertanding uit de meest recente
wagen van Formula Electric Belgium onderzocht, gesimuleerd en gevalideerd. De motivatie achter
dit onderzoek komt vanuit de probleemstelling dat de traditionele manier waarop deze vertanding
gehard wordt - cementeren - voor vervormingen in de finale vertanding zorgt. Waar de uitwendige
vertandingen in de tandwielkast worden geslepen na het cementeren, is dit niet mogelijk voor het
inwendig vertandde ringwiel wegens de erg compacte afmetingen en moeilijke bereikbaarheid van
de tanden.

Laserharden is een hardingstechniek waarbij er heel lokaal warmte toegevoegd kan worden. Daarom
zou deze techniek mogelijk voor een vermindering van de vervormingen op het tandwiel zorgen en
dus ook voor een hogere kwaliteit van de ringwielen. Omdat er een groot aantal parameters valt
in te stellen bij het laseren en omdat testmateriaal duur en dus beperkt in hoeveelheid was, werd
er gebruik gemaakt van simulatiesoftware. Door eerst te simuleren, kon het aantal testen drastisch
beperkt worden. Voor de simulaties van het laserharden en het bepalen van het optimale concept,
werden modellen in Ansys (eindige elementen software) en Dante (softwarepakket voor warmtebe-
handelingen op staal) opgesteld. Aan de hand van een uitgebreide literatuurstudie gecombineerd
met berekeningen in KISSsoft (software voor het dimensioneren van tandwielkasten) zijn vervol-
gens de gewenste dimensies, hardheden en hardingsdiepten bepaald. Door deze gewenste waar-
den uit de literatuurstudie te combineren met de hardingsmodellen, werd het beste concept voor
het laserharden gekozen. Voor dit concept zijn vervolgens de ideale procesparameters bepaald.

De simulaties van het harden zijn vervolgens gevalideerd door testen uit te voeren met een laser
uit het OMC (Open Manufacturing Campus) te Turnhout op teststukken van het ringwiel. Op deze
geharde teststukken werden er microhardheidsmetingen uitgevoerd om te bepalen of de gewen-
ste hardheden behaald waren. Verder werden de teststukken opgemeten om de vervormingen
na het laserharden te bepalen. Tot slot werden dezelfde metingen uitgevoerd op een klassiek
gecementeerde inwendige vertanding om de twee verschillende technieken één op één te kunnen
vergelijken.
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Abstract

In this masters thesis, the technology of laserhardening an internal gearing from the gearbox of a
Formula Student car is researched, simulated and validated. The racecar of the Formula Student

team Formula Electric Belgium (FEB) has 4 separate electric motors, one motor in each wheel.
To each one of these motors, a 2 stage planetary gearbox is attached for torque multiplication to
the wheels. The planetary system consists of a sun gear, 3 two stage planet gears and a ring
gear. The external gears in the gearbox are turned, hobbed, case-hardened, grinded and finally
shotpeened. The ring gear is manufactured by wire EDM and then it is case-hardened. Due to
its compact size and complex geometry, it is not possible to grind the ring gear. The grinding step
is necessary to compensate for any deformations that occured during or after case hardening the
gears. This means that the ring gear is deformed after hardening and that these deformations are
retained on the final geometry of the gear, drastically reducing the quality of the gear. If one of the
gears in the system has a lower accuracy grade than the others, the effects can be detrimental for
the entire gearing system. A lower quality gear in the system is not only more prone to failure, it
also accelerates the wear of all other gears, thus reducing the performance, efficiency and service
life of the gearing system.

Laser hardening is a hardening technique where heat can be added to a component very locally.
Because of this local heating —and therefore local hardening —when using laser hardening tech-
nology, deformations on the gear could be reduced. This means the quality of the internal gearing
could be increased, therefore increasing the performance of the entire gearing system without the
need for grinding the gear.

When laser hardening, there is quite a large number of parameters to set up. On top of that,
because the parts needed for hardness tests are expensive to manufacture and therefore limited
in numbers, simulation software is used to determine most of the required parameters beforehand.
By simulating before testing, the number of tests could be drastically reduced, this way no test
samples are ’wasted’.

On the basis of an extensive literature study combined with calculations in KISSsoft (software for
dimensioning gearing systems), the desired dimensions, surface hardness and effective harden-
ing depth of the ring gear were determined. The gear material used in the gearbox of FEB is a
case-hardening steel, 16MnCr5, selected for its high ductility in combination with its high (case-
)hardenability at the surface. Because of the low carbon content in 16MnCr5, the ring gears first
had to be carburized, omitting the quenching step, in order to get a higher carbon concentration
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at the surface of the gear teeth. After carbon diffusion, the gears are essentially ready to be laser
hardened.

In order to simulate the laser hardening process and to determine the optimal laser track, a model
in Ansys (finite element software) and Dante (a software extension for simulating heat treatments
on steel) is developed. From the simulations in Ansys, thermal data was obtained. The results of
the simulations in DANTE are hardness values and steel composition. By combining the desired
hardening parameters with the simulation model, the best concept for laser hardening the ring
gear was determined. Next, the simulations of hardening the internal gearing were validated by
performing tests on the ring gears with a laser from the Open Manufacturing Campus (OMC) at
Turnhout. On these hardened test samples, microhardness measurements were performed in
order to determine the samples’ effective hardening depth, surface hardness and the geometry
of the hardened layer. Thereafter, the test samples were measured on a gear measuring bench
in order to quantify the deformations after laser hardening. Finally, in order to compare the laser
hardened results to the carburized results, the exact same measurements were performed on the
original, conventionally carburized ring gears.
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1
Introduction

1.1 Formula Electric Belgium

Formula Electric Belgium (FEB) is a team of 28 engineering students from KU Leuven and students
automotive technologies from Thomas More. Every year, FEB builds an entirely new electric race-
car in order to participate in the Formula Student competition, the largest engineering competition
in the world. During these competitions, the team is put on trial on one hand by measuring the
performance of the car on different dynamic events. On the other hand, the team is also scored
on the basis of non-technical test, such as pitching a business plan, giving design presentations
and performing a full cost analysis of the car. A year for the FEB team starts together with the
academic year. The first semester is used for designing the new car. At the beginning of December
all designs must be final and all technical drawings are sent out to the millers. The period from
January to April is predominantly used for building and assembling every part of the car. In the
month of May, testing begins. Finally, for the entire summer the team partakes in several Formula
Student events. For the design and financing of the car, the team can count on a broad network of
partner companies. Working together with these partners, the team members of FEB do not only
work on their technical skills, they also work on their communication and soft skills. This is why FEB
is a very attractive project for graduating engineers, because it is a very educational experience on
more than just a technical level.

1
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Figure 1.1: Aurora Mk II

1.2 Gearbox Aurora Mk II

The 2021 car, Aurora Mk II, uses four seperate electrical motors for propulsion. There is one of
these four motors in each wheel. In order to keep the design as compact as possible, a small three
phase PMSM machine is used, connected to a planetary gearbox, as depicted in figure 1.2.

Figure 1.2: Exploded view of the inwheel of Aurora Mk II

The power of the motor is transmitted from the sun gear (1. in figure 1.3) to three different two-
stage planetary gears (2. in figure 1.3). These planetary gears spin in a fixed ring gear (3. in figure
1.3). The axles around which the planetary gears spin, are connected to the hub, which in turn is
connected the wheel. A detailed view of the gears is shown in figure 1.3 below.
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Figure 1.3: Geometry of the two-stage planetary gearbox

All gears —except for the ring gear —are produced in the following steps:

1. Turning of steel cylinder

2. Gear hobbing of tooth profile

3. Milling of weightsaving holes and slots

4. Case hardening of teeth

5. Grinding of teeth

6. Shot peening

7. Milling and wire EDM of splines

By grinding the tooth profiles after hardening, any deformations that might have occurred during or
after hardening can be eliminated and the gears can be produced to a high quality. The ring gear
has a different manufacturing process:

1. Turning of steel cilinder

2. Surface grinding of cilinder in order to get desired tolerance on flatness

3. Wire EDM of teeth and outside diameter of the gear. (This is done in multiple steps in order
to obtain the desired roughness of the gear teeth)

4. Case hardening
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Ring gear data

Material 16MnCr5

Module 1mm
Number of teeth 90
Outer diameter 99.8mm
Width 14.8mm
Accuracy grade (ISO 1328:1995) 6
Pressure angle 20°

Table 1.1 Ring gear geometry

In table 1.1, the most important parameters of the ring gear geometry are provided. (For further
information about the ring gear, see appendix A). Due to the rather small diameter of the ring
gear and since the gearing is internal, it is nearly impossible to grind the teeth of this gear. Any
deformations that occur during or after case hardening of the gear cannot be eliminated. These
deformations may decrease the life expectancy of the entire gearing system. If these deformations
can be sufficiently reduced, grinding of the teeth after hardening may become obsolete.

1.3 Objective of the thesis

The aim of this thesis is the development of the production of a laser hardened ring gear. In the
past, the ring gears were hardened by case hardening, more specifically carburizing. Usually, a
gear has to be grinded after carburizing because hardening causes the dimensions of the gear to
be distorted. Due to the complex geometry (small pitch circle diameter & internal gearing) the ring
gear used in the gearboxes of the FEB racecars cannot be grinded, thus the distortions are not
eliminated. This eventually causes the entire gearbox to be underperforming. By laser hardening,
it is attempted to reach the same surface hardness and hardening depth as with conventional
carburizing while keeping the distortions at a minimum. Doing so, the quality of the gear can be
improved, thereby increasing the performance of the entire gearbox.

1.4 Accuracy grade of the gear

As mentioned in table 1.1, the accuracy grade of the ring gear is quite high. Therefore it is im-
portant to check if the desired accuracy grade is attainable for a laser hardened gear. The gear
measurements in figure 1.4b were taken from Bouquet (2016), where it is clear that neither the
profile, nor the trace measurements exceeded 8 µm (excluding a few peaks at the edges of the
gear teeth). Since the gear studied in the research of Bouquet (2016) had much larger dimensions,
it was assumed that accuracy grade 6 (according to ISO 1328:1995) should be attainable for laser
hardening the ring gear. This is of course a part of the objective of this research.
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(a) Gear measurements before laser harden-
ing

(b) Gear measurements after laser hardening

Figure 1.4: Gear measurements

Source: Bouquet (2016)

1.5 Dimensioning Gears in KISSsoft

For calculating and dimensioning all different parts of the gearbox, several software packages are
used. For the hub and carrier, structural simulations in Siemens NX are performed. For the upright,
Siemens NX as well as Ansys is used. For the bearings, a software package from Schaeffler called
BearinX is used and of course plenty of manual calculations are performed. In order to dimension
the gears, a software package called KISSsoft is used. KISSsoft calculates different dimensioning
parameters for a given load and basic geometry, by calculating all relevant strains and stresses
(explained in chapter 3) and relating them to SN-curves of the selected materials. First of all, the
basic geometry of the gear is calculated according to ISO 21771. For actual strength calculations
and in order to obtain a detailed geometry for an optimal service life, ISO 6336 is used by checking
for common defects (tooth root fracture, pitting, scuffing, micropitting). This standard is one of the
most inclusive and detailed calculation methods currently available (KISSsoft, 2020). An overview
of the used parameters in order to calculate gear geometry based on the KISSsoft 2020 Manual is
provided below. (KISSsoft, 2020)

1.5.1 Basic Data

The basic data contains all parameters related to the geometry of the gear pair.

• Normal module: The normal module defines teeth sizing. Standard module values can be
used from DIN 780 or ISO 54.
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• Pressure angle at normal section: Usually, an angle a of 20°is used. Smaller angles
provide higher contact ratios (more teeth in mesh at any given moment), but decrease tooth
strength. Larger angles increase tooth strength, but decrease the contact ratio and result in
higher radial forces.

• Helix angle: This angle is set to zero in this application as noise is not an issue and the
addition of high axial forces would only increase gearbox complexity and decrease gear and
bearing service life.

• Center distance: The center distance is simply calculated from the diameters of the gear
pair. However, if a profile shift is applied on one or both of the gears, this can also be taken
into account from either a suggested value as defined in DIN 3992 or from an automatic tip
alteration as defined in DIN 3960. The user can also define a preferred profile shift as own
input instead.

• Number of teeth: The number of teeth is by default a whole number. Internally toothed
gears have a negative value for the number of teeth as defined in ISO 221771. An undercut
and the tip tooth thickness limit the minimum number of teeth.

• Facewidth: The facewidth is very important for the service life of a gear. A facewidth that is
too small, will result in high contact pressures. A facewidth that is too large will deteriorate
the contact pattern. In our application, a large facewidth is also not ideal as it makes the gear
heavier. The facewidth of the pinion should always be larger than that of the gear.

(a) Profile shift

Source: tec science (2018)

(b) Tip and root relief

Source: KISSsoft (2020)

Figure 1.5: Profile shift & Tip and root relief

• Profile shift coefficient: This coefficient is defined as the distance between the production
pitch circle and the tool reference line, as demonstrated in figure 1.5a. Depending on whether
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a positive or negative profile shift is performed, a thicker root with a narrower tip or a thinner
tooth may be obtained. These alterations to the profile may be performed in order to obtain
a stronger tooth root, an lower sliding velocity, etc. A suggested coefficient is based on DIN
3992 recommendations for well-balanced toothing. Later on, other tooth profile modifications
such as tip/root relief (figure 1.5b) or crowning (figure 1.6) may be added as well depending
on several load factors to be explained further in a coming section.

Figure 1.6: Crowning

Source: Schultz (2004)

• Quality: The quality of the gears takes into account that actual gear geometry differs from
the theoretically desired geometry that is calculated. The higher the quality of the gears, the
more narrow its tolerances will be. Increased quality also comes with increased production
complexity and therefore a higher cost. However, gear quality is very important as reduced
quality gears will result in the gears failing earlier, as discussed in the chapter gear failure
mechanisms later on. Gear accuracy grade is according to ISO 1328.

• Furthermore there are some final details to fully define all basic data, such as the gear
material, we use case-hardened 16MnCr5 as explained later in section 2.4, whether or not
the gear is webbed and/or shotpeened and finally which lubrication is used (in our case
75W140 oil).

1.5.2 Gear Loading

A load can be entered in the calculation in order to calculate the system service life. In the past,
the desired service life was set to 250 hours (Van Den Bergh and Van Assche, 2018). However,
since this year’s car will also be used to test the driverless system being developed at FEB, the
gears have to last significantly longer so plenty of tests can be performed on the driverless system.
It is important that during these tests, the gearbox and any other mechanical components are not
a limiting factor in testing time. Therefore, the desired lifetime for the gearbox of Aurora Mk II is
estimated at 1000 hours. Evidently, the load on the gearbox is not a constant load. The car has
to perform on different dynamic events (acceleration, skidpad or figure eights, endurance,...) and
has to endure many testing hours before heading to competition. This means that over its lifetime,
the gearbox is loaded very dynamically. That is why the load on the gears is entered in KISSsoft
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Load case Frequency [%] Torque factor Speed factor

1 45 0.59 0.60
2 18 0.54 0.85
3 28 1.00 0.45
4 9 -0.70 0.60

Table 1.2 Ring gear load cycles

as a number of load cycles. For each type of load, the frequency of this load occurring is entered.
Next, the average gear speed and torque (and therefore also average power) is entered for the
type of load. Both speed and torque factor are entered as a percentage of the maximum speed and
torque, respectively (with 1 being maximum speed/torque). The speed and torque values and their
respective frequencies are based on track simulations (Aune, 2016) and team experience from the
past. Values used for the load cycles can be found in table 1.2.

By combining these load cycles and their frequency with coefficients such as the dynamic fac-
tor (KV), face load factor (KHb) and transverse load factor (KHa), which will be explained in the
next section, the gear lifetime can be calculated. Furthermore, an application factor KA should be
selected according to table 1.3 below. A value of 1.50 is selected.

Table 1.3 Application factors for differing machine behaviour

Source: KISSsoft (2020)

1.5.3 Determining Dynamic Factor and Load Factor

In this section the methods used for determining KV, KHb and KHa will be discussed, without going
to much in too detail as this falls beyond the scope of this thesis. The three listed coefficients all
depend on a nominal tangential load, which, according to ISO 6336 (International Organization
for Standardization, 2007), is the circumferential load acting on a tooth on the pitch circle and on
the middle of the face width of the tooth, as depicted in figure 1.7 below, where Ft is the load in
question. This load is used in as a calculation load for these factors as follows:

1. The dynamic factor KV uses the load Ft and application factor KA as follows: Ft ⇤KA

2. The face load factor KHb uses the load Ft , application factor KA and the dynamic factor KV
as follows: Ft ⇤KA ⇤KV
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3. The transverse load factor KHa uses the load Ft , application factor KA, the dynamic factor
KV and the face load factor KHb as follows: Ft ⇤KA ⇤KV ⇤KHb

Figure 1.7: Nominal circumferential force (Ft ) as defined by ISO 6336

Source: Gopsill (nd)

1.5.3.1 Dynamic factor KV

The dynamic factor KV in this application should actually be defined as KVB, since method B of
ISO 6336 is used for determining this factor here. KVB takes into account any dynamic loads or
vibrations due to the relation between speed and load and the gear tooth accuracy. Factors to
take into account are both related to manufacturing as well as design. The design of the gears
determine the pitchline velocity, the tooth load and the inertia of the gears. Not only gear design,
but the design of the entire gearbox is important, since the stiffness of the bearings, axles etc and
the lubrication used can all cause different vibrations in the system. Due to limited accuracy in
manufacturing of the gears, there might be deviations in the pitch, tooth flank or there might be
runout on reference surfaces such as the tip or root circle. Besides that, balance of the gears as
well as axles and bearings and fit of the bearings can all be taken into account.

When certain natural frequencies are present in the gearing system, it is to be avoided that any
excitation frequencies (such as the frequency of meshing teeth) are the same or nearly the same
as any of these natural frequencies. These natural frequencies depend on the design choices
and manufacturing accuracy as mentioned above, since the dynamic response of the system is
dependent of the mass as well as the stiffness of any gearbox components. It also depends on
the damping in the system due to any friction in bearings and seals, but also on hysteresis (non-
linearity in the stress-strain curve of the materials used) in shafts and on any viscous damping on
lubricated sliding components. Ideally, the kinematics of a gear pair have a constant ratio between
input and output rotations. Deviations in this ratio (the rotation of one gear not corresponding to the
rotation of the other times the ratio) determine the vibration frequencies. These deviations can be
due to:

1. A deviation in the pitch line velocity due to inaccuracies on the actual pitch circle of the gear.
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2. Variation of the stiffness of the gear throughout the meshing cycle. This variation becomes
less significant as the contact ratio rises. The ring and planet gear have a rather low contact
ratio (about 1.7), so these variations have to be taken into account. Due to limitations in
size of the gearbox, a module lower than 1 could be desirable, for example a module of 0.7.
However, the gear manufacturer that FEB works with is not able to go any lower than module
1.

3. Variations in tooth loading will cause the gear to deflect further or back, which can also cause
vibrations. It is possible to design gears in such a way, that for a certain load, the deflection
is constant. However, since this application has a highly dynamic load, this is not possible in
our application.

4. Finally, any unbalances in the gears or shafts, any contaminants in the lubrication system,
any misalignment of the shafts and gear friction can all contribute to vibrations in the system.

In order to determine whether or not a pair of gears will cause vibrations due to resonance, the
running speeds range should be compared to the resonance running speed. According to method
B of ISO 6336-1 6, the resonance running speed is determined with formula 1.1:

nE1

=
30000

pzi

r
cga

mred
(1.1)

• With Cya being the mean value of mesh stiffness per unit face width (determined in ISO
6336-1 9) (N/m2)

• With zi being the amount of teeth

• Mred being the reduced mass of a gear pair, for the calculation of this factor see International
Organization for Standardization (2007) (Kg/m)

With nE1

now known, the resonance ratio N can be determined, which is the ratio of pinion speed
to resonance speed, as follows:

N =
n

1

nE1

(1.2)

With n
1

being the speed the gear is used at (/min).

Next, the range of speeds in which our gears work has to be determined. In order to do so, the
lower limit of resonance ratio NS has to be known. At loads where (Ft ⇤KA/b) is less than 100
N/mm, NS can be determined as follows:

NS = 0.5+0.35

r
FtKA

100b
(1.3)

With b being equal to the width of the gear (mm)
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If (Ft .̧KA/b) is equal to or greater than 100 N/mm, a value of 0.85 is chosen for NS. (Note that
since calculations are being made on the pinion, Ft should be divided by three as this is a planetary
system!). From the resonance ratio and its lower limit, the range in which the set of gears is working
can be known. There are four possible ranges, as shown in figure 1.8 below.

Figure 1.8: Resonance ratio N in function of specific loading X = (Ft ·KA) : b

Source: International Organization for Standardization (2007)

1. Supercritical range (N � 1.5): this range is only for very accurate gears due to the very high
speeds. Resonance peaks can occur at N= 2,3,. . . , but will the vibrations will often have
small amplitudes.

2. Intermediate range (1.15 < N  1.5): this range requires a refined analysis by Method A,
since it is close to the main resonance range, but might be fine in some applications.

3. Main resonance range (NS < N  1.15): this zone should be avoided (especially with spur
gears) since rather strong vibrations are very likely to occur. Only very high accuracy gears
can be used, spur gears should have profile modifications accordingly.

4. Subcritical range (N  NS): in this range, resonances may occur at N=1/2 and N=1/3. How-
ever, this can quite easily be solved with suitable profile modifications. Our application can
also be situated in this range.

Since the used gear application is working in the subcritical range, KV can be determined as
follows:

KV = (N ·K)+1 (1.4)

K = (Cv1

·Bp)+(Cv2

.̧B f )+(Cv3

·Bk) (1.5)

where

• Cv1

allows for pitch deviation effects and is assumed to be constant at Cv1

= 0.32
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• Cv2

allows for tooth profile deviation effects. For a total contact ratio 1 < eg  2 a value of
0.34 is used. With 1 < eg  2 being equal to the contact ratio.

• Cv3

allows for the cyclic variation effect in mesh stiffness. For a total contact ratio 1 < eg  2

a value of 0.23 is used.

• Bp,B f andBk are non-dimensional parameters to take into account the effect of tooth devia-
tions and profile modifications on the dynamic load and will not be discussed any further.

1.5.3.2 Face load factors KHb and KFb

The face load factors include the effects of an uneven load distribution over the gear face width into
the calculations. KHb is the face load factor for contact stress and takes into account the surface
stress on the face width. KFb is the face load factor for tooth root stress and takes the tooth root
stress into account, which will also depend on the load distribution over the gear face width.

• KHb can be defined as

KHb =
maximum load per unit f ace width
average load per unit f ace width

=
(F/b)max

Fm/b
(1.6)

• With Fm/b = (F ·KA ·KV )/b

• KFb depends on the ratio b/h (face width/tooth depth) and on the determined value of
(F/b)max.

Some of the most important influential factors on the load distribution over the face width are the
following:

1. Accuracy of both the gear tooth manufacturing and the alignment of the axes

2. Elastic deformations of gearbox elements

3. Thermal deformations

4. Running-in effects

5. Application factor KA and dynamic factor KV

6. Centrifugal deflections due to operating speed

7. Gear geometry such as crowning

In the application, both face load factors are determined according to method B, which means that
an iterative method is used with the help of computer aided calculations. Elastic deflections under
load, static displacements and the stiffness of the entire system are to be accounted with. The
effective stiffness used, largely depends on gear mesh, gear body and the stiffness of the shafts,
shaft/hub connections, bearings, housing and foundation. Static displacements include thermal ex-
pansions, possible clearances and loose fits and manufacturing errors. The exact algorithm/method
is not given in ISO 6336-1 , but most of the relevant influential factors are given above.
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1.5.3.3 Transverse load factors KHa and KFa

The transverse load factors KHa and KFa (for surface stress and tooth root stress respectively)
take into account the effect of a non-uniformly distributed tooth load when several gear teeth are
in mesh simultaneously, as depicted by figure 1.9. The factors are defined as the maximum tooth
load ratio between an actual gear pair and theoretically perfect gear pair near zero speed. These
factors can be determined graphically and are mainly influenced by the following factors:

• Deflections under load.

• Profile modifications.

• Tooth manufacturing accuracy.

• Running-in effects.

Figure 1.9: Effect of a non-uniform tooth load with multiple meshing teeth

Source: Milojevic (2013)

1.5.4 Calculation Results

A full KISSsoft calculation report can be found in appendix C. The next chapter will explain how
gears are hardened. Later, in chapter 3, the relation between hardening and service life is elabo-
rated upon.



2
Hardening steel

2.1 Introduction

In this section the working principles of hardening steels are discussed shortly. The influence of
hardening steel on strength, fatigue failure and other mechanical properties of the material are also
be discussed in this chapter. Finally, the technique of case hardening and carbon diffusion in steels
will be explained.

2.2 Mechanism of hardening steel

It is very common to perform heat treatments on steel in order to obtain desired material properties.
Hardening is therefore also a very common practice in the industry. In order to transform a soft steel
work piece into a hardened work piece (or to give the workpiece a hardened layer), first of all, the
workpiece needs to be heated. It is important to heat the steel above the austenization temperature,
as shown in figure 2.1 below, for a sufficient amount of time. This time is needed for the carbon
atoms present in cementite to diffuse through the iron atoms once the austenitization temperature
has been reached. The goal is to create uniform austenite, which has an FCC (Face Centered
Cubic) lattice. In austenitic steel, the carbon and iron form what is called a solid solution: carbon
atoms are ’dissolved’ in the steel, as there is space for the carbon atom in the centre of the iron
FCC elements as depicted in figure 2.2 below. The formation of austenitic steel is the first desired
step in order to harden steel.

14
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Figure 2.1: Phase diagram of carbon steel

Source: YenaEngineering (2019)

Figure 2.2: Three different crystal lattices: FCC, BCC & BCT

Source: Brog et al. (2013)

Now, slow cooling of the steel corresponds to moving down on the phase diagram. As the steel
cools down, different nuclei of ferrite will be formed. Ferrite has a BCC (Body Centered Cubic)
lattice, therefore, solubility of carbon in interstitials of the lattice is very low. Because of its low
solubility in ferrite, the carbon atoms diffuse away from the ferrite zones. As the steel cools down
further, the carbon concentration around the ferrite zones becomes higher. Eventually, a point is
reached where ferrite will no longer be formed, but cementite, an iron carbide, will start to develop.
Cementite has a high carbon content of 6.67wt%. Once the part is cooled down entirely, a lamellar
structure of cementite and ferrite, called pearlite, is formed. By cooling down slowly, the same
structure (and therefore the same properties) as the original steel is obtained. This is true when
the effect of grain growth or refinement during heating and cooling is neglected.

In order to harden the workpiece, a more radical approached needs to be used. By rapidly cooling
—or quenching —, the desired harness can be achieved. When the steel is rapidly cooled, the
carbon does not have enough time to diffuse away from the iron atoms to form ferrite. A different
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structure, namely martensite, will be formed. Martensite has a BCT (Body Centered Tetragonal)
lattice, which is very similar to a BCC structure, however in the BCT lattice there are carbon atoms
dissolved in the lattice. The relatively high amount of carbon atoms in the structure cause many
dislocations to form. These dislocations in the material are what makes martensite such a hard
structure, however it is also the cause of the brittle behaviour of martensite.

2.3 Properties of hardened steels

As mentioned above, martensite is a very hard material. The hardenability of martensite increases
with increasing carbon content, as illustrated in figure 2.4b. This hardness is desirable for a number
of reasons. First of all, a higher hardness provides greater wear resistance, as illustrated in figure
2.3a below. On top of that, an increased hardness also increases the fatigue limit of the material,
as shown in figure 2.3b. A downside of the high hardness of martensite, is that it is very brittle and
not very impact resistant.
There are methods to compensate these shortcomings. One of the most common methods is
tempering. Tempering a hardened part means that it is heated again after hardening in order to
transform some of the formed martensite to pearlite or bainite.

(a) Wear resistance in function
of hardness for steel

Source: Klenam (2012)

(b) Fatigue limit in function of hardness for through hardened and
tempered steels

Source: Boardman (1990)

Figure 2.3: Wear resistance and fatigue limit

Another phenomenon that can alleviate the problem of brittle martensite, is retained austenite (RA).
In steel alloys with a carbon content higher than 0.30wt%, the martensite finish temperature —the
temperature that the steel needs to be cooled to in order to obtain 100% martensite —is below
room temperature as illustrated by figure 2.4a (Herring, 2005). This means that the steel needs
to be cooled below room temperature and often below 0 °C to get a structure consisting of 100%
martensite. If the steel is not cooled sufficiently far, retained austenite is formed. Since austenite
normally does not occur at temperatures below the austenitization temperature, retained austenite
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is a metastable phase. In contrast to martensite, retained austenite is quite soft and ductile. At
first sight, formation of retained austenite sounds problematic. Especially in applications where di-
mensional stability is of high importance and the maximum attainable hardness is desired, retained
austenite can significantly reduce the performance of hardened steel parts. In the tool and die
industry, RA is even recognised as a major cause for premature failure. However, in some applica-
tions, RA can be beneficial for performance of hardened parts. In gears for example, the ductility of
RA can alleviate the problem of spalling (progressive macropitting). If the RA content is not too high
and the RA grains are finely dispersed, crack initiation can be retarded and crack nucleation can be
prevented by the fine, ductile RA grains. A more in depth explanation of gear failure mechanisms
and its link to the material properties can be found in chapter 3.

(a) Martensite start and finish tempera-
ture related to carbon content

Source: Grum (2004b)

(b) Hardness of martensite as a function of carbon content

Source: Zhang et al. (2007)

Figure 2.4: Influence of carbon content on martensite

2.4 Case hardening

2.4.1 Carburizing

Figure 2.5: Jominy test results for 16MnCr5, appendix B
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The ring gear in the gearbox of FEB is made from a low-carbon alloy, 16MnCr5, of which a
datasheet —provided by FEB partner Grimonprez Transmission Gears —can be found in appendix
B. 16MnCr5 is often used in high-stress mechanical applications such as gears and shafts and is
selected due to its high ductility and toughness. Since it has a low carbon content (about 0.16
wt%), conventional hardening techniques do not deliver satisfying results, as the hardenability of
low alloy steels is generally quite low. A standard test for measuring the hardenability of steels, is
the Jominy test. Results for the jominytest are provided in figure 2.5. With a maximum hardness of
about 400HV for standard 16MnCr5, it is quite clear that the desired hardness cannot be reached
with the material if left as standard. For the hardening of these types of steel, case hardening is
used. In the past, the ring gear has always been carburized and then quenched to achieve a high
surface hardness, while retaining the original toughness in the core.

Figure 2.6: Result of carburizing before case hardening in a crankshaft

Source: Yamagata (2005)

When carburizing a part, it is heated in a furnace and brought up to austenization temperature.
In the furnace, the workpiece is surrounded by a high carbon atmosphere, this can be in either
gaseous or solid form. Raising the temperature above the austenization temperature, not only
forms austenite, but also accelerates the diffusion of carbon in steel, as we can see in figure 2.7a
below. By increasing the carburizing time, carbon can diffuse further into the steel. Figure 2.7b
shows the carburization depth in 16NiCr4 —also a case hardening steel —steel for a temperature
of 925°C in pack carburizing. It is clear that the longer the components is carburized, the deeper
the carbon will have diffused. Carbon concentrations in the material always become higher moving
closer to the edge of the material. In pack carburizing, the edge of the material will always contain
a carbon concentration at the saturation limit of carbon in austenite (about 1.3 wt%). When gas
carburizing, the carbon content in at the edge of the material can be kept lower by lowering the car-
bon concentration in the atmosphere of the furnace (Neelam, 2000). By quenching the workpiece
after carburization, the carbon diffused in the outer layer (case) of the part will be ’trapped’ in the
austenite because of the high cooling rate close to the edges of the part. Martensite (and possibly
retained austenite) will be formed at the edges of the part. The core of the workpiece will cool down
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much slower, so there will no longer be martensite formation from a certain distance of the edges,
depending on the cooling rate while quenching. That is why a tough, softer core with a hardened
case can be obtained.

(a) Diffusion speed of carbon and nitrogen
in steel in relation to temperature

Source: Föll (2019)

(b) Depth of carbon diffusion by pack car-
burizing in 16NiCr4 steel

Source: Hosseini and Zhuguo (2016)

Figure 2.7: Carbon diffusion speed and depths

2.4.2 Laser hardening case hardening steel

As explained in the first chapter, the goal of this thesis is to harden the ring gear using a laser. A
benefit of laser hardening is that the heating time is very limited, since lasers can provide a lot of
energy in a very short pulse. The benefit here is that the time the material that is to be hardened
spends above the austenization temperature, is quite short, not allowing the austenite grains to
grow large. Large austenite grains can lower the toughness of the hardened section of the gear and
can promote brittle fracture (Li et al., 2014). However, because low alloy steel needs a carburizing
step before hardening, this advantage is lost in the application of laser hardening the ring gear. It
is not possible to place the laser in a carbon environment nor is it possible to harden with a laser
in a high temperature environment as the principle of laserhardening relies on self-quenching (as
explained later in chapter 4). In order to harden the ring gear with a laser, the carbon diffusion
needs to be performed in a separate step, where austenite grains can grow larger. Usually, when
carburizing, the furnace temperature is kept just above the austenization temperature, in an effort
to keep austenite grain growth to a minimum. In industrial applications, reheating and quenching
or even double reheating and quenching of the workpiece after it has been carburized and cooled
down is used for die quenching for example (Canale et al., 2008). It is important to note that
when laser hardening, the material needs to be heated to a higher temperature in comparison with
classic carburizing/hardening, as illustrated by figure 2.8. When carburizing, the workpiece is kept
above the austenization temperature for a sufficient amount of time to form homogeneous austenite.
When laser hardening, the temperature of the surface is heated up for a very short time. However,
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to obtain homogeneous austenite when heating from room temperature, the carbon needs time to
diffuse from the cementite structure to the interstitials in the FCC austenite. As mentioned above,
the diffusion speed of carbon in steel increases with increasing temperature, therefore we need to
heat the layer we want to harden sufficiently higher than the austenization temperature (A

3

).

Figure 2.8: Comparison of temperatures in laser hardening and conventional hardening

Source: Meijer and Van Sprang (1991)

As mentioned earlier, carburization depth is dependent of time and temperature. Since hardenabil-
ity of a material is mostly related to its carbon content, the effective hardening depth —the depth
at which there is a hardness of 550 HV —is also strongly dependent of the carburization depth.
From the calculations in KISSsoft, an optimum surface hardness of 60 HRC and a case hardening
depth of 0.3mm is determined. If we compare this value to optimum values from ISO6336 in figure
2.9, it can be concluded that this is a reasonable depth. Therefore this value of 0.3mm effective
hardening depth was passed on to the company that would perform the carbon diffusion on the
ring gears in order to determine the furnace parameters. (Carburization was performed in a pack
carburizing furnace). Because of the significant lead times on these parts, this value needed to be
determined quite early in the year after limited research time. There are however some important
sidenotes to make in relation to this hardening/diffusion depth.

Figure 2.9: Optimum hardening depth related to gear module

Source: International Organization for Standardization (2007)
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• Looking at the tip of the gear tooth, see figure 2.10, one can see that a hardening depth of
0.3mm would mean that almost the entire tip of the gear would be hardened, this is of course
not ideal, so it is important to limit the heating in the tip of the tooth so the hardening depth
is limited there. If too much heat were to be added, the entire tip of the gear would harden
because the diffusion of carbon happens not only at the tooth flanks, but also at the tip.

Figure 2.10: Dimension of tooth top

• Due to the small dimensions of the gear tooth the cooling rate after carburizing (even without
quenching) can be quite high. Therefore, especially in the top and middle region of the teeth,
a hardness increase might be observed. This increase is not only due to an increase in
cementite because of the higher carbon content, but also because the pearlite grains might
be quite fine compared to the original grain size before carburizing, which increases the
hardness of the material.

The hardness increase in the top and middle of the teeth was observed during testing and is shown
in figure 2.11b below. The influence of hardening depth and geometry are discussed in further
detail in chapter 3.

(a) Path of hardness measure-
ments in tooth top and middle

(b) Plot of measured hardness in top and middle
of the gear tooth

Figure 2.11: Increased hardness in top and middle of the gear tooth

2.4.3 System service life in relation to steel type

The hardening effects of carburizing before laserhardening can be quite significant. However, the
toughness of case-hardened 16MnCr5 really is necessary in the application of a Formula Student
gearbox. If a steel with a higher carbon content were to be used to make carburizing obsolete, the
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System Service Life

Material Both 16MnCr5 Both 42CrMo4 Ring gear 42CrMo4,
planet gear 16MnCr5

Tooth root service life (h) 1394 30 104
Tooth flank service life (h) 8.25e+04 407 1593
System service life (h) 1394 30 104

Table 2.1 Comparison of system service life for different gear materials in KISSsoft

increase in size and weight of the gears would be far from competitive compared to other Formula
Student teams. In order to make a comparison, KISSsoft simulations for an alloy that is often
used for laser hardening were conducted, 42CrMo4. The full calculation reports can be found in
appendices C, D and E, a comparison of the system service lifes can be found in table 2.1.

It is evident from the table that gears from 42CrMo4 would fail much too early if the same gear
dimensions are used. Calculations with larger gear dimensions in order to obtain the required
service life with 42CrMo4 gears were performed. The calculation report can be found in appendix
F. The difference in mass between the 16MnCr5 gears and the 42CrMo4 gears calculated was over
20% higher in favour of 16MnCr5. This difference in mass is only due to the increase in gear size.
Increases in size (and therefore weight) of axles, housing, bearings, etc. were not considered in the
calculation. If these increases in mass would also be held into account, the mass difference would
be even higher. Such a substantial increase in weight cannot be justified on a racecar where weight
is one of the most important criteria for performance. From the service life and mass calculations, it
can be concluded that the toughness of a carburizing alloy is needed for this compact application.

The next chapter will explain failing mechanisms in gears and their relation to the material properties
of the alloy used. The relation between case hardening depth and prevention of mechanical failure
is also elaborated upon.



3
Mechanical properties hardened gears

3.1 Introduction

The purpose of a racecar is to complete a lap in the least amount of time. Because of this, the
FEB team is always search for the best performing parts. Specifically for the gearbox the trade-
off between weight and lifespan has to be made. In the upcoming section, this optimum and the
reasoning behind it is explained.

3.2 Failure mechanisms of gears

Because of the complex geometry of a gear and the way its laoad are applied, gears have certain
diverse failure mechanisms. The 4 most common are (Kren, 2007):

• Macropitting

• Tooth root bending fatigue

• Wear

• Tooth flank fracture

3.2.1 Macropitting

The purpose of gears is to transmit torque. This is done by transmitting contact forces on the tooth
flanks. These contact forces will introduce hertzian stresses on the surface and shear stresses

23
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deeper in the material under the contact patch.

shertz =

s
F ·Eeq

2 ·p · (1�n2) ·b ·req
(MPa) (3.1)

In which F is the force acting between the 2 surfaces, Eeq the equivalent Young’s modulus of the 2
used materials, n the poisson coefficient , b the width of the contact and req the equivalent radius
of curvature at the contact (Wittel et al., 2016)

Due to the involute tooth geometry the equivalent radius of curvature depends on the angle of
rotation of the gear itself. Because of this, the contact stresses will also differ, meaning that pitting
is more likely to occur in particular regions of the tooth flank. Besides that, the contact stresses are
also dependent of the meshing stiffness, contact ratio and tooth profile modifications of the gear
pair. In an upcoming section (3.4.1), this is explained in more detail.

The material of the gear has a certain fatigue limit for Hertzian stresses. When the gear’s tooth
flank goes through too many cycles, fatigue will occur and thereafter small cracks will occur at the
surface or right below it (Edge, 2021). When the crack occurs beneath the surface and the loads
are applied continuously the crack will move to the surface, as can be seen in figure 3.1. At this
point some of the material is lost resulting in vibrations of the meshing gears. These vibrations
will only increase the loading on the gear which will result in failure of the gear. It can also occur
that the tooth will fail due to tooth root bending after pitting has damaged the surface. Due to the
pitting damage, the load on the tooth flank increases, which may overload the tooth root, causing
it to fail. The occurring Hertzian stress is also highly dependent on the surface roughness of the
tooth flanks, the oil film thickness and any debris in the oil. All of these can cause the force to be
transmitted over a much smaller surface thus increasing the Hertzian stress.

Figure 3.1: Pitting on a spur gear

Source: Corporation (2011)
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3.2.2 Tooth root bending fatigue

The load coming from the meshing gears does not only induce a contact stress in the contact patch
and its surroundings, it also generates a moment around the tooth root, which in turn results in a
bending stress in the tooth root.

A good approximation of this stress can be made with simple strength theory.

(a) Bending stress at root (b) Root failure due to tooth root bending

Figure 3.2: Tooth root bending

Source: Akpolat (2018)

sb =
Wt · l · t

2

b·t3

12

(MPa) (3.2)

With b being the width of the gear. The rest of the parameters can be derived from figure 3.2a

The tooth root bending stress then has to be related to the fatigue bending stress at the root to
determine how long the tooth root will last. When the fatigue strength is reached, cracks will begin
to occur at the root. These cracks will propagate further down the depth of the material with every
cycle, generating beach marks. When the crack has become too great in size, the rest of the root
will break in a brittle manner.

Although the formula above can give a good first indication on the magnitude of the stress, this
stress is also highly dependent on the way the load is applied and the gear geometry itself. For
example, the contact ratio and meshing stiffness are very important factors to consider when de-
termining the maximum bending stress in the root. The reason why these are so important will be
explained in section 3.4. All these influences can be summarized in the so called K- and Y-factors.

sb,lim >= (sb ·ÂK) ·ÂY (3.3)
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If the above equation is satisfied, the tooth root will in theory not fail due to the bending for an
infinite amount of cycles.

3.2.3 Abrasive wear

Like pitting, wear is a mechanism in a gear that takes place at the contact patch of the meshing
teeth. Abrasive wear arises from the roughness of the mating teeth. The roughness peaks on one
gear will scrape material from the second gear and vice versa.

Figure 3.3: Abrasive wear

Source: FailureAtlas (2020)

The debris that ends up in the oil of the gearbox will in its turn also end up in the oil film between the
meshing gears, resulting in even more wear. However, wear is normal when two gears are being
meshed for the first time. This period is called the run-in period of a gearbox. During this period,
the oil should be refreshed periodically. Wear can also occur after the run-in period depending on
the finishing of the gear and other factors. The thickness of the oil film is very important here. In
well operated gearboxes, there will always be a thick enough oil film between the meshing teeth
such that there is no metallic contact between the two flanks, resulting in quasi none abrasive wear.
The pitch line velocity and load on the tooth flanks of the gear pair have a great influence on the
thickness of the oil film and therefore also on the amount of wear (Chitta, 2012).

The amount of wear can differ a lot depending on the location on the tooth flank. Based on figure
3.4 it is easy to see that the teeth have a relative speed at the contact patch. This relative speed is
also called the sliding velocity. It is important to state here that the sliding velocity at contact on the
pitch line is zero, the tooth flanks will only roll over each other in this point. Flodin (2000) proposed
that when the sliding velocity is increased, the material will locally interact with more asperities
compared to if the sliding velocity were lower. As a result of this, the tooth surface will wear the
most where specific sliding is the greatest.
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Figure 3.4: Rolling of tooth surfaces

Source: Mao, K. and Hooke, C. J. (2009)

3.2.4 Tooth flank fracture

The purpose of gears is to transmit torque. They do this by transmitting contact forces on the
tooth flanks. These contact forces will introduce contact stresses in the surface and shear stresses
deeper in the material under the contact patch. When the shear stress induced in the material
reaches a certain fatigue stress the stress will cause a crack to form. The maximum shear stress
will be induced at a certain depth under the surface. This depth is correlated to the equivalent
radius of curvature, the Hertzian stress acting at the contact & the equivalent Young’s modulus.
The maximum shear stress is induced at a depth because when we split the tooth up in planes at
certain depths from the surface we see that a plane at a depth differing from zero has the greatest
curvature in relation to its equilibrium state and thus the greatest shear stresses will occur here.

The causes of tooth flank fracture are very similar to those of macropitting. In addition, tooth flank
fracture can also be caused by pitting. Depending on the gear geometry and load, a crack will show
up at the surface or deeper in the material. The cracks typically develop at non-metallic inclusions,
because these inclusions will have a different Young’s modulus than the bulk material, so a stress
concentration is formed there (Boiadjiev et al., 2015). When the crack originates sub-surface and
the loads are still being induced, the crack will grow towards the surface as well as toward the bulk
of the material, since the crack itself acts as a stress riser for the surrounding material. Eventually
the crack will reach the surface. After the crack has moved into a certain depth, the tooth can
eventually fail with a brittle fracture when the remaining surface is overloaded (Stahl et al., 2018).
Because tooth flank fracture is not a common failure mode of gears,this mode will not be discussed
in detail.
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(a) Shear stresses in contact patch

Source: Glaeser and Shaffer (1996)

(b) Tooth flank fracture

Source: Boiadjiev et al. (2015)

Figure 3.5: Shear stresses in tooth flank & tooth flank fracture

3.3 Residual stresses

In section 2 it was already explained how the mechanical properties of a part change when it is
hardened. Because the part cools down to room temperature in a non-uniform manner when it
is carburized, the part does not have a uniform microstructure. The thermal and transformational
stresses will cause residual stresses to remain in the part. Residual stresses are very important
to consider because they can enhance or deteriorate the mechanical properties even further. In
this section it is explained how residual stresses are formed on the surface and in the depth of the
material when a sample is laserhardened.

(a) Stress state of part during laser hardening (b) Example of residual stresses for different
beam sizes

Figure 3.6: Generation of residual stresses during laser hardening

Source: (Kiefer et al., 2021a)
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Figure 3.6a illustrates the generation of the residual stresses. In the ’a’ region, the compressive
stress rises. This happens because the laser spot approaches the coordinate for which the stress
is monitored. The laser spot will cause this spot to heat and as a result the material will expand
thermally, but the expansion is stopped by the cold material surrounding the spot. Since the spot is
brought to a higher temperature, its yield strength will also drop because the atoms will oscillate with
a larger amplitude so less energy should be added for dislocations to move to another equilibrium
position.

Thereafter in the ’g’ region, the material is heated above the austenitization temperature. Because
the FCC austenite has a larger atomic packing factor than the BCC ferrite, the density of austenite
will be larger than the density of ferrite, thus the material will shrink and the compressive stresses
will be lowered. From this point on the temperature of the spot is decreasing. Because austen-
ite has a higher thermal expansion coefficient than ferrite, the material will locally want to shrink
even further while the temperature is dropping, resulting in higher tensile stresses. Meanwhile the
temperature is dropping further and at a certain point in time the material will reach the marten-
site transformation temperature, where martensite will be formed. At this moment, the material
will expand because BCT martensite has a lower atomic packing factor than austenite, resulting in
compressive stresses. Because the martensite start and end temperature are fairly low, the mate-
rial will have lost a big part of its ductility so the compressive stresses cannot be compensated by
a shrinkage of the material. Thus the compressive stresses are permanent (Kiefer et al., 2021b).

Because of the carbon concentration gradient on the surface explained in section 2, the material
will have a different martensite start and end temperature depending on the depth from the surface.
The martensite start temperature (MS) and end temperature (MF ) will drop with higher carbon
concentrations, see figure 2.4a. When the carbon concentration is high enough the martensite
end temperature can even drop under room temperature, causing retained austenite to be created.
Because of the atomic packing factor of retained austenite, the compressive stresses at the surface
can be lowered or even converted to tensile stresses. Another factor that can contribute to the
lowering of the residual compressive stresses is the reduced resistance to shrinkage of the material
at the surface of the part.

Although the origin of residual stresses is understood, it is very difficult to describe their magnitude
and how the stresses change as a function of the depth from the surface. The stress is dependent
on a lot of factors: laser trajectory, spot size, intensity of the laser, carbon concentration gradient,
etc. The residual stress is nonetheless very important to determine the optimal case hardening
depth because the residual stresses change the fatigue limit of the material, see figure 3.7. Be-
cause there is no straightforward mathematical model to determine the residual stresses, these
stresses are simulated using the heat treatment software, DANTE (explained in section 7).
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Figure 3.7: Influence of residual stress on fatigue

Source: (Genel, 2005)

3.4 Optimisation of the case hardening depth

In this subsection the optimal case hardening depth according to the previously explained failure
mechanisms is determined. This case hardening depth is very important because it will be used as
a goal during selection of all the different laser parameters.

3.4.1 Macropitting

As stated, macropitting is directly related to the Hertzian stresses between two meshing tooth
flanks. Despite the equation to find the Hertzian stress being relatively straightforward, a lot of
attention should be paid when defining the force F . Supposing the torque on the input gear is
constant, the force on the tooth flank will not be constant. This is due to several reasons.

First of all, the amount of gears in mesh changes with the rotation of the gears, this effect is
expressed as the contact ratio of a gear set. The higher this ratio the better the load is distributed
over a higher number of teeth. The contact ratio can be determined using simple trigonometry.
In this case, the gear pair has a contact ratio value of around 1.7, which means that around 80%
of the time 2 teeth are in mesh at the same time. From figure 3.8 it is concluded that the region
of the tooth flank that solely transmits torque is the region around the middle of the height of the
tooth flank. Here, an early assumption that macropitting is more likely to occur at the middle of the
toothflank than around the dedendum or addendum circle can be made.
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Figure 3.8: Meshing of teeth

Knowing the contact ratio, it is possible to determine how the loads will be distributed over the
different teeth as a function of the gear angle. Supposing that the gears are infinitely stiff, the load
distribution for a certain tooth can be found, figure 3.9b. In reality, the normal force distribution
will look a lot different because the gear teeth will deform under load. The way the teeth deform,
depends on the location of the normal force. This reasoning explains why the normal force rises
between A and B and drops between D and E on figure 3.9a. Another reason why the real normal
force distribution is more constant than in theory, is because of tip relief, the profile modification
explained in section 1.5.1.

(a) Stress state of part during laser hard-
ening

(b) Example of residual stresses for different beam sizes

Figure 3.9: Effective & ideal normal forces on gear tooth

As stated earlier, the equivalent radius of curvature, req, is of equal importance as the normal force
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to calculate the Hertzian stresses. To get an insight in this effect, an approximate calculation of the
radii of curvature is performed. When looking at figure 3.8, it can be assumed that the radius of
curvature for the ring gear, rring, is constant, with a value of ±15mm. This value may be assumed
as constant because of the amount of teeth the ring gear has in relation to the planet gear. The
equivalent radius of curvature is calculated using following formula :

req =
2 ·rring ·rplanet

rring +rplanet
(3.4)

The radius of curvature for the planet gear, rplanet , for every point on the contact line is calculated
by plotting the involute profile of the tooth and fitting the best possible circle to every section of the
contact patch. It is important to point out that for this calculation the tooth profile is assumed to
be a perfect involute. In reality this will not be the cause because the roughness of the tooth flank
also has an influence on the profile. Apart from this, the gears are also pit relieved which changes
the radius of curvature in the region of the tooth top. The calculation is just to show to what extent
the equivalent radius of curvature changes when travelling from tooth root to tooth top. Looking at
figure 3.10a one can conclude that the radius of curvature for the planet gear is smallest near the
tooth root which results in the highest Hertzian stresses in this area. Looking at the ring gear, it is
concluded that the highest Hertzian stresses will occur near the tooth top since the tooth root of the
planet gear will be in mesh with the tooth top of the ring gear and vice versa.

(a) Involute profile & equivalent radius of curvature for
the planet gear

(b) Coordinate system for figure
3.10a

Figure 3.10: Calculation equivalent radius planet gear

The rolling and sliding of the tooth flanks explained in section 3.2.3 can also alter the shear stress
state under the surface (Fernandes and McDulling, 1997). Negative sliding always occurs in the
region between the pitch line and tooth root. When it occurs, the rolling will cause the material to
be pushed in one direction and sliding causes it to be pushed in the other direction. This has as an
effect that the maximum shear stress will be raised and will appear closer to the surface.
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A last factor that will be discussed, is crowning of the tooth flank. In chapter 1 a short explanation
can be found on why one would crown the tooth flanks of a gear. The result of this adjustment is
that when the axis of both gears are perfectly perpendicular, most of the load will be transmitted
through the center of the width of the tooth flank. KISSsoft can also provide a calculation result of
the Hertzian stresses based on all these factors. In figure 3.11 a plot of the Hertzian stresses of
the planet gear in relation to its rotation angle can be found. Although the Hertzian stresses for the
planet gear are plotted, they will stay the same for the ring gear. The only difference is the angle
of rotation. From these plots one can conclude that the largest Hertzian stress will appear at the
tooth top of the ring gear at the center of the width of the tooth flank. After the tooth is meshed, the
Hertzian stress will drop in a quasi-linear way with the angle of rotation.

(a)

Figure 3.11: Hertzian stresses ring gear

As stated earlier in this chapter, the fatigue stress and tensile stress of steel will change in a quasi
linear fashion with the hardness of the material (Stahl et al., 2018). That is why the desired surface
hardness is as high as possible —having regard for the increased brittleness —so the surface will
not deform plastically due to the contact stresses. For 16MnCr5 the maximum achievable hardness
lies around 60 to 66 HRC (Steel, 2016). It is of great importance that the high surface hardness is
assured around the region of highest Hertzian stresses, the tooth top. The tensile strength can be
plotted as a function of the hardness (International Organization for Standardization, 2014) and the
hertzian stresses at every point of contact on the tooth flank can be used to determine the required
hardness, but eventually the tooth flanks have to be laser hardened. This would be a lot easier if
a constant surface hardness over the tooth flank is assumed. Besides, a higher surface hardness
in the tooth root area will not cause the tooth root to fail earlier than it would with a lower surface
hardness, as will be discussed in section 3.4.2.
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In order to determine the needed effective case hardening depth for the macropitting failure mode,
it is necessary to have a look at the shear stresses under the surface induced by the Hertzian
stresses and its influences discussed earlier. In subsection 3.2.4 it is explained why the shear
stresses reach a maximum under the surface. The occurring shear stresses typically have a mag-
nitude of 30% of the maximum hertzian stress (Shimizu, 2012). Although the shear stresses have
a limited magnitude in comparison with the hertzian stresses, they become very important when
looking at crack initiation. Looking at the hardness profile, it is necessary for the case hardening
depth to be higher than the depth at which the maximum shear stress occurs. This way it is assured
that the fatigue strength for a certain amount of cycles does not intersect with the peak of the shear
stress at its depth, see figure 3.12a.

(a) Hardening depth shear stresses (b) Shear stresses with/without residual stresses

Figure 3.12: Shear stresses caused by Hertzian stresses at the contact patch

Source: (Tobie et al., 2018)

Considering how the optimal case hardening depth is determined, how the Hertzian stresses are
induced and how they are related to the shear stresses, it is required to determine the depth of
maximum shear stresses. This can be done by using KISSsoft which accounts for the influence of
the contact ratio, meshing stiffness, etc. A maximum shear stress was found at a depth of 0.044mm.
It is advisable to choose a case hardening depth greater than this maximum shear stress depth,
since no intersection between the material strength and the occurring shear stress may occur. DNV
41.2 (2015) states that the case hardening depth should be double of the maximum shear stress
depth, being 0.088mm. Residual stresses also influence where the maximum shear stress will
occur, the residual compressive stresses at the surface will cause the maximum shear stress depth
to become deeper in the material, but at a lower maximum shear stress, thus increasing the lifetime
of the tooth flank, see figure 3.12b. Because the laserhardening proces —explained in chapter 4
—has a lot of different parameters that will influence the residual stress distribution, it is very hard
to predict how the case hardening depth should be changed accordingly. This should be revised
once the residual stresses caused by laser hardening are more clear.
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3.4.2 Tooth root bending fatigue

KISSsoft can provide a calculation of the tooth root bending stress concerning all the influencing
factors considered in section 3.2.2. Just as with the pitting failure mode, it is desired for the surface
hardness to be as high as possible such that the strength increases and the tooth root will not fail
when a load is applied. When moving further into the depth of the material, the way the stress state
changes with the depth needs to be examined in order to determine the optimal case hardening
depth.

Looking at the theoretical formula for tooth root bending stress, it is easy to understand that the
bending stress changes linearly with the depth. The bending stress will reach a maximum on the
surface because there the distance from the neutral axis is the largest. When moving deeper in
the material, the bending stress decreases until it reaches a zero value at the depth of the neutral
axis. It is important to consider that the contact force on the tooth flank also has a radial component
which compresses the tooth radially and lowers the maximum tensile bending stress, see 3.13.

Figure 3.13: Stress components tooth root bending

Source: (Eritenel, 2019)

Knowing this, the ideal hardness profile would also be linear, considering the tensile strength
changes linearly with the hardness. Unfortunately, stress concentrations will always occur, chang-
ing the stress distribution drastically, despite the tooth root having a fillet. Depending on the gear’s
geometry (size, root fillet, module,...) the stress concentration will dissipate more quickly/slowly
in the depth of the material. Another factor that has a very big influence on what case hardening
depth is optimal, are the residual stresses. Tobie et al. (2005) did research on the optimum case
hardening depth for tooth root bending and they also considered the effect of the residual stresses
caused by a carburizing process. They carried out fatigue tests on gears out of 16MnCr5 with
several different modules and case hardening depths. They experimentally found a relation for the



CHAPTER 3. MECHANICAL PROPERTIES HARDENED GEARS 36

optimal case hardening depth for tooth root bending. As mentioned, this is the optimal case hard-
ening depth for carburized gears. The residual stresses profile will not be the same for carburizing
or laser hardening, but this hardening depth will be used for now because the generation of residual
stresses looks very much alike.

CHDopt = 0.1 ·m (3.5)

With CHDopt the optimal case hardening depth, m the module of the gear set.

3.4.3 Abrasive wear

As stated in section 3.2.3 a lot of factors influence the amount of wear. Therefore it is not easy to
come up with a comprehensive formula to determine the wear. Winter and Plewe (1982) have done
research on how to calculate the wear rate factor depending on the oil film thickness and the type
of oil used for case hardened gears. This wear rate factor can then be used to calculate the wear
using Archard’s wear equation.

Q =
K ·W ·L

H
(3.6)

At which Q the volume of material removed by wear, K wear rate factor, W normal load, L sliding
distance, H factor related to the hardness of the material

However, knowledge about the way the roughness of the flanks influences the wear rate is very
limited. For this reason, the wear rate factor calculated by their methods should be multiplied with a
value ranging from 0.01 to 1. In this case, the wear rate factor is multiplied by 1, since this accounts
for the most material being removed and thus for the worst case. The wear calculation based on
the factors above is built in in KISSsoft and can be done iteratively because of the changing loads
when the tooth flank surface wears down. KISSsoft supposes a surface hardness of 60HRC.

From figure 3.14a it can be observed that the cumulative wear has a maximum value of 0.068µm
on the ring gear tooth flank. One can conclude that the wear does not really influence the selected
case hardening depth any further, because the other criteria —pitting and tooth root bending fa-
tigue —are more constraining. Though it is important to emphasize that the surface hardness of
±60HRC has to be reached for the calculated wear to have any significance.
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(a) Iterative wear calculation (b) Specific sliding of used gear pair

Figure 3.14: Abrasive wear & specific sliding

3.4.4 Conclusion

All the optimal case hardening depths for the different failure mechanisms are summarized in ta-
ble 3.1. The case hardening depth for abrasive wear is no constraint for determining the optimal
laser parameters because the constraint by pitting will always be greater. It is also important to
mention that these case hardening depths should effectively be validated by fatigue tests for tooth
root bending & pitting. However, this is not within the scope of this masters thesis. For this reason
the optimum case hardening depth at the tooth flanks is set to ±200µm, in this thesis no fatigue
tests will be conducted and thus there is a certain risk that the above determined case hardening
depths are too minimal and the gear would fail after a short period. Therefore the mean between
the above determined optimum case hardening depth (±100µm) and the optimum case harden-
ing depth determined by International Organization for Standardization (2007) being ±300µm is
chosen.

Optimal Case Hardening Depth

Pitting > 88µm
Bending > 100µm
Abrasive wear /

Table 3.1 Optimal case hardening depth (550HV) for the different failure mechanisms



4
Laserhardening

4.1 Introduction

In this chapter it is explained how to use lasers to reach the predetermined hardness requirements.
The concept choice and simulation models will also be emphasized in this section.

4.2 The laser

4.2.1 Lasers

There are many different types of lasers, but the two most common types of lasers used in for
hardening are CO

2

lasers and YAG lasers, where YAG stands for yttrium aluminum garnet). These
two types of lasers have quite a different wavelength, in fact the wavelength of YAG lasers is exactly
10 times smaller than the wavelength of a CO

2

laser (EpilogLaser, 2014). In figure 4.1, an overview
of different laser wavelengths is provided, as well as the absorption coëfficients for laserlight of
these wavelengths.

38
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Figure 4.1: Absorption of laserlight for different materials and wavelengths

Source: Totten (2006)

As is evident from the figure, the absorption (more on that subject in section 4.3) of laserlight in
steels is much higher for YAG lasers than for CO

2

lasers. The laser used in this research is a
Yb-YAG laser (Ytterbium-YAG), meaning that the YAG-crystals are ytterbium-doped. YAG lasers
are a type of thin-disk laser. Without going too much into detail, the working principle of thin-disk
lasers is as follows: a small diodelaser generates a small laserbeam, called the pump beam. This
laserbeam is projected onto a parabolic mirror, which directs the laserbeam onto the crystal (in this
case the Yb-YAG crystal). In the crystal, several electrons are excited by the laserbeam. When the
energy level of these electrons drops again, they emit a photon. This process is called stimulated
emission. The enhanced laserbeam is directed back at the parabolic mirror again. Due to part of
this mirror being only partially silvered (partially reflecting), part of the laserbeam is directed into
the fibre which transports the output laserbeam to the laser target. The other part of the laserbeam
is directed back at the crystal and again creates stimulated emission. This process is repeated
continuously, creating a powerful output beam (Physics and Radio-Electronics, 2015).



CHAPTER 4. LASERHARDENING 40

Figure 4.2: Schematic representation of a thin disk laser

Source: Pandey (2015)

4.2.2 Trumpf TruDisk 5001

The laser used in this thesis as mentioned above is an Yb-YAG laser, namely the Trumpf TruDisk
5001. Some of the most important attributes of this laser are listed below, a Trumpf datasheet can
be found in appendix G.

• Minimum power = 100W

• Maximum power = 5kW

• Active power regulation accurate to 1%

• Wavelength l = 1030nm (infrared light)

• BPP= 4 mm mrad

• M2-factor=12.2

• Brightline Weld funtion (explained further in section 4.4)

• Laser optics can move in X-, Y- and Z- direction.

The last item is especially important. Not only is it possible to make the laser follow a certain track
in a 2D plane, it is also possible to adjust defokus of the laser (physically by adjusting the height
of the suspended bar of the system, as well as in the software, albeit that the software has a more
limited range). This means that it is possible to enlarge the spotsize projected onto the part. The
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setup of the laser is shown in figure 4.3 below. The following items can be distinguished on the
picture:

1. Laser source

2. Guide rails for height adjustment laser

3. LLK (Laser Light Cable)

4. Laser optics

5. Workbench laser

Figure 4.3: Laser setup at FOKUS lab

4.2.3 BPP and M2

The BPP or Beam Parameter Product is the product of the radius of the laserbeam and the beam
divergence half-angle, with the radius of the beam being measured at the beam waist (RP Photon-
ics Encyclopedia, 2018). Figure 4.4a illustrates how the BPP is determined. The BPP is a measure
for the beam quality, a lower BPP signifying a higher beam quality. The Beam Quality Factor M2

is another measure for the beam quality, relating the BPP to the wavelength of the laserlight as in
equation 4.2. The M 2 compares the actual shape of the laser beam to an ideal Gaussian beam.
Looking at figure 4.4b, it is clear that the laser used, produces quite a qualitative laserbeam com-
pared to other types of lasers.

BPP = w
0

q
0

(4.1)

With w
0

being the beam waist radius (mm). q
0

the divergence half angle (µrad)

M2 =
BPPp

l
(4.2)
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(a) BPP illustrated (b) BPP plotted against Beam Quality Factor

Figure 4.4: BPP and Beam Quality Factor (RP Photonics Encyclopedia, 2018)

4.2.4 Defocusing laser spot

An ideal laser spot has a Gaussian distribution. The beam diameter of the laser is defined as the
1/e2 width: the distance between two points on the distribution that have a value of 0.135 (= 1/e2)
times the distribution maximum value, as depicted in figure 4.5. As mentioned in section 4.2.2, by
adjusting the height of the laser optics relative to the workpiece, the laser spot on the workpiece can
be made larger. It is clear that by bringing the point where the laser beam hits the object’s surface
further out of focus (moving to the left or right in figure 4.4a), the spot diameter increases. Most
lasers spots in focus are quite small (180 µm for the TruDisk 5001), meaning that for a powerful
laser there is a very high energy density at the centre of the beam. When defocusing, besides the
spot size increasing, the Gaussian distribution is also ’flattened’, providing a more uniform energy
density over the entirety of the spot. This increased spot diameter can be useful in applications
where a larger surface needs to be heated uniformly, as a small spot size heats the material very
locally.

Figure 4.5: Beam diameter or 1/e2 width

Source: Semrock (nd)
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Defocusing a laser beam does come at a price, however. A larger spot size tends to heat the mate-
rial less deep compared to a small spotsize due to the reduced local intensity. On top of that, beam
quality can reduce quite drastically, depending on certain laser parameters. Figure 4.6 illustrates
this deterioration of beam quality with increasing defocusing distance. When defocusing from 0 to
3mm, the distribution mostly becomes more uniform (flattening of the Gaussian distribution), how-
ever, at 4mm defocus, the distribution of the spot becomes very uneven. The extent to which the
beam quality deteriorates by defocusing, is strongly dependent of the type of laser used.

Figure 4.6: Effect of increasing defocus on laser beam distribution and quality

Source: MachineMFG (nd)

4.3 Absorption

4.3.1 Laser light absorption

Since lasers emit electromagnetic radiation, the mechanism of absorption of laser light is as with
regular light. When electromagnetic radiation strikes a surface, 3 things can happen, as illustrated
by figure 4.7:

1. The surface can absorb the laser light, transmitting its energy to the neighboring material.

2. The surface can reflect the light, either by diffuse and/or specular reflection.

3. The light can also be transmitted through the material.
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Figure 4.7: Absorption, reflection and transmission of electromagnetic waves

Source: Bergström (2008)

Usually, a combination of the three occurs, depending on several different factors. In the application
of laser hardening, the most important phenomenon is absorption. Absorption can be seen as
the decrease in intensity over distance of an electromagnetic wave passing through an absorbing
medium. This decrease in intensity in relation to the absorption depth Iz can be defined according
to Beer’s Law 1:

I(z) = I
0

e�az(W/m2) (4.3)

where a = 4pnk
l

0

is the absorption coefficient and l
0

is the vacuum wavelength (nm). n and k are
optical constants. I

0

is the input intensity (W/m2). A quantity related to the absorption coefficient
and perhaps easier to interpret and directly measure compared to the absorption coefficient, is the
absorptance A.

A =
Absorbed laser power

Total laser power incident on the sur f ace
(4.4)

In order to get an idea of the laser power needed to heat the ring gear material to an appropriate
temperature, it is important to have an estimation of the value of the absorption coefficient or the
absorptance.

In laser light absorption, the following parameters play a vital role in the amount of energy that is
absorbed (Bergström, 2008):

1This definition of absorption is only valid for homogeneous media, in heterogeneous media, the optical constants
depend on position and/or direction of propagation. Here a must be replaced by a(z) (Bergström, 2008)
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Laser Beam:

• Intensity

• Wavelength [l]

• Angle of Incidence [a] (see also figure 4.1)

• Polarization, p or s (parallel or perpendicular to the plane of incidence)

Material:

• Composition (eg. material type, alloy composition,... see also figure 4.1)

• Temperature (T)

• Surface roughness

• Surface and bulk defects and impurities (eg. cracks, dust particles,...)

From the literature, there is quite some data available for absorption tests on similar steels and
lasers with equal wavelength as the ones used in this experiment. However, because laser light
absorption is dependent on so many different variables, the best way to get an accurate estimation
of the absorptance, is to perform an experiment in conditions equal to those when laser hardening
the ring gear.

4.3.2 Absorptance tests

For the absorptance tests, first a number of tests was performed. Several 16MnCr5 steel blocks
were milled with a fine surface finish in order to get a roughness value of Ra=0.8µm, similar to the
roughness value of the ring gear teeth (see appendix A). The roughness of the surface has a signif-
icant impact on the absorptance, as rough surfaces will generally have a much higher absorptivity,
as illustrated by figure 4.8. The higher the surface roughness, the higher the portion of laserlight
that will be reflected back at the surface, causing more of the light to be absorbed.

Figure 4.8: Absorption of laser light on a rough surface

Source: Bergström (2008)
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Next, the steel blocks were sent to FEB partner Gearcraft Vanhoutte to perform the carburizing step
required for hardening the low alloy steel. This is a very important step, since composition of the
material has a large influence on the absorptivity of an object’s surface. Besides the difference in
composition, the steel block also gets a matte finish after carburizing, which influences the relative
amount of absorbed laser light as well. After carburizing, two thermocouples were welded onto the
blocks, a few millimeters from the were the laser will track as depicted in figure 4.9a. Once this has
been done, the samples were ready for the lasering step. A 35mm long track in the middle of the
block (see figure 4.9b) was made with the laser, close to the melting temperature.

(a) 16MnCr5 block (1) with the 35mm long laser-
track (2) and two thermocouple welds (3)

(b) Inclination angle (1) and incident laser beam
(2) for the absorption test setup

This lasertrack was performed on a number of samples for a varying incident angle and for varying
powers (first close to the melting point, gradually lowering power to achieve lower surface tem-
peratures). These two variables were experimented with, since they can have quite a significant
influence on the absorptivity (see figures 4.10a and 4.10b). After the lasering step, the samples
were put under the microscope to measure the distance from the thermocouple welds to the middle
of the laser track. This distance will become very important to determine the absorptivity.

(a) Influence of temperature on
laser light absorptivity

Source: Grum (2004a)

(b) Influence of incidence angle on laser light ab-
sorptivity

Source: Costa Rodrigues et al. (2014)
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After testing, a simulation in Ansys (see chapter 7) was performed. The steel blocks were modeled
and a Gaussian heat flux following a straight path of 35mm long was modeled to heat up the steel
block. Next, a temperature probe was placed at a distance from the centre of the heat flux path
equal to the measured distance between thermocouple weld and laser path. By adjusting the
heat flux power until the simulated temperature corresponded with the measured temperature, an
estimation of the absorbed power could be determined from the simulated value. The following
formula was used to obtain an estimated value for the absorptance A:

A =
Heat f lux power in the simulation

Actual laser power
(4.5)

The hardening concept explained later in 4.4.1 uses a laser light incidence angle of about 70°. The
average absorptance value at 70°inclination for the carburized 16MnCr5 was found to be:

A
70°= 83.9% (4.6)

This absorptance value was used later in chapter 8 to obtain an indicatory value to transition from
simulation to physical experiment without losing much time and samples to determine the opti-
mum laser power. In figure 4.11a, a picture from the absorptivity test is shown. A graph with the
measured and the simulated value is also included in figure 4.11b.

(a) Laser track and thermocouple welds on
steel block

(b) Simulated and measured value for absorptivity
tests

4.4 Types of laser hardening

As explained in previous sections the ability of a laser to heat the material is used to harden the
ring gears. In comparison with conventional hardening techniques —such as carburizing or nitriding
—heat can be applied very locally. Consequently the underlying material can be used as a heatsink
to ensure sufficiently high cooling rates.

Lasers also have the advantageous property that their intensity profile can be chosen within certain
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limits. Most lasers have a Gaussian intensity profile due to the cavity modes characteristic for
the used cavity Paschotta (2017). As explained earlier in section 4.2.1, the beam diameter can be
chosen freely, depending on how far from the focal point the laser enters the material. This property
provides a lot of freedom because the entire surface of the gear is to be heat treated. Next to the
Gaussian mode, the intensity profile can also be altered into other profiles such as top-hat, donut,
etc. depending on the application, see figure 4.12a.

(a) Different laser intensity profiles (b) Intensity profiles Brightline weld for different power
ratios

Source: Trumpf (2017)

Figure 4.12: Different intensity profiles

As stated earlier the laser used was equipped with the TRUMPF patented 2-in-1 laser light fibre
technology called Brightline Weld. This technology enables the user to choose how much power is
put in the inner and outer fibre, later referred to as the core and ring. The inner fibre generates a
Gaussian intensity profile, the outer fibre generates a donut type intensity profile. The combination
of the two gives the user a lot of freedom to optimize the process. The technique was originally
created to reduce the amount of spatter while welding (Trumpf, 2017). For laser hardening this
function can also be exploited because it enables the user to generate profiles that can uniformly
heat the workpiece instead of heating very locally as one does when only using the core fibre. In
section 4.4.1 the intensity profile of the laser will be elaborated upon.

Now the different methods of laser hardening will be discussed further, in following order :

• Scanning laser hardening

• Single track hardening

4.4.1 Scanning laser hardening

In scanning laser hardening the laser spot moves in the feed direction at relatively low speed,
meanwhile the spot oscillates with a certain amplitude perpendicular to the feed direction with a
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far greater speed, see figure 4.13. Research done by Bouquet (2016) showed that oscillating in
a zig-zag motion results in the most uniform hardness. Other scanning profiles have also been
researched and can generate sufficient results (Martinez et al., 2011). A big advantage of this
technique is that very large surfaces can be hardened with a limited power output of the laser. In
addition, the effective case hardening depth can be kept very constant over the surface and can
be chosen freely within certain limits. A disadvantage of this technique is that it is very difficult to
regulate the power as function of the position of the laser spot. At the edges of the part there will
be a heat build-up because in these regions the laser spot passes 2 times in a very short time.
This effect should be countered by decreasing the power and/or increasing the oscillation speed.
Mostly this power regulation is done by use of a feedback loop and measurements of the surface
temperature using pyrometers (Bouquet, 2016), (Martinez et al., 2011).

Figure 4.13: Scanning laser hardening

Source: Bouquet (2016)

Another disadvantage of this type of hardening is that the oscillation speed should be kept high,
otherwise tempering of already hardened tracks will occur, resulting in an unusable gear. (temper-
ing will be further discussed in chapter 5). A consequence of this is that the mirrors inside the laser
also have to be able to oscillate at high frequencies. The mirrors itself will have a certain inertia
which causes the zigzag pattern to be rounded of at the corners because the mirror cannot have
an infinitely large angular acceleration due to a finite torque applied on the mirror (Bouquet, 2016).
This effect will further enhance the temperature build-up at the corners causing the material to melt
at these positions when the effect would not be counteracted. In figure 4.14 we can see melt at the
edges of oscillation when the above explained effect is not counteracted.

Another factor that is really important to see if this approach is feasible, is the intensity distribution
of the laser spot. The goal is for every section of material at the surface and at a depth from the
surface to go through the same thermal history in order to obtain a constant surface hardness and
an effective case hardening depth with minimal distortions. It is best to approach this target with
a top-hat intensity profile, as this profile enables the user to heat up as much of the surface as
possible up to a certain temperature without it melting, as would happen with a Gaussian profile.
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Figure 4.14: High frequency zigzag

For this reason the ability of the laser to create top-hat like intensity profiles is looked into. Because
the ’Brightline Weld’ technique is patented (and very little information on this function is available) it
is unclear how the donut shaped profile is formed. In literature it is found that the donut profile can
for example be achieved by the use of axicons to generate bessel beams (Colombier et al., 2017)
or by spiral phase plates (SPP) and binary spiral phase holograms to convert the Gaussian profile
into a donut profile (Steiger et al., 2013). Because it is unclear which of these techniques is used
in the FOKUS laser, it is not possible to devise an equation for its intensity profile as a function of
the defocus height relative to the focal plane. For this reason, the intensity profile is determined
experimentally.

First, tests were conducted for in focus steel samples with all the power in the outer fibre and zero
in the inner fibre. The power was then gradually increased until it was easy to demarcate a heat
affected zone at the surface of the sample. These kind of tests should ideally be conducted by
use of beam analyzers but because the lower power treshold of the laser is 100W, a suitable beam
analyzer could not be found. This is why the less accurate visual method was used. The power was
applied to the sample in a very short pulse to minimise the effect of heat diffusion within the material.
The result of this test can be seen in figure 4.15a. From this figure and the tempering colors and
temperatures of steel, (Hamza, 2020), it is clear that the intensity profile is most definitely donut
shaped. The effect of defocusing the sample is shown in figure 4.15b. Thus, a top-hat intensity
profile can be accomplished by defocusing the laser. It is important to emphasize that this method
of determining the intensity is by no means ideal, but it can provide a good indication.
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(a) 100W, 10ms, in focus (b) 1100W, 1ms, 10mm defocus

Figure 4.15: Thermal markings for different laser settings

Scanning laser hardening can be applied in different ways to the ring gear. One could feed from
side to side, top to root of the teeth and vice versa, as seen in figure 4.16 to 4.18. The method
depicted in 4.18 has the advantage that the same result can be achieved with lower velocities. This
is because the height of the tooth is a factor ±7 times smaller than the width of the gear. For
the exact dimensions a technical drawing is attached in appendix A. Lower velocities are sufficient
because the path length of one oscillation is much smaller than the oscillation length of the laser
paths in 4.16 and 4.17. The speed in itself is not a big problem for the laser used in this thesis, as it
can reach speeds up to 15000 mm/s which is sufficient considering the literature (Bouquet, 2016)
(Martinez et al., 2011). However the accelerations can become a problem as stated earlier in this
section.

Figure 4.16: Laser path from top to foot Figure 4.17: Laser path from foot to top

Figure 4.18: Laser path from side to side



CHAPTER 4. LASERHARDENING 52

A disadvantage of a feed direction from side to side is that the root also needs to be hardened
because of the bending stresses acting there explained in section 3.4.2. When looking at the
tangent angle of surface from top to root in figure 4.19a one can see that the angle changes a lot
in the area of the root fillet. As explained in section 4.3 it is clear that the angle of incidence has an
influence on the absorptivity. Because of this the absorptivity of the laser will change depending on
the position where the laserbeam hits the surface, which makes the power regulation extra difficult.
When pyrometers and a feedback loop would be used this effect would not make the problem
harder because it is self-resolving due to the loop. However, there was no pyrometer available,
meaning the laser power and speed could not be changed once the laser has started. Therefore,
all the laser parameters have to be determined experimentally or using simulations. The simulation
aspect will be covered further in section 7.

Due to the complex geometry of the ring gear the number of ways to point the laser beam at the
surface is limited. Ideally, the laser beam to would point as perpendicular as possible to the surface
such that errors due to misalignment are minimised. On the one hand the ring gear should be
rotated around the Y-axis, figure 4.19b, when the laser beam would impinge vertically. This is
because if the laser beam were to be pointed in the plane of the ring gear, the tooth surface would
be out of reach because the gearing is internal, so the other side of the gear would block the laser
path. This problem could be avoided by the use of a mirror at the center of the ring gear but this
will enhance the errors due to misalignment. On the other hand it is impossible for the beam to
hit the tooth perpendicular to the tooth surface in the YZ-surface because an adjacent tooth will
block the path. In order to hit as perpendicularly as possible, the adjacent tooth face will be placed
parallel with the laser beam. Taking these factors into account, the optimal gear alignment can be
determined in figure 4.19c. Due to the angle between the tooth surface and the impinging laser
beam in the YZ-plane not being equal to 90°whatever the intensity profile is, it will be stretched
when it is projected onto the surface. This is the same effect as when looking at a penny from an
angle, it will seem elliptical. This angle was found to be a maximum of ±40°. Because the gear
teeth only have a tooth height of ±2.4mm and the top hat beam diameter is ±0.8mm, it will become
very difficult to harden the gears using scanning laser hardening because there is not much room
to move. This will most likely cause a non-uniform hardness at the edges of the irradiated area.
Based on these disadvantages there was opted to look into alternatives for this method which will
be discussed in upcoming sections.
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(a) Tangent angle and geometry of tooth (b) Ring gear (c) Tilted ring gear

Figure 4.19: Tilt angle of ring gear

4.4.2 Single track hardening

In single track hardening the laser beam translates over the surface with a low speed in comparison
to the oscillation speed of scanning laser hardening. Sufficient areas can be hardened because this
type of hardening is done with very large beam sizes. By translating slowly over the surface, enough
energy can be added such that the steel changes to an austenitic microstructure. Once the laser
has traveled far enough away from the previously heated point, the cool material underneath will
ensure self quenching of the material such that a martensitic microstructure is achieved. Although
large hardened surfaces can be achieved with this method, its dimensions are finite because the
intensity profile of the beam has a finite width. As a consequence several tracks next to each
other should be hardened after each other which causes tempering, see figure 4.20 (Giorleo and
Semeraro, 2010) (Oosterlinck and Steenberghen, 2018). This effect can be minimised by choosing
an appropriate beam distribution. A wide beam with very sharp edges would be ideal such that the
overlap zone can be kept as small as possible so the tempering effect is minimized. However if
there is an overlap zone, the ring gear will fail in this location because in gears the contact patches
are very small, so this method is not an option for this application. Despite that, for applications in
which the forces are distributed over great surfaces, moulds for example, this is an option.

Figure 4.20: Back tempering effect

Source: (Giorleo and Semeraro, 2010)
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In this case, the fact that the module is so small can be turned to an advantage. From appendix A
one can see that the distance between two adjacent tooth tops is ±2.3mm If the sample to harden
were to be put out of focus, the diameter of the impinging beam would increase. However, it is
impossible to use the outer fibre to get a top hat profile with the needed diameter, because the
top hat profile will change in another distribution which is unknown. Tests were conducted on out
of focus focal planes for the outer fibre, but the uncertainty on its distribution is too significant,
see figure 4.21. This is why the Gaussian beam generated by the inner fibre was used, since
the Gaussian distribution is maintained when the sample is put out of focus. The only thing that
changes is its diameter. (The quality of the beam will also deteriorate a bit, but this effect will be
neglected).

Figure 4.21: 250W, 30ms, 20mm defocus

There are 2 possible concepts using this technique. The first is to let the middle of the Gaussian
beam travel along the middle of the tooth root, depicted in figure 4.22a. This way 2 tooth flanks
are hardened in one laser movement. The second concept consists of only one tooth flank that is
hardened at the same time, depicted in figure 4.22b. It is important to state here that the green
lines on these figures represent the part of the beam used to heat the tooth flank, the red lines
represent unused power that will be blocked off. As explained, the first concept can harden 2
teeth at the same time, but there is also the disadvantage that there are less parameters to adjust
compared to the second concept. In concept 2 there is the possibilty to choose where the maximum
intensity of the Gaussian beam will impinge, in concept 1 the maximum intensity always hits at the
middle of the root. Next to this, in concept 1 the incident angle of the beam can be chosen within
certain limits (0°to ±40°), this angle is limited because the laser may not impinge the adjacent
tooth top as explained earlier. This can aid to reach the optimum case hardening depth because
the absorptivity will change depending on the incidence angle, see section 4.3. A disadvantage of
the second concept is that there will be an overlap zone between the hardened paths of the two
adjacent teeth in which tempering will occur. But as observed in section 3.4.2, this should not be a
big problem because the stresses at the middle of root are low compared to the maximum bending
stresses in the root.
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(a) First concept (b) Second concept

Figure 4.22: Different concepts of single track hardening for different Gaussian beam diameters

The setup to laser harden the ring gears using the above concepts is very similar to the setup for
scanning laser hardening, discussed in section 4.4.1. The ring gear should again be tilted about
the Y-axis according to figure 4.19b. The angles at which the ring gears should be inclined were
determined for both concepts. This angle only provides a good indication of the optimal angle since
in reality the beam diameter and the fact that this beam diameter changes with the distance from
the focal plane has to be taken into account. This angle (q), figure 4.23b, can be calculated using
the following formula :

q = arccos(
(b

2

)2

R2

top � x2

) (4.7)

With b the width of the ring gear, being 14.8mm. Rtop the top circle radius, being 44.024mm
(appendix A), x being the horizontal offset from a line passing vertically through the center of the
ring gear, see figure 4.23a. The derivation of this equation can be found in appendix I.

Using the above equation it was determined that the ring gear in concept 1 should be inclided
±80°because x will need to be equal to zero. For concept 2 theta can range from ±79°to ±80°depending
on the desired angle of incidence. Because the angles differ so little, the setup was held at an angle
of 79°. This angle will also have an influence on the projection of the beam on the tooth surface,
one of the axes will get stretched. However, due to the small difference in angle compared to 90°,
the axis will only get stretched by ±2%. Thus, this influence will be neglected in further calculations.
Next to the change in projected intensity profile, this angle will also cause one side of the gear tooth
to be lower/higher than the other, causing the laser beam to be more in focus at one side. This
effect can be compensated for by carefully implementing the geometry in the software that controls
the laser (TruTops PFO). The laser itself can change the focal plane’s height depending on the
position where the laser impinges.
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(a) (b) q (c) q in function of x

Figure 4.23: Clarification equation 4.7

In chapter 7 a model for the intensity profile for concept 1 will be developed. This model will be used
in the hardening and residual stress simulations. In the upcoming chapter the setup to make the
concepts achievable is featured in detail. In chapter 6 the setup to make the concepts achievable
is elaborated upon.



5
Cooling

5.1 Introduction

One of the first issues encountered while developing an appropriate setup and concept for hard-
ening, was the issue of back tempering. Back tempering is the reduction of hardness by reheating
the hardened material, allowing it to soften. In this chapter, the issue of back tempering and how to
counter this issue is elaborated upon.

5.2 Tempering

Tempering is a heat treatment that can reduce the hardness of steel. The working principle of
tempering is illustrated in figure 5.1 below. After hardening, the material is reheated again to a
temperature below the lower critical temperature (to avoid losing the martensitic structures in the
steel). Depending on the tempering temperature and time, a desired hardness lower than the
original hardness can be achieved. This reduction in hardness is partly caused by relieving the
compressive stress in the martensite layer and partly caused by diffusion of the carbon atoms out
of the martensite lattice (again dependent of the tempering temperature and time) creating pearlite.
When tempering, the retained austenite will also decompose. In practice, tempering is mostly used
in applications where either the hardness after quenching is too high or where a higher toughness is
desired. However, in our application, this softening effect when tempering is undesired. Due to the
relatively small tooth size, by hardening two adjacent tooth flanks, the hardness of the previously
hardened flank might be reduced drastically.
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Figure 5.1: Working principle of tempering

Source: Schwab (2021)

5.3 Simulation without Cooling

In order to have an estimation of the backtempering effect, temperature and hardness simulations
were performed, the model of which will be explained later in chapter 7. In figure 5.2 the results
of these simulations are shown graphically. In figures 5.2a and 5.2b, two distinct peaks are visible.
The first peak is the temperature peak of hardening the flank itself. The second temperature peak is
caused by hardening the adjacent tooth flank with the second laser track. Temperatures are shown
for both the middle of the tooth flank and the top of the tooth, as illustrated by 5.2c. Next, in figure
5.3, the same temperature spikes are shown for the same lasertracks, this time however 0.3mm
below the surface.
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(a) Surface temperature at the middle of
the tooth flank

(b) Surface temperature at the top of the
tooth flank

(c) Location of tem-
perature probes

Figure 5.2: Simulated surface temperatures

(a) Temperature at the middle of the tooth flank at
0.3 mm depth

(b) Temperature at the top of the tooth flank at 0.3
mm depth

Figure 5.3: Simulated temperatures at 0.3mm depth

As is clear from the graphs, the temperature at 0.3 mm depth as well as at the surface far exceed
reasonable temperatures to avoid tempering. At 0.3 mm depth at the top of the tooth flank, the
temperature even exceeds the austenization temperature. This should of course be avoided at all
cost.

In order to overcome the backtempering issue, the following solution was proposed: by pressing
an aluminium block against the tooth flank that may not be tempered, the cooling rate at this flank
will increase, causing the temperature at the tooth flank to drop. To find out whether or not this idea
is valid, another simulation was performed. In this simulation, instead of convection with the air, a
thermal contact conductance was determined, explained in the next section.
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5.4 Simulation with cooling

5.4.1 Thermal Contact Conductance

Heat flow through homogeneous, isotropic materials has been understood for quite a long time and
it can be expressed as:

q =�k ⇤Asur f ⇤
dT
dx

(5.1)

where k is the thermal conductivity of the material. This coefficient is dependent on the material
type, temperature, etc. With Asur f equal to the surface area. Thermal contact conductance is similar
to conduction through homogeneous materials, however there are a few fundamental differences.
Although surfaces with a low roughness might seem quite smooth to the naked eye, on microscopic
level there will always be peaks and depressions visible at the surface. Due to these irregularities,
the actual surface for heat conduction is quite a lot smaller than it seems at first sight. As is shown
in figure 5.4a, heat conduction between two different objects will only occur between the contact
points on both object’s surfaces.

(a) Heat flow through contact points of different objects (b) Temperature discontinuity at ther-
mal contact surfaces

Figure 5.4: Thermal contact conductance

Source: Ayers (2003)

Due to these limited contact points, the temperature distribution close to the contact surface is quite
complex. To approximate this temperature distribution, a temperature discontinuity as illustrated by
figure 5.4b can be assumed at the contact surface. This temperature discontinuity is proportional
to a constant called the thermal contact conductance hc0 . The meaning of this constant can be
explained as follows (Ayers, 2003): A heat flux between two surfaces can occur in three different
ways: conduction at the contact points, conduction across gaps between the surfaces or radiation
through these gaps. (Convection in gaps that are filled with air can be neglected. Due to the size
of the gaps, no bulk fluid motion will occur.) Therefore, the heat transfer rate between two surfaces
can be expressed as:

q j = qcontact +qgap +qrad (5.2)
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where

• q j is the heat transferred through the joint of the two objects

• qcontact is the heat transferred by conduction through the contact points

• qgap is the heat transferred by conduction across the surface gaps

• qrad is the heat transferred by radiation

Due to the low emissivity of steel, aluminium and copper with fine surfaces (more on the use of
copper later), the heat transfer caused by radiation can be neglected in this case, as the heat
transfer through conduction will be much higher. Linking the heat transfer rate to the temperature
difference, the following heat transfer coefficients can be defined :

h j =
q j

Aapp ·DTj
, hc =

qcontact

Aapp ·DTj
, hgap =

qgap

Aapp ·DTj
(5.3)

Rewriting equation 5.2 using equation 5.3 gives:

Q j = h j Aapp DTj = (hc +hgap) Aapp DTj (5.4)

It is clear from equation 5.4 that the heat transfer due to contact conductance is dependent of
quite a few different parameters. Roughness, temperature gradient and thermal conductivity of
both materials play a vital role in thermal contact conductance. However, also the softness and
therefore the applied pressure on both materials is of high importance. A soft material might fill
up the roughness gaps in its neighbouring material much better compared to a harder material,
increasing the thermal contact conductance.

Several experiments for determining thermal contact conductance have been performed. For the
combination steel-aluminium, conductance values of 50.000 to 59.000 W/m2K can be achieved.
However, these values are for low roughness conditions (a maximum roughness value of 2.0 µm)
under high pressure (up to 35 MPa). The roughness of the gear teeth is below this limit, but the
infrastructure needed to achieve a pressure of 35 MPa can be quite difficult to implement into
the compact setup used in this thesis for the laser hardening, which will be elaborated upon in
chapter 6. Therefore, instead of using aluminium, copper was used in order to cool down the tooth
flank. Copper has a higher thermal conductivity value than aluminium and is generally softer and
more mallable, which should provide a higher thermal contact conductivity (for a simular surface
roughness and pressure). Since no clear value was found for contact conductivity between steel
and copper, in the simulation the maximum value for steel - aluminium contact was used. This
way, adequate cooling could be achieved and by adjusting the pressure on the two surfaces when
performing the experiments, the ideal cooling and pressure setup could be determined. The full
results of the experiments are discussed in chapter 8.
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5.4.2 Simulation results

After running a simulation with cooling (to be discussed further in chapter 7), a noticeable difference
could be spotted in the temperature. Looking at a plot of the results in figures 5.5 and 5.6, a
significant drop in temperature can be observed. In these plots, the temperature peak of the first
track (the hardening track) is omitted and only the temperature change during the second track
(where tempering might occur) is displayed.

(a) (b)

Figure 5.5: Surface temperature at the middle (5.5a) and the top (5.5b) of the tooth flank with
cooling

(a) (b)

Figure 5.6: Surface temperature at the middle (5.6a) and the top (5.6b) of the tooth flank with
cooling

When comparing the graphs with cooling to those without cooling from section 5.3, one can observe
that the temperatures on the adjacent flank are halved or even further reduced, meaning that the
block helps to cool down the tooth flank. However, in figure 5.6b a temperature of just below 500 °C
still occurs at the tooth top 0.3mm beneath the surface. The following graph (figure 5.7) is from a
study by Cvetkovski et al. (2012), where the influence of short heat pulses on martensite properties
is investigated. The graph shows the diminishing of the hardness in relation to tempering time for
a few different temperatures. One can observe that even at relatively low tempering temperatures
—quite far below the austenization temperature —the hardness is reduced to below half of its
original value after just 0.1s.
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Figure 5.7: Influence of tempering time on the hardness of a medium carbon steel

Source: Cvetkovski et al. (2012)

For the simulated temperatures at the surface and at 0.3mm below the surface at the middle of
the tooth flank, the maximum temperatures are quite low. Tempering —if any —should be very
limited in these locations. The temperature peak at 0.3mm below the surface at the top of the
tooth flank, is more of a concern regarding tempering. Looking at figure 5.7, 500 °C can reduce
the hardness significantly, even for a very limited tempering time. Again, it should be considered
that the tempering time is very short, but it would be reasonable to expect some tempering at this
location. An advantage that 16MnCr5 has over the steel used in the article, is that it contains
quite a high percentage of manganese and chromium, which aids in the retardation of softening
while tempering, as illustrated by figure 5.8. This means that the hardened zone should retain
its hardness much better than the medium carbon steel used in the research of Cvetkovski et al.
(2012).

(a) (b)

Figure 5.8: Influence of alloying elements in softening retardation at 260 °C (5.8a) and at 540 °C
(5.8b)

Source: MacKenzie (2019)
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Since tempering in these zones is dependent of so many different parameters, a simulation in
Dante elaborated upon in chapter 7 was performed. Dante is an add-on in Ansys to simulate heat
treatments on steel parts. The result of this simulation is shown in figure 5.9. A small tempering
effect can be observed as the thickness of the hardest layer is slightly reduced.

Figure 5.9: Tempering effect with cooling on the adjacent tooth flank (left) after hardening the next
flank (right). Hardness values in HRC.

Although the simulations give a good indication of the tempering effect, the best way to know
if tempering does indeed have a noticeable impact, is to perform experiments with the laser. If
needed, the pressure on the copper cooling block can be increased or decreased depending on
the test results, since the copper block should have significantly better cooling properties compared
to the aluminium block first proposed as a solution. The test results are elaborately discussed in
chapter 8.

In the next chapter, the setup for laser hardening the ring gear is explained. The implementation of
the cooling blocks can also be found in the next chapter.



6
Setup

6.1 Introduction

Because the ring gear has very small dimensions, see appendix A, the complexity of the research
will not only lie in finding the optimal laserparameters. A great deal of thought must also be given to
the design of the setup. On the one hand, the accuracy of the setup is considered and on the other
hand the ease of use, after all there is a total of 180 tooth flanks to be hardened per ring gear.

6.2 Design

As told in chapter 4 the ring gear has to be tilted about the Y-axis, figure 4.19b. This will be
taken care of by the workbench with adjustable angle depicted in figure 6.1b. Besides this angle,
it is very important that the center of the laser beam is positioned exactly at the desired position
depending on the selected concept. This alignment is rather difficult because the only way to know
the absolute origin of the laser coordinate system is by use of a pilot laser, see figure 6.1a. This
pilot laser enables the user to see where the laser beam would hit because it follows the same
path as is programmed for the high power laser. Despite this being a useful tool, the system has a
limited accuracy due to the diameter of the pilot laser (±1mm) and the fact that the ring gear has
to be positioned by visual check.
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(a) Pilot laser pointing at tooth flank (b) Workbench used in setup (1)

Figure 6.1: Pilot laser & workbench

Once the ring gear is positioned as accurately as possible, it is important to note the fact that per
ring gear 180 tooth flanks have to be hardened, thus the accuracy should be assured for every
tooth. To achieve this, the setup visible in figure 6.2 was designed. The setup consists of several
crucial components and is based around the baseplate. This baseplate is rigidly mounted on the
adjustable workbench. Within the baseplate, a cylindrical hole is provided in which the turntable
can spin freely. Between the baseplate and turntable a clearance fit is used such that the centers
of both parts allign correctly and the accuracy of the system is ensured. There are 90 holes in the
turntable (equal to the amount of teeth per ring gear) as shown in figure 6.2b. This way, every tooth
gets hardened in the same manner. The ring gear itself is locked relative to the turntable by use of
a 3-point clamping system, also visible in figure 6.2. The most important components of the setup
can be seen on figure 6.1b, 6.2a and 6.3a. These are :

1. Workbench

2. Baseplate

3. Turntable

4. Dowel pins

5. Clamping block

6. Copper insert

7. Clamping bolt

8. Gear clamp
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(a) (b) Alignment holes in baseplate and
turntable for dowel pin

Figure 6.2: Concept of the setup

As explained in the previous chapter, two copper inserts will be used for the cooling. These inserts
are produced by wire EDM, which enables the contour of the insert to be quasi the same as the
tooth profile. This is very important to ensure the required cooling. After wire EDM, the inserts
will be polished at the contact surface in order to reduce the surface roughness, further improving
the cooling, as stated in section 5. To generate the desired pressure on the surface between the
copper insert and the tooth flank, a type of clamping system is necessary. This system is depicted
in figure 6.3a. The clamping block together with the clamping bolt are used to press the copper
insert against the adjacent tooth flank. The copper insert also has the function of blocking off the
input Gaussian beam from hitting the tooth top, as explained in section 7.2. This effect can be seen
in figure 6.3b. Technical drawings of all the custom designed parts can be found in appendix H.

(a) Clamping system of the copper inserts (b) Blocking off incoming laserbeam

Figure 6.3: Clamping system used for cooling
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6.3 Improvement of setup

When performing the tests described in chapters 4 and 8, a few features that could be improved for
the future setup were noted. First of all, there were some issues with ring gear alignment. Using
the pilot laser, a lot of attention had to be paid to aligning the ring gear. Instead of using the pilot
laser, a more accurate solution for this could be to first position the ring gear using the pilot laser
and afterwards, impinging certain parts of the ring gear with very small spots using the powerful
laser. These spots should be chosen such that it is clear to see if the gear is positioned correctly or
not, for example at straight edges. The advantage of this is that the spot size, and thus the marking,
can be kept very small (0.18mm), increasing the accuracy. A drawback of this is that the alignment
is still very dependent on observations by the user. In addition, the small markings can damage the
material locally. However, due to the design of the setup, once the alignment is correct for one gear
tooth, it is correct for all other teeth. On top of that, with a spot of 0.18mm, more than sufficient
alignment can be achieved.

Another difficulty in the setup is that the Z-distance of the part to be lasered has to be set manually.
The only way to know if the surface is positioned in the focal plane, is by a physical reference. It
can be quite time-consuming to get this vertical positioning right. Therefore, if all ring gears would
be lasered for use in the car, it might be interesting to manufacture a second reference object that
corresponds to the height of a reference point on the ring gear measured from the laser workbench.
This solution was not applicable for this thesis, as the turntable was used by many different people.
This meant that the setup had to be deconstructed after every visit to the FOKUS lab.

In the next chapter, the simulations performed before testing are explained. In chapter 8, the actual
results obtained with the setup described in this chapter are analyzed in detail.



7
Simulations

7.1 Introduction

The goal of this chapter is to devise a model that represents the laser which can be used for thermal
and hardening simulations. These simulations will be used to minimize the amount of experiments
to perform. On the one hand many samples are required to do the experiments. These samples
can be expensive and time consuming to produce. On the other hand, there is a lot of insight to
be gained in the way the hardness at the surface is generated by devising a model instead of just
changing all the laser parameters until a sufficient result is achieved.

7.2 Approximate models

As indicated in section 4.4.2, first a model will be devised for the intensity profile for single track
hardening using concept 1. In the thermal simulation software, Ansys, the laser is mimicked as
a heat source by using a heat flux at the tooth surface. The fact that the tangent angle of the
tooth surface changes from top to root makes the generation of the model more complex. In Ansys
a curved surface will be seen as a flat surface in which the length of the flat surface is equal to
the circumference of the curved surface. For this reason using a Gaussian intensity profile as a
heat flux will not generate the desired realistic result. This principle is further clarified in figure 7.1.
Overall, the projected Gaussian has a lower amplitude than the original Gaussian. This is because
the tangent angle at a position on the tooth flanks different from the middle of the tooth root differs
from 0°, causing the same amount of heat flux having to be shared by a greater surface area. Of
course the original Gaussian possesses the same amount of energy as the projected Gaussian,
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that is why the intensity amplitude is proportional to the cosine of the tangent angle at that point
measured in relation to the horizontal.

(a) Impingement of Gaussian beam
on tooth flanks

(b) Original Gaussian & Projected
Gaussian needed for Ansys

(c) Intensity profile with and
without the effect of absorptiv-
ity

Figure 7.1: Modification of model to work with curved surfaces

As seen in chapter 4, the absorptivity of the laser beam changes with the incident angle. Although
the absorptivity is dependent on a lot of parameters the Fresnel equations are used because they
have been approved by the industry as well (Duflou et al., 2014). Ideally a relationship between
the 2 quantities would be established experimentally, but since the used method of determining
the absorptivity is adequate to determine a ball park figure, this did not seem very suitable for this
application. Overall one can observe that the absorptivity is increased with the angle up until the
brewster angle, which in most cases is larger than the maximum incident angle for our application.
Therefore the absorbed intensity will increase at the tooth flanks. When implementing this effect
into the model, an intensity profile like the one in figure 7.1c is obtained.

(a) Diffuse and specular reflection (b) Axis for the 3D simula-
tion model

Figure 7.2: Reflection & coordinate system
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Reflection from one tooth to the adjacent one can also have an influence on the intensity profile.
The absorptivity of a laser beam will never be equal to 100%. The energy of the laser beam that
is reflected can then be absorbed by an adjacent tooth surface. Two types of reflection can be
distinguished: specular and diffuse reflection. Diffuse reflection is the most common for metal sur-
faces. For surfaces with a very low roughness, mirror-like, specular reflection is also possible. The
roughness of the gear is relatively high and thus diffuse reflection will be more likely (Choudhury,
2014). Because reflection is very dependent of several variables, experiments were executed on
this subject. In figure 7.3a it can be seen where most of the reflected power is pointed towards.
During these tests the laser beam was impinged in the same way as in figure 7.1a, except here the
beam diameter was kept way smaller and the center of the laser beam was positioned so it hit the
bottom of the tooth flank (HAZ 1). One can observe that most of the reflected power hit the top of
the adjacent tooth flank, which suggests the presence of diffuse reflection because the intensity of
the reflected power is highest in the direction perpendicular to the surface from which the laser light
is radiated.

(a) Reflection experiment (b) Visualisation of diffuse reflection

Figure 7.3: Diffuse reflection in tooth flank

To incorporate this effect in the intensity profile model some assumptions have to be made. First
of all, the reflected power is dependent on the absorptivity, which is a quantity that is difficult to
determine. Besides that, it will be assumed that only diffuse reflection will occur, in reality some
percentage of the reflection will be specular. Not all of the initially reflected power will be absorbed
by the adjacent tooth because some of the reflected beams will pass above the adjacent tooth top
or the reflected beams might impinge on parts of the ring gear relatively far away from the heated
zone and as such they have little to no influence. Besides that, the other flank also has a certain
absorptivity for the laser beam. For the mathematical derivation of how reflection will influence
the intensity profile, see appendix J. Figure 7.4 shows a summary of all aspects that influence the
final intensity profile. From this figure it is clear that the used Gaussian beam diameter has a very
significant impact on the model and that it can easily be used to get a uniformly hardened surface
layer. Next to this, due to the effect of the incident angle on the absorption coefficient and the effect
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of reflectivity, the intensity will increase at the tooth flanks in comparison to the projected Gaussian
model, 7.1b.

Figure 7.4: Clarification of the important parameters that influence the model

One last effect on the intensity profile is considered: the influence of the temperature on the ab-
sorption of a laser beam as explained in section 4.3.2. it is known that the absorption increases
with the temperature of the surface that is being impinged. To explain why this has an influence on
our situation, a thought experiment follows. When the laser impinges the surface for the first time
the temperature of the surface will be directly correlated to the amplitude of the intensity profile at
that point because not enough time is allowed for the heat to dissipate, so the fact that the tooth
top has less quenching media underneath it in comparison with the tooth root is of no influence.
One timestep later the laser beam sees that some parts of the surface are hotter than others and
thus the absorptivity will change accordingly. To process this into the model, it is required to know
how the absorptivity changes with temperature. As explained earlier, the absorptivity tests did not
provide exact values. That is why values that are known from the literature were used (Grum,
2007). A quadratic relation between the absorptivity and temperature is supposed in the working
temperature range (20°C - ±1450°C), see 7.1.
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In conclusion the model still has to be adjusted such that it consists of a 3D-model instead of a
2D-model. The change of the intensity profile due to the tooth profile had already been determined
(the XZ-plane on figure 7.2b). To cope with the intensity profile in the YZ-plane one has to look at
the axisymmetric Gaussian input beam. Due to the fact that the ring gear is symmetric through the
XZ-plane, the intensity profile can be copied from the Gaussian input in this direction. Being :

I = e�(y/G)2

(7.2)

With I the intensity of the laser beam, G the standard deviation of the laser beam.

To program the derived model derived in Ansys, a comprehensive equation dependent on the X-
and Y-position and time is required, here equation 7.3. A 3D representation of this model is shown
in figure 7.5
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(7.3)

With A
1

, A
2

, A
3

and n constants which are also dependent on the desired input power. F
1

and F
2

are standard deviations. G is the standard deviation in the Y-direction depending on the Gaussian
beam diameter. VY is the velocity in the Y-direction because the beam will translate across the tooth
root.

Figure 7.5: 3D representation of model used for concept 1

From figure 7.5 it is observed that the sides in the X-direction are cut off. This was necessary in
the model since this position represents the highest point of the tooth top. Of course the Gaussian
input beam will not stop at this point but it is blocked off using a copper cover, see section 6.

Next up, all the variables that can be changed during the simulations to get the uniform hardness at
the proposed case hardening depth discussed in section 3.4. First of all, the input beam diameter
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—which offers many different possibilities to get an ideal hardening profile —has to be determined.
Up next are the translation speed in the Y-direction and the used power. These two variables go
hand in hand and should be selected with caution. They can have a very large influence in the
reached case hardening depth.

7.3 Heat equation

To know how the above model will influence the temperature of the gear, the heat equation (7.4)
will have to be incorporated in some way. The heat equation is a partial differential equation which
makes it rather difficult to solve (Kruth et al., 2007). These equations will be solved using FEA
software, Ansys in this case.

∂2T
∂X2
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∂2T
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+
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(7.4)

In the past, models have been developed to solve the heat equation in laser processing for Gaus-
sian and other intensity profiles (Xia and Majumdar, 2007) (Komanduri and Hou, 2001). These
models do have a big drawback, namely that they can only be used when the material is thick
enough for the heat generated by the laser to be dissipated. A good rule of thumb is that the depth
of the material is at least five times bigger than the desired case hardening depth such that self
quenching is guaranteed (Altergott and Patel, 1982). The geometry of the ring gear does not com-
ply with this, see appendix A, which is why FEA is required to get an insight into the process. In the
coming section, the results of the simulations in Ansys will be discussed. These results will then
be coupled to the results from the DANTE simulations, the heat treatment software to simulate the
hardening proces.

7.4 Simulations in Ansys & DANTE

7.4.1 Used software packages

As stated earlier Ansys and DANTE will be used for the simulations. Ansys is a very well known
FEA software package which is capable of very advanced transient thermal simulations while re-
maining user friendly. An excellent feature of Ansys is that heat fluxes can be added to all sorts
of surfaces by implementing multivariable equations in the APDL commands. Using the thermal
histories gained from the model in Ansys, it was possible to derive the fraction of martensite —and
therefore the hardness —at every point in the material using TTT/CCT diagramma. However, it
is also interesting to know how the residual stresses at the surface and beneath are formed. For
this, analytical phase transformation models are required, since the strain due to the phase trans-
formations and thermal gradients has to be known at every moment in time. This is where the
heat treatment software, DANTE, comes in handy. Dante includes the analytical models to derive
all the phases during and at the end of a thermal process. Besides that, DANTE also has shown
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compliance with the stress and distortion states of workpieces during and at the end of thermal pro-
cessing. DANTE has also put a great deal of focus on the carbon diffusion proces which enables
the user to model carburizing processes.

7.4.2 Carbon diffusion

After wire EDM of the gear profile, the first step in getting the ring gear hardened is carbon diffusion.
FEB partner, Gearcraft Vanhoutte NV, provided the information that in general, for workpieces to
reach a case hardening depth of 0.3mm during a traditional carburizing process (with quenching),
these parts have to remain in the furnace for ±20 minutes at 920°C. However, the carbon con-
centration gradient that will occur in the depth of the material is still unknown, because the rate at
which carbon will be absorbed, is unknown. For this reason, several carburizing simulations were
performed on a large sample, seen in figure 7.6b, to know what film coefficient should be applied
in the model to obtain carburized ring gears with a case hardening depth of 0.3mm. The difficulty
in this is that type and quality of quenching oil the partner would use in a traditional process is also
unknown. That is why heat transfer coefficients found in literature for standard quenching oils were
used, see figure 7.6a.

(a) Heat transfer coefficient of standard quenching oil
(Rindby and Sahlin, 2012)

(b) Sample on which carburiza-
tion simulations have been per-
formed

Figure 7.6: Quenching oil & used samples

After iterating the simulation for different values of the film coefficient, a film coefficient of 0.0129W/mm2

was found to give the best result. Results can be seen on 7.7. This carbon distribution will be used
in the further simulations for laser hardening. On figure 7.7b a relatively high hardness can also be
observed deeper in the material. This occurs because even deeper in the material, the cooling rate
can be quite high because of the compact dimensions of the sample. Even though 16MnCr5 con-
tains a low amount of carbon, martensite can still be formed if the cooling rate is sufficiently high.
Due to the reduced carbon content, the martensite that is formed will have a considerably lower
hardness compared to the martensite at the outer edges of the material.It can also be observed
that the carbon content stagnates at a depth of ± 0.4mm with a carbon content of ± 0.18 wt%,
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which is the untreated carbon content of the material used, see appendix B. This carbon gradient
is used in further simulations of carburizing and laser hardening the ring gear.

(a) Optimised carbon content for carburization of
large sample in Dante

(b) Optimised hardness profile for carburization of
large sample in Dante

Figure 7.7: Simulation data for carbon diffusion

7.4.3 Carburization

To have a general idea about the microstructure and hardness of the traditionally carburized gear,
carburizing simulations were performed on the ring gear. In order to do this, the above carbon
distribution was determined. The same oil quenching data as in section 7.4.2 was used. The
results of this simulation can be seen in figure 7.8. It is clear from figure 7.8c that the hardness at
the bulk of the ring gear is very high, especially for a ring gear that is intended to be case hardened.
This effect has the same reason as explained in section 7.4.2. In the next chapter these simulations
will be validated.

(a) Hardness (HRC) profile carbur-
ized ring gear

(b) Way in which
hardness is mea-
sured

(c) Result of carburizing simulation
from top to outer diameter

Figure 7.8: Simulation data of carburization simulation
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7.4.4 Laser hardening

As seen earlier in chapter 2, to generate a hard surface layer, this layer of material has to go
through a certain thermal history. To reach this result in the simulations, a study was performed on
the influences of all the parameters which are free to choose in the concept. After some time, it
became clear that external cooling was needed on top of the cooling that was already present due
to the self quenching property of the gear because the desired case hardening depth is relatively
large in comparison with the thickness of the tooth. From the simulations it was abundantly clear
that without cooling on the adjacent tooth surfaces, back tempering would occur as explained in
chapter 5. After implementing the cooling in the transient thermal model, the free variables of the
model had to be changed again until the desired hardness values were reached. The cooling gave
a new free variable as the pressure with which the copper block is pressed against the tooth surface
could be chosen freely. After several iterations between the free variables, the optimal theoretical
parameters were found to be :

• A transverse velocity about the Y-axis (7.2b) of 15mm/s

• A Gaussian input beam diameter of 5mm

• 600W absorded power

As for the intensity amplitude of the input Gaussian beam: this variable should be derived experi-
mentally, since the exact absorptivity to the laserlight is unknown. Although an adequate absorp-
tivity value to work with was found, iterations should still be made to find the optimum intensity
amplitude. As seen earlier, section 2.4, the maximum temperature over the surface should be as
high as possible without melting. However, temperatures close to the melting temperature can also
have a great influence on the absorptivity as seen in section 4.3 and thus making the model more
complex.

In figure 7.9 the hardness values in the tooth flank and root of the optimised simulation can be
found. From this figure one can see that a very nice hardness profile is obtained as the hardening
depth is quasi constant over the tooth surface. Because of the large amount of cooling mass at the
root of the gear teeth, the effect of the high power density at the gear root is not as noticeable as
expected. The case hardening depth of this simulation is greater than the optimum case hardening
depth determined in section 3.4. It will be explained why a case hardening depth greater than the
optimum is not that much of a problem in section 8. It is also important to state here that in the
simulation, carbon diffusion has only been applied to the surface that has been laser hardened
later. This is why the adjacent tooth flank has the same hardness as the bulk material. In reality,
the higher carbon content at the surface of the teeth will cause the hardness to be higher even
when the teeth are not yet hardened.

As explained in section 2.2, it is also clear from figure 7.10a that there will still be a certain amount
of retained austenite after hardening. On figure 7.10b the maximum temperature distribution at
this point of the ring gear can be seen. As explained earlier the maximum temperature is desired
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to be as high as possible but still lower than the melting temperature, which is why this maximum
temperature ( ±1377°C) was selected.

(a) Hardness profile (HRC) of optimized laser
hardening simulation in the middle of the ring gear

(b) Hardness profile at different locations of the
tooth surface for the optimized simulation

Figure 7.9: Optimised hardness profile

(a) Retained austenite (Wt%) of the tooth surface
for optimized simulation

(b) Maximum temperature (°C) of the tooth profile
in time for the optimized simulation

Figure 7.10: Retained austenite & maximum temperatures

7.5 Influence of the geometry

The previously shown hardness profiles, figure 7.9b, were the hardness values measured at the
middle plane of the ring gear, figure 7.12a. Around the middle plane of the ring gear the thermal
history of all the points of the material will be in regime, meaning that maximum temperature of all
the points of the material will not increase or decrease in time. This effect can be seen in figure
7.11b. The points at the sides of the ring gear need to have the same maximum temperature over
time, but at the beginning of the laser track some time is needed to get into the regime, thus a
less deep hardening depth will be achieved. At the end of the laser track there will be a lot of heat
build-up because there is less material for the heat to dissipate to and thus a greater hardening
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depth or even melt, see figure 7.11a. If this effect is not compensated, the ring gear would become
unusable.

(a) Optimal laser settings without compensation
at the sides

(b) Regime of maximum temperature without in-
tensity compensation at edges

Figure 7.11: Temperatures at the side of the ring gear

To fix this problem, the intensity of the laser had to change depending on the distance from the
middle plane where the laser was impinging. A function is built into the Trumpf laser which is called
’ramp-up’ or ’ramp-down’. This function enables us to change the intensity in a linear way up until
or from a certain percentage (Iramp) of the intensity for a certain distance (Y), both Iramp and Y can
be chosen freely. A clarification of this effect can be seen in figure 7.12b. Another way to solve
this problem may be to let the input laser beam not start/end at the edge of the ring gear but at
some distance from the side. This way there will be less heat build up because there is enough
material that is still at a relatively low temperature such that the heat can dissipate easily. The first
possible solution was implemented into the model used in Ansys and DANTE such that the optimal
Iramp and Y-values in the start and end of the laser track could be determined. Specifically, this
aspect was implemented by adding an extra term to equation 7.3, as can be seen in equation 7.5.
With this intensity profile a total of 3 different equations is required, which will be implemented one
after another in 3 different timesteps. One for the ramp up/down at the start, one for the constant
intensity when the temperatures are in regime and one with a ramp down at the end of the laser
track.

IWithRamp = I · (C1+C2 ·Y ) (7.5)

With IWithRamp the intensity equation for concept 1 with the implementation of the start and end
ramp. C1 and C2 are constants depending on where the ramp starts and how steep the ramp is.
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(a) Middle plane of the ring gear (b) Ramp up/down principle (Trumpf)

Figure 7.12: Temperature compensation principle

After iterating the above variables it was found that a ramp-down in the beginning and end would
be needed for the temperature profile over time to get a quasi constant maximum value. Results of
this can be seen in figure 7.13. Due to the optimisation there is a very clear difference noticeable
between the temperature profiles, figure 7.11b and figure 7.12b. The maximum temperature (and
thus the hardening depth) was kept relatively constant over time and there was certainly no melt
at the end of the laser track. Of course, the quenching rate at the sides can also differ from
the quenching rate in regime which causes more or less martensite to be formed, affecting the
hardness. From the simulations a slight difference in case hardening depth was observable, which
is acceptable. These simulations should still be validated, but during the initial hardness tests more
ring gears were used than anticipated and thus no samples were left for validation of this principle.
In the conclusion the entirely laser hardened ring gear will be discussed. On this ring gear the
above ramp-down settings were used to ensure no melting at the sides would occur, since this
ring gear was needed for the measurement of the distortions. However, a hardness simulation in
DANTE has been conducted with the temperature compensation. Results can be seen on figure...

(a) Optimised intensity profile (b) Temperature profile using the optimised in-
tensity profile

Figure 7.13: Temperature validation
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Figure 7.14: Laser hardened tooth with temperature compensation (Hardness in HRC)



8
Results

8.1 Introduction

In this chapter the simulations from chapter 7 will be validated. The different phases of the carbon
diffused steel are analyzed. Afterwards the hardness values of the carburized and laser hardened
gear will be measured. While analyzing the results, the actual test data will be compared with data
from the simulations.

8.2 Carbon Diffusion

To know how the simulations differ from the laser hardened gear, it is important to carefully monitor
every step in the hardening process, the first of which is the carbon diffusion step.

It is rather difficult to know the exact carbon concentrations at the surface of the ring gear and
beneath it. A simple approximate method of knowing how much carbon is present in the material
is by visual inspection of the phases. On figure 8.1 the phase distribution of different depths in the
material can be seen. In the bulk ferrite and pearlite can easily be distinguished, which proves that
the steel is hypoeutectoid at this point. Close to the edge (±210µm) cementite and pearlite can be
distinguished, meaning that the steel is hypereutectoid. It is important to keep the carbon content
as low as possible in the zones which will not be hardenend, since hypereutectoid steels are very
brittle, especially when compared to hypoeutectoid steels. In addition, the tensile strength of the
steel will drop if the carbon content is increased above the eutectoid composition. Because the
optimal case hardening depth at the tooth flanks was determined to be around ±100µm (section
3.4), the depth of carbon diffusion most probably is a bit too deep. This is unfortunately the case
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because the ideal hardening depth was determined after the test samples were produced and
carburized. There was quite a lead time on these test samples, so the hardening depth was based
on the one used on last year’s ring gear.

(a) Steel phases at the bulk of the ring gear (b) Steel phases at ±210µm from the surface

Figure 8.1: Phases of the steel in different positions

8.3 Carburizing

The objective of this thesis is to improve the operation of the gearbox by changing the production
process of the ring gear. For this reason hardness measurements will be made on the traditionally
carburized ring gears. The analyzed carburized gears are hardened in accordance with the techni-
cal drawing found in appendix A. In figure 8.2a the microhardness measurements of a carburized
gear and the simulation (subsection 7.4.3) are shown, the measurements were made the same
way as depicted in figure 7.8b. Figure 8.3 shows the results of the hardness measurements from
the center of one tooth flank to the other.

On figure 8.2b can be seen that the case hardening depth of the simulation is much less deep than
in the ring gear itself. The reason for this is that the desired case hardening depth provided in the
technical drawing was between 0.3 and 0.6mm, these values were based on the values used in
previous years for the design of the gearbox and thus before the case hardening optimization in
section 3.4. The case hardening depth of the simulation was optimised for a depth of 0.3mm as
mentioned earlier.

Next to this, the hardness of the ring gear never drops below 400HV independent of the point of
measurement. This is due to the fact that the surface area of the ring gear is rather large compared
to the volume, see appendix A. For this reason the entire ring gear is quenched at quite a high rate,
causing martensite to be formed everywhere in the material in the material. Because the carbon
content in the bulk is lower than at the surface, the hardness of the martensite will be lower, section
2.3. The effect of an increased core hardness can be a advantage and a disadvantage of traditional
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carburizing. On the one hand the higher hardness will increase the tensile strength of the material
but at the same time there is a loss of ductility. To determine the impact of this effect fatigue tests
should be conducted.

(a) Measurement and simulation results of carburized ring
gear from tooth top to the outer diameter

(b) Carburized teeth of the ring gear

Figure 8.2: Measurements carburization (1)

(a) Hardness measurements middle of tooth flank (b) Measuring direction figure 8.3a

Figure 8.3: Measurements carburization (2)

8.4 Laser hardening

In this section the results of the simulations for laser hardening of the ring gear are compared with
the experimental results for the optimal setting.

As can be seen in figure 8.4 the back tempering effect is very distinct at the left tooth flank. This was
expected, because no cooling was applied (the right flank was hardened after the left flank). When
approaching the root of the tempered tooth surface, it can be seen that the fraction of martensite
rises again. This effect occurs because at the root, there is enough cooling mass for the heat to
be dissipated such that tempering does not occur. On top of that, at the root, the gear flank is
further away from the heated surface of the adjacent tooth. This way, the maximum temperature
over time at the root will be lower than the maximum temperature over time at the top and thus less
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tempering. As discussed earlier this effect is detrimental for the performance of the ring gear and
should therefore be solved.

(a) Laser hardened tooth with-
out cooling and visible temper-
ing

(b) Measured hardness values for two adjacent tooth
flanks without cooling, measured around the tooth top

Figure 8.4: Validation laser hardening with tempering

In figure 8.5 and figure 8.6 the microhardness measurements for the ring gear teeth with the copper
inserts functioning as cooling are shown. Because it is very difficult to determine the thermal con-
tact resistance between the copper and the tooth flank, as explained in section 5, this experiment
was iterated for different pressures between the two surfaces. Figure 8.6 shows the microhardness
measurements and phases of a sample for which an intermediate pressure between the copper
inserts and the tooth flanks was used. There still is some tempering, but a lot less than without the
cooling inserts. Because this setting was not optimal, the pressure was increased further, shown
in figure 8.5. In this figure it is visible that almost no tempering occurs because the two hardness
curves follow each other very well. The second hardened tooth hardening depth is slightly less than
the first hardened tooth but still within limits because the effective case hardening depth (550HV) is
still at a sufficient depth according to section 3.4.

In the optimized simulation (figure 7.9b) it was clear that the core of the tooth root was still very soft.
This occurred because the carbon profile, figure 7.7a, reached its original value (0.018 Wt% C) at
a depth (0.4mm) not much greater than the envisioned case hardening depth (0.3mm). Because
of this, the microstructure of the steel that arises at greater depths than 0.4mm is the same as
the bulk material and thus has a low hardness. For the test samples, figure 8.5b and 8.7b, one
can see that the hardness at depths deeper than 0.4mm lies around 350HV (±37HRC), in the ring
gears that were not yet laser hardened but that had went through the carbon diffusion step, figure
2.11. This effect can partly be explained by the fact that the ring gear was air cooled after carbon
diffusion. These cooling rates can still be high enough for fine pearlite to be formed and thus a
higher hardness as explained in section 2.4. Next to this, the additional amount of cementite at
the surface will further enhance this effect. The hardness at the depths where laser hardening
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cannot heat the material above the austenitization temperature stays quasi the same. In theory
grain growth due to annealing could occur due to the elevated temperatures but since the time at
which these high temperatures occur is very short, it will have almost no effect on the hardness.

(a) Laser hardened tooth with cooling,
high pressure

(b) Measured hardness values for two adjacent tooth flanks
with cooling, high pressure, measured around the tooth top

Figure 8.5: Validation laser hardening optimal setting

(a) Laser hardened tooth with cooling, in-
termediate pressure

(b) Measured hardness values for two adjacent tooth flanks
with cooling, intermediate pressure, measured around mid-
dle of tooth flank

Figure 8.6: Validation laser hardening intermediate cooling pressure

Currently only the hardness profile at the top of the teeth was discussed. Of course, the hardness
lower on the tooth surface and in the root are very important too, but these are less sensitive to
tempering as explained earlier. In figure 8.7a and 8.7b plots of the hardness measurements at the
top, middle and root for two adjacent tooth surfaces are shown. From these plots it is concluded
that there is quite a big difference in case hardening depth depending on the position on the tooth
profile. This result is not quite the same as the hardness profile that was envisioned because it was
desired for this profile to have a constant hardening depth for all the positions. This effect could be
explained by the copper inserts, these could absorb too much heat such that layers of the material
in the depth can not get hot enough so no austenite was formed —and therefore no martensite —.
If the pressure on the copper block were to be lowered a little, this effect could possibly be canceled
out, but then the amount tempering on the adjacent tooth will increase. Despite the fact that the
hardening depth is not completely constant, these are very good results since the optimum case
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hardening depths determined in section 3.4 are lower limits. The reason case hardening depths are
kept just above the lower limit (optimum), is mostly because of the economical factor, higher case
hardening depths mean that the part has to stay in the furnace for longer, thus reducing profit. Of
course it is undesirable to through harden the tooth top because then the entire gear would become
too brittle, lowering the lifetime of the gear. In the optimization of the case hardening depth from
ISO 6336 (International Organization for Standardization, 2007), figure 2.9, it is clear that there is
a very wide range of possible case hardening depths. The optimum case hardening depth is very
dependent on the gear and the gear loads. In the conclusion, 10, a future approach is discussed.

(a) Hardness measurements for second hard-
ened tooth (where no tempering could occur)

(b) Hardness measurements for first hardened
tooth (where tempering could occur)

Figure 8.7: Hardness measurements optimal laser settings

The above results were made for ring gears hardened with the optimal laser hardening parameters
stated in section 7.4.4. However, experiments were also conducted with smaller or larger spot sizes
and different feed rates. Smaller spot sizes resulted in a hardened tooth root but no martensitic
transformation at the tooth flanks itself, larger spotsizes gave the opposite of this. By changing the
feed rate, different case hardening depths can be achieved. This relation is however not linear,
because a lot depends on how the warm front is pushed forward in the teeth itself during laser
hardening. By using a velocity that is too low, the gear will just keep heating and a regime for the
maximum temperature of the surface in time will never be reached, resulting in large differences in
case hardening depth.

8.4.1 Quench cracks

During the laser hardening tests, in certain spots cracks would appear at the tooth root that start
at the surface and grow outward radially. An example of this can be seen in figure 8.8. Obviously,
once there is a crack on one tooth, the gear becomes unusable, so this effect is something that
must be closely monitored.

It is very difficult to explain this phenomenon because a lot of factors can have an influence. During
the thermal cycle of laser hardening, a portion of the ring gear is first heated into the austenitic
region causing a volume decrease which results in a tensile stress. This tensile stress is gener-
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ated because the underlying material and material in front of the warm zone still has the same
microstructure as the base material (section 3.3). These tensile stresses could potentially cause
cracks. Next to this the effect could also be explained due to cracks during the martensitic trans-
formation, also known as quench cracks. From the region of the material that is heated above the
austenitization temperature, the material closest to the bulk will transform into martensite first. This
change in martensite causes a volume increase at that point. However, at the material closer to the
surface that is still austenitic (higher density), a tensile stress will occur because of the balance of
forces between the sections of the material. The above failure modes are due to phase transforma-
tions of the steel, volumetric changes due to temperature gradients will also induce stresses which
makes it even more difficult to determine the root cause of the problem.

Due to the carbon diffusion by carbon pellets (pack carburizing) a very steep carbon gradient is
obtained at the surface with a carbon content up to 1.3% at the surface, section 2.4. The higher
carbon content causes a higher probability of quench cracks due to the greater volume expansion
caused by the extra interstitial carbon compared to lower carbon steels. Next to this, the martensite
start & finish temperature (Ms & M f ) of higher carbon steels are lower compared to lower carbon
steels. For this reason martensite is formed at lower temperatures and thus a lower ductility of the
steel, causing a higher probability of cracks (Totten et al., 2002).

The reason why the cracks occur at the tooth root, can be explained by comparing the maximum
temperatures in the root compared to those at the tooth flanks, the cooling rate in the root and
the shape factor. On figure 7.10b one can easily see that the maximum temperature is reached
at the tooth root thus the highest thermal stresses will occur in the tooth root due to the largest
thermal gradient. Next to this, the highest cooling rate will occur in the tooth root because of the
large amount of quenching mass underneath it, this high cooling rate causes extra strain and thus
thermal stresses (Herring, 2012). The fact that the tooth is curved in the tooth root area can further
enhance the probability of quench cracks because this curve acts as a stress riser.

Figure 8.8: Observed crack in the tooth root for transverse velocity of 25mm/s

During the experiments quench cracks were only observed in the samples for which a transverse
speed of 25mm/s was used, which is higher than the optimum value (15mm/s) discussed in sub-
section 7.4.4. This phenomenon could be explained because of the higher thermal gradients using
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the higher transverse velocity and thus higher thermal stresses.

It is important to emphasize here that because no quench cracks occurred using the transverse
velocity of 15mm/s does not mean that the ring gear is completely fine. Thermal gradients will still
occur which will have an influence on the residual stresses inside the ring gear and thus the lifespan
of the ring gear. This aspect will be further discussed in the next chapter.



9
Distortions

9.1 Introduction

As explained in the introduction, the goal of this thesis is on the one hand to produce a gear that
has the desired case hardening depth. On the other hand, distortions of the gear are of equal
importance. While optimizing the process it is important to take in mind both factors. A properly
hardened gear with too much distortions is unusable and vice versa. The aspect of distortions is
also the reason why for this application, research has been done in the laser hardening of gears.
Within laser hardening heat is only applied to the regions which are desired to harden. In this
chapter it is discussed why this is beneficial. There are also other methods of applying heat locally
such as induction hardening or flame hardening. Laser hardening was preferred, because with
induction hardening, heat is typically also applied deeper under the surface. For this reason extra
quenching media are needed to ensure martensitic transformation which will increase distortions.
Next to this, with induction hardening it is more difficult to access very small features of a workpiece
and thus it is difficult or even impossible to generate constant hardening depths (IndustrialLaser-
Solutions, 2010). Flame hardening is not discussed further, because this process is inaccurate in
comparison with laser hardening or induction hardening. On top of that, it is almost impossible to
incorporate flame hardening on a CNC milling machine which is one of the greatest advantages of
laser hardening because this can further increase the quality of the gear and reduce lead times of
components (Bouquet, 2016).
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9.2 Causes of distortions in case hardening

A first possible cause of distortions due to case hardening lies in how the component was processed
before the heat treatment and during the period in the austenitic region. As with all types of case
hardening, the material has to be brought into the austenitic region for martensite to be formed.
Because of the very high temperatures in the austenitic region, steel will lose most of its strength.
When the part is then placed in the furnace, stresses occur in the workpiece and creep may occur
which causes distortions of the part (Lindell, 2004). These stresses can be due to the way the
part is placed in the oven, for example by weight of other parts or its own dead weight. Next to
externally generated stresses on the workpiece, residual stresses can also occur in the part due
to earlier processing of the part. When heated, these stresses want to dissipate themselves by
causing distortions.

As mentioned in section 1.2, the ring gears will be produced by wire EDM. Research has been done
by Kruth and Bleys (2000) on the amount of residual stress in components produced by wire EDM.
They found that the residual stresses are very dependent on the amount of finishing steps as can
be seen on figure 9.1. The residual stresses could be kept relatively low in comparison to turning
or milling when the part is finished in several steps. For this application, a surface roughness of 0.8
µm is required, which can only be reached with several finishing steps according to FEB partner,
Cadcamatic. For this reason the distortions due to the residual stresses will be minimal for the ring
gear, however there will still be distortions to some extent.

(a) Residual stresses rough wire EDM (b) Residual stresses wire EDM with 4
finishing steps

Figure 9.1: Residual stresses wire EDM

Source: Kruth and Bleys (2000)

The most important factor that influences distortions during laser hardening are phase transforma-
tions. Phase transformations always involve volume changes because the crystal lattice changes.
During the heating step the initial BCC a-phase is converted into the FCC g-phase. Because of
this, a volume reduction will occur because of the difference in atomic packing factors. This volume
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decrease causes tensile stresses to be generated in the surface layer. As known, a stress is al-
ways accompanied by a strain and thus also by a deformation relative to its initial state. During the
martensitic transformation there will be a volume increase as explained in section 3.3. This effect
will also increase the overall distortions.

However, in carburizing, the entire part is converted into the a-phase and thereafter only a region
of it will convert into martensite. At the same time there will be a lot of thermal gradients in the
entirety of the component also causing strains. Because of this reason laser hardening should
involve fewer distortions.

There still is a last factor that can cause minor distortions for case hardening steels. In case
hardening steel, carbon is added to the surface layer. Consequently, the volume of the surface layer
will increase. In pack carburizing, the carbon concentrations are typically higher than in vacuum
carburized parts. In vacuum carburization, there are a lot more variables to shape the form of the
carbon gradient such that the bare minimum amount of carbon is added to the material in order
to reach the desired case hardening depths. Because of this, the volume increase due to carbon
diffusion by pack carburizing is larger than with vacuum carburizing, which is not beneficial for the
total distortions.

In a standard carburization process, carbon diffusion is combined with a quenching step at the end.
In this case the hardening step is seperate from the carbon diffusion step. For this reason, the ring
gear will go through more phase transformations because it is heated 2 times into the a-phase. It
is important to state here that the heating and cooling rates during the carbon diffusion step (first
part of pack carburizing) should be kept very low to minimise the amount of thermal gradients,
minimizing the deformations. This effect could be minimised even further if parts of the ring gear
that do not need to be hardened, would be shielded from the carbon atmosphere. When the cooling
rates are kept low and the above discussed creep due to the setup in the oven is minimal to non-
existent, the ring gear should not have deformed too much before laser hardening it. This way
there should be enough of a buffer for any small additional distortions during laser hardening. Even
in combination with the distortions due to the carbon diffusion, the distortions could be smaller
compared to the distortions of a classically carburized ring gear. Carburizing in which the part
is cooled down after the carbon diffusion step and then to be reheated and quenched is a know
method of carburizing in the industry (Lindell, 2004).

9.3 Influence on efficieny and lifespan

A lot of research has been conducted on how the different tolerances in gears influence the effi-
ciency of a gearbox and the stress state of the tooth flank and root. There is no rule of thumb to
determine how the lifespan of a gear is affected by the tolerance grade, because every gear is pro-
cessed in a different way. A particular deviation from the ideal geometry might have more severe
consequences than another deviation. In general, it is known that the higher the tolerance grade,
the shorter the lifespan and the worse the efficiency. This can be explained due to the fact that
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for an ideal, theoretical gear, the loads are distributed over a certain surface. When for example
the helix deviation (Fb) or total profile deviation (Fa)1 of the gear is distorted, this contact patch
will become smaller and thus contact and bending stresses are increased. Therefore it follows that
the lifespan will decrease. Next to a smaller contact patch, single pitch deviations (Fpt ) or runout
errors (Fr)2 can cause sudden backlash of the teeth and thus increasing shocks and stresses on
the teeth, with a lower lifespan as a result (Wei et al., 2011).

(a) Helix deviation (Fb)

Source: AsTheGearTurns (2014)

(b) Single pitch deviation (Fpt )

Source: Kohara-Gear-Industry
(nd)

Figure 9.2: Tolerances on gears

The efficiency of meshing gears will also lower with increasing deviations from the perfectly dimen-
sioned gear. Efficiency is closely related to the amount of heat generated in meshing gears. This
heat generation depends on the specific sliding of the gears and the normal force on the contact
patch. As said, with certain deviations of a gear’s dimensions, the area of the contact patch will
decrease and thus the normal force, friction and the temperature will increase. A temperature
increase of the gear will increase the amount of friction even further because of the thermal ex-
pansion of the gear. Due to this thermal expansion the normal forces on the tooth surfaces will be
raised (Ghewade et al., 2016). In addition to the increase in friction, local loading of a tooth can
also cause the bearings to be adversely loaded, which also creates more friction and thus reduces
the overall efficiency of the gearbox.

9.4 Measurements

In this section measurements of the ring gear after wire EDM, carbon diffusion, laser hardening
and carburizing will be discussed and compared with each other.

1Fa is a measure for how much the actual tooth profile differs from the ideal involute profile.
2Fr is a measure for how much runout exists on the pitch diameter
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9.4.1 Wire EDM

At first it is important to have an idea about the distortions on the ring gears after wire EDM in order
to conclude how much each step of hardening contributes to the total distortions. In figure 9.3 the
total profile deviations (Fa) and helix deviations (Fb) for the ring gear after wire EDM are shown.
For the entire report with the allowed & actual distortions, see appendix K. The conclusion of these
measurements is that most of the teeth are already out of tolerance on the basis of profile deviation.
This is far from ideal because these gears still have to be carburized or carbon diffused and laser
hardened. The helix deviations however are within tolerance.

(a) Profile deviation ring gear wire EDM (b) Helix deviation ring gear wire EDM

Figure 9.3: Helix & profile deviation ring gear after wire EDM

Next to involute profile the roundness of the top circle was also measured. This measurement was
made to see how every hardening step affects warping of the ring gear. The roundness is 20µm
which is sufficient because the allowable roundness is 30µm. For the measurements, see appendix
K.

9.4.2 Carburized ring gear

Up next, the carburized gears were measured. From the measurement is concluded that the profile
deviation increased, none of the gear teeth were in tolerance anymore. For the helix deviation
almost no teeth were in tolerance. It is clear to see that this distortion will cause the lifespan of
the gear to be reduced drastically due to the loads to be concentrated at a certain side of the tooth
flanks. In conclusion, the carburized ring gears are not within the desired tolerance grade and thus
not optimal for use in the gearbox. It is difficult to say if the ring gear would have been in tolerance
if the deviations due to wire EDM would have been smaller.

The roundness of the carburized ring gear is also considered because this dimension is very difficult
to preserve due to the geometry of the ring gear. The slightest pressure due to quenching will cause
the ring gear to warp. This pressure can be caused by thermal gradients or phase transformations
but maybe even more important is the way the part is quenched or how the ring gear is set up
for carbon diffusion. The measured roundness has a value of 102µm which is a lot greater than
the allowed value, 30µm. Due to this deformation, the carburized gear is certainly not optimal for
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use. On the one hand a lot of pitch deviation will occur causing the loads on the tooth flanks to
be increase. On the other hand, the outer diameter of the ring gear is a very important dimension
because this dimension is used for a press fit into the gearbox housing. Of course the top circle
diameter roundness cannot be directly related to the roundness of the outer diameter but it gives a
very good indication. The entire measurement report of this gear can be found in appendix L.

(a) Profile deviation carburized ring gear (b) Helix deviation carburized ring gear

Figure 9.4: Helix & profile deviation ring gear after carburizing

9.4.3 Laser hardened gear

For analyzing the distortions of the laser hardened ring gear the carbon diffusion and laser harden-
ing step have to be observed closely. Unfortunately generating a measurement report for a carbon
diffused ring gear without the laser hardening step was not possible which makes it more difficult
to draw conclusions. However, a roundness measurement of the outer diameter of the ring gear
before and after laser hardening has been conducted. From this a good estimation can be made
on how much distortions are caused by carbon diffusion or laser hardening.

Figure 9.5: Roundness (mm) carbon diffused ring gear, without laser hardening

In comparison with the ring gears after wire EDM a very large distortion on the roundness is ob-
served. A value of ±128µm is observed which is much greater than the desired value and thus the
ring gear is already out of tolerance before laser hardening. This effect can be explained due to
the influences discussed in subsection 9.2. The fact that the ring gears are carbon diffused by use
of carbon pellets used in the pack carburizing of parts can further explain this effect. Because of
the carbon pellets it is very difficult to heat up the parts without an external stress being applied to
them. First of all the weight of the ring gears itself will cause stresses, next to this it is very probable
more ring gears were placed in the same container causing the ring gears at the bottom of the
container to feel the weight of the ring gears above.

After this measurement the same gear was laser hardened using the optimal laser parameters
explained in section 7.4.4. The total profile and helix deviation for the laser hardened gear can
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be found in figure 9.6. Overall, it is seen that the profile deviation of the laser hardened ring gear
resembles the profile deviation of the carburized ring gear. For the profile deviation measurements,
see appendix M. Half of the measured tooth flanks were within helix deviation tolerance while in the
carburized gear no tooth flanks were in tolerance for helix deviation. It is impossible to know what
amount of deviation is caused by the carbon diffusion or the laser hardening step. It is however
certain that due to the carbon diffusion the teeth will have been distorted.

(a) Profile deviation laser hardened ring gear (b) Helix deviation laser hardened ring gear

Figure 9.6: Helix & profile deviation ring gear after laser hardening

Possible warping of the laser hardened gear has also been investigated by an additional round-
ness measurement of the outer diameter of the ring gear, which can be seen in appendix N. The
measured roundness was 143µm. Compared with the roundness of the ring gear after the carbon
diffusion step (128µm) the difference is rather limited. There is no certainty that the ring gear would
have been within tolerance if the roundness distortion due to carbon diffusion would have been
much smaller. However, it is certain that the influence of laser hardening on roundness distortions
is much smaller compared to the carbon diffusion step from these measurements.

9.5 Validation of residual stress

As said in section 3.3 the optimal case hardening depth is very dependent on the distribution of
the residual stresses at the tooth flank. The only way of determining the residual stresses is by
simulation. Methods exist for determining these stresses for real gears, such as X-ray diffraction,
but these were not possible to conduct in this research. In figure 9.7 the residual stresses for
the optimal simulation discussed earlier can be found. It is visible that the occurring compressive
residual stresses at the surface are very high. However, there is a fairly large difference in the
size of stresses depending on the tooth root or flanks. It is very difficult to state if this difference
is beneficial or not because the loads on the gear will change with the angle of rotation. The
disadvantage of compressive residual stresses is that they have to be counteracted deeper in the
material causing tensile stresses in the core. Depending on how the bending stresses in the root
and the shear stresses at the tooth flank evolve in the depth this tensile stress can dramatically
lower the lifespan of the gear. A lot of factors have an influence on the depth and size of the
residual stress. Ideally this should be investigated in further research to find the optimum setting
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between the case hardening depth and residual stress to find the optimum lifespan.

(a) Simulation of normal stresses at
tooth flank (MPa)

(b) Residual stresses at tooth root, flank & top

Figure 9.7: Simulation of residual stresses

9.6 Conclusion

From the previous measurements it is clear that the distortions of the laser hardened gear are not
optimal. Somewhere along the production process —starting with wire EDM, then carbon diffusion
and then laser hardening —the ring gears were deformed the most, causing them to be out of
tolerance. It must however be emphasized that overall, the distortions of laser hardened gear
profile are of the same or even better quality compared to the carburized ring gear profile. There
is a large probability that by optimizing the carbon diffusion step, the laser hardened gears will
have a higher accuracy grade than the carburized gears. The laser hardened gears might even be
within the required accuracy grade if the diffusion step was optimized. A recommendation on how
to reduce the distortions during carbon diffusion could be to use a different type of furnace. For
example, using the carbon diffusion step during vacuum carburizing would increase the accuracy
due to the way the ring gear could be placed in the oven in a quasi stress-free state.

Besides that, a more drastic approach to solving the distortion problem could be to conduct the
carbon diffusion step on an oversized gear. After carbon diffusion, the final toothing profile could be
cut out by wire EDM. Of course there is a loss of carbon potential to be hardened, but due to pack
carburizing, a very high carbon concentration at the surface can be achieved. Because of this, the
loss of carbon potential could easily be compensated by placing the ring gear in the furnace for a
longer period of time. After wire EDM, a very accurate part already containing carbon at the edges
is obtained. Then, the ring gear could be laser hardened, which would cause a much lower total
distortion of the final part. This principle is clarified in figure 9.8 with [1] being the surface that is
carburized without the quenching step, thus a carbon gradient is created. Surface [2] is the actual
desired tooth geometry that could be achieved by a second wire EDM process.
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Figure 9.8: Oversized ring gear dimensions

On figure 9.9 the entirely laser hardened gear can be seen.

Figure 9.9: Laser hardened ring gear
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Conclusion

This thesis has as an objective to improve the hardening process of a ring gear of a Formula
Student gearbox. The reason for conducting research on this subject are the limitations in the
current method for hardening this ring gear. For the past few years, all the gears in the gearbox
were made from a case hardening steel, 16MnCr5. Because of the complex geometry of the ring
gear, it was produced by wire EDM followed by a hardening process : carburizing. This last step
introduces distortions into the part which decrease the quality and therefore the lifespan of the gear.
Since it is impossible to grind the ring gear the only way to increase the quality is by minimizing
distortions. The technology of laser hardening might be the solution to this problem.

First, the optimal case hardening depth was determined for the ring gear by analyzing all the rele-
vant common failure mechanisms in gears. By establishing this case hardening depth, the selective
heating properties in laser hardening were used to full advantage. Out of a few different ideas, the
optimal concept was selected. This concept consists of the simultaneous hardening of two adjacent
tooth flanks. In order to realise the desired hardening depth, a model had to be developed. In this
model the influence of the input laser beam, reflection and different absorption coefficients have
been taken into account to make the model as realistic and useful as possible. The model was
developed in Matlab and implemented in Ansys. Ansys was used for thermal simulations of the
model. Afterwards DANTE, an Ansys extension to simulate heat treatments on steels, was used to
simulate the phases, hardness and other relevant parameters.

After optimising the parameters necessary to reach the required hardening depth, these parameters
were validated by using a TRUMPF TruDisk 5001 laser to provide the heat required to harden the
gear. In addition a solution was devised to overcome the problem of back tempering the adjacent
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tooth flank. By using the appropriate amount of external cooling and by fine tuning the hardening
process the desired hardness profile was obtained. In order to harden the case hardening steel the
gears were carburized without the quenching step such that a carbon gradient was created at the
surface before laser hardening the gears.

After obtaining the required hardness profile, the associated distortions were measured and com-
pared to distortions of a ring gear hardened using the conventional hardening technique. The
carburized ring gears had a very deep hardening depth and a high core hardness value. Especially
the high core hardness is not very desirable for this application due to the brittle behaviour of the
material. Although there were significant distortions with both techniques, most of the distortions in
the laser hardened gear were probably due to deforming during carbon diffusion. Possible solutions
to avoid these distortions are provided in the last chapter. By applying one of these solutions it is
strongly suspected that the desired accuracy grade in combination with the correct hardness could
be obtained. Ideally fatigue tests would be conducted in the future in order to validate the method
of laser hardening the ring gear in this application.
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Warmtebehandeling:
Carburizeren
Kernhardheid (1mm) : 30-45 HRC 
Oppervlaktehardheid : 60 HRC
CHD (50 HRC) : 0.3-0.6mm

Ruwheid tandflanken :
 0.8um
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KISSsoft calculation report: Planet 16MnCr5, Ring

42CrMo4
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I
Calculation of the required tilt angle (q)

The objective is to find the intersection point between two ellipses that represent the imaginary
circle connecting the tooth tops at the 2 sides of the ring gear, when the ring gear is tilted.

(Rtop)2 · y2 +(Rtop · cos(q))2 · x2 = 1

Being the equation that represents the ellipses. With Rtop the radius of the tooth tops. q the needed
tilt angle. x and y, the respective coordinates.

y
1

=
q
(1� x2

R2

top
) · (Rtop)2 · (cos(q))2

y
1

being the y-coordinate of the upper half of ellipse 1.

y
2

=�(
q
(1� x2

R2

top
) · (Rtop)2 · (cos(q))2)+b

y
2

being the y-coordinate of the lower half of ellipse 2. b, the width of the ring gear. To be more
accurate the width of the gear, b, should be multiplied by the sine of the tilt angle, but as we will see
the needed tilt angle will be very close to 90°. Because we want to find an intersection between the
two ellipses we have to make the equations of the two ellipses equal to each other. From this we
find :

q = arccos(
( b

2

)2

R2

top�x2

)
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Generating point cloud
% The objective of this section is to generate a point cloud in which
 the
% X-coordinates have a equal distance compared to each other. The
 original
% points file ('points3.txt') was created by storing the points of the
% spline that approximate the tooth profile of the ring gear.

clear;
clc;

[Y,X]=textread('points3.txt');
Arr=[X,Y];

k=1;

for x=X(1):0.05:X(length(X))

    P1=[x,0,0];
    P2=[x,1,0];

    dmin=1000;

        for i=2:length(X)-1

            P=[X(i),Y(i),0];
            P3=[X(i-1),Y(i-1),0];
            P4=[X(i+1),Y(i+1),0];

            a=P1-P2;
            b=P-P2;
            b2=P3-P2;
            b3=P4-P2;

            d=norm(cross(a,b))/norm(a);
            d2=norm(cross(a,b2))/norm(a);

1

            d3=norm(cross(a,b3))/norm(a);

            if d<dmin

                dmin=d;
                P_least=P;

                if d2<d3

                    P_least2=P3;
                    dmin2=d2;

                else

                    P_least2=P4;
                    dmin2=d3;

                end

            end

        end

        Ynew=(dmin./(dmin+dmin2)).*(P_least2(2)-
P_least(2))+P_least(2);

        Arr_new(k,1)=x;
        Arr_new(k,2)=Ynew;

        k=k+1;

end

% For every point the tangent angle is determined and saved in the
 array.

for i=2:length(Arr_new)-1

   th1=atan2(Arr_new(i+1,2)-Arr_new(i,2) , Arr_new(i+1,1)-
Arr_new(i,1));
   th2=atan2(Arr_new(i,2)-Arr_new(i-1,2) , Arr_new(i,1)-
Arr_new(i-1,1));

   th=(th1+th2)./2;

   Arr_new(i,3)=th;

end

Arr_new(1,3)=Arr_new(2,3);
Arr_new(length(Arr_new),3)=Arr_new(length(Arr_new)-1,3);

2

Influence of diffuse reflection
cos_tot=0;
cos_arr=[];

k=1;

D_beam=5; % Diameter of the used input beam
F=(D_beam./2)./sqrt(2);
G=F;

for i=length(Arr_new):-1:length(Arr_new)./2

    cos_tot=0;

    for j=1:1:length(Arr_new)./2-1

        A=exp(-((Arr_new(j,1))./F).^2); % Gaussian input intensity
 profile

        y1=Arr_new(i,2);
        y2=Arr_new(j,2);
        x1=Arr_new(i,1);
        x2=Arr_new(j,1);
        alfa=atan2(y1-y2,x1-x2); % alfa is the angle between a certain
 point on the tooth flank and the tooth top of the adjacent flank

        th_tot=(Arr_new(j,3)+pi./2)-alfa;
        cos_tot=cos_tot+A.*cos(th_tot); % We assume that the intensity
 of the diffuse reflected power changes with a cosine relation
 depending on the reflected angle

    end

    cos_arr(k)=cos_tot;
    k=k+1;

end

Influence of diffuse reflection 2.0
% This section tackles the influence of power being reflected under
% different angles in the plane of the ring gear. Some of the
 reflected power
% might not hit the adjacent tooth flank.

sum=0;

for i=1:1:length(Arr_new)./2-1

    cos_tot=0;
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    th_tot_max=-1;

    for j=length(Arr_new):-1:length(Arr_new)./2

        y1=Arr_new(i,2);
        y2=Arr_new(j,2);
        x1=Arr_new(i,1);
        x2=Arr_new(j,1);
        alfa=atan2(y2-y1,x2-x1);
        th_tot=-((Arr_new(i,3)+pi./2)-alfa);

        if th_tot>th_tot_max

            th_tot_max=th_tot;

        end

    end

    sum=sum+((sin(th_tot_max)+1)./2); %Sum of the integrals

end

ratio=sum/i % 'Ratio' represents the amount of power that is reflected
 and
% hits the adjacent tooth flank in comparison with the total reflected
 power.

ratio =

    0.5539

How much power is initially absorbed and how
reflected power is absorbed.

Pin=1000; % Used for reference

A=0.7; % Estimated absorption coefficient

Pinit=Pin.*A; % Initially absorbed power
Prefl=Pin.*(1-A); % Initially reflected power

cos_arr=cos_arr./max(cos_arr);

k=0;
Ltot=0;
Arr_new;

  for i=1:length(Arr_new)/2-1
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      for j=length(Arr_new):-1:length(Arr_new)

          X1=Arr_new(i,1);
          Y1=Arr_new(i,2);

          X2=Arr_new(j,1);
          Y2=Arr_new(j,2);

          L=((X1-X2).^2+(Y1-Y2).^2).^0.5;

          k=k+1;

          Ltot=Ltot+L;

      end

  end

  L_avg=Ltot/k; % L_avg is the average length from a point on the left
 tooth flank until the right tooth flank

  th=atan2(D_beam./2,L_avg);
  procent=(sin(th)+sin(th))./2; % We suppose that only this amount of
 reflected power will effectively have an influence
  % on the intensity profile

  Pin=A.*Prefl.*ratio.*procent; % The useful reflected power is
 multiplied with the absorptivity because
  % only a certain amount of the reflected power  that hits the
 adjacent
  % tooth will be absorbed. In theory a part of the reflected power
 will
  % also be reflected by the adjacent tooth but we will neglect this
 power.

Influence of the tangent angle of the tooth pro-
file on the intensity profile

Arr_neww=[];

for i=1:length(Arr_new)

    A=exp(-((Arr_new(i,1))./F).^2);

    Arr_neww(i,1)=A.*cos(Arr_new(i,3)); % The intensity amplitude is
 multiplied with the cosine of the tangent angle
    Arr_neww(i,2)=1./(cos(Arr_new(i,3))); % The length is divided by
 the cosine of the tangent angle.

end

5

% The total power will ofcourse stays the same!

Arr_newww=[0];

for j=2:length(Arr_neww)

    Arr_newww(j,1)=Arr_newww(j-1,1)+Arr_neww(j,2);
    Arr_newww(j,2)=Arr_neww(j,1);

end

Arr_newww(1,2)=Arr_newww(2,2);

figure(1)
plot(Arr_newww(:,1),Arr_newww(:,2))

Normalizing the arrays
d_tot=0;

for i=1:length(Arr_new)-1

    X1=Arr_new(i,1);
    X2=Arr_new(i+1,1);

    Y1=Arr_new(i,2);
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    Y2=Arr_new(i+1,2);

    d=((Y2-Y1).^2+(X2-X1).^2).^0.5;

    d_tot=d_tot+d; %d_tot is the circumference from one tooth top
 until the other

end

norm_factor=Arr_newww(length(Arr_newww),1)./d_tot;

for i=1:length(Arr_newww)

    Arr_newww(i,1)=Arr_newww(i,1)./norm_factor; % Normalizing

end

cos_arr_new=[];
ltot=0;

for i=1:length(cos_arr)

    l=1./(cos(Arr_new(i,3)));
    ltot=ltot+l;

    cos_arr_new(i,1)=ltot;
    cos_arr_new(i,2)=cos_arr(i); % cos_arr_new represents the new
 'projected' intensity profile

    end

max=cos_arr_new(length(cos_arr_new));

for i=1:length(cos_arr_new)

    cos_arr_new(i,1)=cos_arr_new(i,1)./max;

end

max=Arr_newww(length(Arr_newww),1);

for i=1:length(Arr_newww)

    Arr_newww(i,1)=Arr_newww(i,1)./max.*2;

end

int1=0;

for i=1:length(Arr_newww)-1

    Y2=Arr_newww(i+1,2);
    Y1=Arr_newww(i,2);
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    X2=Arr_newww(i+1,1);
    X1=Arr_newww(i,1);

    int1=int1+((Y2+Y1)./2).*(X2-X1);

end

int1_final=int1./2;
int2=0;

for i=1:length(cos_arr_new)-1

    Y2=cos_arr_new(i+1,2);
    Y1=cos_arr_new(i,2);

    X2=cos_arr_new(i+1,1);
    X1=cos_arr_new(i,1);

    int2=int2+((Y2+Y1)./2).*(X2-X1);

end

for i=1:length(Arr_newww)

    Arr_newww(i,2)=Arr_newww(i,2)./int1_final; % Normalising

end

for i=1:length(cos_arr_new)

    cos_arr_new(i,2)=cos_arr_new(i,2)./int2; % Normalising

end

final_cos_arr=[cos_arr_new(:,1),Pin.*cos_arr_new(:,2)];
final_arr_new=[Arr_newww(1:24,1),Pinit.*Arr_newww(1:24,2)];

sum_arr=[];

for i=1:length(final_cos_arr)

    sum_arr(i,1)=final_arr_new(i,1);
    sum_arr(i,2)=final_cos_arr(i,2)+final_arr_new(i,2);

end

figure(2)
plot(sum_arr(:,1),sum_arr(:,2))
hold on
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Influence of changing absorptivity depending
on the incident angle

Abs_0=0.4; % Absorption (%) for 0°  (based on literature)
Abs_75=0.5; % Absorption (%) for 75°  (based on literature)

th=75.*pi./180;

C=Abs_0; %abs @0°
B=(Abs_75-Abs_0)./(th.^2);

th=0:0.01:75.*pi./180;

Abs=B.*th.^2+C; % Quadratic relation between absorptivity and incident
 angle based on literature (which is only correct if the angle stays
 below the brewster angle

TH=[];

% The coming section is used because the tangent angle of tooth
 surface can
% be split up into two linear sections
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for i=1:length(sum_arr)

    xx=sum_arr(i,1);

    if xx<=0.78591

        TH(i)=(xx./0.78591).*0.15-1.31;

    else

        TH(i)=(xx-1)./(0.78591-1).*(-1.16);

    end

end

ABS=(B.*TH.^2+C)./(Abs_75);

final_arr_neww=[];

for i=1:length(final_arr_new)

    final_arr_neww(i,2)=final_arr_new(i,2).*ABS(i);
    final_arr_neww(i,1)=final_arr_new(i,1);

end

for i=1:length(final_cos_arr)

    sum_arr(i,1)=final_arr_neww(i,1);
    sum_arr(i,2)=final_cos_arr(i,2)+final_arr_neww(i,2);

end

figure(3)
plot(sum_arr(:,1),sum_arr(:,2),'Linewidth',2)

sum_arrr=[];

for i=1:length(sum_arr)

    sum_arr(i,1)=sum_arr(i,1).*d_tot./2;
    sum_arr(i,2)=sum_arr(i,2);

end
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Influence of temperature
% This is accounted in Ansys itself, as can be read in the thesis
 itself.

Plotting final graph
figure(4)
plot(sum_arr(:,1),sum_arr(:,2),'Linewidth',2)
axis([0 2.7 0 1800])
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2D Simplification
x=-d_tot./2:0.01:d_tot./2;

d_tot./2;

A1=550;
z1=A1;

R_beam=0.47;
F2=R_beam./sqrt(2);
A2=830;
z2=A2.*exp(-(x./F2).^2);

A3=180;
a=sqrt(A)./(d_tot./2);
a=6.6;
z3=-(a.*x).^2+A3;

F3=d_tot./2;
F3=2.5;
n=400;
z4=exp(-(x./F3).^n);
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ztot=(z1+z2+z3).*z4;

figure(5)
plot(sum_arr(:,1)-d_tot./2,sum_arr(:,2),'Linewidth',1)
hold on
plot(x,ztot)

% This graph represents the actual distribution. The advantage of this
 is
% that it is easy to implement into Ansys.

3D Simplification
[x,y]=meshgrid(-3:0.02:3);

dbeam=D_beam;
G=(dbeam./2)./sqrt(2);

Z=(A1+A2.*exp(-(x./F2).^2)+A3-(a.*x).^2).*exp(-(y./G).^2).*exp(-(x./
F3).^n);

figure(6)
view(0,0)
mesh(x,y,Z/1550)
xlabel('X (mm)','Fontsize',16)
ylabel('Y (mm)','Fontsize',16)
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zlabel('I (W/m^2)','Fontsize',16)

Published with MATLAB® R2019a
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Measurement report ring gear wire EDM
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Measurement report carburized ring gear
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Measurement report laser hardened ring gear
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Roundness measurement laser hardened ring gear
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