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ABSTRACT

NONDESTRUCTIVE EVALUATION OF THE EFFECTS OF
CARBURIZING PROCESS PARAMETERS ON MICROSTRUCTURE AND
RESIDUAL STRESS STATE OF SAE 9310 STEEL VIA MAGNETIC
BARKHAUSEN NOISE METHOD

Yildirim, Zafer
Master of Science, Metallurgical and Materials Engineering
Supervisor : Prof. Dr. C. Hakan Giir

February 2022, 103 pages

Carburizing is a surface treatment process applied for improving the surface
hardness, wear resistance, and also fatigue life of some critical aerospace and
automotive components, such as gears, bearings, and bushings. It consists of carbon
diffusion into low-C steels in the austenitized condition which results in a carbon
gradient along with the depth, then followed by quenching, sub-zero treatment, and
tempering. In a carburized component, a strong and wear-resistant surface layer (the
case) with compressive residual stress, as well as hardness and residual stress

gradients from the case to the core is expected.

Residual stresses, which are critical for the performance and stability of the
engineering components, are defined as the self-equilibrating elastic stresses in a
component in the absence of external stresses, created during manufacturing. In
carburized components, the C-gradient affects the phase transformations on cooling
and, thus, the final patterns of the microstructure and the residual stress. Besides,
depending on the carbon content, carburized steels may contain retained austenite up
to 10%, which affects the magnitude and the depth profile of the residual stress, and

also, the dimensional stability of the part.



Controlling the success of the carburizing process is vital to satisfy the design
requirements and to guarantee safety with expected performance and lifetime. This
necessitates practical, reliable, and time- and cost-effective non-destructive
evaluation methods by the manufacturers. The aim of this thesis is to determine non-
destructively the effects of the parameters of the carburizing process chain on
microstructure, hardness, and residual stress state by using the Magnetic Barkhausen
Noise (MBN) method.

In the experimental part, a series of SAE 9310 steel specimens having different
microstructure and residual stress states were prepared by altering the cooling rate
(air-cooling, quenching), the carburizing time (3h, 6h), the cryogenic treatment
temperature (-25°C, -75°C, -100°C), and the tempering temperature (150°C, 300°C).
The specimens were systematically characterized through metallographic
investigations, hardness measurements, measurements of retained-austenite and
residual stress by the XRD method, and MBN measurements. The results show that
a good correlation exists between the results obtained by conventional methods and

the parameters derived from the MBN signals.

Keywords: Magnetic Barkhausen Noise, Residual Stress, X-Ray Diffraction,

Carburizing of Steel, Microstructure
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KARBURLEME PROSES PARAMETRELERININ SAE 9310
CELiIGINDEKi MiKRO YAPI VE KALINTI GERIiLiM UZERINDE
OLUSTURDUGU ETKIiLERIN BARKHAUSEN GURULTUSU YONTEMI
ILE TAHRIBATSIZ INCELENMESI

Yildirim, Zafer
Yiiksek Lisans, Metalurji ve Malzeme Miihendisligi
Tez Yoneticisi: Prof. Dr. C. Hakan Giir

Subat 2022, 103 Sayfa

Karbiirleme, disliler, rulmanlar ve burglar gibi bazi kritik havacilik ve otomotiv
parcalarinin yiizey sertligini, asmnma direncini ve ayrica yorulma Omriini
tyilestirmek i¢in uygulanan bir ylizey islemidir. Diisiik karbonlu celiklerin Ostenit
fazinda karbon diflizyonu sonucu karbon gradyan olusumunu ve sonrasinda su
verme, sifir alt1 islem ve menevisleme islemlerini kapsamaktadir. Karbiirlenmis bir
parcada, yiizeyden c¢ekirdege dogru sertlik ve kalint1 gerilim gradyanlarinin yani sira
basma kalinti gerilimine sahip mukavemetli ve asmmmaya dayanikli bir yiizey

tabakasi olusur.

Kalint1 gerilmeler bir miihendislik par¢asinin performansi ve servis émrii i¢in 6nemli
olan, parcanin imalat islemleri esnasinda olusan elastik gerilmelerdir ve dis
gerilmelerin yoklugunda parca icerisinde dengededir. Karbiirlenmis parcalarda,
karbon gradyani, sogutma {izerindeki faz doniisiimlerini ve dolayisiyla mikro
yapinin son halini ve kalint1 gerilmeyi etkiler. Ayrica, karbon miktarina bagl olarak,

karbiirlenmis ¢elikler %10'a kadar kalint1 ostenit i¢erebilir, bu da kalint1 gerilmenin

vii



biiyiikligiinii ve derinlik profilini ve ayrica parcanin boyutsal kararliligini

etkilemektedir.

Karbiirleme isleminin Kkontrolii, tasarim gerekliliklerini karsilamak, beklenen
performans ve kullanim omriinii garanti etmek i¢in hayati 6nem tasir. Bu durum,
tireticileri pratik, giivenilir, zaman ve maliyet agisindan verimli, tahribatsiz muayene
yontemlerine yoneltmektedir. Bu tezin amaci, karbiirleme proses parametrelerinin
mikroyapi, sertlik ve kalinti gerilme durumu {izerindeki etkilerini Manyetik

Barkhausen Giiriiltiisii (MBN) yontemini kullanarak tahribatsiz olarak belirlemektir.

Deney boliimiinde, sogutma hizi (hava sogutma, su verme), karbiirleme siiresi (3
saat, 6 saat), kriyojenik islem sicaklig1 (-25°C, -75°C, -100°C) ve menevis sicakligi
(150°C, 300°C) degistirilerek farkli mikroyap1 ve kalint1 gerilme durumlarina sahip
cesiti SAE 9310 ¢elik numuneler hazirlanmistir.  Numuneler, metalografik
incelemeler, sertlik 6lgiimleri, XRD yontemiyle kalint1 ostenit ve kalinti gerilim
Olgtimleri ve MBN ol¢timleri yoluyla sistematik olarak karakterize edilmistir.
Sonuglar, geleneksel yontemlerle elde edilen sonuglar ile MBN sinyallerinden elde

edilen parametreler arasinda iyi bir korelasyon oldugunu gostermektedir.

Anahtar Kelimeler: Manyetik Barkhausen Giiriiltii Metodu, Kalint1 Gerilme, X-Isin1

Kirilmasi, Celiklerin Karbiirlenmesi, Mikroyap1
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CHAPTER 1

INTRODUCTION

1.1 General

Carburizing is a special surface treatment process applied for improving the surface
hardness and wear resistance as well as the service life of the engineering
components by introducing compressive residual stress at the case. Carburizing
steels are generally the members of low carbon low alloy steels, used in specific
components including gears, bearings, and bushings where high strength and surface
hardness at the case and tough core are required. The process consists of several sub-
processes like quenching, cryogenic treatment, and tempering. At the end of each
process residual stress state of the component changes. Controlling the residual stress
is critical since it can affect all designed properties as well as the product's service
life. For example, compressive residual stresses have a positive effect on the
component mechanical properties whereas tensile residual stresses lower the

mechanical properties that lead part to failure before the designed service life.

Residual stresses can be measured by destructive or non-destructive methods, each
method has advantages and limitations. Non-destructive methods are preferred for
industrial applications due to their advantages such as non-destructive evaluation of
material properties, measurement speed, and control of all products. The X-Ray
Diffraction method is widely utilized due to the residual stress measurement
accuracy of the technique; however, the analysis of the whole component takes a
long time. Therefore, fast and accurate alternative methods are demanded in the
industry to increase the production rate. The Magnetic Barkhausen Noise (MBN)
method can be an alternative solution to XRD, for residual stress measurements of

ferromagnetic materials. But, MBN methods do not give the residual stress directly,



it should be calibrated and correlations should be performed on each type of product

and applied process.

1.2 Motivation

Components with high-performance needs such as helicopter transmission systems,
landing gears, etc. consist of various types of carburized steel parts designed for
heavy-duty missions. Due to heavy working conditions, raw steels are produced with
expensive special processes such as VIM-VAR (Vacuum Induction Melting-
Vacuum Arc Remelting) and forging. Since the parts have critical characteristics
including designed microstructure, case depth, and residual stress state 100%
inspection is demanded to guarantee safety. Destructive testing of those features
increases the production cost and decreases the production rate due to the long
inspection time. Hence, the importance of non-destructive evaluation methods has

been increased in the industry.

The MBN method brings several advantages such as non-destructive evaluation
ability, fast, reliable results, and suitability for automation. Furthermore, it reduces
the need for conventional tests (metallography, hardness, etc.) to inspect
microstructure and case depth having long and costly preparation and measurement
states. The residual stress measurement by the XRD methods takes a long time and
due to the complex geometry of the part destructive sample preparation is required,

but the MBN can measure in several seconds without any special sample preparation.



1.3  Aim of Study

This thesis aims to investigate the efficiency of the MBN method for the non-
destructive evaluation of the residual stress and microstructure alterations in
carburized SAE 9310 steel. For this purpose, MBN measurements were performed
on the steel samples prepared by changing carburizing time (3h and 6h), cooling rate
(air cooling, oil), sub-zero treatment temperature (-25°C, -75°C, and -100°C) and
tempering temperature (150°C and 300°C). Microhardness tests, metallographic
investigations, retained austenite and residual stress measurements by the XRD
method were also performed on the same samples. Then, the MBN measurement
results were compared and correlated with those of conventional characterization

methods.






CHAPTER 2

THEORY

2.1 Carburizing

Carburizing is a heat treatment process that is widely utilized in several industries
including aerospace, automotive, and machining. It improves the hardness of the
diffusion zone, fatigue life, and as well as the service performance of the
components. Thanks to the carburizing, cheap steels that have poor mechanical
properties can be utilized and can be selected at the design of the components. There
are mainly three types of carburizing according to the carburizing media in other
words sources of carbon atoms are pack carburizing, liquid carburizing, and gas

carburizing [1].

2.1.1 Pack Carburizing

Pack carburizing is a procedure in which the components are packed in a box with
an external carbon source generally coke and catalyst such as barium carbonate, then
heated together for the diffusion process. Furthermore, because of the unpredictable
temperature and surface carbon content, acquiring precise case depth and
metallurgical features such as carbide network, retained austenite, surface hardness,
and also residual stress amount is challenging. Inefficient energy use and adverse
environmental effects are two further drawbacks of the process Therefore, that

process is no longer widely employed [2].



212 Salt Bath Carburizing

The second method is the salt bath carburizing, in this method liquid is used as
carburizing media. The molten salt bath contains sodium cyanide and barium
chloride that produce the case depth. Due to the presence of cyanide, it is not

environmentally friendly. So, it has limited application in the industry [3].

213 Gas Carburizing

In gas carburizing, the carburizing gas media consists of carbon monoxide, carbon
dioxide, methane, and several gases created by the reactions. Gas carburizing is a
fast and precise heat treatment process that is also more environmentally friendly
carburizing process than others. As a result, gas carburizing is widely employed in a
variety of industries such as automotive, aerospace, medical, machining industries,
etc. [4].

Figure 2.1. Schematic representation of carbon diffusion into steel [4]

The carbon atoms diffuse into the steel substrate according to Fick’s Diffusion Laws

(Figure 2.1 and 2.2) and can be computed by equation 1.

Cizt)—C
(z,t) ~Cs — 4
Co—Cs erf (zm Eq.1



where C. is the carbon content in steel at any time and any depth from the surface,
Cs is the carbon content at steel surface, Co is the carbon content of the steel at the
beginning, z is the depth from the surface, t is the time and D is the diffusion
coefficient of the process. Diffusion coefficient highly depends on the process

activation energy and temperature,
D:Do*exp(-}fTT) Eq.2

where Dy is the pre-exponential temperature-independent coefficient(m?/s), Q is the
activation energy for diffusion (J/mol), R is the gas constant (8,314 JJmol*K) and T

is the absolute temperature (in K) [5].
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Figure 2.2. Mass transformation of carbon in the gas environment [38]

The gas atmosphere consists of CO, CO2, methane, and hydrogen. The reactions

that occur inside the furnace and on the steel surface are; [6].
2C0O — C +CO:

CH4s — C + 2H2

CO—-C+1/20:

CO+Hz — C+H20



The combination of these reactions generates an equilibrium of carbon in the gas
media. The carbon potential acts as a driving force for the diffusion of carbon atoms
at the steel surface. If the carbon potential of the furnace atmosphere is more than
the carbon content of steel carburizing begins and surface carbon content rises.

Carburizing heat treatment cycle consists of several subprocesses such as
austenitizing, carburizing, quenching, cryogenic (sub-zero) treatment, and tempering
(Figure 2.3). For the carburizing, the steel is firstly heated to a temperature below
austenitizing and then allowed for a period of time to balance the temperature of the
steel substrate’s surface and core. Since for the heavy batches and thick parts,
unbalanced temperature distribution may cause distortion and lower case depth.
After pre-heating, the steel is heated to a carburizing temperature of roughly 950°C
depending on its chemical composition. Due to the gas reactions inside the furnace,
the carbon potential of the furnace increases. At the end of the carburizing process,
the part is cooled to room temperature slowly to keep distortion at a minimum
degree. The part is then heated to the austenitizing temperature in the same way with
pre-heating of carburizing. Although the austenitizing temperature is below that of
carburizing, the carbon diffusion continues. At the end of the austenitizing stage, the
part is quenched into the oil. The quenching stage is crucial for the hardness profile,

microstructure, residual stress state, and distortion.
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Figure 2.3. The typical carburizing cycle of steels

After quenching the steel contains martensite, and untransformed retained austenite

microstructures.

Austenitizing is the heat treatment process the steel parts are heated above Ac3
temperature and allowed for a certain time sufficient to produce a homogeneous
single austenite phase and temperature distribution at steel surface and core.
Depending on the cooling rate different phase transformations occur obeying the
CCT diagram [7].

Quenching is a method of rapidly cooling metal to modify mechanical properties and
also phase distribution. Brine, water, oils, polymers are examples of quenchants [8].
Cooling rates vary depending on the type of quenchant employed, the temperature
of the quenchant, the agitation of the quenchant, and other factors. The quenching
process is mainly divided into three stages. They can be named as vapor blanket,

nucleation of boiling, and convective cooling stages.



1600
k Cooling curve
1400 - .
Vapor blanket
1200
b Astage
w
®. 1000
e Cooling rate curve
3 i s
o
S @,Nucleate boiling )
E
i B stage
i Convective
-t~ cooling C stage
0 r A A A A

A o

A A '
0 20 40 60 80 100 120 140 160 180 200

Time, s of cool rate, °F/s

Figure 2.4. Stages of quenching and cooling rate curve [8]

The immersed heated steel in quenchant enters in vapor blanket stage and the metal
is surrounded by a blanket vapor. Cooling capacity is low in this stage because of
the poor heat transfer capacity of the gas phase and it should last in a fast manner,
and agitation plays an important role to get rid of the phase. After passing that, steel
enters in boiling nucleation stage. In this stage, the heat removal rate rises to
maximum because of the heat of evaporation of quenchant and convective heat
transfer. That stage lasts when the metal’s temperature falls below the quenchant
boiling temperature. And finally, the convective cooling stage is reached, the only
active mechanism is the convection. The lowest cooling rate is observed in this stage
(Figure 2.4). By playing these cooling rates different phases with different amounts

can be obtained such as pearlite, bainite, martensite, and retained austenite.

The amount of retained austenite is determined by the alloying elements but mostly
by the carbon content. The temperature of martensite start and finish drop as the
carbon content rises (Figure 2.5). Therefore, after a point martensite finish

temperature decrease below room temperature even down to sub-zero temperatures.
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Figure 2.5. Effect of carbon content in steel on TTT diagram [39]

The amount of retained austenite must be minimized. Because retained austenite is
unstable at room temperature and during the service of the part, it can be transformed
into the martensite phase by deformation-induced transformation. Fresh martensite
IS a very brittle phase and it will lead part to catastrophic failure. So, to avoid these
problems and risks the steel part is subjected to sub-zero treatment for a certain time
and treatment temperature depending on the steel type. Finally, the steel part is
tempered and converted into tempered martensite which is a more ductile and
tougher phase than the martensite. The residual stress condition of the components
varies at the end of each process.

2.2 Residual Stress: Formation and Relief

Macherauch and Vohriger investigated the residual stress formation depending on
the transformation sequence of the core and the case as prior core transformation,
and prior case transformation [56]. When the core transformation precedes the case
transformation, between core transformation time (tc) and surface transformation
time (ts,;)) compressive stress is observed at the core and balanced by the tensile stress
at the case region. Compressive stress formation is observed in the case after surface

transformation time (ts;) (Figure 2.6). When the case transformation precedes the

11



core transformation, the core of the sample still consists of austenite and is
surrounded by an already transformed case. When the core starts to transform with
the expansion, compressive stress exists at the core and is balanced by tensile
residual stress at the case.

T Core

Transition lines of a
ITT-diagram for:
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S R R
i lot
tc,i tS,I

Figure 2.6. Transition line of the case and the core [57]

Since increasing the %wt. C alters TTT and CCT diagrams of the steels by shifting
the ferrite and bainite curves to a longer time and decreasing the martensite start (Ms)
and finish temperatures to lower temperatures, the carbon gradient causes a
difference at Ms temperatures of the case and the core of the components. Since any
austenite to martensite transformation causes a volume expansion, initiation of
austenite to martensite transformation at the core earlier than the case develops the
surface compressive stress [57]. In carburized low alloy steel, the case is the last
section of materials that transform into martensite depending on the part shape, and
the geometry and most of the time expansion of martensite causes compressive
residual stress because the core is already transformed into martensite. However, it
must be noted that residual stress formation is highly dependent on the shape and
geometry of the material since any alteration at part geometry changes the residual

stress formation and the mechanism by affecting the cooling rate and the sequence.
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The residual stress state of a component is affected by the post processes including
tempering and sub-zero treatment. Since the carburizing lowers the martensite start
temperature, the steels contain retained austenite at room temperature, by the action
of the sub-zero treatment the retained austenite transforms into martensite.
Formation of martensite and carbide rises the compressive stress at the case [43-51].
The tempering operation decreases the residual stress of the carburized steel and as
the operating temperature increases the residual stress approach to zero more since
the martensite loses its tetragonality by carbide formation [57].

2.3  Residual Stress Measurements by XRD Method

Residual stress can be defined as the elastic stress that exists in a part in the absence
of any external loads [9]. It is produced due to the manufacturing processes such as
heat treatment, machining, shot peening, and welding. Residual stress has the
potential of changing all design parameters as well as the product’s service life. For
example, for the gears and dynamic parts, compressive residual stress improves the
performance and fatigue life of the component by retarding the crack formation.
Conversely, tensile stress decreases. It also increases the affinity to stress corrosion
cracking. Therefore, control of residual stress is crucial and it should be measured
by either destructive or non-destructive methods. Hole Drilling, Curvature, and
Layer Removal methods are examples of destructive methods. X-Ray Diffraction,
Neutron Diffraction, and Magnetic Barkhausen Noise methods are examples of

nondestructive methods.

For the measurement of residual stress from the XRD pattern, the strain amount in
the known crystal lattice is utilized. The principles of X-Ray Diffraction can be

explained by Bragg’s Law [10].
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Figure 2.7. Representation of diffraction of X-Rays by a crystal lattice [40]

Incident X-Ray beams are scattered by O and G atoms in different planes and turn
into diffracted beams in constructive interference. The incident beam’s rays are
always in phase and parallel till the top ray collides with the surface atom “O”. The
lower ray travels an additional path till the atom “G” (Figure 2.7). When two rays go
on adjacent and parallel, the additional distance has to be an integral multiple of the
wavelength [10]. The difference at two beam’s paths can be calculated using the

equations 3,4 and 5;

IFG| + |GHJ= n\ Eq.3
IFG| + |GH= dsin(6) + dsin(0) Eq.4
nA= 2dsin(0) Eq.5

where; n is an integer, A is the wavelength of the x-ray, d is the distance between two

atomic layers, and 6 is the angle between the incident ray and the scattering plane.

The presence of stress on a polycrystalline material causes a change in the crystal’s
lattice parameters which can be observed on XRD data. The peaks at the XRD pattern
may shift to a lower or higher angle depending on stress type and broaden [11]. The
strain in the crystal lattice can be calculated by equation 6;
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__dn—dg
—do Eq.6
However, the strain produced by stress not only exists in one direction but also in
transverse directions. By assuming as the stress is planar, transverse and longitudinal

strains are related with each other by Poisson’s ratio.

8)(: gy: = VSZ

Eq.7
81
A
I
Iy
X
ax
Figure 2.8. Principal axes of the strain [10]
Then based on Hooke’s Law, the residual stress can be calculated by using
equation 8,
o=E*g Eq.8
where; o is the stress, E is the elastic modulus of the material, and € is the strain.
So according to the above equation, the stress can be calculated by equation 9;
_ E dy—dy
T (a+v)sin2(y) © dg ) Eq.9

where, v is the tilt angle during the XRD measurement (Figure 2.9).
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Figure 2.9. Schematic of tilting and angles of XRD [12]

For stress determination by the sin? (y) method is commonly used. Measurements
are taken at various tilt angles and interplanar spacings are calculated at those angles
and a plot is drawn (Figure 2.10).

COMPRESSIVE STRESS TENSILE STRESS NO STRESS

sin2y siny sin2y

Figure 2.10. Graph of interplanar spacing versus sin? (y) [13]

The gradient of the graph can be indicated as “m”. And the equation 9 turns into

equation 10,

_ E
T (14v)

(o] Eq.10

Stress state can be precisely determined by the slope of the interplanar spacing versus
sin? (y), if the slope is positive that means the material contains tensile stress, and if

the slope is negative the material has compressive stress (Figure 2.10).
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2.4 Magnetic Barkhausen Noise Method

Ferromagnetic materials are composed of magnetic domains. In the absence of any
magnetic field, the domains are in random orientation (Figure 2.11) [52]. However,
when a magnetic field is applied, they become ordered in parallel to the magnetic
field direction by the domain wall movement. These movements create noise, which
was explained in 1919 by Prof. Heinrich Barkhausen. However, the technique caught

the attention of researchers and industry at the beginning of the 1980s.

[\/

A. Random domain orientation B. After magnetization

Figure 2.11. Magnetic domains a) random orientation b) aligned in the direction of

an applied magnetic field [15]

According to Moorthy et al, during the movement of walls, the pinning sites such as
grain boundaries, residual stresses, dislocations, second phase particles, and
precipitates cause sudden jumps (Figure 2.12) [14]. By the number of changes at the
signal levels residual stress states, hardness, carburizing depths, and phase changes
can be detected and measured. However, for exactly measuring one of them, other

ones should be known to obtain an accurate result.

Applied voltage and frequency are critical for the precision and reliability of the
Magnetic Barkhausen Noise (MBN) measurements. Voltage should be set to the
most sensitive region at the voltage versus magneto-elastic parameter (MP) diagram

(Figure 2.13). For instance, based on such a result the applied voltage should be
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around 6V since any difference in microstructure or residual stress manifests itself

clearly by giving higher or lower signals from the rest of the material.
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Figure 2.12. Magnetic hysteresis curve and magnetic jumps [16]
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Figure 2.13. Schematic of applied voltage versus Magneto-elastic Parameter (MP)

The magnetizing frequency is another important parameter during the MBN
measurements. The penetration depth of investigation depends on frequency,
calculated by equation 11.

Eq.11

g

o
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where; 8 is the penetration depth, p is the magnetic permeability, o is the electrical

conductivity, and f is the magnetic frequency.

As shown in equation 11, as the frequency increases the penetration depth decreases;

conversely, as the frequency decreases the penetration depth increases [17].

Grinding burn inspections can also be done by MBN methods. During the grinding
of gears or bearings when high surface hardness, heavy grinding parameters, and
insufficient cooling combine the temperature of the ground sample increases. When
it passes the tempering temperature of the component, hardness decreases locally on
the surface. That is called retempering and it gives a high signal on MBN data (Figure
2.14).
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Figure 2.14. Example of MBN results [19]

Local quenching may occur when the surface temperature of the components
exceeds the austenitizing temperature and is caused by the action of a cooling fluid.
As aresult, fresh hard martensite is formed at the surface. It causes low MBN signals
at the re-hardened region. The re-hardened zone is surrounded by a softer phase not
able to reach austenitizing temperature can be expressed as the heat-affected zone
just like in welding.

Soft materials produce high signals while harder phases produce low signals. Also,
compressive stress regions give low signals whereas tensile ones give high signals
(Figure 2.15).
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Figure 2.15. MBN patterns of different stress types and hardness values [20]

2.5  Retained Austenite Measurement by XRD

Austenite is a steel phase with a Face Centered Cubic (FCC) structure that is stable
at high temperatures, as a numeric value for the temperature it can be said to be upon
the Acl temperature. During the cooling below austenitizing temperature, the
austenite phase transforms into ferrite (Body Centered Cubic-BCC) or martensite
(Body Centered Tetragonal-BCT) depending on the cooling rate, steel carbon

content, and alloying element’s amount.

The volume percentage of austenite can be calculated from XRD data since austenite
gives peaks at different angles than the other ferrite and martensite. Moreover, ferrite

and martensite give nearly identical intensities, with no distinction [21].

For retained austenite measurement by XRD, generally, Cr or Mo is used as the
anode material. For example, the Cr tube provides the best resolution of XRD data.
And Mo tube produces more peaks than the other tubes.
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Figure 2.16. Representation of XRD machine [22]

The austenite phase produces peaks at (111), (200), and (220) planes and the ferrite
phase produce peaks at (110), (200), and (211) planes. The volume of the austenite
phase is calculated from produced peak’s intensities by four peak methods, equations
12, and 13.

% ;1 YJ
Ryj
(p o ) <q2? 1;;]) Eq.12

where; Vy is the volumetric amount of austenite, ly is the intensities of austenite

W=

peaks, I, is the intensities of ferrite peaks, Rqp is the reliability factor and changes for
austenite and ferrite.

2 -2M
ngl — 1/(|F| pLPe ) Eq13

p2

where; |F|? is the structure factor times its complex conjugate, p is the multiplicity
factor of (hkl) reflection, LP is Lorentz Polarization factor, e?M is the Debye-Waller

or temperature factor, and v is the volume of the unit cell.

The majority of the engineering steel is made up of several alloying elements which
create their carbides. They must be eliminated from the value obtained by
calculations accurately the amount of retained austenite, equation 14. Carbide
amount can be determined by chemical extraction or metallographic methods.
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Ve + Vg + Ve =1 Eq.14

The expected amount of retained austenite (in wt.%) and the level of martensite start,

finish temperatures can be calculated by using equations 15 and 16. [25].
Ms (°C) =520 - 320(%C)-50(%Mn)-30(%Cr)-20(%(Ni+Mo))-5(%(Cu+Si)) Eq.15

Amount of transformed martensite = 1 — 0,929 % ¢®00976*(Ms-T)%%7 Eq.16
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CHAPTER 3

LITERATURE REVIEW

Buzzetti, Merletti et al. studied on MBN method to control its reliability and accuracy
on gear and feasibility in industrial applications. In industry, nital etch inspection
method is used to determine whether ground areas have been over tempered or re-
hardened. But, when the grinding is light, it does not provide a clear indication at
nital etch while containing different residual stresses. They constructed an
experiment plan on carburized AISI 9310 steel gears that were subjected to grinding
with various severity levels. The measurements were taken with Stresstech Rollscan
200-1 machine with Viewscan software, and they set the gain as 40 and magnitude
to 70 both of them are in arbitrary units. Following the inspections, they were faced
with that, gently ground tooth flank produced 30MP and homogeneous MBN profile
through the whole tooth. On the other hand, heavily ground teeth flank produced
around 150MP and irregular MBN profile. As a result, they stated that MBN is a
reliable method for qualitative assessment of residual stress, but for the quantitative
method, XRD correlation should be performed to convert the magnetic parameter to
MPa directly [29].

C.C.H.Lo et al. investigated the dependence of Barkhausen signals on magnetic
materials condition using induction hardened steel rods with different case depths.
They characterized the case depth of rods by microhardness. Then, by the usage of
encircling induction coil magnetic signals were detected. They indicated that all
hardened rods gave weak MBN signals at surfaces while getting close to the
transition zone, martensite to ferrite/pearlite region, MBN signals were increased due
to the lower dislocation density acts as pinning site for domain wall. In addition to
that, they calculated their MBN skin depth at 10kHz as 0,29mm for ¢ = 5x10° Qm
and pr =60 and the sample had 0,38mm case depth. Therefore, they stated that the

MBN signals obtained primarily from a surface layer thinner than the nominal case
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depths of hardened rods and so, the MBN signals decrease slightly with case depth
[30].

Anglada-Rivera et. al. studied the effect of applied stress and grain size on MBN and
hysteresis loops. They performed the test with the SAE 1005 steel, heat the samples
to 900°C, and cooled them with three different cooling rates for obtaining different
grain sizes. They reported that as tensile stress increase obtained MBN voltage
increase till a certain point, they named it as critical Barkhausen applied stress. After
that point, MBN voltage decreases although the tensile stress reaches higher values.
It was explained by domain wall dynamics by the combination of applied stress and
magnetic field on motion of domain wall. In addition to that, they also stated that
MBN voltage decreases with grain size since fine grains contain more domains and

walls than coarse grains [31].

V.Moorthy et. al. was focused on the evaluation of the tempering process on MBN
measurements in that study. 0,2%wt. C ferritic steel samples were utilized at
quenched and tempered conditions, they applied 600°C tempering with different
durations starting from 0,5hours to 100hours. They observed that the as-quenched
sample showed a single peak but when tempering was carried out, two different
peaks were shown, and as tempering time increases peaks become more

distinguishable (Figure 3.1).
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Figure 3.1. RMS voltage obtained by MBN method versus applied current of samples
with different tempering time [32]

24



They stated that the phenomenon occurred due to two reasons they can be regarded
as grain boundaries and second phase precipitates since both two of them were the
main barriers to domain wall movement. While tempering time increases grain size
and carbide size get bigger (Table 3.1). Therefore, at a longer time grain boundary

and carbides effect can be observed distinctly [32].

Table 3.1 Sample tempering time and corresponding average grain and carbide size
[32]

Sample Average size Average size
tempering time of laths/grains of carbides
(h) (um) (pm)
1 374 0.13
5 5.57 0.17
15 8.94 0.26
25 10.65 0.34
100 2148 0.46

V.Moorthy, B.A.Shaw and J.T.Evans studied the relation between hardness changes
depending on tempering operation and the MBN method. For that study carburized
EN36 steel was used, the samples were carburized and quenched. One group sample
was investigated at an as-quenched state (untempered), the other group samples were
tempered at 192°C for two hours (stated as standard tempering) and the last group
samples were tempered at 250 C for four hours (over tempered). Then hardness
testing and MBN measurements were carried out. 125 Hz excitation frequency and
10-2000 kHz filtering were set for MBN measurements of the near-surface region.
And for subsurface region analysis, 4 Hz excitation frequency and 2-15 kHz filtering
were set. They stated that for near-surface setup, the MBN method gives signals at a
mean depth of 100um. And subsurface setup gives signals around 500 um. All three
group samples gave a single peak with a near-surface setup and two peaks with the
subsurface setup but peak height increases as tempering temperature rises at both
setups (Figure 3.2 and 3.3).
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Figure 3.3. MBN pattern of untempered, standard tempered and over tempered

samples with 4 Hz frequency [33]

The study demonstrated a good correlation between hardness values and the MBN
signals and MBN signals were sensitive to hardness. So, they stated that MBN
measurements at higher excitation frequency can be used for surface hardness
measurements. Also, low excitation frequency can be utilized to obtain approximate

hardness value at the deeper region [33].

Giir and Cam were focused on the evaluation of microstructure via the MBN method
with low allow SAE 1040 and SAE 4140 steels. To obtain martensite, tempered

martensite, fine pearlite-ferrite, and coarse pearlite-ferrite microstructures several

26



heat treatment processes were carried out. Microstructural control was accomplished

initially at SEM and hardness testing (Figure 3.4).
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Figure 3.4. Hardness test results of martensite, tempered martensite, fine pearlite-
ferrite and coarse pearlite-ferrite structures for SAE 1040 and SAE 4140 [34]

The MBN measurements were taken at Rollscan/uscan 500-2 device with 125 Hz
excitation frequency, 20 amplification, and gain to generate the smooth sinusoidal
wave. According to them, the lowest MP values were measured at the as-quenched
samples, and MBN emission increased in the order of tempered martensite, fine
pearlite-ferrite, and coarse pearlite-ferrite (Figure 3.5). For instance, tempered
martensite had a higher MP voltage than the as-quenched martensite samples. It was
explained with the domain nucleation due to tempering application. In addition to
that, the ferrite phase gets coarser, and average domain wall sizes increase.
Resistance to domain wall motion and nucleation decreases, so MBN signals were

amplified to higher values.
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Figure 3.5. Magnetoelastic parameter measured at MBN method of martensite,
tempered martensite, fine pearlite-ferrite and coarse pearlite-ferrite structures for
SAE 1040 and SAE 4140 [34]

As a result, they stated that the MBN method is sensitive to microstructural change
and may be a useful tool for analyzing the microstructure of ferromagnetic

components during manufacturing and service [34].

Arslan et al. used the MBN method to examine the microstructural analysis of AlSI
D2 steel. Six different austenitization temperatures within 900°C -1150°C were used
to obtain different retained austenite, martensite, and carbide distributions. After the
production of samples, hardness tests and metallographic investigations were carried
out using an optical microscope and SEM. Then MBN measurements were
performed with Rollscan/uscan 600 device with 250Hz excitation frequency and 10-
1000kHz band-pass filter setup. Hardness values of samples increases as the
austenitization temperature rises (Figure 3.6).

28



24.0 -

y=-0.0121x+30.317
R=0.9657
23.8 -
-~
- -

— ~
S 2364 ~Y
E ~
— ~
7] S
= ~

2344 N
o v -

N
~
~
23.21 o
~
~ ¥
Y -
230 . . . .
540 560 580 500

Hardness (HV)

Figure 3.6. Hardness values versus corresponding RMS values of MBN signals
[35]

While hardness values increase, the RMS of MBN signals decrease. They stated that
the MBN method strongly depends on microstructure and hardness values even the

slightest variation [35].

Davut and Giir focused on the characterization of quenched and tempered SAE 5140
steel microstructures via the MBN method. Quenched samples were tempered
ranging from 200°C to 600°C and MBN measurements were carried out at
Rollscan,puScan 500-2 device. In addition to the MBN method, hardness testing and
microstructural analysis under SEM were performed. They claimed that MBN results
were affected by tempering temperature due to changes in dislocation density, lattice
straining, phase distribution, and hardness of the material. As tempering temperature
increases peak height of measurements also increases. According to the study,
tempering up to 300°C rises peak height slightly however, after 400°C increments at
peak height was found higher. They explain that with the e-carbide formation at
200°C and 300°C microstructural alteration was little. So, the peak of MBN does not
alter significantly. After 400°C transformations of e-carbide to cementite took place
and dislocation density decreased. It resulted in ease of magnetic domain wall

movement and increase at peak height. In addition to that, they stated that there is a
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linear relation between hardness and the RMS value of MBN. Reduction in hardness

increased RMS voltages [36].

According to several studies, Giir stated that continuously increasing magnetic field
increases the size of domains parallel or nearly parallel while annihilating the other
domain orientations on ferromagnetic materials. And the application of alternating
magnetic field produces characteristic hysteresis curves and varying properties can
be observed on those curves such as saturation magnetization, coercivity, remanence,
and permeability. He stated that remanence is sensitive to the structure of the material
and dislocation density, an increase in dislocation density may result in a decrease in
remanence. Coercivity is primarily related to the microstructure of materials and so,
it may be utilized to characterize microstructures. Additively, the presence and
distribution of dislocations increase the coercivity. Studies also showed that
hysteresis loops obtained via the MBN method cannot be shown as the true curves
of the materials since actual values were far beyond the values measured at the MBN
method [37].

Yan et al. aimed to investigate the effect of cryogenic treatment on microstructure
and mechanical properties of carburized 20Cr2Ni4A and 17 Cr2Ni2MoVND steels.
All test specimens were carburized at 930°C for 6,7 hours and underwent subcritical
annealing at 620°C for 4hours. Then the specimens were austenitized and quenched
into the oil. Tempering operation at 150°C for 2 hours was applied to one group
sample, for the other group sub-zero treatment at -196°C for 1 hour was applied
before tempering. Microstructural investigations were carried out by XRD, optical
and scanning electron microscopes, and microhardness measurements were
performed with the Vickers method. They reported that sub-zero treatment had a
significant effect on retained austenite content at the surface, it was decreased from
13,1 to 9,6 for the 20Cr2Ni4A specimens, and from 19,2 to 9,5 for the
17Cr2Ni2MoVNDb. In addition, the surface hardness values of sub-zero treated
specimens were higher than the quenched and tempered specimens for both steel
groups, 122HV for the 17Cr2Ni2MoVNb and 34HV for the 20Cr2Ni4A specimens.
Furthermore, they said that the surface microstructures of both steel groups consist
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of high carbon needles like tempered martensite, spherical carbide, and retained
austenite, sub-zero treated specimens contained more dispersed and fine carbides

than the quenched specimens [41].

Prieto et al. studied the effect of sub-zero treatment on the fracture toughness of AlSI
420 steel. Two groups of test specimens were produced, one group of specimens
were quenched into oil from 1030°C, and tempered at 410°C for 10 minutes. Other
group specimens were sub-zero treated at -196°C for two hours after quenching and
tempered at 410°C for 10 minutes. Plane-strain fracture tests, hardness tests were
performed and microstructural correlations were made by SEM and XRD. Test
results indicated that carbide refinement was observed at the sub-zero treated part
led to an increase in 5% hardness and 30% fracture toughness [42].

31



32



4.1

As samples, SAE 9310 (AMS 6265N) steel was used (Table 4.1). Due to its superior
hardenability high case hardness values and excellent core toughness can be obtained
after carburizing operations. Because of these features, this steel is a powerful
candidate for heavy-duty applications such as transmission gears, pistons, and boring

bars.

Table 4.1 Chemical composition of SAE 9310 (AMS 6265N) standard and the steel

CHAPTER 4

EXPERIMENTAL PROCEDURE

Material and Sample Preparation

used
Element | Min. (according | Max. (according | The steel used in
to standards) to standards) the thesis

C 0,070 0,130 0,100

Si 0,150 0,350 0,260

Mn 0,400 0,700 0,530
- 0,015 0,005
- 0,015 <0,0009

Cr 1,000 1,400 1,320

Mo 0,080 0,150 0,100

Ni 3,000 3,500 3,170

Cu - 0,350 0,050

B - 0,001 <0,0005

VIM-VAR (Vacuum Induction Melting — Vacuum Arc Remelting) process was also

applied to the steel stock by the manufacturer. It improves the cleanness degree of
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the steel by reducing the amounts of impurities and discontinuities, allowing for

higher strength and toughness.

To eliminate the effects of the steelmaking process, all specimens were prepared
from the same rod (200mm diameter and 100mm height) by wire erosion (Figure
4.1).

Figure 4.1. Some of the manufactured specimens

The incoming steel was in Normalized and Tempered condition. Its microstructure
consists of ferrite and dispersed carbide particles, with an average hardness of around
215HV (Figure 4.2).
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Figure 4.2. Microstructure of incoming material, 200x

After wire erosion, the diameters of samples were reduced to 35mm and cut into
15mm height by an industrial saw. Heat is generated during the wire erosion
machine, in order to remove the heat-affected zone, a turning operation was
performed on the samples into the sizes of 30mm diameter and 14mm height. The
pre-hardening operation was applied to all samples in one batch in an atmosphere-
controlled furnace to obtain homogenous grain size (5 or finer per ASTM E112) and

uniform microstructure (Figure 4.3) [46].
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Figure 4.3. A representative microstructure after pre-hardening, 200x

The operation was carried out at 820°C for 2 hours in an atmosphere-controlled
furnace at the carbon potential of 0,2 wt.%C and then quenched in oil at 90°C.
Tempering operation was applied subsequently at 540°C for 3 hours in an inert
nitrogen atmosphere. After pre-hardening and tempering operations, low carbon
martensite was obtained, having a hardness in between 252HV and 260HV. Scale
formation was observed after quenching in oil and tempering at high temperatures.
In addition, the furnace atmosphere was regulated by endogas flow. The surface
chemistry of the samples was changed due to the slight fluctuation of the input gas
content and non-decreasing below 0,2 wt.% C in the atmosphere. To eliminate any
negative effects, the samples were ground about 0,5mm on. Finally, 30mm diameter
13mm height cylindrical samples were obtained. The grinding operation also

decreased the surface roughness of the samples.
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4.2 Heat Treatment Processes

Carburizing heat treatments commenced shortly after the sample manufacturing.
Recommended AGMA standards call for a carburizing temperature of 925°C. The
process sequence started with pre-heating at 450°C for 90 minutes to obtain a
homogeneous temperature distribution throughout the whole sample. If the samples
are loaded into the carburizing furnace at the ambient temperature, the case and core
section of the samples reach the carburizing temperature at different times. This may
result in considerable thermal stress and distortion. The pre-heating stage minimizes
that issue. The batch was instantly loaded into the carburizing furnace for the next
step. After completing the carburizing recipe, the batch was either immersed in an
oil bath or cooled in air. Then, the final stages were cryogenic treatment and

tempering.

The carburizing operations were carried out as follows: the carbon potential at the
carburizing stage was set to 1.15 wt.%C, and the quenching oil temperature and oil
agitation speed were set to 90°C and 50%, respectively. They were the experiment's
constant parameters. As variables, two carburizing times were selected as 3 hours or
6 hours at 925°C. Two cooling rates were applied: quenching, or air-cooling. Three
sub-zero temperatures were chosen: -25, -75, or -100°C. And finally, two tempering

temperatures were selected as 150, or 300 °C.

In total, 8 carburizing batches were prepared, yielding 22 samples. To ensure
repeatability and increase confidence, the samples were created with their back-ups
(Table 4.2).
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Table 4.2 Sample identification according to their process routes

Test Sample |Carburizing No# | Sub-Zero Treatment # Tempering #
A C1 (Air-cooled) N/A N/A
A-1 C1 N/A N/A
A-1-1 C1 S1 N/A
A-1-2 C1 S1 Tl
A-1-3 C1 S1 T2
A-2-1 C1 S2 N/A
A-2-2 C1 S2 Tl
A-2-3 C1 S2 T2
A-3-1 C1 S3 N/A
A-3-2 C1 S3 Tl
A-3-3 C1 S3 T2
B C2 (Air-cooled) N/A N/A
B-1 C2 N/A N/A
B-1-1 C2 S1 N/A
B-1-2 C2 S1 Tl
B-1-3 C2 S1 T2
B-2-1 C2 S2 N/A
B-2-2 C2 S2 Tl
B-2-3 C2 S2 T2
B-3-1 C2 S3 N/A
B-3-2 C2 S3 Tl
B-3-3 C2 S3 T2

Designation

C1 | Carburizing 1 925°C / 180min. Cp:1,15

C2 | Carburizing 2 925°C / 360min. Cp:1,15

S1 | Sub-Zero Treatment 1 -25°C / 120min.

S2 | Sub-Zero Treatment 2 -75°C [ 120min.

S3 | Sub-Zero Treatment 3 -100°C / 120min.

T1 | Tempering 1 150°C / 120min.

T2 | Tempering 2 300°C / 120min.
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TUS (Temperature Uniformity Survey) and SAT (System Accuracy Test)
calibrations of the furnaces are performed periodically per AMS2750 and the
furnaces have +6°C tolerance [54]. By the SCADA systems temperature uniformity,

the gas content of the atmosphere, etc. can be monitored instantly.

4.3  Microstructural Investigation

The samples were metallographically prepared at ATM Saphir 550 grinding and
polishing machine with the following recipe given in Table 4.3 after embedding into
Bakelite.

Table 4.3 Sample preparation recipe for metallographic examination

# | Grinding & Polishing Disc Suspension Operation

1 | Aka-Piatto 220 N/A Coarse Grinding (75 um)
2 | Aka-Allegran 3 N/A Fine Grinding (9 - 3 um)
3 | Aka-Ramda DiaMaxx Poly 6 um Polishing (6 um)

4 | Aka- Napal DiaMaxx Poly 1 um Polishing (1 - 0,025 um)

Then, the samples were etched with 2% nital and examined under Nikon ECLIPSE
LV150N optical microscope at magnifications of 50x, 200x, 500x, and 1000x. In
addition to optical microscope, scanning electron microscope was also utilized via

Nova Nanosem430 device.

4.4 Retained Austenite Measurement

Retained austenite measurements were taken on the GNR Arex D machine which
uses a Mo X-Ray source and Zr filter. The angles between 21,5° and 44,0° were

scanned in 120 seconds per sample by applying 50kV voltage and 20mA current.
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Before the measurements the machine was calibrated with a calibration block that
contain 5,3%, 10,3%, 15,7%, 20,1%, and 25,6% retained austenite to increase the

accuracy of the measurements (Figure 4.4).

Figure 4.4. Retained austenite calibration blocks

The retained austenite measurement results are influenced by sample preparation and
surface quality in the same way that other non-destructive testing methods are. To
obtain accurate data, heat treatment residue and scale should be gently removed from
the surface. Electropolishing is one of the better options for such an application.
Because other methods of material removal or surface preparation, such as grinding,
sanding, dry blasting, and so on, may result in the transformation of retained
austenite due to the high instability of the related phase. As a result, an
electropolishing operation was carried out, and measurements were taken 30m below

the surface.

Since C-content directly affects the martensite start and finish temperatures, and thus
the amount of retained-Y, the phase transition temperatures were calculated for the

maximum carbon contents at the surface achieved after carburizing (Table4.4)
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Table 4.4 The phase transition temperatures of samples, calculated by JMatPro,

based on the carbon content at the surface

Initial 3 Hours Carburized | 6 Hours Carburized
Transitions (0,10 wt.%C) (0,91 wt.%C) (0,97 wt.%C)
°C °C °C
Pearlite 690,6 705,3 704,5
Bainite 549,8 353,8 339,2
Ferrite 763,2 662,3 656,6
Martensite Start 381,5 103,5 83,5
Martensite %50 347,7 58,9 37,6
Martensite %90 269,1 -44,8 -68,9

4.5 Hardness Measurements

The samples were measured by a microhardness testing machine, QNESS Q30. Case
depth measurements were taken using a microhardness test machine with the HV0,5
method and a 50um increment between testing points towards to core from the case
per ASTM E92 and ASTM E384. Each measurement line had 30 indentation points
and at the horizontal axis, case to the core axis, the distance between the two points
was 50um. For the vertical axis that distance was 100um with the zigzag pattern, by
this mean indentation points separated from each other. This is significant since as
indentations get closer after a certain distance, they begin to affect each other,
depending on the hardness measurement method and material in other words the
indentation size. Three parallel measurement lines were inserted into the cross-
section of each sample. The first indentations were performed 70um beneath the

surface (Figure 4.5).

41



4mve-  Core Hardness Hv10

Olcum 2

S

Figure 4.5. Image of sample under microhardness machine camera

B ok " Y o ik 3 ,. ] h/, S - A '
i SV 8917 ym - b IR = . 7,/25 pm 7,921 pm
9,435 pym 7" 9,087 um 9,587 pm ; : S
g5 .
L
-
"o v
II. o . -
3 - ° » )
. . ' ad
0 —_—
' - sopm

Figure 4.6. Intergranular oxidation at 1000x, without etching

At the surface of the carburized samples, there was an intergranular oxidation layer
with an approximately 10 pm thickness from the carburizing cycle (Figure 4.6).
Surface hardness, total carburizing depth, and effective case depth information were
interpreted after the hardness profile of the samples have been obtained. The total

42



case depth is the highest distance of the carbon diffusion from the surface. In AGMA
B923-B05, the effective case depth is defined as the depth at which 50 HRC hardness
IS measured [26]. In addition to the case depth measurements, hardness

measurements were also performed at the center of the samples.

4.6 Residual Stress Measurement

Stresstech Xstress G2R system having Chromium X-Ray source and Vanadium filter
was used. Before measuring residual stress, % retained austenite was measured. In
the presence of a secondary phase, residual stress measurement should be performed
on the secondary phase too, since it also accommodates residual stress [27]. For the
system used the recommended approximate two theta angle for the (211) ferrite peak
is 156.1° and for the (220) austenite peak is 128.8° [10]. Since the samples contain
both martensite and austenite, measurements were performed by considering those
angles. The residual stress measurements were taken with three different phi angles
(¢) as 0°,45°, and 90°.

To construct a reliable and accurate d versus sin®X graph, measurements were carried
out at fifteen tilt angles, that contain seven positives, seven negatives, and zero
degrees. The XRD method gives the residual strain amount directly, then with the
usage of strain, stress values were calculated. However, for the calculation, some
assumptions have to be made such as 633 accepted as zero (i.e., biaxial stress), and
the slope of the fitting of d versus sin®x graph is used. During the measurements,
shear stresses were left as unknown and the normal residual stresses were considered
[58]. In addition, the unstrained lattice parameter, do, should be known. The
calculation of each do value for each sample is difficult since this parameter is
measured from the powder, so a sufficient amount of powder should be obtained
with constant carbon content. However, in the case of carburizing, carbon content
decreases gradually from the case to core, making it difficult to form powder with
the same carbon content. But, according to Murray and Noyan, because do is a

multiplier at the formula, the elastic strain at the maximum level would be less than
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2%, so do can be accepted as the lattice strain at a zero-degree tilt, dx=0 [28]. They
stated that the error would be less than 2%. Therefore, during the conversion of strain
to stress the do values were accepted as the stress at zero tilt angle. To calculate the
stress, two mechanical properties of the samples, Elastic modulus, and Poisson’s
ratio, must be known. For the ferrite, they were taken into account as 211 GPa and

0,3 respectively, and 196 GPa and 0,28 for the austenite.

Fitzpatrick et al. stated that the majority of the metallic materials strongly absorb X-
Rays and as a consequence intensity of the incident beam reduced in a very short
distance below the surface (Figure 4.7) [10]. The XRD residual stress measurements
were performed via Cr anode and corresponding penetration depth vary ranging in
3-6um for both ferrite and austenite.
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Figure 4.7 Penetration depths versus sin?(y) of ferrite and austenite and different

metals radiations [10]

After completing stress measurements at the surfaces, depth profile analysis began
for the selected samples. Depth profile analyzes were planned to get data at

10,50,100,200,400 and 600um. To minimize stress relaxation during material
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removal the electropolishing method was applied to the center of samples with @

10mm using Struers A2 electrolyte at Struers Movipol electropolishing machine.

The MBN measurements and residual stress measurements via XRD methods are the
part, and the geometry dependent, the performed measurements are valid for that
setup. Therefore, any change in the part geometry changes the test results. Also, the
residual stress measurements were performed after 30um electropolishing at the
center of the specimens, any measurements at different locations such as radial

surface may give different results than the flat surface measurements (Figure 4.8).

w ¢ |
-

@30 mm

Figure 4.8 Sample dimensions and electropolish location

Quenching oil film, heat treatment residue and intergranular oxides exist at the
surface of specimens. Since the penetration depth of the method is around Sum with
the experiment setup, they affect the residual stress measurement, electropolishing

is advised at the sample preparation step [55].

4.7 Magnetic Barkhausen Noise Measurements

Magnetic Barkhausen Noise (MBN) measurements were performed by Stresstech
Rollscan uScan 500-2 equipment with 10V magnetizing voltage, 125Hz excitation
frequency. In addition, a filter was applied to obtain a smooth MBN curve between
10 to 1000kHz and the number of bursts was set to 18 (Figure 4.9). The probe has
two sensors Rollscan and pScan, such that MBN pattern with magnetoelastic
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parameter and hysteresis curve can be obtained with a single run, and the distance

between poles of the probe is 3mm.
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Figure 4.9. An example for settings and MBN pattern

The gain should be amplified to obtain smooth sine-waveform excitation for accurate
measurements. Calibration of the equipment before the measurements are quite
important, so the calibration was made with the non-carburized sample (pre-
hardened state) to observe the effect of each heat treatment operation. As a result,
after running calibration trials, the gain magnetization voltage was set to 20dB and

90 as the amplification (Figure 4.10)
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Figure 4.10. Some of the calibration trials as a function of amplification

The measurement system also generates a representative magnetic hysteresis curve
for the local measurement area, so relative information on saturation, coercivity, and

remanence can be obtained (Figure 4.11)
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Figure 4.11. Example hysteresis curve obtained from Stresstech Rollscan uScan
500-2

When using a high frequency ranging from 20 to 1000 kHz, the information can be
obtained at 150 to 20 um below the surface [43]. The penetration depth is calculated
as 106um for 125 kHz frequency by using equation 11, ur was taken as 100 [45].
The electrical resistivity of the carburized SAE 9310 was taken as 17,4 uQ-cm [44].
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CHAPTER 5

RESULTS AND DISCUSSION

51 Microstructural Investigation

The microstructural investigation was performed as discussed in the experimental
procedure section. Observed microstructures were also checked with the

corresponding CCT diagrams and retained austenite measurements.

It was observed that the case of air-cooled and as-quenched samples exhibited
martensite and retained austenite (Figure 5.1 and Figure 5.2). The samples developed
such microstructures as a result of a shift in the pearlite and bainite start curves on
the CCT diagram and a decrease in the martensite start temperatures caused by the
carburizing process. Even air cooling was sufficient to achieve the required cooling
rate for the transformation of austenite to the martensite phase. On the other hand,
microstructures of core regions showed differences while the A sample consist of
ferrite and bainite, the A-1 sample consist of martensite.

The case microstructures of the A-1 and the A-3-1 samples show that sub-zero
treatment transformed the retained austenite to martensite (Figure 5.1 and Figure
5.2). Retained austenite was shown as white and martensite phase shown as brown
at the optical microscope, amount of white area decreased after sub-zero treatment.
The rate of decrease was measured at XRD as around 13% between A-1 and A-3-1.
The sub-zero treatment did not affect the microstructures of the core region, and the
martensite phase was observed in both A-1 and A-3-1 samples (Figure 5.3 and Figure
5.4).

Tempering operation at 150°C transformed martensite to tempered martensite and
formed e-carbide at the case [50]. On the other hand, tempering at 300°C might
transform retained austenite to bainite at the case if kinetic and thermodynamic
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requirements were satisfied (Figure 5.1 and Figure 5.2). Under an optical
microscope, no retained austenite was observed, and XRD measurements confirmed

this.

Figure 5.1. Optical micrographs of the case zones, 1000x, %3 nital etched
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Figure 5.2. SEM micrographs of the case zones
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Figure 5.3. Optical micrographs of the core zones, 1000x, %3 nital etched

Besides, no microstructural changes were observed after tempering operations at
core regions (Figure 5.3 and Figure 5.4). The cooling type was found to be the most
effective parameter on the microstructure of the core region and thus the hardness

among the experimental carburizing parameters (Figure 5.3 and Figure 5.4).

52



Figure 5.4. SEM micrographs of the core zones
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Intergranular oxidation was analyzed at SEM by EDS technique and the oxygen
amount of the related grain boundaries was found higher than the other regions
(Figure 5.5). Although the light elements such as Carbon and Oxygen analysis at
EDS have higher error than the heavy elements, EDS results showed that Oxygen

accumulated at grain boundaries (Table 5.1).

Figure 5.5. Intergranular oxidation under a scanning electron microscope

Table 5.1 Chemical composition of the grain boundary and the grain taken by EDS

Element Point 1 Point 2
Wt. % At. % Wt. % At. %

C 0,80 3,58 1,38 5,62
(0] 0,09 0,32 2,04 6,24
Si 0,59 1,13 4,45 7,73
Cr 0,88 0,92 0,61 0,64
Mn 0,45 0,44 0,46 0,41
Ni 3,23 2,97 2,18 1,82
Fe Balance Balance Balance Balance
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5.2 Retained Austenite Measurements
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Figure 5.6. XRD pattern of retained austenite measurements of the a) A and B b)
A-1 and B-1, showing the effect of carburizing time
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Figure 5.7. XRD pattern of retained austenite measurements of the a) A-1-2, A-2-2
and A-3-2, showing the effect of sub-zero treatment b) A-3-1, A-3-2, and A-3-3,

showing the effect of tempering temperature
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Table 5.2 Retained-austenite content of the specimens

Sample | Retained Austenite (%) | Sample | Retained Austenite (%)
A 18,8 +0,1 B 18,4+0,2
A-1 19,0 £0,2 B-1 25,4+0,3
A-1-1 15,0 +0,2 B-1-1 17,0+ 0,2
A-1-2 13,4 £0,1 B-1-2 15,9+0,1
A-1-3 Below 1 B-1-3 Below 1
A-2-1 11,2 +0,1 B-2-1 11,0 +0,1
A-2-2 9,6 +0,1 B-2-2 10,5 +0,1
A-2-3 Below 1 B-2-3 Below 1
A-3-1 6,6+0,1 B-3-1 7,9+0,1
A-3-2 7,1+0,1 B-3-2 7,8+0,1
A-3-3 Below 1 B-3-3 Below 1

Each sample had a different % retained austenite. They can be categorized and
studied based on distinctive steps of the carburizing recipe such as carburizing time,

cooling rate, medium, cryogenic treatment temperature, and tempering temperature.

A similar effect of carburizing time was observed on all samples independent from
the subsequent heat treatments. 6 hours carburized group B samples has more
retained austenite than the 3 hours carburized group A. For example, the B-1 contains
more retained austenite than the A-1, which can be attributed to the B-1 sample’s
higher surface carbon content as a result of the longer carburizing time. The area
under the (211) and (200) ferrite peaks of the A-1 sample was greater than that of
the B-1 sample however such a big difference was not observed at (220) and (311)
austenite peaks. (Figure 5.6). The biggest difference exists between A-1 and B-1
which are at the as-quenched condition, further heat treatment steps minimize the
retained austenite difference either by forming martensite, carbide precipitations at
sub-zero treatment and e-carbide precipitation in tempering at 150°C and

transformation into bainite in tempering at 300°C [41] (Figure 5.6).

57



It was observed that air-cooled samples have less % retained austenite than the oil
quenched ones. The reason could be shown as the decarburization during the cooling

stage, the air-cooled parts were exposed to open air just after carburizing.

Cryogenic treatment seems to be the most effective tool to change the retained
austenite (Figure 5.7). A-1-1, A-2-1, and A-3-1 were subjected to sub-zero treatment
at -25, -75, or -100°C respectively, at the beginning the retained austenite values of
them were about 19%, and after treatment, they decrease to 15, 11, and 7%,
respectively (Table 5.2). The gradual decrease in the area and intensity was observed
at (220) and (311) austenite peaks while lowering the sub-zero temperature (Figure
5.7).

: /‘
- A_X-1 ///
& A-X'z /?:
(=] —he— B'X'1 //:/:
&~ 20 + B-X-2 p
-’9 ////"/ {/‘
E ,//f"'/’//
< 15 4 ot
-O /;ﬂ
(0] .l”
£ )
8
m Iz
o
e 10 - iy f
*”’ﬂ /
',,//
5 T T | . I | I ' I I I ' I
) N i -40 420 0 20

Temperature (°C)

Figure 5.8. Effect of sub-zero treatment temperatures on the amount of retained
austenite of A-X-1, A-X-2, B-X-1, B-X-2 samples, X denotes 1,2,3
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Tempering also reduces the retained austenite content of the samples. Tempering
wasn’t applied to the A-3-1 sample however, A-3-2 and A-3-3 samples were
tempered at 150 and 300°C respectively. As tempering temperature increases
austenite peaks diminish, eventually after tempering the samples at 300°C they
disappeared (Figure 5.7). For both A and B group samples, tempering at 150°C didn’t
make a remarkable change, just decreased retained austenite content around 2% by
forming e-carbide precipitates [50] (Figure 5.8). Despite that, tempering at 300°C
induced transformation of thermodynamically unstable retained austenite to
martensite and bainite, also proven with calculated CCT and TTT diagram [51]. A
representative TTT diagram for the A-3-3 sample determined by JMatPro is given in

Figure 5.8 to show the heat treatment path.
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Figure 5.9. Representative TTT diagram of the A-3-3, calculated by JMatPro, no

scale

In addition to retained austenite measurements, a glow discharge optical
spectrometer (SPECTRUMA Analytik) was used to analyze surface carbon content
of the 3-hours carburized and 6 hours carburized specimens, the 3hours carburized

specimen’s surface carbon content found as 0,89 and that of 6hours carburized
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specimens found as 0,94wt.%C. Similar surface carbon contents were observed with

measurements and the calculated values (Table 4.4).

5.3 Hardness Test Results

The effect of cooling rate on case depth and surface hardness was demonstrated in
the hardness test (Figure 5.10). Surface hardness was higher in the air-cooled

samples A and B than in the quenched samples A-1 and B-1.
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Figure 5.10. Hardness depth profiles of the A, A-1, B, B-1, showing the effects of

cooling rate

However, that situation was not valid for the hardness profile. For example, the B
and B-1 samples had 0,91 and 1,01mm case depth respectively. While their surface
hardness values were 763 and 698HV. Till the 0,3mm depth, air-cooled sample B
had a higher hardness than the quenched sample B-1. Below the depth of 0,3mm, the
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hardness of quenched sample B-1 exceeded that of sample B. The same trend was
also observed on the A and A-1 samples, however, the breaking point was around
0,2mm. That difference occurred due to the carbon profile since higher carburizing
time results in a higher carbon profile while other carburizing process parameters
were kept constant. The reason for the higher hardness of the air-cooled samples can
be regarded as the higher amount of retained austenite in the quenched samples,

which is proven by the XRD measurements.
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Figure 5.11. Hardness depth profiles of the A-1-1, A-2-1, A-3-1, showing the effect

of sub-zero treatment temperature

According to the hardness test results, sub-zero treatment temperature did not cause
a significant difference. The hardness profile obtained for -25°C treatment gave the
lowest values. However, 697HV and 513 HV hardness depths showed a slight shift
(Figure 5.11). Furthermore, -75°C and -100°C sub-zero treated samples produced
nearly identical results. For example, A-2-1 and A-3-1 samples had 893 and 905HV
surface hardness and 0,73 and 0,69 case depth respectively. As a result, sub-zero
treatment had a minor effect on the oil quenched samples.
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Figure 5.12. Hardness depth profiles of the B-2-1, B-2-2, B-2-3, showing the effect
of tempering temperature

Hardness test results indicated that tempering affects hardness profile significantly,
especially after a certain temperature. For instance, identical samples were produced
using the same recipe only difference was the tempering temperature, B-2-1 was not
tempered B-2-2, and B-2-3 samples were exposed to tempering treatment at 150°C
and 300°C (Figure 5.12). B-2-1 and B-2-2 produced nearly the same results, their
surface hardness values were 898 and 861, and case depths were 1,03 and 1,05
respectively. The hardness profile of them followed the same path after 0,7mm. On
the contrary, the B-2-3 sample, tempered at 300°C, showed a dramatic decrease both
at the surface hardness and case depth. It did not show even 697HV surface hardness,
it was measured as 655HV, and case depth was measured as 0,81mm, due to
cementite formation at 300°C and reduction in dislocation density [51]. The
tempering operation had a greater impact on the surface and near-surface regions
than on the deeper zone. Since carbon content decreases by obeying Fick’s diffusion
laws. Hence, an increase in carbon content results in a decrease at bainite start

temperature and 300°C tempering passes the bainite start line at both 3 hours and 6
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hours carburized samples. So, tempering at 300°C reduced hardness values at the
case region.
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The hardness profiles of the group A and group B samples are given in Figure 5.13
and Figure 5.14. It is seen that tempering temperature is the most powerful parameter
for the hardness profile. All 300°C tempered both A and B samples were grouped

separately from the other samples in terms of low hardness behavior.

The cooling rate was discovered to be the only important parameter for regions that
weren’t affected by diffusion (core); after quenching, the core region’s hardness
values were not significantly affected by subsequent operations. In that study, after
quenching the core hardness remained constant at the 37-38HRC band and didn’t
change. On the other hand, the air-cooled samples showed a 27-28HRC band (Table
5.3). It was also related to the stability of the phases at process temperature and
constant carbon content at the core regions, also proven with CCT and TTT

diagrams.

Carburized SAE 9310 steel components are generally designed for min. 60HRC
(697HV) surface hardness to obtain optimum wear resistance, strength, and
toughness properties. Therefore, the minimum depth of specified case hardness
(697HV) becomes an important hardness parameter per AMS 2759 7/B [47]. AMS
2759 7/B defines case depth as the depth below the surface where the hardness is
equivalent to 50 HRC (513HV).

Minimum depth of specified case hardness was mainly related to the carburizing
time, 3h carburized group A specimens had roughly 697HV depth below 0,4mm,
that of group B specimens was 0,7mm. 697HV depth was affected slightly from
subsequent processes (cooling rate, sub-zero temperature, and tempering), excluding
over tempering. The over tempering (300°C) decreased surface hardness below
697HV. On the other hand, the effect of over tempering on case depth (513HV) was

lower.
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Table 5.3 Results of the hardness measurements: surface and core hardness, and the
depths corresponding to 697HV and 513HV

Surface Hardness | 697 HVO0,5 | 513 HVO,5 Core
Sample (HV0,5) (o) il Hardness
(HV10)

A 817 0,41 0,60 284
Al 775 0,43 0,65 366
A-1-1 842 0,45 0,65 368
A-1-2 797 0,42 0,65 367
A-1-3 640 i 0,50 364
A-2-1 893 0,49 0,73 375
A-2-2 838 0,45 0,69 365
A-2-3 653 i 0,56 368
A-3-1 905 0,46 0,69 366
A-3-2 862 0,42 0,67 366
A-3-3 668 i 0,56 364
B 763 0,62 0,91 287
B-1 698 0,69 1,01 374
B-1-1 832 0,70 1,02 371
B-1-2 769 0,66 1,00 367
B-1-3 636 i 0,79 373
B-2-1 898 0,72 1,03 369
B-2-2 861 0,69 1,05 367
B-2-3 655 i 0,81 366
B-3-1 383 0,71 1,02 371
B-3-2 877 0,68 1,01 371
B-3-3 653 i 0,79 370
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5.4  Results of Magnetic Barkhausen Noise Measurements

MBN measurements were carried out with the following settings, gain magnetization
voltage and amplification values were 20 and 90 respectively. To observe the impact
of each carburizing parameter, sample group A, 3 hours carburized, was drawn in
relative RMS voltage versus relative magnetic excitation field graph (Figure 5.15).
Microstructure change as a function of cooling rate had the greatest effect on the
MBN pattern. Since retained austenite is not ferromagnetic, an increase in retained
austenite content reduces the RMS voltage, which could be attributed to increasing

in magnetic domain free regions [53].
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Figure 5.15. Relative RMS voltage versus relative magnetic excitation field data of

the group A samples
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For instance, the air-cooled sample, A, can be easily distinguished from other
samples. It was affected by the relative magnetic excitation field at lower percentages

than the others, i.e., broader than the remaining samples.

Using the MBN method, one part that has completed its entire heat treatment recipe
can be distinguished from the unfinished one. For example, the B-2-2 was produced
with a full heat treatment cycle, whereas the B was only carburized and air-cooled.
To achieve the final heat treatment condition, it must be austenitized and quenched,
subsequent sub-zero treatment and finally tempering operation. MBN measurements
of the samples revealed that the unfinished sample, B, had a higher RMS voltage and
broader relative magnetic excitation field percentage than the finished, B-2-2, sample
(Figure 5.16).
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Figure 5.16. Relative RMS voltage versus relative magnetic excitation field data of
the B and B-2-2

As the sub-zero temperature dropped lower degrees, RMS voltage reduced due to
the fine carbide precipitation and the increase in dislocation density [41]. A decrease

in sub-zero treatment temperature increases the magnitude of compressive residual
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stress. Microstructural change and residual stress have a combined effect on MBN
emission levels. For instance, A-1-2, A-2-2, A-3-2 samples were identically
processed except the sub-zero treatment temperatures: -25°C, -75°C, and -100°C.
The A-3-2 sample had the lowest MBN peak (10,9mV), and the A-1-2 sample had
18,0mV. A-1-2 and A-2-2 sample’s MBN patterns were close to each other, on the
contrary, the A-3-2 showed a higher difference from them (Figure 5.17).
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Figure 5.17. Relative RMS voltage versus relative magnetic excitation field data of

the A-1-2, A-2-2, A-3-2, cryogenic treatment at -25°C, -75°C and -100°C

The variation of carburizing time at 925°C did not show a significant effect on MBN
emission, higher carburizing time caused a slight increase at the RMS voltages. As
an example, A-2-2 and B-2-2 samples were subjected to nearly identical processes,
with the only difference being the carburizing time, 3 hours and 6 hours respectively,
in addition, their both case and core microstructures are similar as tempered
martensite and retained austenite. MBN patterns of them were so close to each other.
It is difficult to determine which pattern belongs to A or B without knowing the

samples (Figure 5.18).
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Figure 5.18. Relative RMS voltage versus relative magnetic excitation field data

for A-2-2 and B-2-2, carburized for 3hours and 6 hours, respectively
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Depending on the tempering temperature, there will be alterations in both
microstructure and the severity of the residual stress at different levels. For instance,
after 300°C tempering, the surface residual stress is almost relieved (-509MPa to
80MPa), and the microstructure remarkably changes in comparison to the un-
tempered sample and the sample tempered at 150°C by the transformation of retained
austenite, and formation of carbides depending on the tempering temperature.
Correspondingly, the maximum peak level of MBN increases, and the MBN peak
gets sharper. It is rather difficult to differentiate the effects of microstructure and
residual stress if the process applied changes both of them. The maximum peak level
for the A-3-1 sample was 9,8mV, while those levels were 10,9mV and 11,4mV for
A-3-2 and A-3-3 respectively (Figure 5.19). In addition to that, the MBN profiles of
A-3-1 and A-3-3 samples resembled each other. The MBN emission levels before
the peak starts were nearly the same. However, A-3-1 had the highest surface
hardness and compressive stress out of the three samples. Those values were low at
the A-3-3, transformation of retained austenite to bainite and carbide formation
might be the reason. Furthermore, although the tempering temperature of the A-3-2
below that of the A-3-3, and A-3-1 sample wasn’t tempered, the A-3-2 gave the
sharper peak and MBN level before peak start was lowest. According to Kaleli and
Giir, at low tempering temperatures, changes are happened primarily by carbon atom
rearrangements, recovery, and retained austenite transformation to the mixture of
carbide and ferrite. At higher temperatures carbide transformations are replaced by
cementite and ferrite formation. Combinations of that issues reduce the magnitude
of compressive residual stress and hardness significantly. So, a lower amount of
magnetic field will be enough to domain wall movements, which increases the RMS
voltage [48].

MBN patterns can be represented by the RMS voltage or the maximum MBN peak
level since there is a linear relation between them (Figure 5.20). All A and B group
samples results were drawn in a graph with a low error margin and it indicates that

to analyze the MBN pattern either RMS or maximum MBN peak level can be used.
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MBN results versus hardness graphs also support it (Figure 5.21, 5.22, 5.23, and
5.24).
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Figure 5.20. Graph of maximum peak versus RMS, MBN measurements

By forming groups based on tempering temperatures, the correlation between
hardness and MBN parameters was discussed. 300°C tempered A-X-3 samples had
the lowest hardness values and their RMS voltages were between 8-10mV (Table
5.4). The same situation is also valid for the B-X-3 samples (Figure 5.23, 5.24).
Normally, it is expected that lower hardness corresponds to a higher RMS voltage
but in the 300°C tempered samples, the RMS voltages were close to the high
hardness samples.

150°C tempered A-X-2 and B-X-2 samples showed a variation in both hardness and
RMS values as sub-zero temperature reduced i.e., hardness increased while RMS
voltages decreased (Figure 5.21 and 5.23). The reason might be dependent on the
relation between hardness and RMS voltage. Where an increase in hardness results
in a reduction in the RMS voltages by keeping residual stress constant, and having
the same morphology with different phase amounts.
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Figure 5.21. Variation of MBN-RMS with hardness, group A
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When true tempering temperatures were applied to the samples, different sub-zero
temperatures can be distinguished from each other. But if the non-tempering or over-
tempering were applied to the samples effect of the previous process such as sub-
zero treatment cannot be differentiated from each other only by the MBN method
(Figure 5.21, 5.22, 5.23, and 5.24).

Table 5.4 Results of MBN measurements

Sample RMS Max. Peak | Saturation | Coercivity | Remanence

(mV) (mV) (Tesla) (kA/m) (Tesla)
A 26,8 63,8 368,8 0,16 182,0
A-1 9,8 14,4 184,3 0,12 25,3
A-1-1 8,9 11,5 169,1 0,09 15,1
A-1-2 10,7 18,0 192,6 0,15 38,7
A-1-3 8,1 9,7 155,7 0,07 10,8
A-2-1 8,6 10,6 164,3 0,07 11,6
A-2-2 9,4 14,4 173,8 0,13 27,9
A-2-3 8,7 11,1 168,4 0,07 13,4
A-3-1 7,7 9,8 146,6 0,09 14,4
A-3-2 6,1 10,9 106,6 0,17 27,2
A-3-3 8,4 11,4 159,2 0,10 18,3
B 33,5 78,7 460,5 0,13 188,9
B-1 11,2 18,9 204,0 0,12 40,6
B-1-1 9,1 13,3 170,8 0,11 23,3
B-1-2 11,6 20,6 209,1 0,15 47,5
B-1-3 8,5 12,3 159,1 0,11 21,5
B-2-1 9,0 11,9 171,0 0,08 15,0
B-2-2 10,2 16,5 185,9 0,14 33,7
B-2-3 9,1 13,6 169,1 0,13 239
B-3-1 8,9 11,0 168,1 0,06 10,8
B-3-2 10,3 16,5 192,1 0,13 33,5
B-3-3 9,6 14,2 177,8 0,13 26,1

The representative saturation, coercivity, and remanence values cannot be used as
true values because magnetization is applied on the local spot in the MBN method,

the actual values are far beyond.
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54.1 Magnetic Hysteresis Curves

As the carburizing time was increased magnetic saturation also increased, on the
contrary, the same logic was not valid for the coercivity (Figure 5.25). Coercivity
values showed slight variation, implying that the values were insufficient and close

to each other for stating a general argument.
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Figure 5.25. Magnetic hysteresis curves of A and B samples, showing the effect of

carburizing time

Magnetic hysteresis curves revealed that the cooling rate was critical for magnetic
saturation and coercivity, even if the final microstructure morphologies were almost
identical. While the saturation and coercivity values in the quenched sample were
lower, the values in the air-cooled one were higher (Figure 5.26). Although the
difference in saturation points between A and A-1 was nearly twice that of the
guenched sample, the difference between coercivity values was less. A similar
tendency exists for B and B-1 (Figure 5.27). B had 461 and 0,13 saturation and
coercivity values respectively, while B-1 had 204 and 0,12.
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Figure 5.27. Magnetic hysteresis curves of B and B-1, showing the effect of
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While the difference of saturation values was higher at the air-cooled samples, that
difference was reduced when cryogenic and tempering treatments were applied. For
instance, air-cooled A and B had 369 and 461 saturation points, respectively.
Whereas sub-zero treated and tempered A-2-2, B-2-2 had 174 and 186 (Figure 5.28).
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Figure 5.28. Magnetic hysteresis curves of A-2-2, B-2-2, showing the effect of

cryogenic and tempering treatment on 3hours and 6hours carburized samples

Change in the sub-zero temperature affected the magnetic hysteresis, as the sub-zero
temperature dropped saturation points decreased. For example, A-1-1, A-2-1, and A-
3-1 were exposed to -25°C, -75°C, and -100°C, 169, 164, and 147 values were
measured as saturation points. To see the effect of -25°C treatment, the as-quenched
A-1 was measured. It produced 184,3 values at the saturation point (Figure 5.29). It
can also be said that, as the sub-zero treatment temperature is reduced magnetic

hysteresis curve slightly rotates clockwise.
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Figure 5.29. Magnetic hysteresis curves of A-1, A-1-1, A-2-1, A-3-1, showing the

effect of sub-zero treatment temperature
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Figure 5.30. Magnetic hysteresis curves of B-1, B-1-1, B-2-1, B-3-1, showing the
effect of sub-zero treatment temperature
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However, the difference between saturation points of the sub-zero treated samples
was to a small degree. For instance, B-1-1, B-2-1, and B-3-1 give nearly the same
curves (Figure 5.30). Determining which curves belong to which sample solely by
checking the hysteresis curves is a difficult issue if the measurements were

performed after sub-zero treatment.

On the other hand, if the same tempering treatment was applied to sub-zero treated
samples, the difference in hysteresis curves increased. For example, tempering
treatment at 150°C was applied to the A-1-1, A-2-1, and A-3-1 samples, and they
were renamed as A-1-2, A-2-2, and A-3-2 respectively. While in the sub-zero treated
condition the difference at saturation levels between them was small but after
tempering operation that difference increased (Figure 5.31). Moreover, the largest
change was observed at -100°C, results at -25°C and -75°C were closer to each other

than the results at -100°C treatment.
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Figure 5.31. Magnetic hysteresis curves of A-1-2, A-2-2, A-3-2, showing the effect

of sub-zero treatment temperature
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Figure 5.32. Magnetic hysteresis curves of A-2-1, A-2-2, A-2-3, showing the effect

of tempering temperature
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Figure 5.33. Magnetic hysteresis curves of B-2-1, B-2-2, B-2-3, showing the effect
of tempering temperature
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Magnetic hysteresis curves showed that the tempering temperature had a minor
effect on the saturation and coercivity values of the samples. The experiment was
planned to investigate tempering operations at 150°C and 300°C in addition to them,
the untempered sample was also produced and measured to see the effect of
tempering. For example, A-2-1, A-2-2, and A-3-2 were processed with the same
recipe, except for the tempering temperature. A remarkable change wasn’t
monitored, however, 150°C made a small change and the 300°C sample had a nearly

identical hysteresis curve with a sub-zero treated sample (Figure 5.32).

Similar results were also observed for the B group (Figure 5.33). Saturation values
were reduced in the following order, B-2-2, B-2-1, and B-2-3. Additionally, the
highest saturation values were obtained at 150°C tempered samples among the
groups that were exposed to the same recipe until the tempering stage (Table 5.4).

Since the MBN emission is derived from magnetization cycles, a collection of
rectified bursts represents a magnetic hysteresis loop. Saturation, remanence, and
coercivity parameters can be obtained from the hysteresis loop, but they cannot be
used as true values because magnetization was applied on the local spot in the MBN
method [18].

55 XRD Results

55.1 Residual Stress Measurements

The measurements were carried out between -45° to 45° with 15 tilt angles. Then, d-
spacings versus sin?(y) graphs were constructed (Figure 5.34). The principal residual
stresses were calculated by equation 10. As the slope of the fitting decreases amount
of compressive stress increases, the highest slope was observed on the A-3-1 sample,

electropolishing was carried out.
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Figure 5.34. d-spacing versus sin?(y) values of the A-3-1 sample

X-ray diffraction results point out that increasing cooling rate rises the compressive
residual stress. For example, A and B were air-cooled after carburizing process
however, A-1 and B-1 were quenched into the oil. A-1 and B-1 samples show higher
compressive stress both at as heat-treated surface and electropolished surface (Table
5.5). The important point is the difference between as heat-treated surface and
electropolished surface results of air-cooled A and B samples 116 and 385MPa stress
were measured respectively from the as heat-treated surface. But, after
electropolishing, the stress states decrease to -236 and -244 MPa. Oxidation,
decarburization, or stress relaxation may be regarded as the reason for such
difference but further investigation has to be made.
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Table 5.5 Magnitudes of principal surface residual stresses (effective) measured by
XRD methods

Sample Residual Stress (MPa) | Residual Stress (MPa)
As heat-treated surface | 30um electropolished
A 116 + 16 -236 + 58
A-1 -363 £ 14 -259 £ 10
A-1-1 -423 +10 -458 + 24
A-3-1 -458 + 39 -509 + 78
A-3-3 35+13 80+78
B 385+ 27 -244 £12
B-1 -407 26 -321 + 201
B-3-1 -519+13 -483 +103

The results show that the sub-zero treatment temperature had a dominant effect on
the residual stress state. Sub-zero treatment wasn’t applied to the A-1 sample and A-
1-1, A-3-1 samples were treated at -25°C and -100°C, and residual stresses were
calculated as -363MPa, -423MPa, and -458MPa respectively at as heat-treated
surfaces (Figure 5.36). And the corresponding values at 30um of electropolished
surfaces were -259MPa, -458MPa, and -509MPa respectively (Figure 5.36). B-1 and
B-3-1 had similar patterns. Hence, as sub-zero treatment temperature decreases the
magnitude of the compressive residual stress on the surfaces of samples increases.
According to Yan et al. sub-zero treatment increases the fine carbide precipitations
and dislocation density [41]. Carbide precipitations rise the compressive residual

stress on the steel part [49].

Tempering operation decreases the magnitude of the tensile and compressive
residual stresses, i.e., it acted as a stress relief operation [48]. Moreover, tempering
at 300°C annihilates any stress of the part (Figure 5.35 and 5.36). For example, the
A-3-1 sample was sub-zero treated at -100°C and any tempering operation wasn’t
carried out. When 300°C tempering treatment was applied to it, the sample becomes
A-3-3. The A-3-3 gave -458MPa and -509MPa at heat-treated and electropolished
surfaces, but those measurements gave approximately 35MPa and 80MPa for the A-
3-3.
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Carburizing time didn’t show a big difference according to test results, A-1 and A-
3-1 were carburized for 3 hours whereas B-1 and B-3-1 samples were carburized for
6 hours, the remaining recipe was the same for both groups. A-1 and B-1 gave a
similar tendency for variation of the surface residual stress, the same results were
valid for A-3-1 and B-3-1, too.

In addition to the residual stress measurements at 0 and 30um depths for all samples,
A and A-3-1 were analyzed in detail down to 600 um depth (Table5.6). A-3-1 gave
a higher residual stress profile at each depth from A (Figure 5.37). Maximum stresses
were measured at 0,4mm depth for both A and A-3-1 as -784MPa and -1167 MPa,
respectively where 0,4mm depth corresponds to the case depth (513HV) (Table 5.6).

Table 5.6 Depth profiles of residual stresses for some samples, measured by XRD

Depth (mm) |A (MPa) Depth (mm) | A-3-1 (MPa)
0,000 115+ 16 0,000 -457 + 39
0,030 -236+57 {0,030 -509 £ 78
0,055 -256+28 | 0,050 -506 + 42
0,104 -394 + 40 0,101 -672 + 26
0,204 -660+46 |0,198 -781+65
0,401 -784+62 |0,401 -1167 £ 46
0,606 -595+19 0,597 -777 £95
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Figure 5.37. Residual stress profiles of the A and A-3-1 samples

Residual stress state obtained by XRD method and maximum peak level obtained by
MBN method shows linear relation (Figure 5.38). Taking the A-3-3 sample as the
outlier, there is an almost linear correlation between the residual stress and the MBN
emission (the maximum peak height): the maximum compressive stress (-519MPa)
corresponds to the minimum MBN emission (11mV) whereas the maximum tensile
stress (385MPa) corresponds to the maximum MBN emission (79mV) (Table 5.7).
Compressive residual stress causes a minimum MBN peak height, and the MBN
emission increases as the magnitude of the compressive residual stress decreases,

and it continues to increase with the increasing magnitude of the tensile residual

stress.
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Table 5.7 Surface hardness, MBN, retained austenite, and the principal surface

residual stress values at electropolished surfaces of the samples

Surface | MBN Max. Peak | Retained Austenite Residual Stress by
Sample |Hardness Height by XRD XRD
(HV) (mV) (%) (MPa)
A 817 64 18,8 -236
A-1 775 14 19,0 -259
A-1-1 842 12 15,0 -458
A-3-1 905 10 6,6 -509
A-3-3 668 11 <1 80
B 763 79 18,4 -244
B-1 698 19 25,4 -321
B-3-1 888 11 7,9 -483
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Figure 5.38. Graph of the surface residual stresses measured by XRD versus the

MBN max. peak height and the hardness values
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It was observed that residual stresses were more dominant than the hardness on MBN
results. For instance, the samples containing compressive residual stress displayed
low MBN signals independent of the hardness values (Figure 5.38). The samples that
contain tensile residual stress exhibit high MBN signals even if they have high
hardness values. A-1 has -363MPa residual stress and 775HV hardness, B has
385MPa and 763HV respectively. And their corresponding MBN maximum peak
levels were 14,4 and 78,7mV. In that comparison hardness values are nearly the same
and indicate that the MBN method is so sensitive to residual stress change. A-1-1
had -423MPa residual stress and 842HV hardness, B-1 had -407MPa and 698HV,
respectively. Their corresponding MBN maximum peak levels were 11,5 and
18,9mV. It is seen that the change in hardness values affects the MBN emissions but,
residual stress has a pronounced effect on MBN.

Multiple regression analysis was performed to observe the quantitative effect of
surface hardness (HV), retained austenite (R.A.), and the principal residual stresses
(R.S) at 30um electropolished surfaces on the MBN-RMS emission using the data
of Table 5.7. Since the magnitude of residual stress and the MBN signals are material
and geometry dependent, the analysis is valid only for the experimental setups.
Equation 17 also shows that retained austenite content and the hardness decreases
the MBN signals whereas an increase in the magnitude of residual stress increases
the MBN signals.

MBN-RMS=0,1*R.S.-0,9*R.A-0,01*HV+70,6  (R?=0,78) Eq.17
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CHAPTER 6

CONCLUSION

This research aimed to determine non-destructively the variations in the
microstructure and residual stress at the surface of the carburized AISI SAE 9310

steel components by the Magnetic Barkhausen Noise (MBN) method.

A series of specimens having different microstructure and residual stress states were
prepared by changing the cooling rate, the carburizing time, the cryogenic treatment
temperature, and the tempering temperature whereas the other process parameters
were kept constant. All specimens were carefully characterized through
metallographic  investigation, hardness  measurement, retained-austenite
determination via the XRD method, measurement of residual stresses with the XRD

method, and the MBN measurements.
The following conclusions can be drawn from this thesis study:

e In the as-quenched condition, martensite and some retained-austenite exist in the
hardened zone of all samples. At constant austenitizing temperature, as the time
for carbon diffusion is increased from 3h to 6h, the C-content of the surface, the
amount of the retained-austenite increase, and the case depth, which corresponds
to the maximum hardness and also the maximum compressive residual stress
increases. The magnetic parameters obtained by the MBN measurements can
differentiate any alteration in the microstructure and the residual stress.

e Sub-zero treatment of the quenched samples remarkably changes the
microstructure and the residual stress by reducing % retained-austenite with a
corresponding rise in the magnitude of compressive residual stress. A decrease in
sub-zero treatment reduces the MBN-RMS level and the hysteresis curve’s

saturation point.
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o After the sub-zero treatment, as the tempering temperature is increased from 150°C
to 300°C, carbide transformation is replaced by cementite and ferrite formation,
and the surface hardness is reduced remarkably with changing the residual stress
state, compressive to tension. An increase in tempering temperature rises the
MBN-RMS by the action of both the microstructural and the residual stress state
alteration.

e An almost linear relationship exists between the residual stress and the MBN
emission. The maximum compressive stress corresponds to the minimum MBN
emission, and the maximum tensile stress corresponds to the maximum MBN
emission. A decrease in the magnitude of the compressive residual stress, and a
further increase in the magnitude of tensile residual stress results in a remarkable
increase in the MBN emission. However, if there is a considerable change in the
microstructure together with the residual stress, the individual effects of both
factors on the MBN emission cannot be distinguished due to combined effect of
the factors.

The overall results show that a good correlation exists between the results, i.e.,
microstructure and residual stress, obtained by the conventional methods and the
parameters derived from the MBN signals such as MBN-RMS, MBN max. peak
height, the relative hysteresis curve. Based on the detailed experimental analysis, it
can be concluded that the MBN parameters measured are sensitive to the alterations
in the microstructure and residual stress at the surface of the carburized steels. This
method has the potential to be used as a fast and reliable non-destructive tool for the
qualitative control of the success of the carburizing process stages. Moreover, if there
is not any significant change in the microstructure, it can also be used to measure the
magnitude of the residual stress after completing a careful pre-calibration/correlation

procedure.
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6.1 Recommendations for Further Studies

The following issues are recommended for further studies;

e The MBN calibration should be done with a large number of samples with
tensile and compressive residual stress.

e The effect of higher tempering temperatures on the MBN voltage should be
investigated and correlated with the residual stress measurements by XRD.

e While measuring the magnitude of residual stress by XRD, some
assumptions are made such as do of the samples obtained from d-spacing
versus sin?(y) graph and o33 excepted as zero, the do should be measured
accurately from powder form of the sample.

e Effect of grain size and distribution and size of the precipitates on the MBN

emission should be examined.
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APPENDICES

A. TTT Diagrams of 9310 Steel at Initial, 3 h and 6 h Carburized Condition
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Figure A.1. TTT diagram of 9310 steel at initial condition, calculated by JMatPro
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Figure A.2. TTT diagram of 3 hours carburized 9310 steel that surface carbon
content reached 0,91wt.%C, calculated by JMatPro
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Figure A.3. TTT diagram of 6 hours carburized 9310 steel that surface carbon
content reached 0,97wt.%C, calculated by JMatPro

B. CTT Diagrams of 9310 Steel at Initial, 3 h and 6 h Carburized Condition
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Figure B.4. CCT diagram of 9310 steel at initial condition, calculated by JMatPro
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Figure B.5. CCT diagram of 3 hours carburized 9310 steel that surface carbon
content reached 0,91wt.%C, calculated by JMatPro
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Figure B.6. CCT diagram of 3 hours carburized 9310 steel that surface carbon
content reached 0,97wt.%C, calculated by JMatPro
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