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ABSTRACT
INVESTIGATION OF CARBURIZED QUENCHING PROCESS OF SHAFTS

USING DESIGN OF EXPERIMENTS

Yılmaz, Hasan
M.S., Manufacturing Engineering Department
Supervisor: Asst. Prof. Dr. Caner Şimşir
Co-Supervisor: Asst. Prof. Dr. Kemal Davut
July 2017, 106 pages
Carburizing is a widely-used thermochemical heat treatment process in shaft
manufacturing. Insufficient case-depth, inadequate surface/core hardness, and
distortion are the common reasons for scrapped products after carburizing. Thus,
understanding, control and optimization of the process parameters in carburizing is
crucial to avoid losses.
In this study, carburizing parameters were investigated and optimized by Design of
Experiments (DoE) using the Taguchi method. The target of the optimization is the
minimization of the variability in the production due to the use of different furnaces
for the process.
Experiments were carried out on as-turned shafts (plain and stepped) made of two
different grades of steel (16MnCr5 and 20NiCrMo2-2) using two different industrial
gas carburizing furnaces. After the carburizing experiments, dimensional changes
were measured using a Coordinate Measurement Machine (CMM), while carbon and
hardness profiles were determined using Optical Emission Spectroscopy (OES) and
Vickers indentation techniques.
The results indicated that carbon potential of the carburizing gas is the most important
parameter associated both with the variability and the mean effect for the case-depth
and the diameter change.
Keywords: Shaft, Carburizing, Taguchi Method, Optimization
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ÖZ
MİLLERİN SEMENTASYON İŞLEMİNİN DENEY TASARIMI
KULLANILARAK İNCELENMESİ

Yılmaz, Hasan
Yüksek Lisans, İmalat Mühendisliği Bölümü
Tez Yöneticisi: Yrd. Doç. Dr. Caner Şimşir
Ortak Tez Yöneticisi: Yrd. Doç. Dr. Kemal Davut
Temmuz 2017, 106 sayfa
Sementasyon işlemi, mil imalatında yaygın olarak termokimyasal bir ısıl işlemdir.
Sementasyon sonrası yetersiz sertlik derinliği, uygunsuz yüzey ve çekirdek sertliği ve
çarpılma yaygın hurda ürün sebepleridir. Bundan sebeple, sementasyon sırasında süreç
parametrelerinin etkilerinin anlaşılması, kontrolü ve optimizasyonu kayıpların
önlenmesi için hayati önem taşımaktadır.
Bu çalışmada semenyastasyon parametreleri Taguchi yöntemiyle Deney Tasarımı
(DoE) aracılığıyla incelenmiş ve iyileştirilmiştir. İyileştirmenin temel hedefi imalatta
değişik fırınların kullanılmasından kaynaklı değişkenliğin azaltılmasıdır.
Deneyler iki değişik endüstriyel gaz sementasyon fırınında, iki değişik çelikten
(16MnCr5,20NiCrMo2-2) tornalanarak üretilmiş düz ve basamaklı millerde
gerçekleştirilmiştir. Sementasyon deneylerinden sonar, millerin boyutları Koordinat
Ölçüm Makinesi (CMM) ile ölçülürken, karbon ve sertlik dağılımları Optik Yayınım
Spektrometresi (OES) ve Vickers sertlik ölçümleriyle belirlenmiştir.
Sonuçlar sementasyon gazının karbon potansiyelinin sertlik derinliğindeki ve
değişikliğindeki gerek değişkenliği gerek ortalama değeri en çok etkileyen parametre
olduğunu göstermektedir.
Anahtar Kelimeler: Mil, Sementasyon, Taguchi Yöntemi, Optimizasyon
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CHAPTER 1

INTRODUCTION

Case-hardening is a common process to produce steel components characterized by a
hard surface combined with a relatively soft and ductile core. As a result, casehardened parts exhibit a good wear resistance, high toughness and high fatigue
strength. One of the most common case-hardening processes is carburizing process
which consists of a thermochemical carbon enrichment treatment succeeded by a
hardening treatment [1].
Carburizing is essentially the enrichment of carbon at the surface of low carbon steels
by diffusion from a carbon containing (solid, liquid or gas) medium in a temperature
range where the material is austenitic. Carburizing improves strength and wear and
fatigue resistance by creating a hard case while retaining a relatively soft core.
Thermochemical treatment performance depends on the effective control of the three
principal variables: temperature, time and the surface carbon potential. Hardening
treatment (quenching) performance depends extrinsically the quenching medium and
its condition, while it is also intrinsically dependent on the prior diffusion treatment
due to the changes in the surface chemistry and grain structure. The overall treatment
should be designed based on those extrinsic and intrinsic factors according to the
material used and the part geometry.
For example, an increase in the carburizing temperature usually increases the rate of
mass transfer both in the furnace atmosphere and the component, promoting a faster
process for a fixed case-depth. On the other hand, higher diffusion treatment
1

temperatures lead to several problems such as excessive grain growth, undesired
surface reactions and damage to furnace refractories. Aside from diffusion treatment,
hardening treatment is equally important to obtain the desired case-depth and core
hardness. The cooling rate must be fast enough to harden the case while avoiding too
low or too high hardness at the core. In many cases, high quenching rates are also
associated with distortion and cracking since the inhomogeneity in cooling rates
usually increases as the quenching intensity increases for conventional quenching
methods. Thus, quenching intensity should be high enough to establish the desired
microstructure distribution, yet not so fast that it causes problems such as cracking or
unnecessary distortion [2].
Heat treatment generally contains the danger of distortion, therefore often parts should
be hard machined after heat treatment and this must be considered by the dimensions
of the green parts. Especially at carburizing the necessary carburizing depth must be
increased dramatically due to necessary corrections of distortion by grinding. This
leads to several problems: Carburizing time increases as well as the grinding costs [1].
Distortion is probably the most challenging problem during heat treatment of steels
since it does not originate only from the heat treatment parameters but prior
manufacturing history of the component [3]. Regarding the heat treatment process
related parameters, the state and properties of quenching media are the most important
factors affecting distortion. Also, the cooling condition such as flow rate and volume,
uniformity, temperature and pressure of quenchant and tank, quench table flow guide
of quench tank, design and mass of used trays, positioning jigs have a large effect on
distortion [4].
Distortion control conventionally involves control of the rate and the homogeneity of
cooling. On the other hand, recently suggested system-oriented “Distortion
Engineering” approach, which considers distortion as an attribute of manufacturing
system rather than a heat treatment process attribute, is becoming more popular.
Simulation of heat treatment processes date back to the mid-1970s. Heat treatment
simulations are valuable especially for precision components and large shafts in which
the costs of process optimization by trial and error are unacceptable. Because of its
industrial and scientific significance, heat treatment simulation is now a popular field
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for enthusiasts from a variety of disciplines, including process engineers,
metallurgists, physicists, and mathematicians.
The heat treatment simulation literature contains a large number of applications on
shafts. Today, it is quite popular to simulate heat treatments on long cylinders for the
purpose of investigating mechanisms and testing new approaches because of the ease
of modelling and measurement [5].
Simulation of the quenching of long cylinders (shafts) has a special place in heat
treatment simulation literature, because most of the pioneering studies in development
of strategies for simulation of heat treatments were verified on steel shafts [6]–[10].
1.1

Literature Review

Steel heat treatment literature is rich in studies concerning the carburized quenching.
Earlier studies usually focused either on the thermochemical or hardening treatments
rather independently [11]–[17], whereas, newer studies follow a more integrative
approach considering the interactions between those treatments [17]–[36] and even
between the prior manufacturing operations [37]–[48].
For the sake of brevity, only a short review compiled from the major references used
in this study is presented in this section, with a highlight of the contribution of this
thesis to the literature. Extensive reviews in the field can be found elsewhere [11]–
[48].
C. Bahnsen et al. [1] focused about additional contribution of carburizing on distortion
of SAE 5120 steel shafts. They used the statistical analysis method to determine
decisive the parameters and reported carburizing depth is the most influential
parameter affecting dimensional changes. Aside from this, a possibly significant
interaction between carburizing depth and surface carbon content were identified
whereas no indication of an interaction between carburizing depth and other
parameters. And the other result of this studies that the more martensite in the core
area the less was the deformation. The behavior at quenching dependent on a defined
carbon profile is observed, but not the influence of the preceded carburizing process.
At same time C. Bahnsen’s studies, C. Prinz et al. [49] were busy with metallurgical
influence on distortion of the case hardening. They investigated to the three conditions,
which are annealing to a specific structure, pre-aging and the condition after cooling
3

from the hot rolling heat, using 20MnCr5. Then, they conclude that distortion can be
reduced by utilization of material with higher hardenability and distortion is affected
by the pre-aged condition of the semi-finished material. The observed distortion is
largest with samples in the normalized condition. The distortion is reduced by
annealing. Smallest distortion was observed at material in the hardened and tempered
condition.
After that, B. Clausen et al. [3] carry on a study about how carburizing and with it the
case hardening process affects the already described effects of distortion and how the
effects interact with each other. This affects not only a change in mechanical properties
but also in the transformation behavior. They were used SAE 5120 shaft and disc
specimen and their findings show that the shafts and the disks show a positive volume
change with a negative change in the long dimension and a positive change in the short
dimension. The dimensional changes of disks could be connected linear to the
carburizing depth. There is an influence of the carburizing depth on the shape changes
recognizable.
A. Stormvinter et al. [50] concentrate on effect of hardenability and quenching on
distortion of steel components. They use case hardening steel grade 16NiCr4 ring and
c-shaped steel component and find that distortion is caused by interaction of material
properties, processing and component design. The effect of hardenability on distortion
is significant. And, it seems important to account for the effect of micro-alloying
elements, such as Al, Ti and Nb. Preferably these elements should be related to the N
content of the heat.
K. Palaniradja et al. [51] carry on a study about optimization of process variables in
gas carburizing for AISI 3310 Steels. They were used Taguchi methods and for
optimum process condition, “higher-better” strategy was used. They were investigated
that holding time, quenching time, carbon potential and carburizing temperature for
obtain high surface hardness and more case depth. And their findings show that for
high surface hardness, optimum condition is 210 minutes holding time 30 minutes
quenching time, 1110-1115 mV carbon potential and 870- 930 °C carburizing
temperature. On the other hands, for more case depth, optimum condition is 195 - 210
minutes holding time 30 minutes quenching time, 1110-1115 mV carbon potential and
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870- 930 °C carburizing temperature. And, time parameters have more influence on
the quality of the case-hardened components.
O.S. Fatoba et al. [52] focused about optimization of carburized steel process
parameters using Taguchi approach and response surface model for UNS G10170
Steel material. They were investigated to temperature, soaking time and particle size;
and optimum condition for these. And, they were concluded that the furnace
temperature should be kept at 910 °C, soaking time 9 hours, while energizer particle
size of 45 µm should be used in order to obtain optimal hardness value.
V.K Murugan et al. [53] were busy with obtain an optimal setting of carburizing
process parameters such as carburizing temperature, soaking time, gas diffusion effect
furnace air circulation for results in optimal values of case depth in the surface. They
were concluded that Taguchi method is a powerful design of the experiments tool for
engineering optimization of a process. The optimum process condition will be by
employing higher- better strategy for case depth.
The literature survey conducted is aimed to provide a scientific basis for the
understanding

of

what

kind

of

a

relation

the

dimensional

change,

carburization/hardness depth with heat treatment process condition.
1.2

Original Contribution and the Structure of the Thesis

In this thesis, statistical Design of Experiments (DoE) using Taguchi method is applied
to investigate the effect of process parameters (carburizing temperature, carbon
activity of the carburizing gas and quench oil temperature) on gas carburizing
performance (case/carburizing depth, surface/core hardness and diameter change) of
plain and stepped shafts made of two different carburizing steels (16MnCr5,
20NiCrMo2-2). At best of author`s knowledge, the effect of the material and the
geometry is not investigated in combination to their interactions with process
parameters.
Application of DoE and other statistical techniques in carburizing research is not new.
Most of the studies exploit factorial designs which are useful for determination of
significant parameters and optimization of the mean response [51], [52], [54]–[66],
[67], [68], [57]. On the other hand, control and optimization of variability in the
carburizing process is at least equally important, since industrial practice indicates
5

high variability in the case-depths and dimensional changes of carburized components.
Moreover, most of those studies are confined to gears [43], [44], [4], [69], [70], [67],
[68], [71]–[73] rather than the shafts [74]–[77], [57], [78].
Factorial designs, even when they are combined with Analysis of Variance (ANOVA),
are not suitable to handle variability because of uncontrolled or not-directly-controlled
parameters. Taguchi method is the most common approach to tackle variability
dominated issues, while it has certain drawbacks in mean response optimization.
Publications on the application of Taguchi approach in carburizing process design and
optimization are rather rare [52], [61]. In this study, Taguchi method is used to
determine and optimize the process parameters responsible for the variability because
of the variation of the carburizing furnace. Based on this and the previously mentioned
facts, it can be concluded that this thesis has several contributions to the literature.
The thesis consists of 8 chapters including this introduction chapter. The rest of the
thesis is structured as follows: Chapter 2 covers the theory of carburizing with an
additional emphasis on distortion during the process, while Chapter 3 presents a short
summary of technology used in carburizing. Chapter 4 focusses on both on the theory
of DoE and its application to the specific problem of this thesis. Chapter 5 provides
the experimental procedure both at the industrial and laboratory scale. Chapter 6
presents the experimental results with the associated discussion. Chapter 7 is dedicated
to the results of Taguchi analysis and its interpretation. Chapter 8 summarizes the
major findings together with an outlook for future studies.
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CHAPTER 2

THEORY

Steel is an alloy including iron, other reinforcement element and approximately 2
wt. %C. Other alloys can amount altogether to around 5 wt. %. Steels can display a
wide range of properties relying upon structure notwithstanding the phases and smaller
scale ingredients display, which depend on the heat treatment [79].
The reason for widely used of steels is mostly measured to be the wealth of iron
mineral. Iron is by no means the most profuse element, and it is not the easiest metal
to produce from mineral. Steels are such an significant material owing to wonderful
plasticity in heat treating and metal working to produce a wide range of chemical,
physical and mechanical properties [80].
Heat treatment is a controlled process used to alter the microstructure of metals and
alloys such as steel and aluminium to impart properties which benefit the working life
of a component, for example increased surface hardness, temperature resistance,
ductility and strength [81].
Hardening process are the most common type of heat treatment. Heat treatment
process is divided into three group which are through hardening, blank hardening and
case hardening process.
Through hardening is a process used to increase the hardness and tensile strength of
material, and in alloy steels such as 4140 and 4340, will result in optimum combination
of strength and toughness [82].
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Case-hardening is metals surfaces hardening method which allowing the metal under
to remain soft, thus forming thin layer of harder metal on surface. Together carbon and
alloy steels are appropriate for surface hardening; usually, mild steels are used, with
LC composition, commonly smaller than 0.3%. On account of the low amount of
carbon, mild steels are not normally hard enable, consequently the surface of the steel
is chemically converted to develop the hardenability [83]. There are three type case
hardening process which are Carburizing, Induction Hardening and Flame Laser
Hardening.
Carburizing is achieved by heating the steel at temperatures in the homogeneous
austenite phase field in an environment of appropriate carbon sources. The carburizing
time depends on the desired diffusion depth [84].
Induction hardening is an extremely versatile heating method that can perform uniform
surface hardening, localized surface hardening, through hardening, and tempering of
hardened pieces.
Flame hardening consists of austenitizing the surface of a steel by heating with an
oxyacetylene or oxyhydrogen torch and immediately quenching with water or waterbased polymer.
Laser surface heat treatment is widely used to harden localized areas of steel and castiron machine components. This process is sometimes referred to as laser
transformation hardening to differentiate it from laser surface melting phenomena
[85].
2.1

Carburizing of Steel

Carburizing is the addition of carbon to the surface of low-carbon steels at generally
between 850 and 950°C temperatures, at which austenite, with its high solubility for
carbon, is the stable crystal structure. Case hardness of carburized steels is primarily a
function of carbon content.
Carburization of steel includes a heat treatment of the metallic surface using a source
of carbon. Carburization can be used to increase the surface hardness of LC steel.
Primary carburization used a direct application of charcoal packed around the sample
to be treated (primary referred to as case hardening), but recent techniques use carbonbearing gases or plasmas (for example carbon dioxide or methane).
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Typical carburizing steps are;
Stage 1: Heat. After loading, the parts are heated to process temperature. Once the
furnace temperature exceeds the safety temperature of 750°C, the carrier gas is
admitted and a low carbon potential is maintained to prevent non-uniform
carburisation caused by temperature differences through the load.
Stage 2: Equalise. Depending on the load size and the geometry of the parts, it might
be advantageous to hold the parts, still maintaining a low carbon potential, until the
core temperature of all parts reaches the process temperature.
Stage 3: Carburise. The carbon potential is raised close to the soot limit but still kept
low enough not to cause cementite formation. This stage, also referred to as the boost
stage, is stopped once about 85–95% of the desired carburizing depth is reached.
Enough time should be allowed both for the carburizing depth to be reached and for
the carbon percentage in the case to be reduced to a value that allows for maximum
martensitic hardness after quenching.
Stage 4: Diffuse/cool down to hardening temperature. The carbon potential is set at a
level to achieve the desired surface carbon content, typically between %0.72
and %0.80. This stage ends once the total carburizing depth is reached. While at the
diffusion stage, the temperature may be lowered to just slightly above AC3 in the
steel–carbon phase diagram to minimise distortion during quenching.
Stage 5: Equalise. Hardening temperature and carbon potential are maintained until
the core temperature of all parts reaches the hardening temperature.
Stage 6. Quench. The parts are transferred into the quench [86].
Three primary methods based on the nature of carburizing atmosphere can be applied
for the carburizing heat treatment. Those are categorized as pack carburizing, liquid
carburizing and gas carburizing. Lately, some new methods have been introduced,
such as plasma carburizing, vacuum carburizing and fluidized bed carburizing.
Pack carburizing method is also known as solid carburizing, and it is the oldest method
used as a surface hardening technique. The solid carburizing mixture contains
hardwood charcoal, acting as a source of carbon, energizer component which is barium
carbonate, and coke increasing the thermal conductivity of the system [87].

9

Liquid carburizing is a method of case hardening of ferrous metals by holding them
above their transformation temperature in a molten salt bath. Liquid carburization has
advantages that freedom from oxidation and soot problems. Also, a rapid rate of
penetration.
In gas carburizing, commercially the most significant variant of carburizing, the source
of carbon is a carbon-rich furnace atmosphere manufactured either from gaseous
hydrocarbons, for example, methane (CH4), propane (C3H3), and butane (C4H10), or
from vaporized hydro-carbon liquids. Gas Carburizing has advantages that the surface
carbon content and the case depth can be controlled more accurately and it is much
cleaner and more efficient method [80].
Plasma carburization is progressively used to improve the surface characteristics, for
example wear, corrosion resistance, hardness, load-bearing capacity, in addition to
quality-based variables, of different metals, particularly stainless steels.
2.2

Quenching of Steel

Quenching of steels is the process in which parts are hardened by quickly cooling from
a high temperature at which the component is usually in austenitic state. Quenching or
quench hardening refers to achieving the required microstructure, hardness, strength,
or toughness while avoiding the undesired residual stresses, distortion and cracking.
During quenching, rapid cooling is achieved by a quenchant which is usually a liquid
or gas. Most widely liquid quenchants are water, aqueous solutions with salt and other
additives or oils.
The quenchant performance is affected on the rate of heat extraction by quenchant
medium. Rapid and heterogeneous cooling during quenching causes cracking on steel
parts and undesired shape and size change (distortion). This situation is lead to rejected
or scrapped products [88].
Carburizing (carburized quenching) can be examined 4 steps;
•

Gas-gas and gas solid reactions in the furnace

•

Diffusion in the solid

•

Heat transfer and phase transformation during quenching

•

Stress and distortion generation during quenching
10

2.3
2.3.1

Gas-Gas and Gas-Solid Reactions in The Carburizing Furnace
Gas-Gas Reactions for Carburizing in Endogas Furnaces

In this section, it will be assumed that the atmosphere involves in an endothermic
carrier gas that is enriched by a methane addition, which serves as the source of the
carbon being transported to the work load. The main constituents of the atmosphere
are CO, N2, H2, CO2, H2O, and CH4. Of these constituents, N2 is inert, acting only as
a diluent. The amounts of CO, CO2, H2, and H2O present are very closely the
proportions probable at equilibrium from the reversible reaction:
CO + H2O  CO2 + H2

(1)

given the ratios of carbon, oxygen, and hydrogen in the atmosphere. Methane is
invariably present in quantities well more than the quantity that would be expected if
all the gaseous constituents were in equilibrium. Though the sequence of reactions
included in carburizing is not known in detail, it is known that carbon can be added or
removed quickly from steel by the overall reversible reactions:
2COC (in Fe) + CO2

(2)

CO + H2C (in Fe) + H2

(3)

and

A carburization process based solely on the decomposition of CO would require large
flow rates of atmosphere gas to produce considerable carburizing. As an example, the
loss of just 0.47 g C from a cubic meter of endothermic gas at 927 °C is adequate to
decrease the CO-to-CO2 ratio from 249 to 132 and the carbon potential from 1.25 to
0.8%. The loss of 0.47 g C represents approximately the same quantity present in a
steel part of 100 cm2 surface area carburized to a depth of 1 mm. The methane
enrichment of endothermic gas provides carbon for the process by slow reactions such
as:
CH4 + CO2 2CO + 2H2

(4)

CH4 + H2OCO + 3H2

(5)

and

which reduce the concentrations of CO2 and H2O, respectively. These reactions
regenerate CO and H2, so directing the reactions of Eq. 2 and 3 to the right. Because
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the methane content of carburizing atmospheres is generally far above the content that
is expected at equilibrium, given the CO2 and H2O contents present, it is evident that
the reactions in Eq. 4 and 5 do not approach equilibrium. The sum of the reactions in
Eq. 2 and 4 and in Eq. 3 and 5 is reduced to:
CH4 C (in Fe) + 2H2

(6)

Hence, with constant CO2 content and constant dew point, the net atmosphere
composition change throughout carburizing is a decrease in methane content and a rise
in the hydrogen content. In most commercial operations, atmosphere flow rates are
high sufficient and the rate of methane decomposition is low enough to prevent a large
build-up of hydrogen throughout a carburizing cycle. Though with carburizing loads
having high surface area, there is a drop in the CO content of 1 to 3% at the start of
the cycle once the carbon demand is extreme. This is caused by the dilution of the
furnace atmosphere with hydrogen.
The first two quantities provide measures of carbon potential according to the reactions
of Eq. 2 and 3. Oxygen potential is associated to carbon potential by the reaction:
C (in Fe) + ½ O2  CO

(7)

When the carbon monoxide content of the atmosphere remains comparatively
constant, both the carbon dioxide and the oxygen potential provide good measures of
the carbon potential. For the dew point to be a valid measure of carbon potential, the
product of the hydrogen and carbon monoxide contents must be stable. If the hydrogen
content of the furnace atmosphere rises, because of either carburizing or sooting, the
associations between CO2 content, oxygen potential, dew point, and the carbon
potential will be altered. Consequently, some process control systems consist of
infrared analysis of CO and the measurement of CO2 or oxygen potential so that a true
carbon potential may be calculated for all operating conditions [79].
2.4
2.4.1

Diffusion in the Solid
Diffusion during Carburization of Steel

The collective effects of time, temperature, and carbon concentration on the diffusion
of carbon in austenite can be stated by Fick's laws of diffusion. Fick's first rule states
that the flux of the diffusing substance perpendicular to a plane of unit cross-sectional
area is proportional to the local carbon gradient perpendicular to the plane.
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The diffusion coefficient for carbon in austenite is a function of carbon content and
temperature. The succeeding expression, suggested by Tibbetts [89] summarizes the
experimental data:
𝐷=

0.47𝑒𝑥𝑝(−1.6𝐶−37000−6600𝐶)
𝑅𝑇

where D is in cm2/s, C is the weight percent carbon, T is temperature in degrees Kelvin,
and R is the gas constant. Exact solutions to the diffusion equation when the diffusion
coefficient rely on composition are accessible for steady-state diffusion , but for timedependent solutions, numerical methods must be used [90].
2.4.2

Gas-Metal Reactions and Carbon Transfer

The mass transfer mechanism throughout gas carburizing is a multifaceted
phenomenon which includes three different periods: the first periods is carbon
transport from the atmosphere to the steel surface, the second period is surface
chemical reactions, and the last period is diffusion of the absorbed carbon particles on
the way to the bulk of the steel down the chemical potential gradient. Over-all carbon
transfer from the atmosphere to the steel is thus determined by the limiting process
that kinetically develops the rate controlling phase of carburizing [91]–[96],[97]–
[101]. We can see the mechanisms of carbon transfer during carburizing and the
primary control parameters: the mass transfer coefficient (β) defining carbon atoms
flux (J) from the atmosphere to the steel surface and the coefficient of carbon diffusion
in steel (D) at austenizing temperatures in the Figure 1.

Figure 1:Schematic representation of carbon transport in carburizing [102]
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The diffusion controlled process has no shortage of carbon supplied to the interface
for its additional transport into the solid; a hypothesis of constant surface carbon
content may then be acceptable. However, the non-equilibrium carbon transfer from
the atmosphere to the solid borderline involving surface reaction is frequently stated
to be the rate limiting factor [91]–[96] particularly at the initiation of the carburizing
process. After this primary step, the process becomes mixed controlled [97]–[99] and
should be modelled respectively.
2.4.3

Mass Transfer Coefficient

The mass transfer coefficient in the gas phase controls the rate of carbon uptake
throughout the primary phase of carburizing [91]–[96]. We can show in the Figure 2
that the mass transfer coefficient defines the thickness of the boundary gas layer (D/
β) at the gas-solid interface and defines the highest flux of carbon atoms attainment
the steel surface and obtainable for further carbon diffusion to the bulk of the steel
[91].

Figure 2:Graphical representation of the significance of the β, which denotes the
mass transfer coefficient [102]
Numerous models have been suggested [97]–[99] to model the evolution of surface
carbon content by carburizing time; most of them have some limitations and do not
always yield accurate results. One of these models was proposed by Yan [97] as
follows;
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𝐶𝑠 = 𝐶𝑝 −

𝐶𝑝 −𝐶0
3𝑡
𝐷
1+√ .exp(− 2 )
𝐷
3 𝑡

,

where CS is surface carbon concentration in wt.%, C0 is the bulk carbon concentration
in the steel, and t – carburizing time. While the model was originated methodically,
some correction factors were practical to counterbalance for the expected constant
carbon diffusivity.
The mass transfer coefficient is extremely delicate to the changes in the atmosphere
composition and carburizing potential [91]–[96], [94], [101], [103], [104]. Numerous
neutral authors [91], [92] calculated β using thin foils in the carburizing atmospheres
of various CO-CO2 ratios.
Munts and Baskakov [93] advocated that the mass transfer coefficient should increase
linearly with the concentration of water vapor in the carburizing atmosphere.
Supposing that partial pressures of the atmosphere gas mechanisms are known and
carbon activity in the gas is controlled, the succeeding mass transfer coefficient model
was proposed [94], [101]:
−22350 𝑃𝐻2 𝑂
).
𝑇
√𝑃𝐻2
−12900) 𝑃𝐻2 𝑂
1+5,6.106 .exp(
).
𝑇
√𝑃𝐻2

6,31.105 exp(

β=

Whereas information on β as a function of the gas atmospheres is agreeable among
most researchers [92], [94], [101], there is a large inconsistency in the stated effect of
carburizing temperature on this coefficient [93], [95], [96], [103], [104].
2.4.4

Carbon Diffusivity in Austenite

When CO molecules get the surface, and dissociate into adsorbed carbon atoms and
carbon dioxide, the mechanism of further carbon transport becomes limited by the
proportion of carbon diffusion in steel. Considering that carbon concentration rely on
its activity in austenite and that the determinate disgusting interactions exist between
neighbouring carbon atoms in octahedral situates, Babu and Bhadeshia [105] shaped
carbon diffusivity according to the kinetic and thermodynamic behaviour of carbon in
austenite. Siller and McLellan [106] advocated that the repulsive forces between the
neighbouring carbon atoms influence carbon diffusivity by decreasing possibility of
interstitial places occupancy in the neighbourhood of the situate previously occupied
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by carbon atom. So, the carbon atoms attempting unplanned motion faces overstated
difference in the number of accessible situates that improves carbon diffusion down
the concentration gradient.
2.5
2.5.1

Heat Transfer during Carburization of Steels
Introduction to the Heat Transfer

Heat conduction is the HT that follows in a non-agitated liquid or gaseous medium
between directly attached particles because of a temperature gradient. Heat convection
is directly associated to the movement of the heat carrying fluid, as it is understood
over movement of the fluid elements from one place to another. Consequently, heat
convection is probable only in liquids and gases [82].
2.5.2

Heat Transfer during Quenching

Heat removal from parts during quenching can be mathematically defined with regards
to the effective interface HT coefficient. A quenchant must impart a sufficiently high
interface HT coefficient to produce a cooling rate that will reduce transformation of
austenite to ferrite or pearlite and produce the desired quantity of martensite or bainite.
HT coefficient for interface is described as:
h = A(T

q

1 −T2 )

where h is the interface HT coefficient; q is the heat flow from the part to the
quenchant; A is the part area; T1 is the part surface temperature and T2 is the bath
temperature.
A similar ratio, more commonly used in steel quenching, is the Grossmann number
(H) described by the following equation:
h

H = 2k
where k is the conductivity of the metal [107].
2.6
2.6.1

Phase Transformation during Carburized Quenching
Austenite–Pearlite Transformation

Transformation of the FCC lattice of austenite to the BCC lattice of ferrite is
vulnerable due to the presence of dissolved carbon in austenite. The BCC lattice of
ferrite has no that space. Therefore, the solubility of carbon is lowered significantly on
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transition from austenite to ferrite. The carbon diffusion ratio in the lattices of - and
Fe reduces quickly as the temperature is decreased, since the diffusion coefficient rely
on temperature.
2.6.2

Structure of Pearlite

A mechanical combination of ferrite and carbide plates is shaped on transformation in
the pearlite array. The rate at which cores of pearlite crystallization are shaped rely on
supersaturation of austenite with carbide that increases as the temperature is decreased.
Pearlite grow both through the formation of new plates and by way of further growth
of old plates in all directions.
2.6.3

Martensite Transformation

The martensite transformation takes place on quick cooling of the high-temperature
phase, a process that is mentioned to as quenching. The most characteristic features of
the martensite transformation in carbon steels are as follows:
•

The martensite transformation is realized on rapid cooling of steel from a
temperature overhead A1 in, for example, water. In this situation, diffusive
precipitation of austenite to a mixture of two phases (ferrite and carbide) is
suppressed.

•

Transformation of austenite to martensite begin from the martensite start
temperature Ms). While the pearlite start temperature decreases with an
increase in the cooling ratio, the martensite start temperature rely on the
cooling ratio.

•

Termination of cooling over the temperature interval Ms–Mph suspends
formation of martensite. This feature differentiates the martensite
transformation from the pearlite transformation.

2.6.4

Bainite Transformation

The bainite transformation is transitional between pearlite and martensite
transformations. The kinetics of this transformation and the structures formed exhibit
features of both diffusive pearlite transformation and diffusionless martensite
transformation.
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A combination of the -phase (ferrite) and carbide is formed because of the bainite
transformation. The combination is named bainite. The bainite transformation
mechanism includes  re-arrangement of the lattice, redistribution of carbon, and
precipitation of carbide. The -phase crystals are shaped through coherent progress
similarly to martensite plates. However, the -phase plates are shaped slowly rather
than suddenly. As a consequence, over the intermediate temperature array the -phase
can precipitate only from the carbon-depleted -phase [82].
2.7

Distortion Generation during Quenching

Distortion and cracking during quenching restrict the intensity of the quenchant and
the equipment that may be used. A more severe quench produces martensite to a
greater depth, although it besides increases the potentiality of distortion and cracking.
Linear dimensional changes appearing from end to end of cooling and transformation
are shown in the Figure 3 or both slow cooling and fast quenching conditions [108].

Figure 3: Dilatometric study of a steel cooled from a high temperature, that shows
the dimensional contractions depending on the quenching (cooling) rate [109]
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2.7.1

Warping

Warping during non-uniform cooling is demonstrated in the Figure 4. Think that the
steel bar was firstly at a homogeneously high temperature (see Figure 4-a). If the bar
were quenched on one side (Figure 4-b), the more quickly cooled side would
agreement earlier and at a higher rate than the opposite side.
At the time that the steel part has cooled, it will then be warped with the slowly cooled
side being shorter and warped concave (see Figure 4-c).

Figure 4: Warpage caused by non-uniform quenching of a steel block. (a) Uniformly
hot. (b) Non-uniform cooling. (c) Uniformly cold [110]
2.7.2

Cracking

Cracking appear for the same reasons as distortion. Generally, the cracks succeed
austenite grain boundaries, yet cracking doesn’t occur to be associated to the austenite
grain size.
The susceptibility for cracking normally reduces as the Ms temperature rises. The Ms
temperature in °C can be approximated by using the following equation [111];
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𝑀𝑠 = 521– 353(%𝐶) − 225(%𝑆𝑖) − 24.3(%𝑀𝑛)  − 27.4(%𝑁𝐼) −
24.3(%𝑀𝑛) − 27.4(%𝑁𝐼)
The association between the appearance of quench cracks and the Ms temperature in
two steels is demonstrated in Figure 5-(a).

Figure 5: Effect of (a) the Ms temperature and (b) the carbon equivalent on the
quench cracking susceptibility of selected steels [79]
Quench cracks were predominant at carbon equivalent values over 0.525, as
demonstrated in Figure 5-(b). In common, quenchants should be selected to deliver
heat rates and cooling rates capable of producing suitable microstructure in the
thickness section. Nevertheless, if distortion and cracking are to be decreased, it is not
necessary to use quenchants with extremely high temperature abstraction rates [79].
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CHAPTER 3

TECHNOLOGY OF GAS CARBURIZING

3.1

Carburizing Equipment

Gas carburizing furnaces vary commonly in physical construction, but they can be
divided into two main categories, batch and continuous furnaces.
Batch Furnaces
Pit furnaces and horizontal batch furnaces are the most common types of batch
furnaces. Pit furnaces are generally placed in a pit with the cover or lid located just
above floor level and are often loaded and unloaded with the aid of an overhead crane
(Figure 6).

Figure 6: Schematic representation of the cross-section of a pit batch carburizing
furnace. The dashed lines indicate the location of workload [79].
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Horizontal batch furnaces are often used for carburizing and direct quenching. Many
of these furnaces are so-called sealed quench, furnaces; namely, parts are discharged
from the furnace into an entrance that covers an oil quench tank (Figure 7). Because
the furnace atmosphere also flows through the entrance, parts can be kept free of
oxidation prior to quenching.

Figure 7: Schematic representation of the cross-section of a high-productivity gasfired quench furnace [79]
Continuous Furnaces
Continuous furnaces consist of the same basic components as batch furnaces: an
insulated chamber, heating system, and access doors. In continuous furnaces, however,
the furnaces operate in uninterrupted cycles as the workpieces move through them.
Consequently, continuous furnaces are readily adaptable to automation and thus are
generally (though not always) used for high-volume work
In a general sense, continuous-type furnaces can be classified as either rotary-hearth
furnaces or straight-chamber furnaces (see Figure 8).
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Figure 8: Schematic representation of the arrangement of a relatively small
continuous rotary-hearth heating furnace [79]
Pusher Furnaces
A pusher furnace uses the "tray-on-tray" concept to move work through the furnace,
as shown schematically in Figure 9. A pusher mechanism pushes a solid row of trays
from the charge end until a tray is properly located and proven in position at the
discharge end for removal. Cycle time through the furnace is varied only by changing
the push intervals [79].
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Figure 9: Schematic representation of tray movement in a pusher furnace [79]
3.2

Quenching Process

The quenchant performance is affected on the rate of heat extraction by quenchant
medium. Alternatives in quenching method have resulted in the task of specific names
to some quenching techniques;
Direct quenching
Direct quenching refers to quenching directly from the austenitizing temperature. It is
by far the most broadly used practice. The direct quenching is used to distinguish this
kind of cycle from more indirect methods include carburizing, slow cooling, reheating,
after that quenching.
Time quenching
When the cooling rate of the steel parts being quenched necessities to be suddenly
changed during the cooling cycle, time quenching is used. Time quenching is most
frequently used to decrease distortion, cracking, and dimensional changes.
Selective quenching
When it is necessary for confident areas of a part to be comparatively natural by the
quenching area, selective quenching is used. This can be achieved by protecting an
area to be more slowly cooled thus the quenchant associates exclusively those ranges
of the steel parts which are to be quickly cooled [79].
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Spray quenching
For spray quenching, high-pressure streams of liquid are directed through nozzles onto
selected parts of the hot surface, thus permitting localized cooling. In addition to
localized cooling, the primary advantage of spray quenching compared with
immersion quenching is that the degree of heat transfer across the surface can be
controlled during the cooling operation by varying the quantity of the sprayed liquid,
thus allowing computer-controlled cooling.
Gas Quenching
In gas quenching, the hot workpiece is cooled by blowing gas over the surface. Gas
quenching is generally used when cooling rates obtained in still air are too slow to
produce the require hardness and oil quenching is undesirable because of residual
stresses, cracking distortion, or handling (ecological, toxicological, or safety)
problems.
Intensive Quenching
During quenching from austenitizing temperature, localized temperature differences
occur within the workpiece, creating thermal stresses. These are due to the temperature
dependence of the specific volume of the microstructures formed in the steel during
quenching [84].
Fog quenching
Fog quenching utilizes a fine fog or mist of liquid droplets in a gas carrier as the
cooling agent. Although similar to spray quenching, fog quenching produces lower
cooling rates because of the relatively low liquid content of the stream [79].
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CHAPTER 4

DESIGN OF EXPERIMENTS

4.1

Introduction to Design of Experiments

Design of experiments means to find the relationship between various factors
(variables) and responses to them. There are three stages in off-line quality
engineering: system selection, parameter design, and tolerance design.
Parameter design is to improve the function of a product by varying the parameter
levels in a system. Tolerance design is to assign noise factors that affect variability to
an orthogonal array and study the effects of every noise factor [112].
4.2
4.2.1

Introduction to Taguchi Methods
Robust-Design Experiments

In this section, most common DOE techniques are presented which are factorial design
types, fractional design types and Taguschi’s orthogonal arrays.
One Factor Design is the design where only one factor is under investigation, and the
objective is to determine whether the response is significantly different at different
factor levels. The factor can be qualitative or quantitative.
In factorial designs, multiple factors are investigated simultaneously during the test.
As in one factor designs, qualitative and/or quantitative factors can be considered.
Two Level Full Factorial Design is factorial design where the number of levels for
each factor is restricted to two. Restricting the levels to two and running a full factorial
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experiment reduces the number of treatments (compared to a general full factorial
experiment) and allows for the investigation of all the factors and all their interactions.
Two Level Fractional Factorial Design is a special category of two level designs where
not all factor level combinations are considered and the experimenter can choose
which combinations are to be excluded.
Taguchi’s Orthogonal Arrays are highly fractional designs, used to estimate main
effects using only a few experimental runs. Designs are also available to investigate
main effects for certain mixed level experiments where the factors included do not
have the same number of levels [113].
The so-called Taguchi method and variations of this method are concerned with
quality engineering and product development.
A significant aspect of any production process is quality control. Classically, this is
achieved throughout the manufacturing phase of the process. Various forms of
inspection sampling can be applied to ensure that the product meets certain
specification and that the process is in control Its purpose is to progress product
manufacturability and dependability, and to decrease product development and
lifetime costs [114], [115].
It is in this context that Taguchi [116],[117] presented the application of what he called
robust parameter design. Montgomery [118] reformulates this in terms of making
products and processes insensitive to environmental factors or other factors hard to
control and to variation transmitted from components and finding levels of the process
variables that achieve a mean performance at a specified (goal) value and at the same
time reducing variability around that value.
4.2.2

Design and Noise Factors

Design factors, sometimes also referred to as design parameters Kackar [115] or
control factors Taguchi [119], are those factors that can be controlled simply
throughout the manufacturing process, the values of which remain fundamentally
fixed at “optimal” levels.
Noise factors, on the other hand, are factors that are hard to control, for instance
environmental factors, and, consequently, their levels will vary within a certain range
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during the production process and/or during subsequent use of the product (for a
detailed description of various types of noise factors see, e.g., Wu and Hamada [120] )
Taguchi’s Method

4.3

Taguchi's techniques have been generally used in engineering design [121], [122]. The
Taguchi method contains system design, parameter design, and tolerance design
procedures to achieve a robust process and result for the best product quality [117],
[119]. The key trust of Taguchi's methods is the use of parameter design [123], which
is an engineering method for product or process design that focuses on determining
the parameter (factor) settings producing the best levels of a quality characteristic
(performance measure) with least variation.
"The enemy of mass production is variability. Success in reducing it will invariably
simplify processes, reduce scrap, and lower costs” [124]. The main objective in the
Taguchi method is to design robust systems that are reliable under uncontrollable
conditions [125], [126] and [122].The method aims to adjust the design parameters to
their optimal levels, such that the system response is robust – that is, insensitive to
noise factors, which are hard or impossible to control [122]. In the 1980s Taguchi
[127], [116], [119] received international attention for his ideas on variation reduction,
starting with the translation of his work published in Taguchi and Wu [128]. Taguchi
specified three situations:
•

Larger the better

•

Smaller the better

•

On-target, minimum-variation

Taguchi has used Signal-Noise (S/N) ratio as the quality characteristic of choice. S/N
ratio is used as measurable value in place of standard deviation since, as the mean
reductions, the standard deviation also reductions and vice versa.
4.4

Optimization of Carburizing Parameters Using Taguchi Method

General aim of in this thesis is the optimization of carburizing parameters to attain
desired hardness profiles while minimizing the diameter change.
The temperature and the carbon activity history of the investigated process is
illustrated in Figure 10.
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Figure 10: The process chart for a typical gas carburization process
As can be seen in the Figure 10, the shafts are preheated for 2 hours at 200 °C. Then
carburizing treatment is applied for 24 hours (910-930 °C and wt. 0.9-1-1 %C). Next
step, the diffusion process was carried out at 850 °C – wt. 0.7 %C for 2 hours. Last
step is oil quenching at 60 or 70 ° C using Isorapid 277 HM quenching oil.
In this study, for the optimization of the process, Taguchi method is employed. As
mentioned earlier, although Taguchi method can be used both for parameter and
tolerance design, it is mainly used for tolerance design to minimize the variability in
the process. In this DoE, the furnace used was considered as a major source of
variatbility (Noise Factor) in the carburizing process. For this reason, experiments are
carried out in two different furnaces (Noise Level). DoE aims to determine the set of
parameters that will make the process more tolerant to furnace selection by minimizing
the variability in the process.
The primary target of optimization is the minimization of the variability in the casedepth while the variabilities in the core hardness and the diameter change are also
considered with a lower priority. In Taguchi design, the parameters minimizing the
noise are not necessarily the ones that yield the target mean response (mean casedepth, core hardness etc.). In that case, the mean response will be optimized by using
well controlled parameters such as time of carburizing in a second run.
In the experimental design, carburizing temperature (T1), carbon potential during the
boost stage (%C1) and the temperature of the quench oil (Toil) are selected as control
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(design) parameters. The noise parameter is the furnace used and the design is
performed under 2 different noise levels (using 2 different carburizing furnaces). A 4
factor (3 design, 1 noise) orthogonal design (L4) which involves 8 experiments given
in Table 1 is invoked.
Table 1:L4 Type Taguchi DoE matrix for carburizing experiments.
Run

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
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CHAPTER 5

EXPERIMENTAL PROCEDURE

The study aims optimizing carburized quenched shafts -especially hardness case
depth- and reveal the effect of process parameters on those.
For this, long shafts, which are plain and stepped form (see Figure 11) with various
diameters (D=47.5-70mm, L=224 mm), were manufactured. The purpose of stepped
shaft selection can be examined in situations where the same parameters can occur at
different diameters.

Figure 11: The dimensions of plain and stepped shafts used in this study
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All shafts were through hardened by oil quenching. Quenching experiments were
investigated the effect of distortion and shaft position in the furnace. In this thesis, 8
experiments, 128 shafts were studied and these data were gathered from all
experiments;
•

Changes of diameter for plain and stepped shafts

•

Carburizing depth

•

Hardness depth

After all data collected from experiments, process parameters for carbon content, oil
temperature and carbon diffusion temperature will have considered by using Taguchi
method to optimized heat treatment condition. Two same type carburizing furnaces at
the ESTAS Company were selected to carry out to the experiments. And thus,
comparison can be made between the furnaces.
Once the effective parameters on case depth and undesired dimensional changes are
determined, optimization studies and what to do to reduce the variation will be found.
This section is devoted to give information on experimental processes which are
managed during variations of diameter for plain and stepped shafts, carburizing depth
hardness depth i.e.
Firstly, using steel type, chemical composition, microstructure and properties for same
condition are gathered under a sub-section. Then, manufacturing of steel samples is
given and carburizing procedure (using equipment, furnace structure, using quench
oil, the location of samples in the furnace batch etc.) will be represented. Design of
experiments table and condition will be mentioned briefly. Finally, Measurements
after heat treatment (some condition for before and after) such as carbon-depth,
hardness and coordinate measurements are presented and terminated.

The data

collected from the experiments will be discussed in separately sub-section at Chapter
6 and will be used in Chapter 7 for optimization of heat treatment process, determine
effective parameters on case depth and dimensional changes.
5.1

Materials Used

In this study, two different type steels are used; 16MnCr5 and 20NiCrMo2-2 which
are carburizing grade steels. 16MnCr5 Steel grade bars supplied from BGH Edelstahl
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Freital GmbH (ASTM G# 7) and 20NiCrMo2-2 supplied from Asil Çelik A.Ş. (ASTM
G# 7-8).
16MnCr5 is a carburizing grade low alloy steel for parts with a required core tensile
strength of 800 – 1100 N/mm² and good wear resistance. The steel is suitable for shafts,
gears, pinions, collects, pins and camshafts and is commonly used in the engineering
and automotive industries.
20NiCrMo-2, is a low alloy nickel-chromium-molybdenum case hardening steel,
offering a high case strength and also good core strength, making it highly wear
resistant. This steel is well-suited for applications which require a combination of
toughness and wear resistance Typical applications are bearing, bushings, cam shafts,
differential pinions and other applications [129].
5.1.1

Chemical Composition

16MnCr5 was manufactured by normalized round bright bars ( 100 mm).
20NiCrMo2-2-H was manufactured by hot rolled normalized round steel bars ( 85
mm). Especially, the using 20NiCrMo2-2 is re-melted (decreased to the inclusion)
steel bars Macro chemical analysis for 20NiCrMo2-2 was carried out by using OES.
In Table 2 and Table 3, experimentally and in literature source [130] for chemical
composition of these steels is presented We can see from the tables that experimental
chemical analysis of both steel is in the standard band. There are significant differences
between both steels. 16MnCr5 is high content chromium and manganese than
20NiCrMo2-2 and on the other hands, 20NiCrMo2-2 is high content Molybdenum and
nickel. Chrome is balanced with Molybdenum. Other elements are approximately
same content both.

C

Si

Mn

P

Specified

0.140.19

0,150.40

1.001.39

0.035

0.35

0.801.10

-

-

Measured

Table 2: The measured chemical composition (in wt.%) of the 16MnCr5 sample
compared to its specification

0.19

0.24

1.24

0.009

<0.001

1.06

0.04

0.10
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S

Cr

Mo

Ni

Measured

Specified

Table 3: The measured chemical composition (in wt.%) of the 20NiCrMo2-2 sample
compared to its specification

5.1.2

C

Si

Mn

P

S

Cr

Mo

Ni

0.180.23

0.35

0.700.90

0.030

0.025

0.400.60

0.150.25

0.40
0.70

0.84

0.008

0.19

0.55

0.25

0.55

±

±

±

±

±

±

0.01

0.001

0.001

0.01

0.003

0.02

0.32

0.20

±

±

0.01
8

0.005

Microstructure

Initial microstructure of 20NiCrMo2-2 consists of pearlite and ferrite. Ferrite and
pearlite grain sizes have been determined as 141.1µm and 131.3µm. And also,
ferrite / pearlite ratio was calculated as 62.55/38.55. Microstructures of the steels
are represented in Figure 12.

(a)

(b)

Figure 12:Microstructure of a) 20NiCrMo2-2 and b)16MnCr5 specimens
The Continuous Cooling Transformation curve (CCT) and Time Temperature
Transformation (TTT) curve for 16MnCr5 and 20NiCrMo2-2 steels are shown in
Figure 13 and Figure 14 [131].
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(a)

(b)

Figure 13:TTT diagram for (a)16MnCr5 and (b) 20NiCrMo2-2 steels
For 16MnCr5, the martensite start temperature is about 400 C (see Figure 13). Upon
furnace cooling, it is possible to have ferrite and pearlite phases in the microstructure.
For 20NiCrMo2-2, the martensite start temperature is also about 400 C. Similar to
16MnCr5, 20NiCrMo2-2 has also a ferrite-pearlite microstructure

(a)

(b)

Figure 14:CCT diagram for (a)16MnCr5 and (b) 20NiCrMo2-2 steels
For 16MnrCr5, as estimated from CCT curve, because of without normalized process,
Shafts contains martensite to the surface and as we move from the surface to the core,
the perlite and ferrite have occurred in place of martensite, when cooled down to room
temperature from austenization temperature of about 850 °C. For 20NiCrMo2-2, As
expected from CCT curve, because of without normalized process, Shafts contains
martensite to the surface and as we move from the surface to the core, the perlite and
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deteriorated bainite and bainite have occurred in place of martensite, when cooled
down to room temperature from austenization temperature of about 870 C that can be
seen in Figure 14.
Carburizing process improving the hardness of case depth by beginning carbon into
the surface layer of a component is one of the most widely employed surface hardening
process. Carburized steels are composed of a composite material in which the
ingredients are the harder carburized surface and ductile unaltered core. Compressive
residual stresses are shaped in the surface layer of component when quenched from
the carburizing temperature. High wear resistance, fatigue strength and toughness
result from the pattern of high hardness and compressive residual stresses.
5.1.3

Properties

The results of the table are obtained when the steels are compared to similar conditions.
When the tensile strength, yield strength and hardness are examined, 16MnCr5 is
better than 20NiCrMo2-2 for normalized and annealed condition. Other properties
have been given in the Table 4.
Table 4: The basic mechanical properties of 20NiCrMo2-2 and 16MnCr5 steels;
according to [132]

16MnCr5

20NiCrMo2-2

Condition

Tensile
Strength

Yield
Strength

Elongation

Reduction

Hardness

in area

MPa

ksi

Mpa

ksi

%

%

HB

Normalized at
910 °C

635

92

360

52

26.3

60

183

Annealed at
870 °C

540

78

385

56

31.3

62

149

Normalized at
870 °C

795

115

475

69

22.7

59

229

Annealed at
830 °C

570

83

295

43

28.6

57

167

36

5.2

Manufacturing of Steel Shafts

Steel shafts were machined from 85 and 100 mm billet by way of turning. Turning
operation are conducted as turning speed is 180-2000 r/min, cutting speed is 0.15
m/min. and after this operation surface roughness Ra is 3 µm. Finishing operation was
completed on similar condition at ESTAS Company.
Before heat treatment process and measurement, all shafts were named and labelled in
accordance with the heat treatment to be applied. The nomenclature style used for this
purpose is composed of 7 parts and is shown in Figure 15. The first part shows Furnace
number (F1 or F2), second part shows type of shafts (Stepped-B or plain-D), third part
shows materials types (16MnCr5 or 20NiCrMo2-2-H), fourth part shows carburizing
temperatures (910 or 930 C), fifth part represents carbon potentials of furnace’s media
(wt. 0.90 or 1.1 %C) , sixth part shows quenched oil temperature (60 or 70 C) and the
last part represents the shafts’ position inside the furnace media (1-2-3 or 4).

Figure 15: The nomenclature used to label and name the shafts
For the carbon depth measurements, cylindrical specimens randomly selected in shafts
and cut properly (D=47.5 mm, L=25 mm) were manufactured from 16MnCr5 and
20NiCrMo2-2.
5.3
5.3.1

Carburizing Procedure
Equipment Used

Heat Treatment Furnace
For heat treatment process, gas carburizing under endogas atmosphere was conducted
in Riva RMK 9x7x12G heat treatment furnaces. Some technical properties of the
furnaces are given in Table 5, while photos of the furnaces can be seen in Figure 16.
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Table 5 : Technical specifications of Riva RMK 9x7x12G heat treatment furnace
Capacity (kg)

1000

Max working temperature (C)

1000

Charging kit size (mm)

900x760x1200

Furnace size (mm)

3760x5800x5130

Furnace weight (kg)

21000

Furnace temperature uncertainty (C)

10

Furnace carbon composition
uncertainty (wt.%)

0.05

Oil Tank Capacity (kg)

10000

a) Furnace 1

b) Furnace 2

Figure 16: Riva RMK 9x7x12G heat treatment furnace in ESTAS factory used to
conduct the industrial scale experiments in this study.
Quenching oil
For the hardening steps, Isorapid® 277 HM Quench oil were used. The oil was supplied
from Petrofer Company. This oil has high hardening capacity together with resistance
to evaporation. Some properties of quench oil are presented in Table 6.
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Table 6: Properties of Isorapid 277 HM quenching oil
Recommendation Working Temperature

50-80°C, max 100°C

Density (according to DIN-51757)

0.866

Viscosity at 20°C (according to DIN51562)

65.5 mm2/s

Viscosity at 40°C (according to DIN51562)

25.5 mm2/s

Viscosity at 50°C (according to DIN51562)

17.5 mm2/s

5.3.2

Furnace Layout (Batch Structure)

Shafts were located different position and angle in the furnace lattice. In this way, we
can obtain from effect of furnace media and different location in the furnace lattice.
Furnace lattice’s sketch is illustrated in Figure 17 and Figure 18.

Figure 17 : Schematic representation of furnace media and shaft positions
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Figure 18: The photograph showing the positions of the samples, which has been
schematically represented in Figure 17
To prevent falling when it moves in to the oil tanks, all shafts were clamped between
two lattices by using supports. All shafts were cleaned in the sand blasting machine
after exiting the furnace so that the oil layer above them was removed from the surface.
Then shafts were measured by means of coordinate measuring machine after the heat
treatment. So, the variations diameters of the shafts were considered. 3 measurements
were taken from each measurement point. Average diameters change and standard
deviations were determined. The difference of changes’ diameter between two
materials and furnace were compared.
5.3.3

Design of Experiments

Design of Experiments is often used in manufacturing process for optimization,
increase manufacturing rate and solving heat treatments problems. Case depth
optimization and undesired dimensional change due to the residual stresses are major
problem for Carburizing-case hardening operation. In manufacturing line, reducing the
sources of variation, removing it if possible, is the main reason for the increase in
production good and economics.
It has been decided to use the taguchi type L4 matrix to accurately determine the heat
treatment parameters causing case depth and to keep them at optimum values.
The purpose of the Taguchi designs is reduction to the variation. In this design, the
furnace was determined to a causing of variation mean as a noise Factor. And so,
studies are conducted in same type two different heat treatment furnaces at the ESTAS
company. The Taguchi experiment design aims to determine the parameters that will
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minimize the variability of the hardened layer depth in shafts. When the signal to noise
ratio (S/N) is increased, deviations from the hardened layer value decreased, in the
second step, the goal will be reached with the time parameter which is very easy to
control. In accordance with this, invariant parameters are determined as carbon
absorption time (24 hours), temperature before quenching as means diffusion
temperature (850 °C), carbon composition before quenching (0.7% C), waiting time
before quenching (2 hours). And then, the variable parameters are determined as the
carburizing temperature -T1- (910 °C – 930 °C), the carbon composition % C1(0.90 %C-1.10 %C), the oil temperature -Toil- (60 °C-70 °C), and furnace (2 different
furnaces code 1 and 2). The interactions of these parameters with each other will be
examined. The parameters are given in the Table 7. It can also be determined whether
there are any variations of the furnace from the furnace for case depth etc.
Table 7: Parameters of the Taguchi Experiments for heat treatment condition
Invariant Parameters

Carburizing
Time

Diffusion
Temp.

(h)

(C)

24

850

5.4
5.4.1

Diffusion
Carb.
Comp.
(wt.%)
0.7

Noise
Factor

Variable Parameters

Diffusion
Time

Carburizing
Temp

Carbon
Comp. at
Carburizing

(h)

(C)

(wt.%)

2

910

930

0.90

1.10

Quench
Oil
Temp.
(C)
60

70

Furnace

1

2

Measurements After Heat Treatments
Carbon-Depth Measurements

%C – depth cylindrical specimens which are manufactured from 16MnCr5 and
20NiCrMo2-2-H were grind in 200 micrometres steps using Spectrol PC/Metkon and
OES measurements (GS 1000 / OBLF) were made at each step and was determined
wt. %C content. This stage lasted up to a depth of 2 mm from specimen’s surface.
After each grinding step, the average of the 4 measurements and standard deviation
were calculated. Carbon – Depth specimens and measurement points are illustrated in
the Figure 19.
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Figure 19: Carbon-Depth specimens and measurement points
Before each measurement, the surface of the samples was ground by 200 µm under
cooling liquid. Successive grinding and OES analyses was conducted up to 2 mm from
the surface. An example measurement can be seen in the Figure 20.

Figure 20: An example carbon-distance measurements for 20NiCrMo2-2
5.4.2

Hardness Measurements

Hardness measurement was completed on the mid-point of the shafts. Shafts were cut
by wire cutting machine. Samples were then ground, polished and etched. Since the
surface bakelite mounted samples were not rough, the grinding operation was
performed 320 and 600 grit SiC papers and polished by using 9µm, 3µm and 1µm size
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diamond suspensions in the final polishing operation. Effective case-depth values were
calculated by means of micro hardness test results in accordance with the ISO 2639
test standard [133].
The Vickers hardness test was managed at 100x magnification in accordance with ISO
6507. Test was finalized 0.2 mm steps from surface to 2 mm and followed by 0.5 mm
steps to 4 mm for 3 altered angles. An example measurement can be seen in the Figure
21.

Figure 21: An example hardness-distance measurement results for 16MnCr5
5.4.3

Coordinate Measurements

Coordinate measurements were performed before and after the heat treatment using
the optic measurement (working shadowing principle) machine Hommel /Etamic
Turbo Optic which have optic resolution 0.05 µm for diameter, 0.1 µm for length and
expansion coefficient is 1/10000.
After the heat treatment, shafts were cleaned by sand blasting to eliminate the oil layer
on the surface. Measured diameters through the shafts are show in the Figure 22 for
plain and stepped shafts.
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Figure 22: The measurement points, where coordinate measurements performed
shown with respect to the gemotry of stepped (left) and plain (right) shafts
3 measurements were made at each measurements point. The average and standard
deviation values were calculated. When the before and after measurements were
finished, diameter change was calculated by following this formulate;
𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑐ℎ𝑎𝑛𝑔𝑒𝑓𝑜𝑟𝑒𝑎𝑐ℎ𝑝𝑜𝑖𝑛𝑡 = 𝑑1 − 𝑑2
where d1 is before carburizing and d2 is after carburizing average diameter
measurements. After this, the average of all diameter change and standard deviation
are calculated and thus diameter change of through the shaft are obtain. An example
diameter change measurement can be seen in the Figure 23.

Figure 23: An example result of the change in diameter for 16MnCr5 samples
Measurements were evaluated by the Jenoptic software (ver.3.53.2.0). An example
dimensional measurements report can be seen in the Figure 24.
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Figure 24: Dimensional measurement’s report example
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CHAPTER 6

RESULTS & DISCUSSION

This chapter is devoted to the present and discuss the results from the experiments
without referring to a statistical analysis method. Thus, the discussion is based purely
on comparison of the results, which provides additional insight about the process.
For the sake of convenience, this chapter is divided into three main sections which are
consecutively carbon profile results, case depth results and dimensional change results.
In first section, carbon profile results obtained from OES analyses will be presented.
This data will be used to make comparisons between the atmospheres of furnaces and
different steels together with intrinsic process parameters such as carburizing
temperature and carbon potential at the surface.
In the next section, case depth results calculated from successive hardness
measurements will be illustrated. The effect of quenching oil temperature will be
investigated in line with intrinsic process parameters and the effect of the quench bath
used.
In the last section, distortion will be investigated in terms of dimensional changes
which are specifically diameter changes. The results will be compared in respect to
different furnaces, materials and process conditions.
After the all data were obtained from experiments, the correlation of all results will be
revealed and effective parameters on case depth, carbon depth, dimensional changes
will be determined by using Taguchi type experimental analysis which are presented
in the succeeding chapter (Chapter 7).
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6.1

Carbon Profile Results

Optical emission spectrometry combined with successive grinding is carried out to
determine the variation of carbon content from surface up to 2 mm. It can be seen from
figures that the surface carbon contents of carburized steels are approximately 0.9%
and 1.1 %C and when going from surface to the central region, the carbon content of
steel approaches to the base carbon content of 0.18 - 0.22 %C.
It is well known that the curvature of the surface affects the carburizing depth. For
example, a convex surface has higher, a concave surface has a lower carbon content
than a perfectly planar surface [134]. The magnitude of the effect intensifies as the
radii of curvature increases. However, in this study, it was not possible to acquire the
carbon profile directly from the shafts because of the lack of a rotary grinding machine.
Because of that, the measurement was performed on flat surface of disc shaped
specimens which are manufactured in a similar way with the shafts.
In order to determine the possible differences with the flat sample and the actual shafts,
computer simulations of the carburizing process were performed both on shafts and
the flat samples[135]. A sample result is presented in Figure 24. As can be seen, the
results indicate that curvature causes a very small deviation which is well within the
experimental variability and detection limits. Thus, it is concluded that carbon profile
results of the flat specimen can be treated equivalent to the results from the actual
shafts.
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Figure 25: Simulation results showing the carbon-depth profiles at different sections
of shafts for 16MnCr5
It is seen from the Figure 26 - Figure 28 that 910 C and 930 C carburized samples
do not show much difference in carbon content. Temperature has a most profound
influence on the coefficients and diffusion rates. The temperature dependence of the
diffusion coefficients is;
−𝑄

𝐷 = 𝐷0 exp( 𝑅𝑇𝑑 )
Where D0 is a temperature – independent preexponential, Qd is the activation energy
for diffusion, R is the gas constant and T is absolute temperature [136]. It can be seen
in the equation that there is an explanatory relation between temperature and diffusion.
When the temperature is increased, carbon diffusion is accelerated and easier. From
this equation, increasing the temperature by 20 C causes the diffusion to increase by
1.15 times. The expected situation is that way. But, it can be seen in the Figure 26 and
Figure 27 that generally, carburized samples at 910 C have higher carbon composition
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and carbon depth than at 930 C. Although determination of the reason of this
occurrence is not within the scope of this study, it is thought that it is related with
surface oxidation or another unwanted reaction that inhibits carbon transfer from the
endogas to the surface. The reason for the formation of the oxide layer might be the
presence of water vapor in the furnace atmosphere [137], [138].
As the surface oxidation increases at high temperature, the carbon transmission
coefficient on the surface decreases. Although the diffusion coefficient increases, the
carbon transfer coefficient decreases, so the case depth decreases as the necessary
carbon cannot be transferred from the gas to the metal.
Carburizing or decarburizing may occur through several reactions. The most important
ones are;
CO + H2 → C + H2O

(I)

2CO → C + CO2

(II)

CH4 → C + 2H2

(III)

where C denotes carbon dissolved in steel. When a certain reaction, for example the
first one, has exhausted its driving force and come to an end, the corresponding carbon
activity reached in the steel is easily calculated from the law of mass action. For the
first reaction, we obtain;
𝑎1 𝑐 =

𝑘1 𝑃𝐶𝑂 𝑃𝐻2
𝑃𝐻2 𝑜

where k1 is the equilibrium constant for reaction (I). In this formula, if the partial
pressure of H2O is increased, the carbon activity is decreased.
The effective carbon activity can be lowered by adding O2 to produce H2O. Usually
this is done simply by adding air. There is always a pronounced leakage of air into the
furnace in practice. The feedstocks also contain small amounts of water and oxygen.
The effective carbon activity can be increased by adding something that consumes
H2O at a sufficiently high rate. One may, for example, add propane to have
C3H8 + 3H2O→ 3CO + 7H2 (IV)
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However, the reaction between propane and water to form carbon monoxide and
hydrogen can proceed along many different reaction steps and, for example, methane
may form. If solely methane is formed, hydrogen will be consumed according to
C3H8 + 2H2→3CH4 (V)
Slycke [139], [140] has proposed that this is caused by the excess amount of methane
reacting with H20 and thereby increasing the carbon activity for the main carburizing
reaction, that is, reaction (I). The carbon potential calculated from the CO2 content was
lower than the potential obtained from the oxygen probe and the carbon potential based
on the dew-point was always higher [141].
All this reason, generally, it can be seen from the figures that the samples of furnace 1
have higher %C diffusion than furnace 2. We can see in detail from Figure 28 that
surface carbon and carbon depth in furnace 1 has higher than furnace 2.
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Figure 26:Comparison of furnaces for 16MnCr5 samples at same carbon potentials
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Figure 27 : Comparison of furnaces for 20NiCrMo2-2 samples at same carbon potentials
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Figure 28: Comparison of average carbon case depth and surface carbon
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6.1.1

Effect of Furnace Used

We can see in the Figure 29 for 20NiCrMo2-2, carbon depth at furnace 1 are higher
distance than furnace 2. On the other hand, surface carbon on furnace 2 is higher
carbon composition than furnace 1. And, maximum standard deviation of surface
carbon is observed in furnace 2. Generally, all standard deviations are so small that
they don’t appear in the graphs. For this reason, partial pressure may be increase at the
furnace 2 or there is may be differences in temperature measurements on furnace 2
atmosphere. Temperature of furnace 1 atmosphere has higher from set. This situation
was explained to the previous section.

Figure 29: Effect of furnace on carbon depth and surface carbon composition for
20NiCrMo2-2
55

6.1.2

Effect of Materials

In this section, the effect on carbon depth and surface carbon composition of different
steels has been investigated. We can see in the Figure 30 and Figure 31 that
20NiCrMo2-2 has higher carbon depth than 16MnCr5 which is carburized under the
same conditions. Karabelchtchikova [102] investigated to carbon diffusivity at
different steel. As a summary, diffusion of carbon is generally related to materials
chemical composition, carbon activity at the steel surface and materials properties.

Figure 30: Effect of steel type on carbon depth

a) Furnace 1

b) Furnace 2

Figure 31:Comparison of carbon gradient of 16MnCr5 and 20NiCrMo2-2 steel
samples for different furnaces
56

The steel alloys containing Si and Ni increase the carbon diffusion in the austenite. At
the same time, however, they significantly reduce carbon transport from the
atmosphere to the steel surface. On the other hands, Carbide-forming elements
containing Cr and Mo increase the mass transfer coefficient and contribute to the
formation of the carbon profile.
The carbon diffusivity in austenite (D) is another critical parameter, which is
influenced by the carburizing temperature and steel composition [142].
In conclusion, Gas carburizing performance of various alloy steel is strongly affected
by the alloy composition. While carbide-forming elements (Cr, Mo) in 16MnCr5 and
20NiCrMo2-2 lowered the carbon diffusivity in austenite, they increased the rate of
carbon transfer from the atmosphere to the steel surface and accelerated the rate of
carburizing [102].
6.2

Case Depth Results

The quenched specimens are the hardest among the all case-hardened steel because of
the tetragonal martensitic structure and higher dislocation density caused by the shear.
Martensite is created by an abrupt diffusion-less shear deformation in the austenite
lattice. It is also known that martensite phase is a super-saturated solid solution of
carbon in the ferritic iron so that the crystal structure turns into the body –centred
tetragonal shape. The collective effects of solid solution and dislocation strengthening
and lattice distortion due to the internal strain lead quenched specimens to be the
hardest.
The hardness measurements-distance from shafts surface graph given in Figure 33Figure 36. As can be seen in the figures, Hardness –depths curve of stepped and plain
shafts has displayed similar trend with each other’s for same condition of furnace.
On the other hand, when the core and case hardness of stepped and plain shafts both
steels, there is not much different to the hardness value.
We can see in the figure that  47.5 mm section for stepped shafts are higher hardness
results than other section and plain shaft. Flowing the section, it will be reviewed more
thoroughly.
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It has known that case depth is different from carbon depth for some aspect. Case depth
is affected by the quenching condition. % C must be high so that martensite on the
surface can be strong enough. Carbon depth depends on carburizing time and carbon
composition. On the other hands, Case depth depends on specimen geometry, quench
condition (especially oil type), oil temperature, cooling rate on the surface and using
material. Correlation with hardness case depth and carbo depth can be seen in Figure
32. When the figure is examined, it can be noticed that correlation coefficient is small
value. Case depth and carbon depth do not correlate very well. Case depth depends on
carbon depth but also on geometry and cooling conditions.

Figure 32:Correlation between hardness case depth and carbon case depth for the
plain shaft
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Figure 33: Hardness changes as a function of “distance from surface” for 16MnCr5 Steels, for Furnace 1
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Figure 34: Hardness changes as a function of “distance from surface” for 16MnCr5 Steels, for Furnace 2
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Figure 35: Hardness changes as function of “distance from surface” for 20NiCrMo2-2 Steels, for Furnace 1
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Figure 36: Hardness changes as a function of “distance from surface” for 20NiCrMo2-2 Steels, for Furnace 2
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Effective case-depth values were measured by means of micro hardness test in
accordance with the ISO 2639 test standard. The effective case depth expressed in mm
is defined as a perpendicular distance between the surface and the layer that has a
hardness value of 550 HV1 [133]. According to The ISO 6507-1, The Vickers hardness
test is managed 100x magnification.
The case hardening depths were computed by the formulations given in ISO 2639;
𝐶𝐻𝐷 = 𝑑1 +

̅̅̅̅
(𝑑2 −𝑑1 )𝑥(𝐻
1 −𝐻𝑠 )
̅̅̅̅
̅̅̅̅
𝐻1 −𝐻2

̅̅1̅ and ̅𝐻̅̅2̅ are arithmetic mean of the measured
İn which Hs is the specific hardness; ̅𝐻
hardness at distance is d1 and d2. These parameters can be seen in Figure 37.

Figure 37:Hardness case depth calculation graphs [133]

The average Vickers Hardness values of the core and surface, case depths and average
case depths can be seen in Figure 38 and Figure 39.
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Figure 38: Comparison of hardness case depth, surface and core hardness results for 16MnCr5
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Figure 39: Comparison of hardness case depth, surface and core hardness results for 20NiCrMo2-2
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6.2.1

Effect of Furnace Used

In this section, the effect on core-surface hardness and case depth of different furnaces
has been investigated. It is seen that the maximum core hardness, surface hardness and
hardness case depth are obtained in furnace 1. For the sake of comprehensibility,
Figure 40 were selected from a part of Figure 39. Other trends are similar. It can be
seen in the Figure 40 that furnace 1 has higher hardness and case depth than furnace 2
and maximum case depth is approximately 1.90 mm in Furnace 1 for 16MnCr5 and
conditions are 930 C, 1.10 %C and 60 C oil temperature.

(a)

(b)

Figure 40: Comparison of a) Furnace 1 to b) Furnace 2, in terms of core, surface
hardnesses and case depth (for 16MnCr5 which are T930-C1.10-Q60)
6.2.2

Effect of Materials

In this section, the effect on core-surface hardness and case depth of different steels
has been investigated. It can be seen in the Figure 41 that maximum core-surface
hardness and case depth is are obtained from 20NiCrMo2-2.
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(a)

(b)

Figure 41:Comparison of steel types (a)16MnCr5 b)20NiCrMo2-2) in terms of core,
surface hardnesses and case depth results (at T910-C1.10-Q70)
When same condition is compared for 16MnCr5 and 20NiCrMo2-2, generally
20NiCrMo2-2 has higher hardness and hardness depth than 16MnCr5 like the trends
in carbon trends presented in previous section.
6.2.3

Effect of Specimen Geometry

In this section, the effect on core-surface hardness and case depth of different shaft
geometry has been investigated. For the sake of brevity, a specific test condition was
selected and elaborated. It can be seen in the Figure 43 that maximum core - surface
hardness and case depth are observed in  47.5 mm of stepped shaft. Plain shaft and
 47.5 mm of stepped shaft have very closely hardness results. Core hardness are
slightly different each other’s. When the different diameters of stepped shaft are
compared, larger step has lower hardness results and case depth then smaller step
because of cooling rate. In the end, as the surface area increases, cooling rate decreases.
When the same diameters of stepped and plain shafts are compared, case depth of
stepped shaft is higher than plain shaft. Although two sections are same diameter, the
heat reservoir from the  70 mm of stepped shaft are affected. Simulation studies[135]
for 16MnCr5 have demonstrate that when the cooling rates of the same diameter shafts
( plain and Ø47.5 stepped) are compared, stepped shaft has slower cooling rate then
plain shafts. The reason for this situation is heat reservoir from Ø70 mm section (see
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Figure 42-a) And, it is well known that when the diameter of shafts is increased,
cooling rate is decreased. (see Figure 42-b)

(a)

(b)

Figure 42:Simulation results showing the cooling rate of shafts with different
diameters for 16MnCr5 steel

Figure 43: Comparison of shaft diameter and geometries in terms of hardness and
case depth, for 20NiCrMo2-2 steel
6.2.4

Effect of Oil Temperature

In this section, the effect on core-surface hardness and case depth of different oil
temperature has been investigated. It can be seen in the Figure 44 that surface hardness
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is increase when the oil temperature is decrease. On the other hand, when the oil
temperature is increase, case depth is increased because the cooling rate is decreased.

Figure 44: Comparison of hardness and case depth results of different oil
temperatures
6.3

Dimensional Change Results

Before and after the diameter measurements, Diameter change results are calculated.
In the Figure 45, we can see the all diameter change results as a graph. It can be said
that maximum diameter change and standard deviation are occurred in plain shaft.
Following the section, it will be examined more thoroughly.

69

Figure 45: Comparison of diameter change results
6.3.1

Effect of Furnace Used

In this section, the effect on the diameter change of different furnaces has been
examined. It can be seen in the Figure 45 that there is no effect on used furnaces. On
the other hands, maximum diameter changes and standard deviation is observed to the
furnace 1 16MnCr5 plain shafts for 910 C temperature 0.90 %C and 60 C quench oil
temperature. Specifically, for 16MnCr5 plain shafts, diameter change of furnace 1 has
higher than furnace 2. Except for this, diameter change has no effect to the used
furnace.
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6.3.2

Effect of Materials

In this section, the effect on the diameter change of different steel has been examined.
It can be seen in the Figure 46 that generally diameter change of 20NiCrMo2-2 are
higher than 16MnCr5. And, it is observed that stepped shaft’s 70 mm section of
16MnCr5 are shrinkage. Minimum diameter change has been observed to stepped
shaft’s 47.5 mm section of 16MnCr5.

Figure 46: Effect of different steel types (20NiCrMo2-2 and 16MnCr5) on the
diameter change
6.3.3

Effect of Specimen Geometry

In this section, effect on the diameter change of different shaft geometry (section) has
been investigated. It can be seen in the Figure 48 that maximum diameter change has
been observed to plain shaft for both steels. And, it is observed that stepped shaft’s
70 mm section of 16MnCr5 has shrinkage. It can be seen in the Figure 47 that
simulation studies [135] for 16MnCr5 have supported to the stepped Ø70 section of
shafts tend to shrinkage at the negative direction. On the other hands, minimum
diameter change has been observed to  47.5 mm section of stepped shafts due to the
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cooling rate and heat reservoir. Maximum standard deviation of the diameter change
has been observed to plain shafts.

Figure 47: Simulation results of distortion for 16MnCr5
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Figure 48:Effect of different shaft sections on the diameter change
6.3.4

Effect of Oil Temperature

In this section, effect on the diameter change of oil temperature has been investigated.
It can be seen in the Figure 49 that for 16MnCr5 the plain, the larger diameter changes
have been observed at low oil temperature due to the cooling rate. It can be said that
if the oil temperature decreases, the diameter changes increase.

Figure 49:Effect of oil temperature on the diameter change

73

CHAPTER 7

ANALYSIS OF TAGUCHI DESIGN & OPTIMIZATION

This chapter is devoted to determine the most effective parameter on case depth,
carbon depth, diameter change and thus optimization of the heat treatment process. It
should be noted that all results are represented for experimental analysis of 16MnCr5
and 20NiCrMo2-2 steels using Taguchi experimental design for different heat
treatment parameters. The processes which are conducted by ESTAS company were
referenced and variation of furnace conditions such as furnace temperature, carbon
composition of furnace atmosphere, oil quenching temperature are determined to be
effecting on case depth, carbon depth and dimensional changes. It is known that main
problems of the heat treatment process are shallow hardness case depth and undesired
diameter/ dimensional changes. The accurate detection of problems are required for
the optimization of heat treatment processes. When these problems are solved, the heat
treatment processes are successful, scrap rates reduce, manufacturing rate and
efficiency increase. The main aim of this thesis study is to determine the effective
parameter(s) on case depth, carbon depth and dimensional changes and optimization
of heat treatment process parameters. For this purpose, Taguchi type experimental
analysis were determined to detect to effective parameters and to decrease the
variation. The heat treatment process parameters for Taguchi design experiments are
listed in Table 8.
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Table 8: Heat treatment process parameters for Taguchi Design Experiments
Invariant Parameters

Carb.
Time

Diffusion
Temp.

(h)

(C)

24

850

Diffusion
Carb.
Comp.

Noise
Factor

Variable Parameters

Diffusion
Time

Temp

Carbon
Comp. at
Carburizing

(h)

(C)

(wt.%)

(wt.%)
0.7

2

Carb.

910

930

0.90

1.10

Quench
Oil
Temp.
(C)
60

70

Furnace

573

574

The temperature and carbon profile during a typical carburizing heat treatment is
shown inFigure 50, and the uncertainty of these process parameters at ESTAS factory
is listed in Table 9. Also, L4 type Taguchi experimental matrix can be seen in Table
10.

Figure 50: Temperature and carbon profile of a typical carburizing heat treatment
conducted at ESTAS company
Table 9: Process conditions and uncertainty of process parameters
Process Step

Temperature (°C)

%C Comp.

Time

Sand Blasting

-

-

5 min.

Carburizing

930±10

0.95-1.05

24h±0.25

Diffusion

840±10

0.70-0.80

1.25h±0.25

Quenching

60±10

-

30 min.
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Table 10: L4 type Taguchi Matrix for industrial scale experiments
Run

Furnace

T1 (°C)

%C1

T Oil (°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

In this table, we can see two different furnace codes (1 and 2), T1 is carbon diffusion
temperature, C1 is carbon composition of furnace atmosphere, Toil is the temperature
of the oil, which is used during the quenching step.
For the sake of convenience, this chapter divided into two main sections: i) analysis of
plain shafts and ii) analysis of stepped shafts.
In first section, analysis of results of plain shafts will be investigated by L4 Taguchi
type experimental matrix. Response plots will be illustrated and S/N ratio will be
calculated as larger is better following to the S/N=-10*log(∑(1/Y2)/n) for both steel.
Effective parameters will have determined and conditions will be optimized about the
company specification (Hardness case depth must be 1.5 mm and over. When this
condition is met, diameter change should be minimum.)
In the next section, analysis of results of stepped shafts will be investigated by the
same method. To prevent the confusion, this section is also divided into two subsections, which are for stepped Ø 47.5 and stepped Ø 70 shafts. Effective parameters
will be determined in the same manner as for the plain shafts’ analysis. The steel types
will be investigated separately as well.
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7.1
7.1.1

Analysis of Results of Plain Shat
Analysis of 16MnCr5 Plain Shaft

For 16MnCr5 plain shafts, experimental results presented in chapter 6 involve
hardness case depth, diameter change, surface carbon, core hardness, surface hardness
and carbon depth. All of those parameters were investigated by MINITAB. Mean and
SN ratio (signal-to-noise ratio) were calculated and plotted. These graphs can be seen
in Figure 51 to 56.

Figure 51: Means and SN Ratio of hardness case depth results for 16MnCr5 plain
shafts

Figure 52: Means and SN Ratio of diameter change results for 16MnCr5 plain shafts

Figure 53: Means and SN Ratio of surface carbon results for 16MnCr5 plain shafts
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Figure 54: Means and SN Ratio of core hardness results for 16MnCr5 plain shafts

Figure 55 Means and SN Ratio of surface hardness results for 16MnCr5 plain shafts

Figure 56 :Means and SN Ratio of carbon depth results for 16MnCr5 plain shafts
When the SN ratio graphs are examined, it can be seen that the most significant
parameter for the variations is the carbon composition (C1) 1.10%C. T1 and Toil show
significantly less SN ratios.
Specifically, it can be seen in Figure 51 that for hardness case depth, C1 is the most
influential parameter for variation. When the C1 is 1.10 %C, SN ratio is maximum.
Also, Figure 52 is demonstrated that for diameter change, C1 is the most significant
parameter as is hardness case depth. Here, we can also see the effect of temperature
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T1. The variation of diameter change has higher than hardness case depth. The
variation from the furnace change is the most severe diameter change.
Figure 53 is shows that for surface carbon composition, C1 is the most effective
parameter for variation as in hardness case depth and diameter change. But, it does not
a major effect like others. It has a minor effect.
It can be seen in the Figure 54, Figure 55 and Figure 56 that effects of core hardness
surface hardness and carbon depth are negligible. If the effect on noise are ranked,
most effect is diameter change. Hardness case depth and surface carbon, follows it.
Hardness case depth and diameter change is most effect on change furnace. Optimum
condition is 930 C temperature 1.10 %C composition and 70 C oil temperature for
1.5 mm hardness case depth and minimum diameter change. To obtain more case
depth, it can be achieved by increasing the carburization time which we can be better
controlled. But this can lead to other complex problems such as grain growth.
7.1.2

Analysis of 20NiCrMo2-2 Plain Shaft

For 20NiCrMo2-2, experimental results presented in chapter 6 involving hardness case
depth, diameter change, surface carbon, core hardness, surface hardness and carbon
depth were investigated by MINITAB. Mean and SN ratios were calculated and
plotted. These graphs can be seen in Figure 57 - 62.

Figure 57: Means and SN Ratio of hardness case depth results for 20NiCrMo2-2
plain shafts
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Figure 58: Means and SN Ratio of diameter change results for 20NiCrMo2-2 plain
shafts

Figure 59: Means and SN Ratio of surface carbon results for 20NiCrMo2-2 plain
shafts

Figure 60: Means and SN Ratio of core hardness results for 20NiCrMo2-2 plain
shafts
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Figure 61: Means and SN Ratio of surface hardness results for 20NiCrMo2-2 plain
shafts

Figure 62: Means and SN Ratio of carbon depth results for 20NiCrMo2-2 plain
shafts
When these SN ratio graphs are examined, it is observed that most significant
parameter for the variation is carbon composition (C1) 1.10 %C.
Specifically, it can be seen in the Figure 57 that for hardness case depth, C1 is the most
effective parameter for variation. When C1 is 1.10 %C, SN ratio is maximum.
Temperature is also effective but not as much as C1. And Figure 58 is demonstrated
that for diameter change, C1 is the most significant parameter as is hardness case
depth. The variation of diameter change has higher than hardness case depth.
Figure 59 is indicates that for surface carbon composition, C1 is the most effective
parameter for variation as in hardness case depth and diameter change. But it does not
a major effect like others. It has minor effect.
It can be seen in the Figure 60, Figure 61 and Figure 62 that effects of core hardness
surface hardness and carbon depth are negligible. Here, T1 is as effective as C1 for
surface hardness in Figure 61. Optimum condition for this is 910 C temperature
1.10 %C composition and 60 C oil temperature. If the effect on noise are listed, most
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effect is diameter change as in 16MnCr5 plain shaft. Hardness case depth and surface
carbon, follows it.
Hardness case depth and diameter change is most effect on change furnace. Optimum
condition is 930 C temperature 1.10 %C composition and 70 C oil temperature for
1.5 mm hardness case depth and minimum diameter change. To obtain more case
depth, it can be achieved by increasing the carburization time which we can be better
controlled. But this can lead to other complex problems such as grain growth.
7.2
7.2.1

Analysis of Results of Stepped Shaft
Analysis of 16MnCr5 Ø47.5 Stepped Shaft

For 16MnCr5 47.5 stepped shafts, experimental results presented in chapter 6
involving hardness case depth, diameter change, were investigated by MINITAB.
Carbon results have not been examined because the carbon results are only from
carbon samples. Mean and S/N ratio were calculated and plotted. These graphs can be
seen in Figure 63 - Figure 66.

Figure 63: Means and SN Ratio of hardness case depth results for 16MnCr5 Ø47.5
stepped shaft

Figure 64: Means and SN Ratio of diameter change results for 16MnCr5 Ø47.5
stepped shaft
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Figure 65: Means and SN Ratio of core hardness results for 16MnCr5 Ø47.5 stepped
shaft

Figure 66: Means and SN Ratio of surface hardness results for 16MnCr5 Ø47.5
stepped shaft
When these SN ratio graphs are examined, it is observed that most significant
parameter for the variation is carbon composition (C1) 1.10 %C.
Specifically, it can be seen in the Figure 63 that for hardness case depth, C1 is the most
effective parameter for variation as in 16MnCr5 plain shaft. When C1 is 1.10 %C, SN
ratio is maximum. Optimum condition for hardness case depth is 910 °C temperature
1.10 %C composition and 60 C oil temperature for 1.5 mm and over hardness case
depth. On the other hand, Figure 64 is indicated that for diameter change, T oil
(quenched oil temperature) is the significant parameter. This is different to the
16MnCr5 plain shaft. For this reason, it is thought to create a heat reservoir from  70
stepped section and different cooling rate. Optimum condition for diameter change is
930 C temperature 1.10 %C composition and 60 C oil temperature. The variation of
diameter change has higher than hardness case depth. It can be seen in the Figure 65
and Figure 66 that effect of core hardness and surface hardness are negligible. It does

83

not a major effect. If the effect on noise are listed most effect is diameter change.
Hardness case depth follows it.
Hardness case depth and diameter change is most effect on change furnace. Optimum
condition is 910 C temperature 1.10 %C composition and 60 C oil temperature for
1.5 mm and over hardness case depth and minimum diameter change.
Diameter change is most affected by oil temperature. It is different from the plain shaft
because it does not have the heat reservoir from stepped 70 mm and the same cooling
conditions.
7.2.2

Analysis of 16MnCr5 70 Stepped Shaft

For 16MnCr5 70 stepped shafts, experimental results presented in chapter 6
involving hardness case depth, diameter change, core hardness, and surface hardness
were investigated by a MINITAB. Carbon results have not been examined because the
carbon results are only from carbon samples. Mean and S/N ratio were calculated and
plotted. These graphs can be seen in Figure 67 - Figure 70.

Figure 67: Means and SN Ratio of hardness case depth results for 16MnCr5 Ø70
stepped shaft

Figure 68 Means and SN ratio of diameter change results for 16MnCr5 Ø70 stepped
shaft
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Figure 69: Means and SN Ratio of core hardness results for 16MnCr5 Ø70 stepped
shaft

Figure 70: Means and SN Ratio of surface hardness results for 16MnCr5 Ø70
stepped shaft
When these SN ratio graphs are examined, it is observed that most significant
parameter for the variation is carbon composition (C1) 1.10 %C.
Specifically, Figure 67 shows that for hardness case depth, C1 is the most significant
parameter for variation. When C1 is 1.10 %C, SN ratio is maximum value. And, Figure
68 is demonstrated that for diameter change, C1 is the most significant parameter as is
hardness case depth. The variations which are diameter change and hardness case
depth are about the same.
Figure 69 and Figure 70 are show that effect of core hardness and surface hardness are
negligible. It has a minor effect. Here, it is necessary to emphasize that there is a little
difference for the oil temperature. Optimum condition for oil temperature 70 C.
However, stepped shafts should be considered part. 60 C oil temperature should be
selected as it is stepped. And, we can see in the Figure 69 and Figure 70 that optimum
condition for oil temperature is 60C.
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Hardness case depth and diameter change is most effect on change furnace. Optimum
condition is 910 C temperature 1.10 %C composition and 60 C oil temperature for
1.5 mm and over hardness case depth and minimum diameter change.
When the graphs are reviewed, surface hardness is most effect on Temperature.
7.3
7.3.1

Analysis of 20NiCrMo2-2 Stepped Shaft
Analysis of 20NiCrMo2-2 Ø47.5 Stepped Shaft

For 20NiCrMo2-2 47.5 stepped shafts, experimental results presented in chapter 6
involving hardness case depth, diameter change, core hardness, and surface hardness
were investigated by MINITAB. Carbon results have not been examined because the
carbon results are only from carbon samples. Mean and S/N ratio were calculated and
plotted. These graphs can be seen in Figure 71 -74.

Figure 71: Means and SN Ratio of hardness case depth results for 20NiCrMo2-2
Ø47.5 stepped shaft

Figure 72: Means and SN Ratio of diameter change results for 20NiCrMo2-2 Ø47.5
stepped shaft
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Figure 73: Means and SN Ratio of core hardness results for 20NiCrMo2-2 Ø47.5
stepped shaft

Figure 74: Means and SN Ratio of surface hardness results for 20NiCrMo2-2 Ø47.5
stepped shaft
When these SN ratio graphs are examined, it is observed that most significant
parameter for the variation is carbon composition (C1) 1.10 %C.
Specifically, Figure 71 is appears that for hardness case depth, C1 is the most effective
parameter for variation as is 20NiCrMo2-2 plain shaft. When C1 is 1.10 %C, SN ratio
is maximum value. And also, it can be seen in the Figure 72 that for diameter change,
C1 is the most significant parameter as is hardness case depth and plain shaft. Here,
we can also see the effect of oil temperature T1. The variation of diameter change has
higher than hardness case dept. Consequences, 70 C oil temperature should be
selected. In this case, optimum condition for hardness case depth and diameter change
is 930 C temperature 1.10 %C composition and 70 C oil temperature.
Figure 73 and Figure 74 are demonstrated that effects of core hardness and surface
hardness are negligible, it does not a major effect. And here it seems, oil temperature
is most significant parameter for core and surface hardness. For this reason, it is
thought to create a heat reservoirs from 70 stepped section and different cooling rate.
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Hardness case depth and diameter change is most effect on change furnace. Optimum
condition is 930 C temperature 1.10 %C composition and 70 C oil temperature for
1.5 mm and over hardness case depth and minimum diameter change.
7.3.2

Analysis of 20NiCrMo2-2 Ø70 Stepped Shaft

For 20NiCrMo2-2 70 stepped shafts, experimental results presented in chapter 6
involving hardness case depth, diameter change, core hardness, and surface hardness
were investigated by a MINITAB. Carbon results have not been examined because the
carbon results are only from carbon samples. Mean and S/N ratio were calculated and
plotted. These graphs can be seen in Figure 75 - 78.

Figure 75 :Means and SN Ratio of hardness case depth results for 20NiCrMo2-2 Ø70
stepped shaft

Figure 76:Means and SN Ratio of diameter change results for 20NiCrMo2-2 Ø70
stepped shaft
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Figure 77:Means and SN Ratio of core hardness results for 20NiCrMo2-2 Ø70
stepped shaft

Figure 78:Means and SN Ratio of surface hardness results for 20NiCrMo2-2 Ø70
stepped shaft
When these SN ratio graphs are examined, it is observed that most significant
parameter for the variation is carbon composition (C1) 1.10 %C.
Specifically, it can be seen in the Figure 75 that for hardness case depth, C1 and oil
temperature is significant parameter for variation. The effect of both is almost the
same. Optimum condition is 930 °C temperature 1.10 %C composition and 70 C oil
temperature as is plain shaft and 47.5 stepped section. Here, we can also see the
effect of oil temperature T1. Similarly, Figure 76 is demonstrated that for diameter
change, C1 is the most significant parameter as is hardness case depth. The variation
of diameter change has higher than hardness case depth.
Figure 77 and Figure 78 are indicated that effect of core and surface hardness are
negligible. It has minor effect. And here it seems, temperature (T1) is the most
effective parameter for surface hardness. Stepped shaft should be considered a whole
part. Optimum condition must be selected with this situation in mind.
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Hardness case depth and diameter change is most effect on change furnace. Optimum
condition is 930 C temperature 1.10 %C composition and 70 C oil temperature for
1.5 mm and over hardness case depth and minimum diameter change. The summary
of this section is tabulated in Table 11.
Table 11: Optimum heat treatment process conditions for the investigated shaft
geometries

20NiCrMo2-2

16MnCr5

Material

Diffusion
Temperature

Carbon
Composition

Quench Oil
Temperature

(°C)

(wt.%C)

(°C)

Ø47.5 Plain

930

1.10

70

Ø47.5 Stepped

910

1.10

60

Ø70.0 Stepped

910

1.10

60

Ø47.5 Plain

930

1.10

70

Ø47.5 Stepped

930

1.10

70

Ø70.0 Stepped

930

1.10

70

Shaft Type
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CHAPTER 8

CONCLUSIONS and OUTLOOK

The main aim of this study was to be investigate the influence of various carburizing
heat treatment process parameters on undesired dimensional changes and case depths.
This would allow to optimize those process parameters in order to provide a
satisfactory case depth (minimum 1.5mm) and to minimize dimensional changes.
Statistical methods were employed to achieve this goal. Initially, two different steel
materials were selected for industrial scale experiments, which are 16MnCr5 and
20NiCrMo2-2. Shafts were manufactured at two different geometries (plain and
stepped). A Taguchi type matrix was constructed to find effective parameters for the
variations and to determine the optimum process conditions. After conducting
industrial scale heat treatment experiments, the carbon depth of shafts, surface carbon,
surface hardness, core hardness, hardness case depth and diameter change of shafts
were determined by conventional optical emission spectroscopy (OES), hardness tests
and optical measurements. The results of those measurements were analysed via
MINITAB SPSS software to determine the effective parameters causing variation.
According to the results it can be concluded that:
✓ Increasing the diffusion temperature does not always increase the carbon case
depth. This finding is not emphasized in the literature. The main reason for this
behaviour is thought to be influenced by more complex mechanisms, which
goes beyond the scope of this thesis [137].
✓ Diffusion of carbon is generally related to materials’ chemical composition,
carbon activity at the steel surface and materials properties. Carbide-forming
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elements (ex: Mo, Cr) induce positive atomic interactions and tend to attract
interstitially diffusing carbon atoms. This affects the surface carbon content
and carbon depth. It was found that 20NiCrMo2-2 have higher surface carbon
content and carbon depth than 16MnCr5.
✓ Case depth is not necessarily the same as the carbon depth. Case depth is
influenced by quenching conditions. % C must be high, so that martensite on
the surface can be strong enough. Carbon depth depends on carburizing time
and carbon composition. On the other hand, case depth depends on specimen
geometry, quench condition (especially oil type), oil temperature, cooling rate
on the surface and the type of steel.
✓ Comparison of different diameters of stepped shaft show that the Ø 47.5 mm
section cool faster than Ø70 mm section and thus the Ø 47.5 mm section has a
higher case depth value. When the comparing the same diameter stepped and
plain shafts, stepped shafts cool slower than plain shafts. The reason for this
behaviour is the heat reservoir of the Ø70 mm section.
✓ The Ø70 mm section of 16MnCr5 tend to shrinkage at negative direction. This
situation has been supported by simulation studies.
✓ The most effective parameter on variations among all experimentally studied
heat treatment conditions is the carbon composition in furnace atmosphere.
✓ Optimum condition for 16MnCr5 plain shaft is 930 Cdiffusion temperature
wt.%1.10 carbon composition and 70 C quench oil temperature. For stepped
shaft, 910 C diffusion temperature wt.%1.10 carbon composition and 60 C
quench oil temperature.
✓ Optimum condition for 20NiCrMo2-2 plain and stepped shaft is 930 C
diffusion temperature wt.%1.10 carbon composition and 70 C quench oil
temperature.
In the outlook of this study, several points can be considered which are;
➢ In addition to the Taguchi matrix, full factorial design could also be done.
➢ The influence of the position of the samples in the oven on the variation of the
results could be examined.
➢ For comparison with 8620, macro-chemical analysis and microstructure
studies in 16MnCr5 steel could be carried out.
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➢ It should be noted that, the here presented optimum conditions are for specific steel
types, geometries and furnace conditions. For samples that are carburized locally
or samples having different dimensions another set of experiments should be
conducted. Nevertheless, the present study shows the relative importance of
process parameters which the author hopes that this a step for more progress in the
optimization studies.
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