UNIVERZA V LJUBLJANI
NARAVOSLOVNOTEHNIŠKA FAKULTETA

Analiza temperaturnega polja in
napak planetnih gredi MAGISTRSKO
DELO

Ignacio Flórez Muguruza

LJUBLJANA, 2020

UNIVERZA V LJUBLJANI
NARAVOSLOVNOTEHNIŠKA FAKULTETA
ODDELEK ZA MATERIALE IN METALURGIJO

ANALIZA TEMPERATURNEGA POLJA IN NAPAK
PLANETNE GREDI

MAGISTRO DELO

IGNACIO FLÓREZ MUGURUZA

LJUBLJANA, JUNIJ 2020

UNIVERSITY OF LJUBLJANA
FACULTY OF NATURAL SCIENCES AND ENGINEERING
DEPARTMENT OF MATERIALS AND METALURGY

TEMPERATURE FIELD AND FAILURE ANALYSIS OF
PLANETARY SHAFT

MASTER THESIS

IGNACIO FLÓREZ MUGURUZA

LJUBLJANA, june, 2020

INFORMATION ON THE MASTER THESIS
Number of sheets: 50
Number of pages: 37
Number of images: 33
Number of tables: 7
Number of literature sources: 9
Number of appendixes: 0

Study programme: Metallurgy and materials

Commission for the assessment of the master thesis and its presentation:
Chariman: Prof. dr. Milan Bizjak
Mentor: Prof. dr. Borut Kosec
Member: Assoc. prof. dr, Aleš Nagode

Ljubljana,

THANK YOU NOTE
Before beginning with the writing I would like to dedicate this section to thank different people
and organizations that have made it possible for me to be able to do my master's thesis at this
time.
First of all, to the University of Ljubljana for the welcome in my last year of Master degree, to
the teachers and professors who have given me the different subjects and especially to Borut
Kosec, Aleš Nagode and Samo Smolej, for guiding me in this thesis.
On the other hand, to the Madrid Polytechnic and the ETSI Minas y Energías, with all their
professors and who have been in every step of my university life.
Last but not least, to the mobility coordinators of both faculties, Liliana Medic and Majda Štrakl
as well as to the ERASMUS+ scholarship without which this great international experience
would not have been possible.

IZVLEČEK
Magistrsko delo obravnava kompleksen proces induktivnega ogrevanja in hlajenja
planetne gredi zaganjalnika dizelskega motorja izdelane iz ogljikovega jekla.
Na temelju izvedeih meritev temperaturnih polj na površini planetnih gredi z
uporabo termografske kamere in teoretičnih znanj, mikrostrukture in mehanskih
lastnosti posameznih gredi, je bila izvedena študija in analiza posameznih potencialnih
napak in poškodb gredi.
Ključne besede: planetna gred, jeklo, toplotna obdelava, induktivno kaljenje, analiza
napak in poškodb, mikrostruktura, temperatura.

ABSTRACT
The master thesis presented discusses a complex process of inductive
heating and cooling of carbon steel planetary shaft for diesel engine starter.
Based on the measurements of the temperature fields on the surface of the
planetary shaft by thermographic camera, and the theoretical knowledge,
the microstructure and mechanical propertes of several parts of the study
piece has been studied for the analysis of possible failures.
Key words: planetary shaft, steel, heat treatment, spinning induction hardening,
failure analysis, microstructure, temperature.

ŠIRŠI IZVLEČEK VSEBINE
Podjetje MAHLE Electric Drivers Slovenija d.o.o. sodi med največje evropske proizvajalce
električne opreme in komponent za avtomobilsko ter industrijo gradbene, transportne in
kmetijske mehanizacije.
Velike mehanske in temperaturne obremenitve končnega izdelka zahtevajo tudi ustrezne
lastnosti njegovih sestavnih delov. Ti hladno preoblikovani jekleni polizdelki morajo
zagotavljati (s površinsko trdoto) veliko odpornost proti obrabi ter (z žilavim jedrom) trajno
nihajno trdnost, kar se doseže z ustrezno toplotno obdelavo.
V okviru diplomskega dela je obravnavan kompleksen proces induktivnega ogrevanja in
kaljenja planetnih gredi zaganjalnikov dieselskih motorjev iz ogljikovih jekel (v konkretnem
primeru iz jekla Ck45), ki se uporabljajo za vitalne dele vozil in transportnih naprav ter so
med svojo eksploatacijo podvržene visokim mehanskim in toplotnim obremenitvam.

Planetna gred zaganjalnika dieselskega motorja
Temperatura pri induktivnem ogrevanju se spreminja in znaša od temperature okolice pa
vse do 1120 °C. Planetna gred se med samim postopkom ogrevanja ves čas vrti okrog svoje
osi in tako zagotavlja enakomerno ogrevanje po celotnem preseku. Hitrost vrtenja znaša 10
vrtljajev/sekundo, čas segrevanja pa znaša 2,5 sekunde.

Kalilna naprava 3KTC
Kalilno napravo 3KTC 100 kW – 100 kHz, ki jo uporabljajo za induktivno kaljenje različnih
jeklenih strojih delov in komponent in je bila uporabljena za preizkuse površinskega

kaljenja, je izdelalo podjetje SAET S.p.A. iz Torina.
Naprava je namenjena za kaljenje gredi premera 12 do 32 mm, ter dolžine 100 do 500 mm.
Za določitev temperature na površini smo uporabili termografsko kamero tipa ThermaCAM
PM675 in proizvajalca FLIR System v sodelovanju s firmo TERMING. Daje nam vpogled v
temperaturno polje planetne gredi po določenem času segrevanja in sicer po 0, 0,5, 1,5, in 2
sekundah. Temu procesu sledi hitro ohlajanje do temperature okolice z vodo. Čas ohlajanje
znaša 1,5 sekunde.

Termografski posnetki nastali med ogrevanjem gredi (tcel =2,5s)

Termografski posnetek v začetnem delu ogrevanja - 0,5 s (levo); termografski posnetek v srednjem delu
ogrevanja - 1,5 s in zadnji del celotnega časa ogrevanja gredi, tik pred kaljenjem (desno).

Zaradi prednastavitve vrednosti koeficienta emisivnosti termografske kamere na vrednost 1,0,
je bilo potrebno pred izvedbo meritev površinskih temperatur gredi določiti njegovo dejansko
vrednost.
Iz inženirske prakse je znano, da je koeficient emisivnosti odvisen od treh parametrov:
materiala, kvalitete (stanja) površine in temperature.
Za obravnavani primer je bila po izkušnjah in podatkih iz strokovne literature okvirna
vrednost emisijskega koeficienta na intervalu 0,6 in 0,9, odvisno od temperature, ki se je v
našem primeru gibala od sobne pa tja do 1120 °C, ter kvalitete površine, ki se je spreminjala
od polirane pa do močno oksidirane in prekrite s škajo.
Za določitev emisivnosti smo izvedli primerjalne meritve temperature z merilnikom Isotech
T.T.I.-7. Glede na to, da je induktivno kaljenje izredno hiter proces, smo morali določiti
vrednost emisijskega koeficienta kot inženirsko korektno in sprejemljivo konstanto za celotno
področje temperatur. Pri termografskih meritvah smo zato uporabili faktor emisivnosti 0,70
in se tako optimalno približali iz teorije poznanim vrednostim.

površina

0,7 mm

1,4 mm

2,1 mm

Mikrostruktura jekla planetne gredi na površini in različnih globinah
V okviru magistrskega dela smo z uporabo optičnega in vrstičnega elektronskega mikroskopa
analizirali mikrostrukturo toplotno obdelanih planetnih gredi ter izmerili trdote po prerezu
gredi.
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Introduction

Failure analysis is the process of collecting and analysing data to determine a cause of a failure
and the corrective actions needed to prevent it from recurring. It is a vital tool used in the
development of new products and for the improvement of existing products.
Failure analysis is a very important activity in the engineering field (chemical processing,
refining, oil-gas, etc.). Instead of replacing an item of equipment each time it fails avidences for
potencial causes of failure can be collected with a suitable study. After this process, these
mistakes could be prevented in the future.
Causes of failures:


Design deficiencies



Miscalculation in the selection of the material.



Damage or imperfections in the manufacturing process



Inappropriate maintenance of the material



Damage or imperfections in the repairing process



Environmental factors



Others: abuses in service and unexpected damage

Different techniques are necessary to achieve the objectives defined in the project microscopy
analysis (optical, electron, laser signal injection), spectroscopic analysis, surface analysis,
sample preparation, metallography techniques (mounting, cutting, grinding, polishing).
The main steps generally used in failure analysis can proceed one after another, or occur at the
same time and are described in the following section:
1. Collection of background information about failed components
2. Preliminary examination of failed components
3. Selection, preservation and cleanin of sample
4. Non-destructive testing
5. Evaluation of the mechanical properties of the failes components
6. Macroscopic examination
7. Microscopic examination
8. Metallographic examination
9. Establishing the fracture mechanism (ductile fracture, brittle fracture or intergranular
brittle fracture)
10. Failure analysis using fracture mechanics approach
1

11. Conducting test under simulated conditions if required
12. Final analysis
13. Report with recommendation
After this introduction about what are the importance of failure analyses, in this Master thesis it
is going to be explained the experimental work it has been developed in the laboratory. The
piece handle consists is a Ck 45 carbon steel planetary shaft., used for diesel engine starters
(Figure 1).

Figure 1: Starter of a diesel engine with planetary shaft

The sample in question is the one shown in the following image. You can see the same piece
before the heat treatment. (Figure 2)
In Figure 3 shows the study piece after the heat treatment, before cutting the sample, which will
be described in more detail bellow.
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Figure 2: Planetary shaft before heat treatment.

Figure 3: Planetary shaft after heat treatment.
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2

Background information

The following section describes the theoretical framework required to carry out this thesis.

2.1 Failure analysis
In Table 1 are collected and compared nondestructive engineering inspection methods
Table 1: Comparation of nondestructive inspection methods
Method

Characteristics Detected

Advantages

Limitations

Example of Use

Visual-Optical

Surface characteristics such

Often convient; can

Can be applied only

Paper, wood, or

as finish, scratches, cracks,

be automated

Liquid penetrant

to surfaces, through

metal for surface

or color; stain in transparent

surface openings, or

finish

materials

to transparent material

uniformity

and

Surface openings due to

Inexpensive; easy to

Flaw must be open to

Turbine blades for

cracks, porosity, seams, or

use; readly portable;

surface; not useful on

surface cracks or

folds

sensitive to small

porous materials

porosity

surface flaws
Magnetic particles

Leakage

magnetic

flux

Inexpensive;

Limited

caused by surface or near-

sensitive

surface

surface and near-

materials;

surface flaws

preparation and post-

cracks,

inclusions,

voids,

or

material

both

to

to

geometry changes

ferromagnetic

Railroad

wheels

or tracks
surface

inspection
demagnetization may
be required

Radiography

Changes in density from

Can

voids, inclusions, material

inspect wide range

requires precautions;

penetration,

variations;

of

expensive;

detection

inclusions, voids

of

can

placement

of

internal parts

be

used

materials

to
and

thicknesses;
versatile;

film

radiation

cracks

safety

Pipeline welds for

be

difficult

provides record of
inspection
Ultrasonics

Changes

in

impendance

acoustic

Can penetrate thick

Normally

by

materials; excellent

coupling to material

assemblies

nonbonds,

for crack detection;

either by contact to

bond integrity

can be automated

surface or immersion

caused

cracks,

inclusions, or interfaces

requires

Adhesive
for

in a fluid such as
water
Eddy currents

Changes

Readily automated;

Limited to electrically

Heta

exchanger

moderate cost

conducting materials;

tubes

for

material variations, cracks,

limited

thinning

voids, or inclusions

depth

conductivity

in

electrical
caused

by

penetration

wall
and

cracks
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In Table 2 are presented relations between common failure modes ad conditions that produce
failure.
Table 2: Relation between common failure modes and
conditions that produce the failure
Types of loading

Types of stress

Failure modes

Static

Repeated

Impact

Tension

Brittle fracture

x

x

x

x

Ductile fracture

x

Compression

Shear

x

x

High-cycle fatigue

x

x

x

Low-cycle fatigue

x

x

x

Corrosion fatigue

x

x

x

Buckling

x

Gross yielding

x

x

x

x

Creep

x

x

x

x

hydrogen

x

x

corrosion

x

x

Caustic

or

x

x

embrittlement
Stress

-

x

cracking

2.2 Ck45 carbon steel
CK45 carbon steel is a medium carbon steel, and it is used when it is needed great strength and
hardness. t is also advisable when you need to combine extreme size accuracy, straightness and
concentricity, to minimize wear in high speed applications.


Chemical composition (in mass %)
Table 3: Chemical composition

C

Cr

Ni

Mn

Si

P

S

Mo

0.45

<0.4

<0.4

0.6

<0.4

0.035

<0.035

<0.1



Physical properties:
o

Modulus of elasticity [GPa]: 190 – 210
5



o

Density [kg/m3]: 7.84

o

Thermal conductivity [W/m.K]: 15.1

Continuous cooling transformation (CCT) diagram:

Figure 4: CCT diagram of CK45 steel



Soft annealing:

Heat to 650 – 700ºC, cool slowly. This will produce a maximum Brinell hardness of 207.


Hardening:

Harden from a temperature of 820 – 850ºC followed by water or oil quenching.


Normalizing:

840 -870ºC.


Tempering temperature (ºC) vs Hardness (HCR)
Table 4: Temperature/ Hardness

(ºC)

20ºC

(HCR) 56

50ºC

100ºC

150ºC

200ºC

250ºC

300ºC

56

56

54

51

49

45.5

6



Mechanical properties vs. diameter:
Table 5: Mechanical properties

Tensile

Yield

strength

strength

(MPa)

(MPa)

Cold drawn, round bar (16- 22 mm)

655

585

12

35

Cold drawn, round bar (19- 32 mm)

625

530

12

30

Cold drawn, round bar (22- 32 mm)

620

550

11

30

Cold drawn, round bar (32- 50 mm)

585

515

10

30

Cold drawn, round bar(50- 75 mm)

515

485

10

30

Cold drawn, annealed, round bar (19- 32mm)

585

505

12

45

Cold drawn, high temperature, stress relieved, 655

515

15

45

515

15

40

485

15

40

450

12

35

620

12

35

585

11

30

550

10

30

515

10

25

565

310

16

40

Turned, ground and polished, round bar (19- 675

405

24

45

Diameter

Elongation
(%)

Reduction
in area
(%)

round bar (16- 22 mm)
Cold drawn, high temperature, stress relieved, 620
round bar (22- 32 mm)
Cold drawn, high temperature, stress relieved, 585
round bar (32- 50 mm)
Cold drawn, high temperature, stress relieved, 550
round bar (50- 75 mm)
Cold drawn, low temperature, stress relieved, 690
round bar (16- 22 mm)
Cold drawn, low temperature, stress relieved, 655
round bar (22- 32 mm)
Cold drawn, low temperature, stress relieved, 620
round bar (32- 50 mm)
Cold drawn, low temperature, stress relieved, 585
round bar (50- 75 mm)
Hot rolled, round bar (19- 32 mm)
32 mm)

7

2.3 Inductive heating
This method is fast and precise, as the heat is applied only at the points on the part where a heat
treatment is desired. In principle, induction is suitable for all conductive materials.
Inductive heating is the basis for inductive hardening, inductive tempering, inductive annealing,
inductive soft soldering, inductive brazing and other thermal forming technologies.
In inductive heating, eddy currents are induced in a metal part by an alternating electromagnetic
field. These currents are transformed into heat due to magnetic hysteresis losses. To put it more
simply: the metal is heated by a current flow generated in the workpiece (Figure 5). With
inductive heating, the heat is thus applied directly to the workpiece without any external
influence, e.g. by heating with a flame or in a furnace. This gives the process a high degree of
efficiency. In addition, heating can also be carried out using non-conductive materials.

Figure 5: Inductive heating

The heating depth of the workpiece depends on the properties of the metal. In addition, the
frequency of the current supplied by the generator significantly influences the heating depth of
the process. High frequencies are particularly suitable for heating according to highly precise
contours and a shallow penetration depth into the workpiece. The low frequencies are suitable
for a large penetration depth.
Therefore, depending on the application, an individual analysis is necessary to select the optimal
generator for the inductive heating task. The frequency is one of the decisive criteria for the
success of inductive heating. However, material, heating temperature and production batch sizes
also have a decisive influence on the dimensioning of the inductive heating solution.

2.4 Imaging of temperature fields of solids
Infrared thermal imaging of temperature fields has become a particularly versatile and popular
method for real-time temperature measurement and monitoring of thermal conditions altogether
industrial and research applications.
8

Infrared thermal imaging systems will be divided into two main groups. On the surface twodimensional temperature field imaging systems are produced using scanning and matrix systems
within the second group, which may be called linear systems, the aim is to produce a
temperature field image of continuously cooled or heated moving targets. These linear systems
present a specific simplification of two-dimensional systems. (1)
In our case, the thermocamera used is the following: FLIR ThermaCam PM-695/675 Infrared
Camera. (Figure 6)

Figure 6: FLIR ThermaCam PM675
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The main characteristics of the mentioned camera are collected. Table 6

Table 6: Main characteristics

Detector
Spectral Range
Image frequency
Thermal sensitivity

Temperature range
Optional
temperature ranges
Measurement
modes

Focal plane array (FPA), uncooled microbolometer 320 X 240
pixels
7.5 to 13 µm
50/60 Hz non-interlaced
0.08 °C at 30 °C
-40 °C to +120 °C (-40 °F to +248 °F) Range 1 0 °C to +500 °C
(+32 °F to +932 °F) Range 2

up to +1500 °C (2732 °F)

Spot (up to 5), area (up to 5), isotherm, line profile, Delta T

Accuracy

+/- 2 °C, +/- 2%

Automatic
emissivity
correction

Variable from 0.1 to 1.0 or select from listings in predefined
materials list

Atmospheric
transmission
correction
Operating time
Size
Weight

Automatic, based on inputs for distance, atmospheric
temperature and relative humidity
2 hours
220 mm x 133 mm 140 mm (8.7″ X 5.2″ X 5.5″)
1.9 kg (4.4 lbs.), excluding battery
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2.5 Quenching
The outstanding importance of steels in engineering relies on their ability to alter mechanical
properties over a wide range when subjected to controlled heat treatment. For unalloyed carbon
steels, as an example, the hardness can be increased by up to 500% just by changing the cooling
rate from the austenitizing temperature from extremely slow to extremely fast. However
quenching at a rate faster than in still air doesn´t only determine the need mechanical properties
but is a crucial side effect of quenching is that the formation of thermal an transformational
stresses that result in changes in size and shape and thus may lead to quenching cracks that
damage the workpiece.
The Figure 7 schematically represents the coupling effects among the three different
characteristics of quenching – cooling rate, metallic structure, and internal stresses. The cooling
rate influences the phase transformation of the metallic structure, whereas the latent heat due to
structural changes affects the cooling rate. All phase transformations of austenite during
quenching are accompanied by volume expansion. addiotionally, steel contract with decreasing
of temperature. As a consequence, locally and temporally different changes of structure and
temperature cause nonuniform volumetric changes within the quenched part which will lead to
transformational and thermal stresses. These stresses accelerate or hinder the phase
transformation and influence the volume expansion. While the phase transformation brings out a
defined metallic structure, the volumetric dilatation and thermal and transformational stresses
lead to deformation and residual stresses. At room temperature, both characteristics influence
the material properties.

Figure 7: Coupling effects

The coupling effects between temperature distribution during quenching, metallic structure, and
stresses require correct cooling rate during heat treatment. This includes sufficient
11

reproducibility and predictability of quenching performance moreover because the ability to
precisly control quenching intensity by varying the sort of quenchant and its physical state. The
main objective of the quenching process is to realize the specified microstructure, hardness, and
strength while minimizing residual stresses and distortion.
The most common quenchants in hardening practice are liquids including water, water with salt,
aqueous polymer, and hardening oils. Inert gases, molten salt, molten metal and fluidized bed
are also used.
Quenching techniques used for liquids media are immersion quenching and spray quenching.
Immersion quenching, where the part is submerged into an unagitated or agitated quenchant, is
that the most generally used. The part may be quenched directly from the austenitizing
temperature to room temperature (direct quenching) or to a temperature above the Ms
temperature, where it is held for a specified period of time, followed by cooling in a seconds
medium at a slower cooling rate (time quenching or interrupted quenching). The quenching
intensity is possible to change by varying the kind of quenchant, its concentration and
temperature and ,also, the rate of agitation. Spray quenching refers to spraying the liquid
through nozzles onto those areas of the hot workpiece where higher cooling rates are requested.
The heat transfer is principally determined by the impingment density and its local distribution.

2.6 Sample preparation


Cutting

The purpose of the cutting is to get a small specimen from actual work piece. Cutting parameter
must be set carefully selecting the proper abrasive wheel and providing intense water cooling to
the sample in order to avoid changes in the structure of the material.
To choose the cut-off wheel we must look at the Figure 8. The first step is going upwards on the
y-axis of the overview to the right until you find the hardness value of your material.
Then Move to the right, until you cross the cut-off wheel that fits your application. We only
have one material to cut, so we have to find the wheel where our material’s hardness is placed
as close to the middle as possible.

12

Figure 8: Select the cut-off wheel

Finally we have to find the number (I-XI) of the respective wheel, and see the Table 7 for the
code of the correct wheel for our cut-of machine.
13

Table 7: Selection of the cut-off wheel
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Precision cutting machine (Figure 9) was used in the preparation of the sample. Precision cutters
are used for precise and a non-deformation are done while the machine is cutting of metals,
ceramics, electronic components, crystals, composites, biomaterials, sintered carbides, minerals,
etc. The applications are endless.

Figure 9: Precision cutting machine Struers



Sample mounting

The last step in the process of preparing the sample before being ready to work on its surface is
to mount it in resin. The ideal sample mounting process has to be quick, mechanically rigid (to
prevent vibrations), conductive (to prevent charging), and harmless to the material.
To add the resin to the sample, a hot mounting press was used. The aim of mounting is to handle
small or odd shaped specimens and to guard fragile materials, thin layers or coating during
preparation also on provide good edge retention. Mounting produces specimens with uniform
size so it's easier to handle in automatic holders for further preparation steps. In hot mounting,
the specimen is mounted under heat and pressure with a hot mounting press.(

15

Figure 10: Hot-pressing machine CitoPress

CitoPress is a powerful hot-pressing machine, which allows to work at high speed, its use is
simple and this translates into faster deliveries and a higher production capacity. The optional
automatic dispenser reduces the filling time by allowing the dosing of a pre-set amount of filling
resin. The user interface includes an information screen as a Hot Filling Application Guide to
minimize errors.


Grinding

Once the sample has been cooled, it is taken out the press and is taken to a Metallography
Polisher. The machine consists of two disks that rotate simultaneously in the same direction one
above the other removing the surface’s scratches. The upper disk is where the sample is located,
it is very important that the sample finds a stable position in order to avoid mistakes. On the
other hand, a grinding paper is put in the lower disk. The paper is fastened to a precision steel
platen rotating in fixed housing. A stream of water is directed into the paper disc during
grinding. This water reduces frictional heating of the specimen, which can degrade the sample’s
surface finish. The water stream also flushes particles and chips from this process off of and
away from the grinding surface.
The main target of this machine is creating a clean and uniform surface of the study piece, for
piece analysis. The machine parameters taken into consideration must be the following:


Speed rotation.
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Force.
Maintenance, using water we get less friction, less damage and the rests are removed.
Kind of paper (silicon carbide paper).
The distribution of the samples, so the press is homogeneous.
Time of grinding.

Figure 11: Metallography polisher

2.7 Microstructure
The microstructure of steels consists of a spatial arrangement of crystalline aggregates of
different phases. The size, shape, distribution, composition, and crystal structure of these phases
essentially control the final properties of any given steel, including hardness, strength, ductility,
impact toughness, and creep strength. Steel is the most versatile alloy among all the industrial
alloys. It exhibits a diverse range of microstructures that possess different combinations of
strengths and toughnesses. In a majority of the steels, this versatility is made possible by
modifying the decomposition of a high-temperature d-ferrite (body-centered cubic [bcc] crystal
structure) to high-temperature austenite phase (face-centered cubic [fcc] crystal structure) and
then decomposition of austenite to a low-temperature a-ferrite (bcc) phase by changing the
composition and cooling rate. In low-alloy steels, the most important phase change is from
austenite to a-ferrite (Figure 12). (2)
Another feature of steels is that all of the above microstructures are far from equilibrium (i.e.,
the equilibrium microstructure at room temperature is a mixture of ferrite and graphite). The
ferrite–pearlite microstructure, which contains ferrite+porthorhombic cementite lamella, is the
closest to the equilibrium of the above structures. In contrast, the martensite microstructure has
a body-centered tetragonal (bct) crystal structure with supersaturated carbon and is the farthest
from equilibrium. Therefore, tempering martensite at high temperature can be used to attain
intermediate-phase mixtures that are closer to final equilibrium, thus providing another
17

methodology to control the microstructure and properties of the steel. The methods of
controlling steel microstructure through alloy modification and heat treatment have been
followed by metallurgists and this will continue to be the goal of material scientists. (2)
Basic and applied research in the past has led to a fundamental understanding of these structural
changes and their relationship to microstructure evolution in alloys ranging from simple Fe–C
systems to complex Fe–C–X steels (where X stands for many different substitutional alloying
elements, including manganese, nickel, chromium, silicon, and molybdenum). The relationships
between crystal structure changes, the interface structure, the phase morphologies (i.e., ferrite or
bainite), and the distribution of alloying elements between phases are understood. In addition,
computational thermodynamic and kinetic tools have been developed to the extent that it is
possible to predict transformation kinetics quantitatively as a function of steel composition.

Figure 12: Illustration of body-centered cubic (bcc) ferrite and face-centered cubic (fcc) austenite with a
calculated metastable Fe–C binary diagram showing the phase stability of austenite, ferrite, and cementite.

The various phase transformations that occur in steels can be classified according to a
thermodynamic basis, a microstructural basis, and a mechanistic basis:


The thermodynamic basis classifies the phase transformation based on the derivatives of
the Gibbs free energy (G) of the system with temperature change at a constant pressure.
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The microstructural basis relates to the origin of a product phase from a parent phase:
o

Homogeneous transformation

o

Heterogeneous transformation

The mechanic basis relates to the way the crystal structure change is achieved during
transformation. The heterogeneous transformation in a material can occur by three
mechanisms:
o

Athermal growth glissile interfaces

o

Thermally activated growth

o

Growth controlled by heat transport

Microstructure evolution during Austenite decomposition


Allotriomorphic Ferrite

Allotriomorphic ferrite usually nucleates along the austenite–austenite grain boundary. It first
grows laterally along the boundary and then can proceed perpendicularly into the austenite
grain. The nucleation and growth involve a reconstructive mode of crystal structure change that
leads to an absence of any macroscopic shape change, and only a volume change is observed.
During nucleation, the allotriomorphic ferrite crystals exhibit a preferred orientation relationship
with one of the austenite grains (Figure 13).

Figure 13: Optical micrograph showing the presence of allotriomorphic ferrite (marked by arrow) and bainite
microstructure in an Fe–C–Si–Mn steel.



Widmanstätten Ferrite

Widmanstätten ferrite describes a ferrite morphology in the form of side plates or strips and is
converted into austenite grains with a KS orientation ratio. The bush ferrite, which forms of the
austenite grain boundary, is called primary ferrite Widmanstätten. The which nucleates in the
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pre-existing allotriomorphic ferrite is called secondary ferrite Widmanstätten ferrite. Nucleation
of secondary Widmanstätten ferrite occurs mostly in the boundary of the semi-consistent
interface between the ferrite and the austenite. A typical microstructure of the secondary ferrite
Widmanstätten in a steel weld is shown in

Figure 14: Optical micrograph showing secondary Widmansta¨tten ferrite microstructure in an Fe–C–Mn
steel weld obtained through continuous cooling. The growth of these plates occurs on only one side of the
allotriomorphic ferrite.



Bainite

The bainite microstructure consists of aggregates of ferrite plates separated by thin films of
austenite, martensite, or cementite. These aggregates of plates are called sheaves These
aggregates of plates are called sheaves [4]. A typical bainitic sheaf in an Fe–Cr–C steel is shown
in Figure 15 (a). This microstructure was attained by austenitization followed by isothermal
transformation below the bainitic start temperature Bs. The small ferrite plates that make up the
sheaves are often referred to as subunits, and often they are related to each other through a
specific crystallographic orientation. These subunits are normally plate-shaped and under
certain conditions may exhibit a lath structure. The presence of subunits within the sheaf can
also be seen by transmission electron microscopy.
(a) Optical micrograph from a Fe–Cr–C steel showing a bainitic sheaf structure. (b)
Transmission electron micrograph from a Fe–C–Si–Mn steel showing many sheaves of bainitic
ferrite. (c) Another transmission electron micrograph of a bainitic sheaf structure from a Fe–r–C
steel. (d) Schematic illustration of the growth mechanism by subunit nucleation and growth.
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Figure 15: Bainite



Pearlite:

A typical pearlite microstructure has many colonies of a lamellar mixture of ferrite and
cementite (Figure 16). Under an optical microscope, each pearlite colony (schematically shown
in Figure 17) may appear to be composed of many alternating ferrite and cementite crystals;
however, they are mostly interpenetrating single crystals of ferrite and cementite in three
dimensions.

Figure 16: optical microstructure of a pearlite in an Fe–C–Mn steel
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Figure 17: Schematic illustration of pearlite colony growth

Pearlite is converted to austenite by the cooperative growth of ferrite and cementite. Neither
ferrite nor perlite show a preferred crystallographic orientation with the austenite in which they
are growing. The colony interface with the austenite is an inconsistent high-energy interface. As
a result, the perlite that nucleates on the pre-existing allotriomorphic ferrite always chooses the
side of the ferrite (high-energy interface) that has no crystallographic relationship with an
austenite grain.


Martensite

The martensite transformation occurs athermally below Ms, i.e., the extent of transformation is
proportional to undercooling below the Ms and does not depend on the time spent below the
Ms. The transformation from austenite tomartensite proceeds as the temperature is reduced
below Ms until the martensite finish temperature ( Mf ) is reached, at which point 100%
martensite is expected. However, if the Mf temperature is below room temperature, then some
austenite may be retained if only cooled to room temperature. The martensite transformation is
also sensitive to external and internal stresses. The martensite plates are related to austenite
through a KS orientation relationship and show very preferred habit planes.(Figure 18)
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Figure 18: Optical microstructure of lath martensite

2.8 Vickers hardness test (HV5)
The Vickers hardness test method consists of indenting the material with a diamond indenter,
within the kind of a right pyramid with a square base and an angle of 136 degrees between
opposite faces subjected to a load of 10 to 1000 N. The total load is generally applied for ten to
fifteen seconds. The 2 diagonals of indentation left within the surface of fabric after removal of
the load are measured employing a microscope and their average calculated. The area of the
sloping surface of the indentation is calculated. The Vickers hardness is that the quotient
obtained by dividing the N load by the square mm area of indentation. In the following figure
(Figure 19) we can see a simplification of the system described
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Figure 19: HV5 measurement principe

When the mean diagonal of the indentation has been determined the Vickers hardness could also
be calculated from the formula, but is more convenient to use conversion tables.

The Vickers hardness should be reported like 800 HV/10, which suggests a Vickers hardness of
800, was obtained employing a 100 N force. Several different loading settings give practically
identical hardness numbers on uniform material, which is way better than the arbitrary changing
of scale with the other hardness testing methods. The benefits of the Vickers hardness test are
that extremely accurate readings are often taken, and only one type of indenter is employed for
all kinds of metals and surface treatments. Although thoroughly adaptable and really precise for
testing the softest and hardest of materials, under varying loads, the Vickers machine is a floor
standing unit that is costlier than the Brinell or Rockwell machines.
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3

Experimental work

This section discusses the conduct of the test in the industrial environment. The various steps
that have been taken will be discussed with a brief explanation of the different points.

3.1 Induction spin-hardening
The induction done to the studied piece is carried out by using the spin-hardening device 3KTC.
This device was made by Italian company SAET from Turin. (Figure 20 & Figure 21)

Figure 20: 3KTC spin-hardening device
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Figure 21: Device 3KTC inside

The operating device and heat treatment parameters, employed in the discussed case were:
theoretical power 93 kW, actual power 72.8 kW, frequency 83 kHz, voltage 508 V, heating time
2.5 s, quenching time 1.5 s, and total time of the cycle 15 s.
The device 3KTC ensures the uniform heating of the entire surface by rotating the planetary
shaft during the inductive heating treatment. The temperature of this surface varies extremely
quickly, from room temperature to approximately 1120°C.


Heating: 2.5 seconds



Quenching (oil-water): 1.5 seconds
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Figure 22: Heating and cooling process

After that, planetary shaft is ejected from manipulating system and cooled down in sorounding
air.
For planetary shaft surface temperature determination it has been used thermographic camera
ThermaCAM PM675 FLIR System. Measurements were made in cooperation with company
TERMING from Ljubljana. In the image below we can see the maximum temperature values
obtained on the planetary shaft (corresponding to the end of the inductive heating, after 2.5
seconds), (Figure 23).

Figure 23: Thermograph record after 2.5 sec of heating
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According to literature data for Ck 45 steel, emissivity value varies in praxis between 0,6 and
0,9, depending upon temperature and surface quality
Quality of surface changes from polished to heavily oxidized, which has significant influence
on emissivity value. Because induction heating is a very fast process, we had to determine
emissivity as engineering correct constant for the whole temperature range and surface
mutation. In the case studied, the emissivity obtained is approximately 0.7. (3) (4)

3.2 Cutting and griding
Once the heat treatment has been carried out, we proceed to cut the sample. The cut of the piece
is made with the machine, which has been explained in detail in section 2.6 and the cutting
wheel chosen, following the procedure explained in section mentioned above, is the 40A25, as
can be seen in the image bellow. (Figure 24)

Figure 24: cutting process

The result of the workpiece cutting process is as follows, two samples are worked on from that
moment. Two representative areas have been chosen for study under the microscope. The first
cutting zone chosen is in the upper part where the narrowing observed in Figure 25 and Figure
26 located, since this is where most anomalies are likely to be found. In order to carry out a
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complete study of the problem area, the sample is cut in half. The other sample is obtained from
the central part of the piece and is representative for the rest of the piece.

Figure 25: Cut samples

Figure 26: Sample cut in half

Once the samples have been cut in the desired way, we prepare them for polishing. For this we
will use the CitoPress, explained above. Once this step has been carried out, we will proceed to
introduce them into the metallography polisher.
We used different grit paper during around 5 minutes each one. Each grit paper was finer than
the previous one. The revolutions per minute vary between 150 and 300 depending on the paper
chosen and whether water is used or not. Finally, a grind paper with hexagonal section was used
in order to get a better polished surface. This kind of paper requires lubricant (based on OH
mostly) and a liquid made of a synthetic 9μm diamonds’ particles solution. After this process
we clean the piece in order to remove all the impurities achieving a mirror surface

3.3 Microscopic analysis
This study under the microscope, in a first step is done with the optical microscope to check the
quality of the polishing executed previously and once the validity of this polishing is checked it
is studied with the electron microscope.
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The microstructure analysis was performed on the field emission scanning electron microscope
(FEG SEM) Thermofisher Scientific Quattro S witth attached EDXS detector for
(micro)chemical analysis.
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4

Results and discussion

The results of the analysis carried out for the development of this thesis are commented on,

220,0°C

400

600

800

1000,0°C
1000

starting with the image taken with the thermal camera during the heat treatment.

Figure 27: Thermal image of planetary shaft after 0.5 sec and after 2.5 sec of heating
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As expected, an anomalous area can be observed in the upper part of the piece, which coincides
with the narrowing of the planetary shaft. This can be a problem due to the sharp thermal
gradient, and the variation in cross-section results in great stress.
After 0.5 seconds we can observe a range of colors that varies between the blue stripes reaching
oranges, which means that the minimum temperatures are around 220 º C and the maximum
would be close to 800. It is very clear the area of narrowing which has an anomalous
temperature variation in a very small area.
In the second image, corresponding to the part after 2.5 seconds of heating, the temperature
reaches 1120 ºC. The anomaly in question can be seen, although with more difficulty than in the
previous picture.
The Figure 28 shows the temperature variation during the heat treatment. The section up to 2.5
seconds corresponds to the heating, where we can observe the high increase of temperature that
takes place in the first half second where the surface reaches up to 800 ºC, having a linear
behavior while the internal zone has a more exponential behavior. After 2.5 seconds, the cooling
begins by means of a water and oil emulsion (as shown in Figure 22), being 1.5 seconds and
then leaving it at room temperature where the surface shows the most abrupt decrease while the
central axis of the part takes longer to show the decrease in temperature, finally reaching a
single temperature in the part.

Figure 28: Temperature distribution in planetary shaft
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On the other hand, the study of the microstructure has given us these results:
The microstructure analysis was performed on the field emission scanning electron microscope
(FEG SEM) Thermofisher Scientific Quattro S witth attached EDXS detector for
(micro)chemical analysis.

Figure 29: Microstructure of steel at the surface: tempered martensite
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Figure 30: Microstructure of the steel in transition zone: martensite, bainite, ferrite

Figure 31: Microstructure of the steel in the core: ferrite, pearlite and martensite
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Results showed that steel has martensitic microstructure at the surface (Fig. 1); however, the
portion of the martensite decreases with the distance from the surface. Below the surface (at
depth 0,21 mm) the microstructure consists of martensite, bainite and ferrite while in the core
the microstructure contain ferrite, pearlite and still some martensite.
However, in the microstructure of the investigated planetary shaft many elongated manganese
sulphide (MnS) inclusions can be observed. In Figure 32 it can be seen that inclusion reaches
the surface. Inclusion may be the site for crack initiation during the operation, they lower the
steel toughness, especially in transversal directions and they may couse corrosion attack when
they are present on the surface. Therefore, it is necessary to minimize the portion of inclusions
as possible unless in the case of free machining steels for to improve machinability by breaking
the chips into small pieces, thus avoiding entanglement in the machinery.

Figure 32: Inclusions

EDX analysis shows the aproximate chemical composition of the steel. It can be seen that the
investigated steel is a plain carbon steel. Beside Fe the steel contains some Si ( 0,30 wt. %), Cr
(0.21 wt. %), Mn (0,87 wt. 5) and some Mo and Cu in low concentrations. Anyway, with EDXS
analysis the concentration of carbon in the steel was not measured because it is well known that
results would be wrong and misleading. Namely, the carbon is present in the steel as alloying
element, however it is also present on the surface as hydrocarbon contamination.
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Figure 33: EDXS spectrum of Steel
Table 8: Results of EDXS analysis of steel in wt.%

Spectrum Label

Spectrum 1

Si

0.30

Cr

0.21

Mn

0.87

Fe

98.5

Cu

0.03

Mo

0.09

Total

100.00

The results of hardness measurements are in accordance to results of the microstructure
analysis. Maximum hardness is obtained at the surface where fully martensitic microstructure is
present. With decreasing of portion of martensite the steel hardness gradually decreases. In the
core the hardness is stable around 230 HV. Tho core starts at about 1700 m below the surface.
Results of the microstructure analysis and hardness measurements showed theat the investigated
component was surface hardened to improve the wear and fatigue resistance.
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Figure 34: Hardness HV5 vs. depth
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5

Conclusions

In the thesis presented, the temperature field and failure analysis of planetary shafts has been
analyzed by studying induction hardening and the study of its microstructure. The
measurements of the surface temperature of the planetary shaft thermographic chamber during
the induction hardening period were carried out in an industrial environment.
After the quenching, two samples were prepared for the study of its microstructure, one of them
in a representative area of the great majority of the piece and the other where the narrowing of
the piece is found, since this is the most likely area of failure, in which cracks of about 20
micrometres have been found.
Otherwise, The results of hardness measurements are in accordance to results of the
microsturctue anañysis. Maximum hardness is obtained at the surface where fully martensitic
microstructure is present. With decreasing of portion of martensite the steel hardness gradually
decreases. In the core the hardness is approximately 230 HV. The core starts at about 1700 m
below the surface.
Results of the microstructure analysis and hardness measurements showed theat the investigated
component was surface hardened to improve the wear and fatigue resistance.
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