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ABSTRACT

INVESTIGATION OF CARBURIZED QUENCHING PROCESS
OF SHAFTS USING COMPUTER SIMULATIONS

Yazır Terzi, Büşra
M.S., Manufacturing Engineering Department
Supervisor: Asst. Prof. Dr. Caner Şimşir
Co-Supervisor: Asst. Prof. Dr. Kemal Davut
July 2017, 86 pages

Carburizing and subsequent quenching heat treatments are commonly used industrial
processes to improve the properties and performance of steel shafts. Variation of the
case depth related to these treatments are the most frequent reason for product
rejection. Therefore, the major aim of this study is to identify the suitable control
parameters for subsequent optimization of carburized quenching DIN 16MnCr5
(1.7131) steel shafts. Another aim is to estimate inevitable experimental variations and
determine the accuracy of computer simulations in presence of experimental
uncertainties in the process parameters. This study is performed on both experiments
and simulations. Experimental study is used to verify the simulations. In order to
determine the control parameters of the process, a local sensitivity analysis is
conducted using computer simulations in which each control parameter is perturbed
around its reference state and the associated dimensional changes were correlated to
those perturbations by a dimensionless sensitivity index. Additionally, for the purpose
of identifying the effective parameters, a virtual design of experiments is performed
on finite element method software SYSWELD®.
Keywords: Carburizing, virtual design of experiments, DIN 16MnCr5, computational
sensitivity analysis
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ÖZ
ŞAFTLARIN SEMENTASYON SONRASI SU-VERME
İŞLEMİNİN BİLGİSAYAR SİMÜLASYONLARIYLA
İNCELENMESİ
Yazır Terzi, Büşra
Yüksek Lisans, İmalat Mühendisliği
Tez Yöneticisi: Yrd. Doç. Dr. Caner Şimşir
Ortak Tez Yöneticisi: Yrd. Doç. Dr. Kemal Davut
Temmuz 2017, 86 sayfa

Sementasyon ve sonrasında su verme ısıl işlemleri çelik şaftların özelliklerini ve
performanslarını geliştirmek için yaygın şekilde kullanılan endüstriyel işlemlerdir. Bu
işlemlerle ilişkili olan kabuk derinliğindeki farklılıklar ürün geri gönderimindeki en
sık rastlanan sorunlardandır. Bu sebeple, bu çalışmanın başlıca amacı, sementasyon
sonrası su verilmiş DIN 16MnCr5 (1.7131) çelik şaftlarının uygun etkin ve kontrol
parametrelerinin belirlenmesidir. Diğer bir amaç kaçınılmaz deneysel varyasyonlarını
tahmin etmek ve bilgisayar simülasyonlarının doğruluğuna deneysel belirsizlikler ile
karar vermektir. Bu çalışma hem deneyler hem de simülasyonlar üzerinden
yürütülmüştür. Deneysel çalışma simülasyonları doğrulamak için kullanılmıştır.
Sistemin kontrol parametrelerine karar vermek amacıyla, yerel hassasiyet analizi
bilgisayar simülasyonlarında her bir kontrol parametresi kendi referans değeri
çevresinde sarsıma uğratılarak yapılmıştır. Sertlik, kalıntı gerilme ve boyutsal
değişimler bu sarsımlarla boyutsuz hassasiyet indeksi ve toplam belirsizlik yardımıyla
ilişkilendirilmiştir. Bunlara ek olarak, etkin parametrelerin tanımlanması amacı
doğrultusunda sanal bir deney tasarımı sonlu elemanlar yöntemi yazılımı olan
SYSWELD® kullanılarak gerçekleştirilmiştir.
Anahtar Kelimeler: Sementasyon, sanal deney tasarımı, DIN 16MnCr5, hesaba
dayalı hassasiyet analizi
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CHAPTER 1

INTRODUCTION

Today the requirement for the product performance and reliability increase with the
advancing technology and science. Heat treatment is an indispensable step in the
manufacture for metallic alloys. As a consideration of steel, the common industrial
metallic material, heat treatment has a substantial place to improve the properties and
the performance of the usage of it. By deliberate manipulation of the chemical and
metallurgical structure of a component, mechanical properties such as hardness, static
and dynamic strength and toughness are selectively controlled. However, apart from
the desired effects, the heat treatment process can be accompanied by unwanted
effects, such as component distortion, high material hardness, low material strength, a
lack of toughness (which can lead to crack formation) and inadequate hardness depth.
Therefore, success or failure of heat treatment not only affects manufacturing costs but
also determines product quality and reliability. Heat treatment must be taken into
account during development and design, and it has to be controlled in the
manufacturing process.
One of the special and commonly used type of heat treatment in steel industry is case
hardening treatments. Carbon diffusion into the surface is widely used technique in
order to improve the surface strength and wear resistance within these treatments.
Carburizing has many advantages such as improving the surface mechanical properties
without affecting the soft and tough core region in the parts. Whereas the hard and
wear resistance surface helps to avoid cracking and improves the production life, the
tough core region provides high impact toughness during the operation. In addition to
this, usage of low carbon steels is less expensive than the other high carbon steels [1,
2].
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Figure 1.Schematic representation of carbon transportation and diffusion in
carburizing [3]
Mass transfer mechanism of carburizing is a complex phenomenon which is shown in
Figure 1. this mechanism has three main stages as (1) carbon transportation from the
gas atmosphere to the metallic part, (2) occurred chemical reaction on the surface and
(3) diffusion of carbon into the metallic part. β, J and D show the mass transfer
coefficient, flux and diffusion coefficient of carbon respectively at the process
temperature [4, 5].
Carburizing and subsequent quenching is a complicated and multi-physics
phenomenon. During the process, there are many physical interactions such as heatexchange coefficient of quenchant, geometry, initial and surrounding temperature,
heat capacity, thermal conductivity, elastic parameters, hardening parameters, phase
transformations [6]. The most appropriated method to keep under control the process
and predict the important results such as case depth, surface hardness, core hardness,
transformed phases, residual stresses and distortion is using computer simulations
based on Finite Element Method (FEM). Today, several FEM software are available
in order to model the carburizing process.

2

1.1. Aim of The Study
This study reveals an experimental and simulative study of carburized and quenched
DIN 16MnCr5 steel shaft. This study can be divided into three major part as
verification of the simulations, statistical sensitivity analysis by using FEM software
and the virtual design of experiments. Within the scope of this thesis, first of all the
experimental study is created and used for the verification of the simulation. Secondly,
a computational sensitivity analysis is performed in order to detect the sensitive
parameters which are highly important for any processes. Finally, a virtual design of
experiments is created to understand the effective parameters of the process.

3

CHAPTER 2

THEORY

2.1. Carburizing
Transmission parts necessitate adequate mechanical properties to provide required
service life and performance. Heat treatment process is the most common way for
improving the service life and performance. Hardening of steels is the most extensively
applied heat treatment in the industry.
From the materials perspective, hardenability is the attainment for increasing the
hardness during the quenching [7]. Hardenability of steels mainly depends on carbon
content; by increasing carbon content, hardness increases in general. Figure 2 shows
that hardness of steels increases by increasing carbon content until the eutectoid carbon
content (apprx. 0,8 %C). However, after this point steels are separated as shown curves
(a), (b), (c). (a) shows the curve the quenching occurs above Ac3 temperature (ferrite
to austenite transformation is completed during heating at this temperature), (b) is the
curve that the quenching occurs above Ac1 temperature (the temperature at which
austenite starts forming with heating) and (c) shows the microhardness martensite
curve. Hence, it can be deduced that low carbon steels require a thermochemical heat
treatment processes such as carburizing to improve the surface hardenability [8].
Carburizing is described as a thermochemical case-hardening heat treatment process
by increasing the carbon activity in the surface of low carbon steels at high
temperatures (generally between 8500C and 9500C) in which a layer on the surface is
carbon enriched by diffusion from the surface into the austenite phase.
Thermochemical treatment is succeeded by quenching in order to create a hard case
by hardening the surface. By carbon soaking and subsequent quenching, carbon
gradient below the surface renders not only harder and wear resistant surface region
but also tough core region in the component.

4

Figure 2. Hardness depends on carbon content for steels, (a) Quenching above Ac3,
(b) Quenching above Ac1, (c) microhardness of martensite [7]
Carburizing steels generally have about 0.2wt% base carbon, and the content of the
carburized layers are provided as around 0.7 and 1% C. Nonetheless, higher carbon
content than eutectoid composition might result in brittleness and low toughness of the
formation of proeutectoid carbides on the grain boundaries. Increase of surface carbon
also increases the amount of retained austenite on the surface which might be
beneficial or detrimental depending on the amount formed and its stability. Although
desired amount is highly variable depending on the application and the steel, 5%-10%
retained austenite is desired in gear and shaft application as it increases the fatigue
resistance without sacrificing from the surface hardness and wear resistance. On the
other hand, besides the loss of hardness and wear, high carbon retained austenite is
highly metastable and may transform during the stock period or service which will
affect the fatigue life and dimensional stability negatively [9].
Case depth can be defined as the specified depth from the surface in terms of hardness
or carbon content is a highly important term in carburizing process. While hardness
case depth (or simply case-depth) is the depth at which 50 HRC from the surface,
carbon case depth (or carburizing depth) is defined as the depth 0,4 %C from the
surface. [10].
Carburizing methods are usually categorized based on the state of the carburizing
media (liquid, solid, gas, plasma etc.) as
 Gas carburizing,
 Vacuum carburizing,
5

 Plasma carburizing,
 Salt bath carburizing and
 Pack carburizing.
Depending on the application, each method has some advantages and disadvantages.
However, gas carburizing is the most widely used methods for large-scaled production
in industry [1, 9].
2.1. Heat Treatment Simulations
Heat treatment simulations can be considered as an optimization tool for improving
the process performance and fixing the problems during the processes. This is quite
important to enhance the heat treatment steps due to predicting the results of
substantial and effective mechanical, thermal and material properties of the process
such as residual stresses, distortion (undesirable shape changes), material composition,
hardness, phase distribution at the end of the process. Experimental study requires
many of trials means waste of time and additionally there might be no accurate recipe
for the exact process. However, heat treatment simulation may help to figure out the
solution of the process with shorter time and less trial in comparison with experiments.
Therefore, using simulations is easier and cheaper way for heat treatment process
optimization [11].
Carburizing and subsequent quenching heat treatment process has a physical field with
interactions of chemical, thermal, metallurgical and mechanical fields [12]. These
fields are related to diffusion and precipitation, heat transfer, phase transformations
and stress-strain evolution respectively Figure 3. illustrates this physical field and
interactions with each other in general. Due to these interactions modelling of heat
treatment is highly complicated.
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Figure 3. Schematic representation of physical field
Chemical field involves the diffusion and precipitation reactions which are controlled
by the thermochemical surface heat treatment processes such as carburizing and
nitriding. This field controls thermal, metallurgical and mechanical fields, since
changing of chemical composition all the thermal, metallurgical and mechanical
properties are affected [13].
Thermal field controls the phase transformations, thermal strains and the heat transfer
highly dependent on fluid flow, thermo-physical and chemical processes [12]. This
field is an important field since most of the material properties are dependent on the
temperature. So, thermal driving force affects all the other physical fields. The cooling
rate and the temperature alter the phase transition rate, and latent heat the transferred
heat occurs during the phase transformations. Latent heat affects the thermal field and
needs to be considered in the modelling. On the other hand, there are some temperature
dependent mechanical properties and occurred thermal strains within the interactions
denoted that thermal field affect the mechanical field. The influence of the thermal
history on the mechanical history results simultaneously from the variations of the
mechanical properties such as Young’s modulus, yield strength with the temperature
[14].
Besides, metallurgical field has important effects on other physical field because phase
transformations affect directly the material properties. Phase transformations control
the density variations come from the volume change of the parent and the product
phases. In carburizing process, compressive stresses occur on the surface layers and
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tensile stresses occur in the core part due to the martensitic transformation. These
internal stresses determine the stress state of the product together with the thermal
stresses and the transformation induced plasticity (TRIP) [15]. Transformation
induced plasticity means that the plasticity improves under martensitic transformation,
and it is affected from high stresses due to the yielding of austenite phase. The detailed
information about TRIP can be found in [6, 16]. Mainly, mechanical properties such
as hardness, toughness depend on the phase proportion of the final product. Also phase
transformations alter the dimensional changes which is highly important for the
repeatability and the process quality [17]. Therefore, controlling the couplings
interactions of physical field is quite important and necessary for the heat treatment
processes especially in the case of quenching.
Although the principles of carburized quenching simulations are similar independent
of the software used, there exist minor differences in the imposed models while the
algorithm in the implementation of couplings between physical fields. For the sake of
brevity, this subsection deals with the method used by commercial heat treatment
software package SYSWELD® while an overview of other approaches can be found
in [13].
The input parameters of carburized and quenching finite element method simulation
are generally geometry designed by using a CAD software, mechanical properties of
the material used, kinetics of phase transformations and the heat transfer parameters.
After then carbon and hardness profile, microstructure evolution, shape changes and
the residual stresses are obtained from the simulation.
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Figure 4. Schematic representation of the carburizing process steps
The simulation steps for carburizing and quenching is shown in Figure 4. First of all,
thermo-chemical step is worked for the carburizing step. Carbon profile is obtained at
the end of this step and it is possible to evaluate the carbon behaviour time dependently
during the process. Secondly, thermo-metallurgical step is run in order to get the
distribution of hardness and transformed phases in the worked part. In addition to this
temperature history is also available to obtain as a result of this step. Lastly, thermomechanical part is worked. This part gives the results of the stress-strain evolution and
displacements mainly.
2.1.1. Modelling of Heat Transfer
Thermal calculation governing the thermal field is based on the modified heat transfer
equation taking into account the latent heat and the phase transformation in the solid
state.
𝑗

𝜕𝑇
𝜌𝑐
= 𝛻. (𝜆𝛻𝑇) − ∑(𝐿𝑖→𝑗 𝑋𝑖→𝑗 )
𝜕𝑡

(1)

𝑖

where 𝜌, 𝑐 and 𝜆 denote density, specific heat capacity and thermal conductivity, 𝐿𝑖→𝑗
is the latent heat of the transformation of i to j and 𝑋𝑖→𝑗 is the proportion of the phase
i which is transformed into phase j in unit time. On the other hand, specific heat
capacity c is state as;
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𝑐 = ∑(𝑋𝑖
𝑖

𝜕𝐻𝑖
)
𝜕𝑇

(2)

where Hi is the enthalpy of the phase and 𝑋𝑖 is the proportion of the phase.
Thermal conductivity λ is;
𝜆 = ∑(𝑋𝑖 𝜆𝑖 )

(3)

𝑖

2.1.2. Modelling of Carbon Diffusion
Diffusion is modelled by Fick’s second law, which formulates conservation of the
diffused element in the solid element concerned. The equation is as follow;

∑[
𝑘

𝜕
𝐷𝑘𝑙𝑖 𝜕𝑎𝑖
[∑(
)
]] = 𝑋𝑖 − 𝑄𝑖
𝜕𝑥𝑘
ϒ𝑖 𝜕𝑥𝑖

(4)

𝑙

where 𝐷𝑘𝑙𝑖 is the matrix form of element i diffusion coefficient, 𝑄𝑖 is the solid source,
where activity 𝑎𝑖 of diffused element (i) is related to its dissolved fraction by
thermodynamic activity coefficient ϒ𝑖 comparable to the reverse of solubility.
The extensive knowledge about the modelling of carburizing can be found in [18, 19,
20, 21].
2.1.3. Modelling of Phase Transformations
Kinetics of phase transformations is highly important for the heat treatment since it
affects the hardenability, mechanical properties, stress state and the undesirable shape
changes of the final product directly. Carburized and quenched carbon steel result in
martensitic transformation on the surface due to the high carbon content and cooling
rates, while bainite, pearlite or ferrite transformation occurs in the core.
2.1.3.1. Martensitic Transformation
The martensitic transformation takes place due to the quite high cooling rate and it is
called diffusionless transformation. Mainly, austenite phase transforms to the
martensite phase below the Ms (Martensite starts) temperature at very high cooling
rates. The mechanism of this type of transformation is related to the migration of the
interfaces and deformation due to the change in lattices. Martensitic transformation is
10

considered as displacive phase transformation causes volume and shape change in
crystal structure which can result in distortion. Although bainitic and Widmanstatten
Ferrite transformation are displacive phase transformations, they require carbon
diffusion due to the growth mechanism [11, 22, 23].
Martensitic transformation can be calculated with Koistinen-Marburger equation;
𝑋𝑚 = 𝑋𝑎 (1 − exp(−𝑀0 (𝑀𝑠 − 𝑇)))

(5)

where Xa and Xm denote the fraction of the austenite and martensite phases, Ms is the
martensite starts temperature higher than T and M0 is the Koistinen-Marburger
constant. 0,018 is a good value for low carbon steel for M0 However, it is not constant
for all steels.
2.1.4. Diffusion Controlled Transformations
Diffusion controlled phase transformations mainly occur at phases interfaces which
mean that two phases meet at the interface and the boundary conditions manage the
rate of diffusion [22].
Bainite, pearlite and ferrite transformations are diffusion controlled phase
transformations.
In the case of quenching, isothermal transformations are not expected on the surface
due to the high cooling rates. Additionally, carburized and subsequent quenching
conditions diffusion controlled transformations occur in the core region because of the
lower carbon content. Martensite transformation requires high carbon content.
In the case of diffusion controlled phase transformations, the kinetics of
transformations are determined by using the isothermal transformation kinetics
modelled as Jhonson-Mehl-Avrami law;
𝑋𝑖 = 𝑋𝑖𝑚𝑎𝑥 (1 − 𝑒𝑥𝑝(−𝑏𝑖 𝑡 𝑛𝑖 ))

(6)

where 𝑋𝑖 and 𝑋𝑖𝑚𝑎𝑥 denote the phase fraction and the maximum fraction of constituent
i formed, bi and ni are the temperature dependent coefficient and t is time. The
𝑋𝑖𝑚𝑎𝑥 value is generally obtained by measurement of the transformed phase factor at
the end of each isothermal transformation.
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2.2. Hardness Computation
Hardness computation procedure is associated with a metallurgical computation. It
takes account of the effect on final hardness of the temperature at which the phases are
formed and the effect of carbon content on the hardness of the martensite and the
transition carbides. Final hardness is calculated as;
𝑖

𝐻𝑉 = ∑(∆𝑋𝑘𝑖 . 𝐻𝑉𝑘𝑖 )

(7)

𝑘

where ∆𝑋𝑘 is the increment in phase k formed at step i, and 𝐻𝑉𝑘𝑖 is the micro-hardness
of constituent k (ferrite, pearlite, bainite, martensite, transition carbides, cementite and
cementite+ferrite) formed at temperature Ti.
2.3. Modelling of Transformation Plasticity
During the metallurgical transformations, in the presence of the stresses, a plastic flow
takes place tending to reduce the stresses to zero. This phenomenon is related to
differences of volume change comes from the phase transformations which is called
Transformation Induced Plasticity (TRIP) as mentioned above.
TRIP appears in as an additional term in the total strain which is calculated by;
𝑑𝜀 = 𝑑𝜀𝑒 + 𝑑𝜀𝑡ℎ + 𝑑𝜀𝑝𝑐 + 𝑑𝜀𝑡𝑝

(8)

where 𝑑𝜀𝑒 is the elastic strain rate, 𝑑𝜀𝑡ℎ is the thermal and metallurgical strain rate,
𝑑𝜀𝑝𝑐 is the conventional plastic strain rate and 𝑑𝜀𝑡𝑝 is the transformation plastic
strain rate.
Additionally, 𝑑𝜀𝑡𝑝 can be calculated by the equation;
𝜀𝑡𝑝 = −

𝜎𝑒𝑞
3𝑘
𝐿𝑛(𝑋)𝑆ℎ( )Ẋ
2
𝜎𝑦

(9)

where 𝑋 is the phase proportion, 𝑆 is the stress deviator and k is the transformation
plasticity coefficient [24, 25, 26, 27]

12

CHAPTER 3

EXPERIMENTAL AND NUMERICAL PROCEDURE

In this study both experimental and numerical methods are invoked supplementary.
The major aim of the experiments for this study is the verification of simulations.
Simulations can only be considered as “virtual experiments” if they are experimentally
verified in sufficiently large range of experiments. Then, verified simulations will be
used for process optimization.
3.1. Experimental Procedure
In the experimental framework of this study, carburized and quenching steel shafts are
investigated as a part of project with a partner company. One of the most important
aim of this part is reducing the variations of case depth and hardness of the final
products. Since these variations related to these treatments are the frequent reason for
product rejection. According to this aim an experimental design is created with two
different geometrical designs including plain (D=47,5 mm, L=224 mm) and stepped
(D1=47,5 mm, D2=70mm, L=224 mm) shafts shown in Figure 5 in varied heat
treatment conditions. Besides two different furnaces are investigated in order to
understand the source of variations. Since each furnace has specific deviations, it gives
us more information about the process. Figure 6 shows the model of the investigated
gas carburized process followed by oil quenched.
Eight experiments have been carried out totally in which. Mainly four each experiment
has been performed on each two different furnaces. Created experimental design is
shown at Table 1.
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(a)

(b)

Figure 5. Shaft geometries used in experimental and simulative studies, (a) Plain
shaft, (b) Stepped shaft
In the experimental design;


Carburizing temperature (910 – 930 0C),



Carburizing carbon contents (0.9 - 1.1 %C) and



Quench oil temperature (60 - 70 0C)

are varied while;


Soaking temperature (850 0C),



Carbon content of carburizing (0.7%),



Carburizing time (24 hours) and



Soaking time (2 hours)

are kept constant. Following data are gathered from the experiments:
-

Carbon profile,

-

Hardness,

-

Residual stresses,

-

Distortion (undesirable shape changes).
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Figure 6. Process Schematic

Table 1. Varied process conditions. Carburizing temperature; T1(0C), Carburizing
carbon content; %C1, Temperature of quenching oil; Toil (0C)
Experiment

Furnace

T1 (°C)

%C1

Toil (°C)

1

1

910

0.90

60

2

1

910

1.10

70

3

1

930

0.90

70

4

1

930

1.10

60

5

2

910

0.90

60

6

2

910

1.10

70

7

2

930

0.90

70

8

2

930

1.10

60

DIN 16MnCr5 low carbon steel is used as the material for the experimental and
simulative study. Table 2 illustrates the chemical composition of the material.
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Table 2. Chemical composition of DIN 16MnCr5 steel
Element

C

Si

Mn

P

S

Cr

%wt

0.168

0.32

1.12

0.007

0.0018

0.83

Further details about the experimental procedure can be found in [11] including the
basis of the selected experimental design.
3.2. Numerical Procedure
3.2.1. Convergence Analysis
Convergence Analysis is preliminary step in FEA has been carried out to isolate the
effect numerical parameters from the physical effects. Convergence analysis is also
beneficial to find the optimal parameters which provides the accuracy required with
minimum computation costs such as time and memory required.
FE method is an approximate numerical solution technique in which the solution
depends on the numerical parameters such as element size, element type, time step
length etc. In general, the quality of the solution depends on those parameters, whereas,
one can get totally incorrect results because of the improper selection of those
parameters.
We performed on two different geometrical designs including plain and stepped shafts
same as experimental procedure. The geometries of shafts are reduced to 2D
axisymmetric models as shown at Table 3 and Table 4. At the beginning all elements
are assumed as in homogeneous austenite phase in the model. Considering the
symmetry, ¼ of straight shaft and ½ of stepped shaft is modelled as it is seen in Figure
7.
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(a)

(b)

Figure 7. Modelled symmetrical shaft geometries (a) Plain shaft geometry
(b) Stepped shaft geometry
A layered mesh consisting of 4-noded linear axisymmetric quadrilateral elements is
used for the spatial discretization. A 2 mm-thick surface layer consisting of 10
elements is created in order to capture carbon and temperature gradients. The finer
element size is 0,1 mm located in the surface and the size is increased exponentially
along the 10 layers. 10 layered elements and gradient mesh is shown in Figure 8. The
core is meshed with 0.5, 0.7 and 1 mm square elements.

Figure 8. Layered and gradient mesh
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The material data for DIN 16MnCr5 steel and heat transfer coefficient for the
Isorapid® 277HM seen in Figure 9 is from the database of Visual Heat Treatment®
(v10.0) for SYSWELD®.
Heat Transfer Coefficient (HTC) function for the quench oil used at the experimental
study’s verification of simulations has been started to use after being obtained at the
progressive processes. This HTC function is given in the Figure 10.
Table 3. Plain shaft geometries with different core mesh size

0.5mm

0.7mm
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1mm

Table 4. Stepped shaft geometries with different mesh size

0.7 mm

0.5 mm

1 mm

Heat transfer coefficient
[W/mm2/K]

0,006
0,005
0,004
0,003
0,002
0,001
0
300

400

500

600

700

800

Temperature [°C]

Figure 9. Variation of heat transfer coefficient function of Isorapid® 277HM in
SYSWELD® database as a function of surface temperature.
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Figure 10. Variation of heat transfer coefficient function of measured Isorapid®
277HM as a function of surface temperature.

Convergence Analysis was conducted by comparison of changes in following outputs;
 Carbon % distribution
 Hardness distribution
 Distribution of microstructure (Retained austenite %, bainite %, martensite %,
ferrite-pearlite %)
 Distribution of residual stress
 Distortion
During the convergence analysis, the parameters given above distribution of carbon,
hardness, phases and residual stresses are investigated on the cross section shown at
Table 5 along the direction of the arrows.
On the other hand, variation of diameter (distortion) have been examined along the
direction of the arrows at Table 6. Thinner and thicker sections of the stepped shaft
have been evaluated separately for these changes.
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Table 5. Arrow directions show the measurement distance for distribution of carbon,
hardness, phases and residual stresses

y
x

Table 6. Arrow directions show the measurement distance for distortion
y
x
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3.2.2. Results of Convergence Analysis
Convergence Analysis has been performed on the basis of the same carburizing and
subsequent quenching conditions for two different geometries stepped and plain shafts.
These analyses have been completed for each shaft geometry on three different meshes
0.5, 0.7 and 1 mm subsequently.
The carbon percentage, hardness, distribution of martensite, pearlite, bainite and
retained austenite, distribution of residual stress results has been investigated and
evaluated at a specified distance.
3.2.2.1. Plain Shaft
When the results of the plain shaft evaluated the congruency of all three meshes was
shown at the graphics Figure 11, Figure 12, Figure 13. These graphics were designed
on the distance versus the distributions of carbon, hardness, phase and residual stress
subsequently.
0,9
0,8

Carbon %

0,7
0,6
0,5
0,4

0,3
0.5mm
0.7mm
1mm

0,2
0,1

20

20,5

21

21,5

22

22,5

23

23,5

24

Distance [mm]
Figure 11.Distance vs Distribution of Carbon for plain shaft geometry
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20,5
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Figure 12. Distance vs Hardness for plain shaft geometry

Tangential Residual Stress [MPa]
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-100
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-300
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0.7mm
1mm

-700
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Figure 13. Distance vs Distribution of Tangential Residual Stress for plain shaft
geometry
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The results evaluated on the distance versus the distributions of pearlite, retained
austenite, bainite and martensite phase have generally corresponded to each other for
all three meshes.
The distribution of martensite phase graphic is shown in the Figure 14 as an example.
1

0,9

Martensite %

0,8

0,7

0,6
0.7mm
0.5mm
1mm

0,5

0,4
20

20,5

21

21,5

22

22,5

23

23,5

24

Distance [mm]
Figure 14. Distance vs Distribution of Martensite for plain shaft geometry
The variations of diameter for the plain shaft with respect to the distance have been
concluded as in the Figure 16 graphically.
The results of the 0,5 and 0,7 meshes have been observed as more similar to each other
than the 1 mm mesh’s results. When the results of the 1 mm mesh have been examined,
minor differences at significant sections have been observed. However, this situation
of the straight shaft has been assumed as insignificant.
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Figure 15. Schematic representation of average diameter change

The average diameter change is calculated by using the area under the variation of
diameter vs distance curves. The trapezoidal rule is applied for the calculations as
shown in Figure 15.

𝐷=

∑𝑛𝑖,𝑗((𝑦𝑗 + 𝑦𝑗+1 )(𝑥𝑖+1 − 𝑥𝑖 ))

(10)

2(𝑥𝑛 − 𝑥𝑖 )

where 𝐷 is the mean diameter change, x is distance and y is the variation of diameter.
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0
-0,0006
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-0,0002

0
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Variation of Diameter [mm/mm]
Figure 16. Variation of Diameter versus Distance for plain shaft geometry
Time histories of the plain shaft’s analysis are shown at the Table 7. The average
results of 0,5, 0,7 and 1 mm meshes are 16, 10,5 and 6 minutes subsequently according
to this table.
The convergence analysis has been tried to finalize considering the margin of error
and the time histories.
Table 7. Time history of plain shaft geometry
0.5mm

0.7mm

1mm

Time Carburizing (s)

33

18

10

Time Hardness (s)

382

264

165

Time Mechanical (s)

540

351

189

Total time (s)

955

633

365

Total time (min)

16

10

6

3.2.2.2. Stepped Shaft
All of the plain and stepped shafts’ analyses have been performed again on the three
meshes 0,5, 0,7 and 1 mm under the equal conditions. The results have been evaluated
by considering the carbon profile, hardness, distortion, distribution of phases and
residual stresses.
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Besides the variations of the stepped shaft’s diameter have been examined for thin and
thick sections separately.
The results of the stepped shaft’s carbon profile and hardness have been same as the
results of the plain shaft. The differences of 1 mm mesh from the 0,5 and 0,7 mm
meshes have been shown in the Figure 17 considering the results of tangential residual
stress.

Tangential Residual Stress [MPa]

600

400

200

0
0
-200
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35

40
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0.7mm
1mm

-400

-600

Distance [mm]
Figure 17. Tangential residual stress results for stepped shaft
Distribution of phases results have been examined similar with plain shaft geometries.
All three meshes results are congruent with each other. Pearlite phase vs distance graph
is shown as an example for the distribution of phases in Figure 18.
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Figure 18. Distribution of Pearlite phase results for stepped shaft
When we examine the results of the stepped shafts’ diameter changes at the thinner
section which has same dimensions as the plain shaft we have observed that there are
some deviations at certain regions of geometrical design which has 1 mm mesh even
there is not any significant differences between 0.5 and 0.7 mm meshes’ results shown
in Figure 20.
On the other hand, the 0,5 and 0,7 meshes have been observed as more compatible to
each other than the 1 mm mesh when the results of the diameter variations for the
stepped shaft’s thicker sections have been examined. Just minor deviations at
significant sections have been observed in Figure 19 when the 1 mm mesh have been
examined.
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Figure 19. Results of variation of diameter for thicker section of stepped shaft

120

100

Distance [mm]

80
0.5mm
0.7mm
1mm

60

40

20

0
0,0000

0,0002

0,0004

0,0006

0,0008

0,0010

0,0012

Variation of diameter [mm/mm]
Figure 20. Results of variation of diameter for thinner section of stepped shaft
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Table 8. Time history of stepped shaft geometry
0.5 mm

0.7 mm

1 mm

Total time (s)

3225

1852

1280

Total time (min)

54

31
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The results of the plain and stepped shafts for three meshes have been considered. As
a conclusion for the results of the carbon profile, hardness and phase distribution the
differences from each other are insignificant. On the other hand, the results of the
residual stress and the distortion have significant differences.
These differences are greater for the stepped shaft than the plain shaft. It is supposed
that there is going to be greater deviations at more complicated geometries by
considering the plain and stepped shafts’ differences which even do not affect their
results significantly from each other.
In addition to these it has been seen that the 0,5 and 0,7 meshes are more compatible
with each other than the 1 mm mesh which has some substantial varieties. Whereas
the difference between the finer and coarser meshes for the diameter changes of
stepped shaft is calculated as 2 %, for the tangential residual stress the difference is
calculated as 20 %. Hardness result of plain shaft has significant differences between
finer and coarser mesh as 15 % approximately.
Besides, cpu time of finer mesh is 2,6 times higher than the one of coarser mesh
roughly. However, the analysis of 0,5 mm mesh takes 1,6 times longer than the
analysis of 0,7 mm shown at the Table 7 and Table 8.
It has been decided that the 0,7 mm mesh is going to be used at the following studies
by considering the graphical results and the CPU time histories.
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3.3. Detailed Analysis of Simulations
In this section, simulation results of carbon, temperature, martensite phase
transformation, diameter change and tangential stress are presented with a brief
discussion of the physics of the process.

(a)

(b)

Figure 21. Evolution carbon concentration (a) 7h later, (b) Final time (t=24 h)
Figure 21 shows the carbon case depth evolution in the process which is calculated in
the thermo-chemical analysis step. In the beginning of the carburizing process carbon
composition of the sample shaft is in base level (0,16 %C). As can be seen, carbon
diffusion starts on the surface rapidly and proceeds to the core region at decaying rate
due to saturation of the surface. When the process ends (t=24 h), a carbon case of
approximately 1.5 mm is established while the core region is still at the base level (b).

Figure 22. Sharp temperature gradients at 15s in quenching
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The thermo-chemical analysis is succeeded by a thermo-metallurgical analysis to
simulate the evolution of temperature and phase transformations in the component.
The results of the thermo-chemical analysis (carbon distribution) is transferred as a
state variable for the thermo-metallurgical calculation. Local carbon content is taken
into account in the calculation of local phase transformation thermodynamics and
kinetics. Thermo-metallurgical analysis involves fully coupled solution of heat
transfer problem together with the evolution of phases, including the effect of latent
heat of transformation and phase dependent thermal properties.
The temperature sharp gradient of the process is shown in Figure 22. The process has
850 0C soaking temperature which is in the initial. It is seen that the part starts to cool
from the corner.

(a)

(b)

Figure 23. Martensite phase (a) Transformation starts (t=40s), (b) Transformation
proceed (t=30min)
Figure 23 shows the proportion of martensite phase transformation in the carburized
part. (a) shows the martensite starts time in the process. Interesting thing is that,
transformation starts below the surface which has less carbon content in comparison
with surface. Carburizing cause reduction in the diffusive transformation rates in the
carbon case. This affects the transformation kinetics of austenite. In this case, more
austenite transforms to martensite or lower bainite according to the cooling rate. In
addition to this, more carbon content lower martensite starts temperature. Therefore,
Ms temperature is higher in the core region than the surface which means surface
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transformation occurs after the core region. This is the reason that compressive
residual stress is occurred on the surface of carburized steels as well [28].

(a)

(b)

Figure 24. Tangential stress and deformation (displacements are magnified by
100x) of the specimen at (a) at 15 s (before the martensite transformation), (b)
After martensite transformation starts
In the third step, the deformation of the part and the evolution of stresses are calculated
in a thermo-mechanical analysis, which makes use of the calculated temperature and
phase fraction histories from the prior thermo-metallurgical analysis. Mechanical
properties depend on the temperature, phase fraction and local carbon content of the
phase.
In carburizing process inhomogeneous carbon distribution occurs in the part especially
from the surface to the certain depth. This affects the material properties which
determine the residual stresses. As mentioned above, high carbon content causes low
martensite starts temperature and this also affects the high volume changes in the
microstructure [29]. This phenomenon causes the compressive residual stresses on the
surface and in order to compensate this, tensile stresses occurs in the core region as
shown in Figure 24. On the other hand, before martensite transformation starts, there
are tensile stress occurred on the surface (a), and figure (b) shows the compressive
stresses on the surface after the martensite transformation starts. Figure 25 illustrates
the occurred compressive stresses with transformation of martensite.
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On the other hand, martensite transformation affects the deformation of the final
product by changing the volume fraction. The transformation from austenite (fcc) to
martensite (hcp) causes high microstructural volume change which results in distortion
[30]. Figure 26 shows the distortion evolution in x-axis by proceeding the martensite
transformation.
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Figure 25. Evolution of tangential stress and the martensitic transformation on
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CHAPTER 4

VERIFICATION OF SIMULATIONS

Verification and validation commonly used words in the experimental and simulative
cooperation studies. Validation states a larger and more extensive study than
verification. Generally, validation is defined as a process for modelling uncertainties
of a system by using benchmark experimental data, and these uncertainties are used in
the independent processes confidingly [31]. In order to realize validation in a process,
simulations must be performed on the exact product instead of the simpler part of the
real product. On the other hand, verification means that a process for numerical
uncertainties and calculation of the numerical errors. Verification of simulations can
be realized by using an experimental data set and on a simpler geometry than the exact
product. Additionally, the confidence of verification is much lower than validation if
the simulations are expected to be used for creating a new process in the real system
[29].
In this study, verification of the simulation parts is completed by using the
experimental sets which is explained in CHAPTER 3. Verification was carried out on
two different geometries as plain and stepped shaft explained before on 4 different
parameter sets shown at Table 1. It should be noted that the experimental design which
includes 8 experiments is not intended purely for verification purpose and the effect of
variation of furnace cannot be simulated because of the lack of the knowledge of origin
of differences between the furnaces. The validation is performed on carbon and
hardness profiles with the support of microstructural analysis results.
4.1. Carbon Profile Results
Carbon profile is investigated both by experiments and simulations. The details of the
experiments can be found in [32]. Simulation results show that there is no difference
in the carbon profile of plain shaft, stepped shaft’s thinner (Ø47,5 mm) and thicker
(Ø70 mm) sections as presented in Figure 27. This means that carbon depth is not
affected from the curvature effect caused by geometry. So in order to make the carbon
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profile measurements simpler in experimental procedure, the shaft diameter of 47.5
mm is decided to use.
0,8
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Figure 27. Simulation results for carbon profile of plain and stepped shaft
geometries
The experimental sample and its simulated part is shown in Figure 28. Simulations are
completed on a reduced 2D axisymmetric geometry with ¼ of the sample. Layered
mesh consisting of 4-noded linear axisymmetric quadrilateral elements with gradient
and dense mesh layers in order to capture carbon gradients. Carbon profile is obtained
as the direction of the arrow shown in (b).
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(a)

(b)

Figure 28. (a) Used sample in experimental design, (b) Simulated part of the
sample and gradient mesh layers
The simulative and the experimental results were expected to be congruent for carbon
case depth evaluation. Within this frame, the carbon profiles of simulation results were
anticipated to be between the variation bands come from the uncertainties of the
furnaces. When the first design results are investigated, mainly simulation and
experimental results have same profile pattern except 7 % deviation till the 1,4 mm
depth from the surface. Figure 29 illustrates the results of first design.
For the second design results are shown in Figure 30. It is seen that simulations and
experiments results follow the same profile pattern like the previous design set. 10 %
deviation is calculated till the 1,5 mm depth from the surface between results.
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Figure 29.Carbon profile results for the first experimental set conditions at
carburizing temperature 910 0C, carbon content 0,9 %C, quench oil
temperature 600C
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Figure 30. Carbon profile results for the second experimental set conditions at
carburizing temperature 910 0C, carbon content 1,1 %C, quench oil
temperature 700C
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Figure 31.Carbon profile results for the third experimental set conditions at
carburizing temperature 930 0C, carbon content 0,9 %C, quench oil
temperature 700C
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Figure 32. Carbon profile results for the fourth experimental set conditions at
carburizing temperature 930 0C, carbon content 1,1 %C, quench oil temperature
600C
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When the results of third and fourth sets are examined it is seen that simulation carbon
profiles are located in between two furnaces’ carbon profiles shown in Figure 31,
Figure 32.
Because of the carbon and hardness profile examination, the differences between the
simulations and the experiments are not found as considerable. One of the reason for
these differences may be variations and uncertainties of the furnaces, since the
experimental process cannot be controlled very well.
Mass Transfer Coefficient (MTC) might be another reason for the differences.
Increasing MTC causes decrease carbon concentration profiles [3]. Therefore
calculation of MTC is important for the carbon profile. 1,5.10-5 cm/s which is the
default value in Sysweld®, was used in the simulations. However, it is known that
MTC depends on both the alloy and the surface conditions (roughness, oxidation etc.).
On the other hand, diffusion coefficient is significantly important parameter for the
carburizing mechanism. It is a function of temperature (T) and carbon composition (C
%) in general. In this study, diffusion coefficient is used 4,2.10-6 cm2/s as its default
value in SYSWELD® software in which the diffusion coefficient is solely assumed as
a function of temperature. Therefore, it might be the another reason for the carbon
profile differences between the simulations and the experiments.
4.2. Comparison of Microstructures
After the carbon profile comparison between simulations and experiments,
microstructures were investigated for the additional verification. In the experimental
study [33] microstructures were examined at the surface (case) and the core.
Furthermore the points in which the microstructures evaluated are shown in Figure 33.
Figure 34 shows the results of first experimental set for plain shaft geometry taken
from the point P2. The colors in the legend of simulation illustrate the bainite phase
fraction. In simulation results, the purple area gives around 0,53 fraction of bainite
phase. Also, the microscopy results show mainly bainitic region. As it is seen that both
simulations and experiments have similar microstructures in the core. Otherwise, the
legend shows the martensite fraction of simulation in Figure 35. According to this
simulation results show martensite region with a fraction of 0,9 which is shown as
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purple color. Microscopy results for experiments also give mainly martensite phase on
the surface.

Figure 33. The points where the microstructures are investigated, P1: Plain shaft
surface, P2: Plain shaft core, P3: Stepped shaft surface, P4: Stepped shaft core

(a)

(b)

Figure 34. Phase distribution on plain shaft for experiment set 1; (a) simulation
and legend shows bainite fraction, (b) micrograph (200x) at the core (P2)
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(a)

(b)

Figure 35. Phase distribution on plain shaft for experiment set 1; (a)
simulation and legend shows martensite fraction, (b) micrograph (200x) at the
surface (P1)

(a)

(b)

Figure 36. Phase distribution on stepped shaft for experiment set 1; (a) simulation
and legend shows martensite fraction, (b) micrograph (200x) at the surface (P3)
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(a)

(b)

Figure 37. Phase distribution on stepped shaft for experiment set 1; (a) simulation
and legend shows the bainite fraction, (b) micrograph (200x) at the core (P4)
When the stepped shaft is investigated for microstructure, the results are figured out
similar with the plain shaft. Figure 36 and Figure 37 illustrate the results taken from
the surface and core respectively. Obviously, experiments and simulations are
compatible with each other for the microstructure investigation.
4.3. Hardness Profile Results
Hardness profile results were evaluated for the plain shaft, the thinner (Ø47,5 mm) and
thicker (Ø70 mm) sections of stepped shaft for both experiments and simulations.
Experimental study for hardness investigation can be found in details [33]. The
hardness computation of simulations was mentioned above in SECTION 2.3.
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Figure 38. Hardness distribution of plain shaft for first set
Figure 38 shows the hardness distribution of the plain shaft for the first set conditions
at 910 0C carburizing temperature, 0,9 %C carbon composition and 60 0C quench oil
temperature. Generally, experiments and simulations are found as congruent in the
core region for all experimental sets as it is seen in the graph. On the other hand, it is
obviously seen that the case depth results are not totally compatible. Therefore, surface
hardness results are investigated in detailed in graphs between in Figure 39-Figure 50.
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Figure 39. Results of hardness distribution of plain shaft for experiments and
simulation
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Figure 40. Results of hardness distribution of stepped shaft thinner section for
experiments and simulation
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Figure 41. Results of hardness distribution of stepped shaft thicker section for
experiments and simulation
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Figure 42. Results of hardness distribution of plain shaft for experiments and
simulation
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Figure 43. Results of hardness distribution of stepped shaft thinner section for
experiments and simulation
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Figure 44. Results of hardness distribution of stepped shaft thicker section for
experiments and simulation
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Figure 45. Results of hardness distribution of plain shaft for experiments and
simulation
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Figure 46. Results of hardness distribution stepped shaft thinner section for
experiments and simulation
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Figure 47. Results of hardness distribution stepped shaft thicker section for
experiments and simulation
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Figure 48. Results of hardness distribution of plain shaft for experiments and
simulation
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Figure 49. Results of hardness distribution of stepped shaft thinner section for
experiments and simulation
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Figure 50. Results of hardness distribution of stepped shaft thicker section for
experiments and simulation
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Each experimental set results are grouped with plain shaft, thinner and thicker section
of stepped shaft separately. It is obviously seen that two furnaces have some different
standard deviations from each other. On the other hand, as a result of the surface
hardness, simulations and experiments are congruent at 1 mm, 1,7 mm, 1,3 and 1,7
mm depth from the surface in the sets from one to four respectively. Generally, results
show that simulations are one and a half times higher than the experiments at 2 mm
depth from the surface.
Hardness is directly affected from the carbon content and the phase distribution.
Therefore, one of the reason for the hardness case depth differences can be the
deviations of the carbon profile. As mentioned in the section of carbon profile results,
mass transfer coefficient and the diffusion coefficient might be changed in order to
approximate the carbon profiles in the experiments and the simulations. The other and
more important reason for the differences of the hardness case depth can be the bainite
transformation kinetics. As shown in Figure 51 bainite transformation starts where the
differences occur between the results. There might be some calibrations carried out to
increase the numeric accuracy of the bainite transformations kinetics by using the grain
size data. However, this is the out of scope of this study which is aimed as calculation
of the significant factor of the process.
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Figure 51. Phase distributions, experimental and simulative comparison of first set
for plain shaft
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4.4. Summary of This Section
To sum up the results of the experiments and the simulations are reasonable. There are
some differences in the carbon and hardness profile for some sets but the general
profile trends are coherent to each other. It is possible to increase the numeric accuracy
by using the calibrations in bainite transformation kinetics, mass transfer coefficient
and diffusion coefficient.
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CHAPTER 5

SENSITIVITY ANALYSIS

5.1. General

In any process, the first aim is reducing the manufacturing cycle time, cost and
increasing the yield. However, optimization of a process by a full-scale Design of
Experiments (DoE) requires many trials which means time and money. Process
optimization with DoE starts with the selection or creation of one or more possible
solutions which may or may not include the best possible one [34]. On the other hand,
it might be feasible and cheaper to perform DoE by using computer simulations instead
of realizing a physical experimental design.
However, replacement of experimental DoE`s of virtual DoE`s in process design and
optimization requires clear understanding of the differences between a “physical
experiment” and “virtual experiment” (computer simulation) and the conditions for
which the replacement is possible. A computer simulation is based on a model, which
is validated under limited conditions; thus, the prediction of a model is constrained by
the accuracy and the limits of the model selected and the input data used. Thus, the
preliminary condition for the implementation of virtual DoE is the validation of the
method and the data at least on a smaller scale experimental campaign.
Another important difference between a physical and virtual experiment is that
physical experiments always inherit some uncertainty and variability. Physical
experimental models have many uncertainties in the input data due to the nature of the
processes such as experimental errors, uncontrollable environmental conditions. It is
better to make much more trial to decrease these uncertainties and this means time
consuming for any processes. Recently, computational stochastic methods with the
help of powerful computing resources and developing technology make possible to
even complex realistic engineering systems [35]. Stochastic finite element method is
a strong tool of computational stochastic model. This method is the extension of
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deterministic FEM approach by providing solutions to the stochastic problems [36].
Over the last decade this method gains an important acceleration in scientific field not
only to investigate the uncertainties influences on the processes but also to find
solutions to the large-scale problems in a probabilistic framework. So, integration of
stochastic approach to the finite element method is a rather new and useful concept.
In this study, computational (virtual) sensitivity analysis is performed mainly to
evaluate the uncertainty in the output of the process based on the known uncertainties
in the process control parameters. The sensitivity information will be used for two
different purpose : (1) Determination of expected accuracy of the simulations for the
experimental verification; (2) Determination of control parameter candidates for the
succeeding DoE and ANOVA analyses for process optimization.
Sensitivity analysis can be defined as “The study of how uncertainty in the output of a
model (numerical or otherwise) can be apportioned to different sources of uncertainty
in the model input” according to A. Saltelli et al. [37]. A local sensitivity analysis gives
answer to the question “Which factor is most responsible for producing realizations of
output in the region of interest?” [37] When a small change in the input parameters
results in a relatively large change in the output parameters, they referred as sensitive
parameters. Sensitive parameters are important for the process model and need to be
controlled to reduce variability in the output. Moreover, sensitive parameters are
control parameter candidates for process optimization. Optimization is only possible
when the response has a sensitivity to some control parameters. On the other hand, too
much sensitive parameters are not good candidates for the optimization as they can
lead to hard to control changes and introduce large variability [38].
Practically, there are two different types of this technique as Local Sensitivity Analysis
Method (LSM) and Global Sensitivity Analysis Method (GSM). LSM gives the
perturbations of input parameters (x) on the fixed output parameters (y) only one
central (reference) data fixed. Therefore, it provides the sensitive parameters defined
as when a small change in input parameters results in a large change in the output
parameters relatively. Defining sensitive parameters is quite important for any process
due to getting control parameters. Besides in GSM, there are multiple central
(reference) data which means averaged over the variation of all the factors [33, 35].
GSM determines all the critical points of any system. Because GSM is not a practical
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method and there are many critical points in a carburizing and subsequent quenching
heat treatment system, in this study, Local Sensitivity Analysis Method is performed
by using SYSWELD® FEM software for the determination of the sensitive parameters
of the gas carburized and oil quenched DIN16MnCr5 steel shafts.
LSM is completed by using the process schema represented in CHAPTER 4 as Figure
6 and the quenching oil data as Isorapid® 277HM Figure 9 is from the database of
Visual Heat Treatment® (v10.0) for SYSWELD®.
The investigated parameters are shown at the Table 9. The reference state of the
process shown as “0” at the table is the optimum working conditions of the company’s
furnaces. According to the specifications of the furnaces, uncertainties are indicated as
“-” and “+” levels. These reference state and the uncertainty levels are used to calculate
the sensitive parameters.
Input parameters of whole process affect the output parameters unequally. In order to
determine the sensitive parameters in the process, all the parameters should be
comparable with each other, therefore sensitivity has been turned to the nondimensional quantity.
Table 9. Input parameters in the process
Parameter

Contraction

-

0

+

T Carburizing (0C)

T1

920

930

940

T Quenching (0C)

T2

830

840

850

%C Carburizing (%C)

C1

0.95

1.0

1.1

%C Quenching (%C)

C2

0.7

0.75

0.8

Toil (0C)

T3

50

60

70

t Carburizing (s)

S1

85500

86400

87300

t before quenching (s)

S2

3600

4500

5400

5.2. Definitions
Sensitive parameters can be defined as when a small change in input parameters results
in a large change in the output parameters relatively. It is possible to determine which
input parameters’ small change results a large change in the output parameters
relatively, when we compare the sensitivities.
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Figure 52 illustrates the geometrical representation of sensitivity. 𝑥𝑗− and 𝑥𝑗+ are the
perturbed input variables when in fact 𝑦𝑖− and 𝑦𝑖+ are the output variables of them. In
addition to this, 𝑥0 is the reference state for the input parameter, whereas 𝑦0 is the
corresponding to output.

Figure 52. Geometrical representation of sensitivity [40]

5.2.1. Definition of Uncertainty
Sensitivity analysis provides the estimation of the budget of uncertainty (absolute
deviation) in the process outputs. The uncertainty analysis attempts to describe the
entire set of possible outcomes, together with their associated probabilities of
occurrence whereas errors and approximations in input data, parameter values, model
structure and model solution algorithms are all sources of uncertainty [37, 38].
Uncertainty Analysis is the prediction of the uncertainty interval which should be
associated with an experimental result, based on observations of the scatter in the raw
data used in calculating the result [43]. Uncertainty mainly defines the accuracy of a
measurement, experimental or analytical results. Besides it is quite important in order
to determine the budget of uncertainty of the process.
In regards to computer simulations; the uncertainty, the total variation of the output
parameters, can also be used to estimate the level accuracy of a process which has a
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known variation in the control parameters. In this study, the contribution of each
investigated control parameters to the uncertainty (U) is calculated by;
𝑈=±

Δ𝑦
∗ (Δ𝑥⁄2)
Δ𝑥

(12)

As the units of the uncertainty for the same output are the same, they can be compared
and summed up to estimate the total uncertainty. The summation can be done by
simple summation or by summing up in square. In this study, the former approach,
which yields a larger estimate for the uncertainty, is used. An upper-bound for the
uncertainty is chosen since the interactions between the input parameters were
neglected and thus, the actual uncertainty should be higher than the one obtained by
summing in the squares which yields a more realistic estimate.
5.2.2. Definition of Absolute Sensitivity
In order to evaluate the overall impact of the investigated parameters to the process
output, “absolute sensitivity” needs to be calculated. Absolute sensitivity provides the
changes response to a small change in the control parameters. In that sense, absolute
sensitivity is an approximation of the partial derivative of the response function w.r.t.
the investigated control parameters and it is calculated by:

𝑆𝑎𝑏𝑠

𝑦𝑖+ − 𝑦𝑖− Δ𝑦
= +
=
𝑥𝑗 − 𝑥𝑗− Δ𝑥

(13)

Absolute sensitivity provides comparison between the input parameters sharing the
same units since it has dimension.
5.2.3. Definition of Dimensionless Sensitivity
Unlike the absolute sensitivity, relative sensitivity must be a dimensionless quantity to
compare whole the input parameters on the reference parameters. It is possible to
compare the effects of 2 different input parameters on the output parameters even if
they are in different unit by using dimensionless sensitivity.
Dimensionless sensitivity is defined as;
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𝑦𝑖+ − 𝑦𝑖−
Δ𝑦
𝑦0
𝑦0
𝑆= +
− = Δ𝑥
𝑥𝑖 − 𝑥𝑖
𝑥0
𝑥0

(14)

5.3. Ranking System
The determination of “sensitive” parameters is not solely possible by sorting the
dimensionless sensitivity. The process involves a decision-making step in which
several sensitivity indices are evaluated together based on the necessities of the
specific problem. A ranking system is beneficial for the decision making process as
the absolute values of sensitivity indices makes little sense without process specific
information.
Input parameters are investigated for hardness, residual stress and diameter changes
(distortion) categories. All results of these categories are evaluated as individually due
to the variations in the results. First of all, each uncertainty comes from the input
parameters are ranked from high to low in order to determine the sensitive parameters.
Uncertainty values denote the changes which can be measurable absolute units. So, it
is important to specify the variation bands of the process. Secondly, absolute
sensitivities are examined to compare the parameters which have same units. Finally,
the dimensionless sensitivity values are checked to compare two different input
parameters with different units. By using this method, the highest value and the lowest
value take the ‘+’ sign and the ‘–’ sign respectively for each category separately. After
that the contribution of each parameter for the sensitivity is decided.
5.4. Results of Sensitivity Analysis
Sensitivity analysis is completed for two shaft geometries as plain and stepped shaft.
And the results are investigated for hardness, residual stress and distortion
individually.
Hardness results of plain shaft is shown at Table 10. Uncertainty values are examined
to decide the sensitive parameters. According to the results budget of uncertainty is
calculated 1,5 HV approximately which is quite low to measure accurately, and it
comes from the quench oil temperature mainly. However, even the total uncertainty
can be negligible.
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Table 10. Sensitivity results of hardness for plain shaft; S: Dimensionless sensitivity,
Sabs: Absolute sensitivity, U: Uncertainty
Sabs

±U

Contribution

T1 -0,003

(-)0,003 HV/0C

±0,03

-

T2 -0,002

(-)0,002 HV/0C

±0,02

-

C1 -0,002

(-)1,3 HV/%C

±0,07

-

C2 -0,002 (-)1,79 HV/%C

±0,09

-

±1,25

+

S1 0,0002 0,00012 HV/min

±0,002

-

S2 0,0001

0,003 HV/min

±0,02

-

Ʃ±U

±1,43 HV

S

T3 -0.01

(-)0,13 HV/0C

Besides, the sensitivity results of hardness for stepped shaft is represented at Table 11.
In this case, the total uncertainty is calculated 50 HV roughly which should be
considered in the process conditions. According to the [10], case depth is the depth has
500 HV hardness approximately from the surface. Considering the 500 HV, the error
of 50 HV can cause the product rejection. This uncertainty mainly comes from
carburizing and soaking time for stepped shaft.
Table 11. Sensitivity results of hardness for stepped shaft; S: Dimensionless
sensitivity, Sabs: Absolute sensitivity, U: Uncertainty
±U

Contribution

T1 -0,01 (-)0,004 HV/0C

±0,04

-

T2 -0,003 (-)0,003 HV/0C

±0,03

-

C1 -0,002 (-)1,25 HV/%C

±0,06

-

C2 -0,005 (-)5,5 HV/%C

±0,3

-

T3 -0,01

(-)0,12 HV/0C

±1,2

-

S1 0,002

(-)1,4 HV/min

±20,5

+

1,8 HV/min

±29

+

Ʃ±U

±51 HV

S

S2

0,2

Sabs

On the other hand, the budget of uncertainty of residual stress is calculated 23 MPa
and 20 MPa approximately for plain and stepped shafts respectively. Residual stress
results are shown at Table 12 and Table 13. Considering the magnitude of residual
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stresses which are hundreds of megapascals, 25 MPa is quite insignificant. Moreover,
typical X-ray stress measurements have an uncertainty of 5 %, and this much
uncertainty in the simulations is in the experimental uncertainty band. According to
these results, if the furnace is investigated only by considering the residual stresses, it
obviously works well.
Table 12. Sensitivity results of residual stresses for plain shaft; S: Dimensionless
sensitivity, Sabs: Absolute sensitivity, U: Uncertainty
Sabs

±U

Contribution

T1 -0,9

0,6 MPa/0C

±6,03

+

T2 -0,07

0,05 MPa/0C

±0,53

-

C1 -0,1

62 MPa/%C

±3,1

+

C2 -0,53 124 MPa/%C

±6,2

+

S

T3 -0,06

0,6 MPa/0C

±5,9

+

S1 -0,3

0,12 MPa/min

±1,9

+

S2 -0,01 0,06 MPa/min

±0,7

-

Ʃ±U

±23,31MPa

Table 13. Sensitivity results of residual stresses for stepped shaft; S: Dimensionless
sensitivity, Sabs: Absolute sensitivity, U: Uncertainty
Sabs

±U

Contribution

1,02 MPa/0C

±10,15

+

T2 0,09 (-)0,06 MPa/0C

±0,6

-

C1 -0,23 133,9 MPa/%C

±6,7

+

C2 -0,06 45,7 MPa/%C

±2,3

-

S
T1 -1,6

T3 -0,05

0,5 MPa/0C

±5,15

+

S1 -0,13

0,6 MPa/min

±0,8

-

S2 0,35

(-)3 MPa/min

±4,15

+

Ʃ±U

±20,34 MPa

When we examine the variations of the diameter, the mean diameter changes are
considered as dimensional changes. Figure 53 illustrates a sample results from
simulations. (a) shows the 100x magnified stepped shaft and graph (b) shows the
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distortion values for thicker section of the shaft. As it is shown in the graph (b) mean
diameter change is evaluated from the area under the curve of diameter change and it
is used in the sensitivity calculations as yi for each parameter. In order to evaluate the
sensitivity results of diameter changes (distortion) of stepped shaft geometry both
thinner and thicker sections are considered.

(a)

(b)

Figure 53. Distortion (a) schematic at 100x magnification (b) graphical
representation
Diameter change uncertainty results for plain and stepped shaft which are shown at
Table 14, Table 15 and Table 16 are calculated as quite small similar with the hardness
and residual stress results. The total uncertainty is found 2 µm for plain shaft, 1 µm for
thinner section of stepped shaft and 3 µm for thicker section of stepped shaft
approximately.
Computer Measuring Machine (CMM) which are not optical can measure the distance
higher than 2 µm roughly. So, these amount of shape changes are not feasible for the
measurement application.
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Table 14. Sensitivity results of diameter change for plain shaft; S: Dimensionless
sensitivity, Sabs: Absolute sensitivity, U: Uncertainty
Sabs

±U

Contribution

T1 3,44

0,02 µm/C

±0,12

-

T2

0,05 µm/C

±0,53

-

C1 -1,8

37,61 µm/%C

±1,9

+

C2 -0,9

(-)5,57 µm/%C

±0,3

-

T3 0,07

0,01 µm/C

±0,05

-

S1 -1,94 (-)0,006 µm/min

±0,1

-

0,0025 µm/min

±0,04

-

Ʃ±U

±2,25µm

S

9,8

S2 0,04

Table 15. Results of sensitivity analysis of diameter change for stepped geometry’s
thinner section; S: Dimensionless sensitivity, Sabs: Absolute sensitivity, U:
Uncertainty
Sabs

±U

Contribution

T1 91,06

0,004 µm/C

±0,4

+

T2 -12,14

(-)0,015 µm/C

±0,2

-

C1

9,4

9,34 µm/%C

±0,01

-

C2

0,97

1,3 µm/%C

±0,1

-

T3

1,75

0,03 µm/C

±0,3

+

S1

0,5

0,005 µm/min

±0,1

-

(-)0,003 µm/min

±0,1

-

Ʃ±U

±0,8 µm

S

S2 -0,24
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Table 16. Results of sensitivity analysis of diameter change for stepped geometry’s
thicker section; S: Dimensionless sensitivity, Sabs: Absolute sensitivity, U:
Uncertainty
Sabs

±U

Contribution

0,114 µm/C

±1,15

+

(-)0,064 µm/C

±0,64

+

C1 -1,424

14,5 µm/%C

±0,7

+

C2 -0,06

0,8 µm/C

±0,04

-

T3

-0,2

0,03 µm/C

±0,3

-

S1

-0,7

0,005 µm/min

±0,07

-

±0,01

-

S
T1 -10,4
T2

5,29

S2 5E-03 (-)0,007 µm/min
Ʃ±U

±2,94 µm

5.5. Summary of Sensitivity Analysis
Briefly, computational sensitivity analysis and integration of this concept to the finite
element method is a highly new concept to decide the uncertainties influences on a
complex system and give solutions to the large-scale systems in a probabilistic frame.
The traditional deterministic approach cannot present the optimum process design and
there should be more and more trial and error to find the solution. Otherwise,
sensitivity analysis integrated to finite element method provides a powerful solution
to the complex engineering, scientific problems. In this study, we performed a
computational sensitivity analysis with two different shaft geometries and seven
different input parameters on a FEM software SYSWELD®.
To sum up, the budget of uncertainties for each output parameters are found
immeasurable and negligible. The results reveal that the furnace works less-thanstellar if it can work on these variation bands in these process conditions. Obtained
simulative uncertainties are not measurable experimentally to check the accuracy.
The most remarkable thing is the results of hardness for stepped shaft. We calculated
the budget of uncertainty as 50 HV which should be considered in the process. Both
carburizing time and soaking time have the highest uncertainties by far. The process
uncertainty for the time parameters was ±15 min. This uncertainty value is not realistic
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for a controlled system. The budget of uncertainty is predicted to decrease by
controlling the system accurately.
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CHAPTER 6

DESIGN OF EXPERIMETS

Design of Experiments (DoE) is a significantly important and necessary application
for engineering, scientific and industrial field in order to develop process life. It helps
the process mainly by
-Decreasing the experimental faults,
-Decreasing the process costs and
-Improving the process yield.
A process or a system is a combination of operations, machines, methods, people, and
other resources transforms some input into an output that has one or more observable
response variables [44]. As it is illustrated in the Figure 54, there are some controllable
parameters (x) possible to control at all and some uncontrollable parameters (z) that
you cannot control totally such as ambient temperature or humidity. This tool gives an
answer to “Which variables are more effective on output response?”. Since
carburizing is a complicated case-hardened process, this tool is very helpful to examine
the most important process parameters.
In this study, a virtual design of experiments is carried out by generating test matrix
composed in order to determine the significant parameters of the responses of the
process. Four parameters are selected in accordance with controllability in the process.
Full factorial design of experiments (DOE) composed of four parameters and two
levels is generated and the simulations are carried on the SYSWELD ® software for
two different shaft geometries as plain and stepped. Full factorial design includes
whole the cases for the process. It means that if n number of input factors are
investigated, there are 2n runs needed according to the full factorial design. Therefore,
it has some advantages as combining all possible effects of the input factors with each
other. By using full factorial design, it is possible to figure out all interactions between
the input factors completely.
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Figure 54. General model of a process or system [44]
Following four main factors are decided to investigated in design of experiment;
 Carburizing temperature, A
 Carburizing time, B
 Carburizing carbon content, C
 Quench oil temperature, D.
Table 17 shows the circumstances and the tolerances of the main factors of the design
of experiment matrix.
Table 17. Process main factors and their circumstances; A: Carburizing temperature,
B: Carburizing time, C: Carburizing carbon content, D: Quench oil temperature
Input Factor

-

+

Uncertainty

A

900 0C

950 0C

±10 0C

B

8 hr

24 hr

±15 min

C

0,9 % C

1,1 % C

±0,05 % C

D

50 0C

70 0C

±10 0C

Our design has 4 input factors which mean that n=4 and there are 16 number of runs
required in order to complete full factorial design. In addition to this a center run is
added to the design. Besides according to the circumstances of these four input factors,
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full factorial design is evaluated with two levels as low level and high level shown in
Table 18 labelled with “-” and “+” respectively.
On the other hand, the responses to the design are in order of
 Carbon case depth (@0,4%C),
 Surface and core hardness,
 Effective (hardness) case depth (@500 HV).
Table 18. Used four parameters and two levels full factorial Design of Experiments;
A: Carburizing temperature, B: Carburizing time, C: Carburizing carbon content, D:
Quench oil temperature
# of Run

A

B

C

D

1

-

-

-

-

2

+

-

-

-

3

-

+

-

-

4

+

+

-

-

5

-

-

+

-

6

+

-

+

-

7

-

+

+

-

8

+

+

+

-

9

-

-

-

+

10

+

-

-

+

11

-

+

-

+

12

+

+

-

+

13

-

-

+

+

14

+

-

+

+

15

-

+

+

+

16

+

+

+

+

17

0

0

0

0
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6.1. Analysis of Variance
Analysis of Variance (ANOVA) is derived from a partitioning of total variability into
its component parts [44]. The total sum of squares (SST)
𝑎

𝑛

𝑆𝑆𝑇 = ∑ ∑(𝑦𝑖𝑗 − 𝑦𝑎𝑣𝑒 )2
𝑖=1 𝑗=1

where yave is the total average of all the experiments/simulations, is used as a measure
of the total variability in the data. And the equation
𝑎

𝑛

𝑎

𝑎

2

𝑛

2

∑ ∑(𝑦𝑖𝑗 − 𝑦𝑎𝑣𝑒 ) = 𝑛 ∑(𝑦𝑖 − 𝑦𝑎𝑣𝑒 ) + ∑ ∑(𝑦𝑖𝑗 − 𝑦𝑖 )2
𝑖=1 𝑗=1

𝑖=1

𝑖=1 𝑗=1

where yi is the average observation of the ith experiment/simulation, is the fundamental
analysis of variance identity. This means that the total variance which is sum of
squares, may be partitioned into a sum of squares of the differences of observations
within experiments/simulations from the average of them [44].
Besides degree of freedom of total sum of squares (SST) is
𝐷𝐹 = 𝑎𝑛 − 1
In order to analyse the effects of the input parameters and their influences on the design
of experiments, ANOVA method was used. Simulations were completed in
SYSWELD® FEM software and results are analysed in MINITAB software.
Analysis of variance requires scattering in the results and a finite element method
simulation does not offer any scattering. Whenever a simulation is run with constant
input parameters, the same results are evaluated at every turn [45]. Therefore, we
constitute the standard deviation of design of experiments by using the parameters’
uncertainties shown above at Table 17 to make FEM simulation suitable for this
approach. In order to do this an artificial scattering is created in the input parameters,
which is known that there are physical uncertainties due to the nature of the process,
by giving different values at the variation band of each of them. This technique gives
us the answer to the question of “How sensitive the variations of responses to the
variations of input parameters?”. Therefore, we calculate the influences of variations
of inputs on variations of responses.

66

Figure 55. Schematic representation of ANOVA; Pi: Input parameter, ΔPi:
Uncertainty of the input parameter
Figure 55 illustrates the basic schematic representation of ANOVA used in this study.
Pi is the input parameter and ΔPi is the uncertainty of it. Pi-ΔPi and Pi+ΔPi give the
minimum and maximum values for the input parameter respectively. Additionally, two
random values are selected between these minimum and maximum values. This
method is applied to all 17 runs as shown at Table 18.
Table 19 shows the variation models of the 1st simulation run. In this case, there are 5
simulations run per each set of design of experiment matrix and the standard deviations
of the responses are calculated. 85 simulations were run per each shaft geometry.
Calculated deviations were used in MINITAB software in order to evaluate the design
of experiment matrix.
Table 19. Used variation runs for the 1st simulation set; A: Carburizing temperature,
B: Carburizing time, C: Carburizing carbon content, D: Quench oil temperature
Run

A

B

C

1st Run

900 ±10 0C 8 ±0,25 hr

0,9 ±0,05%C 50 ±10 0C

Min

890

7,75

0,85

40

Max

910

8,25

0,95

60

Random1

896

7,85

0,93

54

Random2

904

8,15

0,86

47
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D

6.2. Results of Design of Experiments
6.2.1. Analysis by Using the Probability Plot Method
First of all, four parameters and two levels full factorial design of experiments was
examined by using a probability plot. This method may be used for analysing the DOE
only for one realisation [45]. A probability plot gives all the significant effects by
calculating the normal distribution. In this method we used only 17 experiments shown
at Table 18 above, so there is no derivation calculation considered. The results are
evaluated by using the statistical data software MINITAB.
According to the probability plot results we obtained Half Normal Plots for every
response. Significant and insignificant parameters are detected by considering the %95
confidence band. How far the parameter from the confidence band, it is more
significant parameter.
Significant and insignificant factors are shown as;



Insignificant
Significant

in the half normal plots.
One of the most important aim of this study is reducing the variations of the carbon
and hardness case depth. Because of this aim, these case depth responses were
investigated by using the method of probability plot. Figure 56 and Figure 57 illustrate
the carbon and hardness case depth responses results respectively for plain shaft
geometry. According to the pareto chart and half normal plot the significant parameters
on these responses were found as,
 Carburizing time, B
 Carburizing temperature, A
 Carburizing carbon content, C
 Two factorial interaction between carburizing temperature and carburizing
time, AB
 Two factorial interaction between carburizing time and carbon content, BC and
 Two factorial interaction between carburizing temperature and carbon content,
AC.
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Figure 56. Probability plot shows carbon case depth (@0,4 %C) results for plain
shaft

Figure 57. Probability plot shows effective case depth (@500 HV) results of plain
shaft
The other substantial responses were surface and core hardness for this study.
According to the simulations on plain shaft geometry, none of the four input
parameters were detected as significant factors for surface hardness responses as
shown in Figure 58.
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Figure 58. Probability plot shows surface hardness results of plain shaft
When the core hardness response of plain shaft was examined, the parameters;
 Quench oil temperature, D and
 Carburizing time, B
were figured out as significant parameters shown in Figure 59.

Figure 59. Probability plot shows core hardness results of plain shaft
On the other hand, the examination of stepped shaft geometries significant input
parameters on the responses is shown below. The results of stepped shaft are same
with plain shaft for surface hardness response. There is no significant input parameter
detected on surface hardness for stepped shaft as well designated in Figure 60.
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Figure 60. Probability plot shows surface hardness results of stepped shaft
Contrary to plain shaft, none of the input parameters were found as significant on the
core hardness response of stepped shaft as shown in Figure 60.

Figure 61. Probability plot shows core hardness results of stepped shaft
When the carbon case depth response was investigated for the stepped shaft,
 Four factorial interaction of all input parameters, ABCD
 Carburizing carbon content, C
 Two factorial interaction between carbon content and quench oil temperature,
BD
 Two factorial interaction between carburizing temperature and carbon content,
AC and
 Carburizing time, B
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were found as significant shown in Figure 61.

Figure 62. Probability plot shows carbon case depth (@0,4 %C) results for stepped
shaft

Figure 63. Probability plot shows effective case depth (@500 HV) results of stepped
shaft
Besides, the same input parameters with carbon case depth were evaluated as
significant parameters on effective case depth for stepped shaft. The only difference
was the ranking of the parameters designated in Figure 62. According to the effective
case depth response above 5 input parameters were graded from high to low as,
 Carburizing carbon content, C
 Four factorial interaction of all input parameters, ABCD
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 Two factorial interaction between carburizing temperature and carbon content,
AC
 Two factorial interaction between carbon content and quench oil temperature,
BD
 Carburizing time, B
as shown in Figure 63.
6.2.2. Analysis of Analysis of Variance Method
Four parameters and two levels full factorial design of experiments is created and
carried on the commercial finite element method software SYSWELD®. 2D two
different shaft geometries as plain and stepped are used for the simulations. The results
are evaluated by using Analysis of Variance (ANOVA) method on statistical data
software MINITAB.
Investigated input parameters shown in Table 17 are decided with the study of
sensitivity analysis.
85 simulations were run per each shaft geometry for ANOVA method and the results
are evaluated for the responses
 Carbon case depth (@0,4%C),
 Surface and core hardness,
 Effective (hardness) case depth (@500 HV)
as mentioned above section.
According to the ANOVA results we obtained Pareto Charts and Half Normal Plots
for every response. Significant and insignificant parameters are detected by
considering the %95 confidence band.



Insignificant
Significant
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(a)

(b)

Figure 64. Surface hardness results for stepped shaft, (a) Pareto Chart (b) Half
Normal Plot
When considering the surface hardness of stepped shaft geometry, as illustrated in
Figure 64 the significant parameters were found out as
 Quench oil temperature, D
 Carburizing carbon content, C
 Two factorial interaction between carburizing temperature and carbon content,
AC
 Carburizing time, B
Differently from the surface hardness, significant factors were determined as
 Carburizing time, B
 Three factorial interaction between carburizing temperature, carburizing time
and oil quench temperature, ABD
for core hardness results of stepped shaft as shown in Figure 65.
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(b)

(a)

Figure 65. Core hardness results for stepped shaft, (a) Pareto Chart (b) Half Normal
Plot
In this study, the most important investigated outputs were carbon profile and hardness
distribution of the carburized and subsequent quenching DIN 16MnCr5 steel shafts.
So, we investigated the case depth and effective case depth results of the shafts.

(a)

(b)

Figure 66. Effective case depth (@500HV) results for stepped shaft, (a) Pareto Chart
(b) Half Normal Plot
It was seen that the significant factors were increased when we examined the effective
case depth and case depth results of stepped shaft. For the effective case depth,
 Carburizing time, B
 Carburizing temperature, A
 Carburizing carbon content, C
 Two factorial interaction between the carburizing temperature and time, AB,
carburizing time and carbon content, BC, carburizing temperature and carbon
content, AC
were detected as significant factors as illustrated in Figure 66.
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(a)

(b)

Figure 67. Case depth (@0,4 %C) results for stepped shaft, (a) Pareto Chart (b) Half
Normal Plot
Unsurprisingly, the significant factors of case depth response for stepped shaft were
figured out same with effective case depth totally (Figure 67).
On the other hand, second geometry plain shaft was investigated similarly with stepped
shaft. Whereas the results of surface and core hardness were evaluated different from
the stepped shaft, case depth and effective case depth responses were similar.
It is obviously seen from the Figure 68, there is no significant factor found out for
surface hardness of plain shaft.

(b)

(a)

Figure 68. Surface hardness results for plain shaft, (a) Pareto Chart (b) Half Normal
Plot
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(a)

(b)

Figure 69. Core hardness results for plain shaft, (a) Pareto Chart (b) Half Normal
Plot
Effective case depth results of plain shaft are almost similar with stepped shaft results.
As it is shown in Figure 70
 Carburizing time, B
 Carburizing temperature, A
 Carburizing carbon content, C
 Two factorial interaction between the carburizing temperature and time, AB,
carburizing time and carbon content, BC
are detected as significant factors for effective case depth.

(a)

(b)

Figure 70. Effective case depth (@500 HV) results for plain shaft, (a) Pareto Chart
(b) Half Normal Plot
Besides case depth response has the same significant factors with effective case depth
response except BC interaction. BC is found out insignificant for case depth output as
shown in Figure 71.

77

(b)

(a)

Figure 71. Case depth (@0,4 %C) results for plain shaft, (a) Pareto Chart (b) Half
Normal Plot
6.3. Summary of Design of Experiments
Consequently, controlling significant factors during a process is extremely important
for any industrial and engineering setup. In this study, significant factors of carbon
case depth, effective case depth, surface hardness and core hardness responses were
evaluated with the design of experiments matrix. And the results were calculated by
using the Probability Plot and Analysis of Variance (ANOVA) method shown at Table
21 and Table 21 respectively.
Since ANOVA requires scattering in the results, it is more accurate way to determine
the significant parameters than probability plot. For instance, according to the
probability plot results, none of the parameters are found as significant for core
hardness response of stepped shaft. However, carburizing time B, and three factorial
interactions between carburizing temperature, carburizing time and oil quench
temperature ABD are detected as significant parameters for core hardness response by
using ANOVA.
The comparison of the probability plot and analysis of variance shows that analysis of
variance can detect the significant factors on the investigated responses highly
accurately. Probability plot also can give the idea about the significant factors with
less accuracy. On the other hand, ANOVA requires at least 5 times more amount of
analysis than probability plot for the same design of experiments.
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Table 20. General results of Design of experiments; A: Carburizing temperature, B:
Carburizing time, C: Carburizing carbon content, D: Quench oil temperature
Stepped Shaft

Effective
Case
Depth

Case
Depth

+

+

+

+

+

+

AB

+

+

BC

+

+

+

+

Surface
Hardness

Core
Hardness

Effective
Case
Depth

Plain Shaft
Case
Depth

Surface
Hardness

Core
Hardness

A
B

+

+

C

+

+

+

D

+

AC

+

+
+

BD
ABD
ABCD

+

+

Table 21. General results of Analysis of Variance; A: Carburizing temperature, B:
Carburizing time, C: Carburizing carbon content, D: Quench oil temperature
Stepped Shaft
Surface
Hardness

Core
Hardness

A
B

+

C

+

D

+

+

Plain Shaft

Effective
Case
Depth

Case
Depth

+

+

+

+

+

+

Surface
Hardness

Core
Hardness

+

Effective
Case
Depth

Case
Depth

+

+

+

+

+

+

+

+

AB

+

+

+

BC

+

+

+

+

+

AC
ABD

+
+
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CHAPTER 7

CONCLUSION AND OUTLOOK

This study was a unique part of a project a partnership with a company. gas carburized
and oil quenching process of DIN 16MnCr5 steel shaft was examine within the scope
of reducing the variations of the carbon and hardness case depth of the final product
in order to hinder the product rejection. Both experimental and simulative study were
completed. In the experimental part of this study, a design of experiments was created
with three process parameters which were carburizing temperature, and two different
heat treatment furnaces. In the presented thesis, experimental study was used in order
to verify the simulative part.
In order to verify the simulations carbon profile, microstructures and hardness profiles
were examined with both experiments and simulations. According to the results it can
be concluded that; the results for the experiments and the simulations are reasonable.
o Although there are some differences on the carbon and hardness profiles, the
profile patterns are compatible with each other.
On the other hand, simulation study was constituted to determine the effective process
parameters in accordance with the main aim of the project. Therefore, a computational
local sensitivity analysis and a virtual design of experiments were created and
performed on commercial finite element method software SYSWELD®. The most
important aim of the part of sensitivity analysis was that evaluation of the process
uncertainty in the output of the process based on the known uncertainties in the control
parameters of the process.
Results of sensitivity analysis can be concluded as;
o The budget of uncertainties for the output parameters were figured out as
immeasurable. It is obvious that if the furnace works with these determined
uncertainties, it has narrow variation bands.
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o The only remarkable result for the sensitivity analysis was the hardness of the
stepped shaft. The budget of uncertainty was evaluated 50 HV. Case depth is
the depth from the surface which has 500 HV hardness value. In this case, if
we calculate case depth, 50 HV should be considered in the calculations. Since
this much error can cause the product rejection. On the other side, carburizing
and soaking times which have ±15 min uncertainty cause this budget of
uncertainty on hardness. Considering 24 hours carburizing and 2 hours soaking
times, 15 min is not significant. Additionally, it does not make sense for a wellcontrolled system. The budget of uncertainty is predicted to decrease by
controlling the system accurately.
Finally, the virtual design of experiments was investigated for case depth, effective
case depth, surface and core hardness responses for determination of the significant
factors on the output responses.
The results of the virtual design were evaluated by using probability plot and analysis
of variance (ANOVA) methods. In order to apply ANOVA technique with FEM
simulations, an artificial scattering was created in the input parameters.
Design of experiments results showed that;
o Analysis of variance was more accurate than probability plot method due to the
requirements of scattering in the input parameters. However, ANOVA needs
at least 5 times more amount of analysis than probability plot.
o Carburizing time was figured out sensitive parameter on hardness of stepped
shaft according to the sensitivity analysis. Carburizing time was also found as
significant parameter on surface and core hardness responses.
7.1. Future Research
This study can be taken further by the following suggestions;
o Mass transfer coefficient and diffusion coefficient of carbon might be
calibrated to reduce the differences between the carbon profile results.
Especially, diffusion coefficient can be constituted as a function of temperature
and carbon composition.
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o Secondly, hardness profiles are affected mainly from carbon composition and
the microstructure. In this study, where the bainite transformation starts, the
difference between the hardness profiles occurs. This means that the bainitic
transformation kinetics may be calculated more accurately by using the
austenite grain size. Reduction of the differences foresees by carrying out these
calibrations.
o On the other side, increasing the amount of experiments is the better way to
understand the uncertainty of the experimental variations. In that case, the
results can be presented more accurate.
o Global sensitivity analysis can be performed instead of the local sensitivity
analysis. GSM determines all the critical points of any system. Since the
carburizing and subsequent quenching heat treatment system has many critical
points, there will be much more simulation run required.
o Otherwise, in order to determine the effective factors on the output responses,
an experimental study can be performed at same conditions in order to
approach the target values.
o Analysis of Variance method can be applied with statistically more relevant
number of sample instead of 5 runs for each simulation set. Although it requires
much more simulation run, the accuracy increases in the results.
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