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ABSTRACT

NONDESTRUCTIVE MONITORING OF THE VARIATIONS IN
MICROSTRUCTURE AND RESIDUAL STRESS IN CARBURIZED ST EELS

Hizli, Hiseyin
M.Sc., Department of Metallurgical and Materialgyireering
Supervisor: Prof. Dr. C. Hakan GUR

September 2016, 178 pages

Service life and performance of the case-hardenedhme parts are greatly
dependent on the residual stress state in thecguldgers which directly affects the
fatigue behavior. Recently, all industrial sectbesre been requested for a fast and
non-destructive determination of residual stredsis Tstudy aims to monitor the
variations in surface residual stress distributionthe carburized 19CrNi5H steels
by means of non-destructive and semi-destructiveasomement techniques,
Magnetic Barkhausen Noise (MBN), X-Ray DiffractiqgxRD), and Electronic
Speckle Pattern Interferometry (ESPI) assisted hadtdling. Microstructural
investigation by optical and scanning electron oscopy, hardness measurements,
and spectroscopy analysis were also conducted.ompiehend the differences in
the residual stress distributions, various samplke® prepared by applying different
duration of carburizing and tempering temperatuRsssidual stress measurements
carried out by XRD and ESPI assisted hole drillsigpwed that the compressive
residual stress state exists for the case-hardesegbles throughout the case depth
regions, and the magnitude of the compressive uakidtress decreases as the



tempering temperature increases. MBN measureméntsesl that the BN activity
increases with decreasing carburization time anceasing tempering temperature.
It was concluded that MBN technique could be usethéasure the surface residual

stress distributions with a proper calibration apien.

Keywords: Carburizing, Residual Stress, Non-destructive &at&bn, Magnetic
Barkhausen Noise Technique, X-ray Diffraction, ES#ile Drilling
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SEMENTE EDILM IS CELIKLERDE ICYAPI VE KALINTI GER iLIMDEKI
DEGIiSIMLER iN TAHRIBATSIZ YONTEMLERLE TESP iT EDILMESIi

Hizli, Hlseyin
Yuksek Lisans, Metalurji ve Malzeme MuhendisBBolUmu
Tez Yoneticisi: Prof. Dr. C. Hakan GUR

Eylul 2016, 178 sayfa

Yuzeyi sertlgtiriimis makine parcalarinin kullanim émri ve performangydiix
Olciide parcanin ylzeyinde e&n ve yorulma davragini dgzrudan etkileyen kalint
gerilim durumuna bgidir. Son zamanlarda, tim endustriyel sektorlen kalinti
gerilimlerin hizli ve tahribatsiz bigekilde belirlenmesi 6énem kazarytmr. Bu
calisma sementasyon isglemi uygulanmy 19CrNi5H celiklerindeki artik gerilim
dagilimlarinin tahribatsiz ve yari tahribatsiz yontemlkullanilarak 6lgimunt
amaclamaktadir. Bu ¢ama suresince Manyetik Barkhausen Gurtltisu (MBN), X
isinlart kinmimi (XRD) ve Elektronik Benek Desen @im Olgimi (ESPI) yardimi
ile delik delme teknikleri kullanilngtir. Artik gerilim dlctimlerinin yani sira, optik ve
taramali elektron mikroskobu kullanilarak igyapiakn, sertlik oOlgumleri ve
spektroskopi analizi gercekl&ilmistir. Sementasyon sleminin kalinti gerilim
dagihmlari Gzerindeki etkisini anlayabilmek icin, kr sertlesme derinlgine sahip
ve farkh sicakliklarda menelenmis numuneler hazirlangtir. XRD ve ESPI
metotlar kullanilarak yapilan kalinti gerilim 6lpleri, sertligme derinlgi boyunca

baski kalinti gerilimlerinin olgtugunu ve baski kalinti gerilime buyulginin

Vi



menevsleme sicakigindaki arty ile distigini gostermektedir. MBN 6lgim
sonugclari, Barkhausen Gurultistinin sementasyosiadeki azalk ve menewleme

sicaklgindaki arts ile arttigini gostermektedir. Yapilan bu gaha sonrasi uygun bir
kalibrasyon ile MBN tekrdiinin sementasyon sonrasi ghm yizey Kkalinti

gerilimlerinin dlgcimunde kullanilabilir oldiu sonucuna varilrgtir.

Anahtar Kelimeler: Sementasyon, Kalinti Gerilim, Tahribatsiz Muayedanyetik

Barkhausen Gurultisd Yontemi, Xinlar Kirinimi, ESPI, Delik delme
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CHAPTER 1

INTRODUCTION

This chapter is devoted to giving information abthérmochemical heat treatment
process, residual stress formation, and the measunteof residual stress distribution
in the heat-treated samples by means of MagnetikhBasen Noise, X-Ray
Diffraction, and Electronic Speckle Pattern Intesfeeter assisted hole-drilling
method. In the first part of the introductory chepiparticular information about the
carburizing processes and residual stress phenomiinbe discussed in details.
Then, theories of the aforementioned residual stresasurement techniques will
also be explained in details by giving some mathmalamodels. The literature
survey conducted is aimed to provide a scientifisi® for the understanding of how
residual stress induced by the carburizing process be measured by different
techniques. The studies corresponding to the MagBetrkhausen Noise technique
will be given at the beginning of the literaturensey. Then, the studies based on the
X-Ray Diffraction will be given and then the stusliabout the ESPI assisted hole-

drilling method will be presented.

1.1 [INTRODUCTION TO THE HEAT TREATMENT

Engineering components for some applications mase mot only hard and wear
resistant surface but also ductile and tough cohe carbon content of the steel



should be relatively high to obtain high surfacednass upon quenching, as the
hardness of steels is a function of carbon contdatertheless, an increase in the
carbon content of the steel leads to a decreastuctility and toughness of the

components. Since a combination of high surfacelrfess and toughness usually
cannot be achieved by single quenching and tengpéat treatment operations of
the steel parts, such a combination of materialpg@mies can be achieved by
enriching the surface of the low-carbon steel witltbon up to a certain depth.
Thermochemical heat treatment, varying the surfem®position of the steel by

diffusion of carbon, is one of the techniques m#l to acquire hard and wear
resistant outer shell together with ductile andytotnner shell. The fundamentals of
thermochemical surface hardening technique, knasvoagburizing, will be covered

in the subsequent chapter.

1.1.1 Theory of Carburizing

Carburizing is described as a heat treatment irchwiihe carbon content of the
surface of the low-carbon steel is increased whersurface of the steel is in contact
with an environment of high carbon activity at highmperatures in the austenite
range. The surface carbon content, in solutiorustemite, may increase until carbon
activity at the surface becomes equal to that ofrosmmding environment.
Nonetheless, if the activity of carbon at the sunaing is higher than the solubility
limit of carbon in the austenite phase at the @sicg temperature, the maximum
surface carbon content is limited to the solubilityit of carbon in austenite. The
Iron-Carbon phase diagram indicates that the maxinsolubility of carbon in
austenite varies from 0.8% at the eutectoid tentperao about 2% at the eutectic
temperature. In other words, the solubility limft@arbon is given by Awv line in
Iron-Carbon phase diagram shown in Figure 1.1-lulfdy limits of some
carburizing grade steels in austenite can alsoee@ & Figure 1.1-1. When the
carburizing temperature is increased, the moreocartan be dissolved in the
austenite so that carbon content of the steel eandoeased.



However, an increase in the carbon content of thel sip to about 0.8% has an
impact on the hardness of the material. The furtherease in the carbon content
leads to increase in retained austenite rather itt@easing hardness of the sample.
Since retained austenite causes lower hardnessesvadund dimensional and
microstructural instabilities, the coveted percgeataf carbon during carburizing is

usually lower than the solubility limit of carbom iaustenite at carburizing

temperatures.
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Figure 1.1-1Solubility of carbon in austenite for some carbug grade steels [65]

Although carburizing heat treatment is frequentiyried out between 850°C and
950°C, the higher temperatures can be used to eedwcle times. Carburizing
treatment may be performed in a gaseous environnaehdquid salt bath, or with
solid carbonaceous compounds. In any processesalioe objective is to start
carburizing with low-carbon steel and then increthgesurface carbon content of the
steel by the surface hardening heat treatment. Kihts of heat treatment results in

gradually decreasing carbon content from surfageneto the core region.



The case-hardened depth produced by a given caifgimrocess as a function of
time is determined approximately by the followirggation;

x=2,/Dt (1.1-1)

wherex is the case-deptl) is the diffusion coefficient of carbon in austerptease
andt is the carburizing time. The case depth can beulzbkd more precisely by

using Fick’'s Second Law of diffusion as a functairtime and distance;

GG o[ X (1.1-2)
C,-C 2./Dit

s
whereCy is the carbon concentration as a function of distance from the suttsse,
the surface carbon concentratid@y is the initial carbon content of steel and the
other terms defined earlier in the Equation 1.1.-1. Carbon concentcatmriated as

a function of depthx according to the equation 1.1-2 at a given timés
schematically shown in Figure 1.1-2. When a linear line is drawithe carbon
concentration profile illustrated in Figure 1.1-2 in a mannermétisame as in

Equation 1.1-2, the distance meeting thdi may be given as;

x:%\/D_Ct 02.26/Dt (1.1-3)

As seen in Figure 1.1-2, a linear distribution shows a reaé¢pgood approximation

for the carbon distribution. Both equations 1.1-2 and 1giv8 case-hardened depth

as proportional to square root Bft with a constant. Thereby, those equations can

be used to approximate thasehardeneddepth (CHD).
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Figure 1.1-2Actual and approximate carbon content during cdzing [65]

It should be kept in mind that the Equation 1.1+2d aEquation 1.1-3 give

approximate CHD during thermochemical heat treatroperation when the surface
of the steel is flat so that carbon diffuses pedpmrar to the surface from the

surface to core. For cylindrical and spherical acef, the equations must be
calculated by new boundary conditions. Moreovegdtual heat treatment operation,
cold pieces are typically loaded into the carbuagzifurnaces at carburizing

temperatures. The time required to reach the carhgrtemperature is an important
phenomenon since carbon diffusion into the piecaos much during the heating

period. Hence, the Equations 1.1-2 and Equatior8Xdn only be used at the actual
carburizing conditions.

1.1.2 Methods of Carburizing

Three primary methods based on the nature of darbgratmosphere can be applied
for the carburizing heat treatment. Those are caisgd as pack carburizing, liquid



carburizing and gas carburizing. Workpieces ar&gean solid carburizing media in
pack carburizing, while they are subjected to liguand gaseous carburizing
atmosphere in liquid and gas carburizing, respeltivLately, some new methods
have been introduced, such as plasma carburizaggwn carburizing and fluidized
bed carburizing. Pack carburizing, liquid carburgziand the gaseous carburizing
will be discussed in details in the following sudEBons. Brief information about the

vacuum carburizing and the plasma carburizing &b be given.

1.1.2.1 Pack Carburizing

Pack carburizing method is also known as solid wazlng, and it is the oldest
method used as a surface hardening technique. @@ carburizing mixture
contains hardwood charcoal, acting as a sourceadjon, energizer component
which is barium carbonate, and coke increasingthemal conductivity of the
system. Components of the solid mixture are pu imeat resistant container, and
then the container is sealed and heated in a farpegheated to desired carburizing
temperature of about 930°C. The typical solid caging mixture is given in Table
1.1-1.

Table 1.1-1Typical composition for a solid carburizing [60]

Component Composition (Ywt)
Hardwood charcoal 53-55
Coke 30 -32
Barium Carbonate 10-12
Sodium Carbonate 2-3
Calcium Carbonate 3-4

Though the hardwood charcoal is the primary souofecarbon during the
carburizing operation, transfer of carbon from caichng mixture to the surface of
the steel sample does not happen directly by thé-solid reaction. At such a high

temperature, air entrapped in the case reacts th#ghcarbon producing carbon



monoxide. Then, this carbon monoxide reacts with dteel surface whose carbon
content increases according to the reaction;

2CO+ Fe FeG+ CQ [1]

CQO; is produced during the reaction [1], and it furtiheacts with the charcoal to

form CO again to be used in reaction [1];

CQ,+C=2CQO 2]

Reaction [2] will always go right when there is agh carbon dioxide in the system
at the carburizing temperatures. Barium carbomatbeé mixture also decomposes at

the high temperatures to give below reaction;

BaCQ - BaO+ CQ 3]

Reaction [3] supplies the required carbon dioxmelie reaction [2], and so does the
enough carbon monoxide for the reaction [1]. Tlisthe reason why barium
carbonate and carbon dioxide is called as an erergin pack carburizing, the
process continues as long as enough carbon emitite iclosed system to react with
the carbon dioxide.

Operating temperature for the pack carburizingegafrom 815°C to 955°C [60].
The carburized case formation rate increases with ircreasing operating
temperature. By assuming 1.0 as a representatigtorfeof 815°C operating
temperature, the factor increases to 1.5 at 87@F&abing temperature, and more
than 2.0 at 925°C operating temperature. In thibwa&ing operation, the surface
carbon content is approximately equal to the sétyblimit of the carbon in
austenite at the carburizing temperature (see €ifjur—1). The desired carbon level



thru the case is directly proportional to the cahng temperature. When the more
carbon is needed in the case region, the temperahauld be increased.

Even with the good control of the process, it ialilt to monitor case depths to
close tolerances during the operations. The masaore for difficulties in the follow-
up to the case depths is because of the variatiotise time required for all the
mixture to reach the carburizing temperature. Tioeee case depths cannot be
assumed by the equation 1.1-1. In addition to thising the operation, there exist
case depths variations of 0.25 mm at the carbyrimperatures of 925°C. When
the temperature increases, the differences in &éise depth also increases to +0.8
mm. Due to the changes in the case depths andoiteot packing materials, pack
carburization is usually not utilized for the saegtequiring case depth less than 0.8
mm [60].

1.1.2.2 Liquid Carburizing

Liquid carburizing is a method of case hardenindeofous metals by holding them
above their transformation temperature in a mo#ielh bath [64]. The salt in the
carburizing mixture decomposes and releases caabdmitrogen depending on the
mixture used. The high level of hardness can beewetl by the diffusion of the
released elements into the surfaces of the worlalmdiny liquid carburizing baths
contain sodium cyanide introducing both carbon mitrgen into the surface. These
baths are divided into two categories as (1) lowgerature bath, (2) high-
temperature baths. However, non-cyanide liquid $atking a particular grade of
carbon have recently been developed due to theéhhead environmental risks

induced by cyanide baths [64].

Low-temperature baths called as light-case batkstgrically functioned in the
temperature range varying from 845°C to 925°C. Thired of baths is used to
produce shallow case depths varying from 0.13 26 @am. Typical composition of

low-temperature carburizing baths is given in Tahle2. Parts that are produced by



low-temperature baths will have a significant antoafnnitrogen unless the process
is operated with a protective carbon cover of tl@nkugh.

Table 1.1-2Compositions of liquid carburizing baths in wt%0]6

Low-Temperature Baths High-Temperature Baths

Constituents
(845°C —900°C) (900°C - 955°C)
Sodium cyanide 10-23 6—16
Barium chloride — 30-55
Salts of alkaline earths 0-10 0-10
Potassium chloride 0-25 0-20
Sodium chloride 20-40 0-20
Sodium carbonate 40 maximum 30 maximum
Other accelerators 0-5 0-2
Sodium cyanate 1.0 maximum 0.5 maximum
Density 1760 kg/rhat 900°C 2000 kg/fat 925°C

The chemistry of the carburizing process in low4jtenature baths is complicated
since several reactions are occurring simultangodgipending upon the bath

composition [65]. The main reactions involved dgrthe process are as follows;

2NaCN - NgCN+ C [4]
2NaCN+ Q - 2 NaNCc [5]
NaCN+ CQ - NaNCG C( [6]

The possibility of the cyanate formation is moregominant due to the presence of
oxygen. Then, the produced cyanate reacts furthgive;

NaNCO+ C= NaCN+ C( [7]
ANaNCO+2Q — 2Ng CQ+2CG3 4 | [8]
ANaNCO+4CQ — 2Na CQ+6 CO 4 | [9]



Though the activity of the bath is detracted by tbactions [8] and [9] that cause
loss of carburizing effectiveness, all reactionsdoicing carbon monoxide or carbon

are effective in providing the desired case depth a

Fe+2CO- FeCr CQ [10]
C+Fe- FeC [11]

The temperature ranges for high-temperature bathsleep-case baths, are from
900°C to 955°C. Temperature range is critical @ phocess since the rate of carbon
penetration depends upon the temperature. The reguidon penetration can be

obtained at temperatures between 980°C and 104@tGbove the temperatures of
955°C, baths are deteriorated faster. These kihdsihs are used to obtain case
depths from 0.5 to 3.0 mm [60]. The typical comfpiosi of high-temperature baths

is shown in Table 1.1-2. The primary reactionshig type baths are given as;

2NaCN+ BaCJ - Bg CN,+2 NaC [12]
Ba(CN), = BaCN+ ( [13]

The reversible reaction [13] reacts with the swefat the steel further to introduce

carbon into as;

Ba(CN), + Fe—. BaCN+ Fel [14]

Although the surface of the heat treated steelntisdly consists of carbon dissolved

in iron, nitrogen present in the system will alsesdlve in the steel surface.

Non-cyanide liquid baths contain particular gradearbon instead of cyanide as a
source of carbon in heat treatment process [64¢r&@mg temperatures are generally
in the range from 900°C to 955°C. Deep case deghe the high-temperature bath

can be achieved by this method.

10



In liquid bath carburizing, the effective case demtepends on the time and
temperature as stated earlier in the present s§udyace carbon content is controlled
by the salt bath composition since the carbon amdfmgen source for the diffusion
to the surface is provided from the decompositibthe salt. With liquid carburizing,
selective carburizing can be achieved without stfipapplications and variety of
samples irrespective of size and shape can be reatusimultaneously [60].
However, the parts are required washing after #s treatment, and salt that adhere
the hot work pieces causes the contamination ofitieeaching mediums. In addition,

cyanide baths are hazardous for both human headtleavironment [64].

1.1.2.3 Gas Carburizing

During the last few decades, gas carburizing hasrhe the most commonly used
method of thermochemical heat treatment procesanndustry [68]. Natural gas,
or methane (CkJ, is the most used source of carbon for gas cemibgr but other
gaseous or liquid hydrocarbons, such as propasds{Gnd butane (§10), may
also be used as the carbon source. Since unditatedal gas or propane is the richer
in the carbon, the solubility limit of carbon instenite is reached at the surface of
the steel, and some carbides are formed at thexcsurdf the steel. Therefore,
enriching gas should be diluted by the carrier lggfere carburizing process. Most
commonly used carrier gas, endothermic gas, isirddaby the burning of

hydrocarbon in air that the reaction is given as;

2C,H, +30, - 6CO+ 8H, [15]

Then, the endothermic carrier gas consists of ifnegen remained from air, carbon
monoxide, hydrogen as by-products and carbon dep»aater vapor and unreacted
hydrocarbons formed [64]. Typical carrier gas cosipon may be 40% nitrogen,
20% carbon monoxide, 38% hydrogen and small amareintsirbon dioxide, water
vapor by volume. A small amount of enriching gaattis 5 to 20% by volume is
diluted by the produced carrier gas [65]. The mitratio of the gasses depends on

the desired surface carbon content of the low cagbeel.
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Specific reaction during the gaseous carburiziraggss is dependent on the nature
of gas mixture; that is, carrier gas and the emgglyas. During the gas carburizing
process at carburizing temperatures, various @atoccurred may be assumed
thermodynamically in equilibrium [64]. Since therplysis and the reactions from
different gaseous atmospheres are out of scopasrstudy, the chemical reactions
with the presence of methane and carrier gasseduged from methane will be
discussed in detail in the following. The main ddosnts of the carburizing
atmosphere are carbon monoxide, nitrogen acting akluent since it is inert,
hydrogen, carbon dioxide, water vapor and the nmethd&he main carburizing
reactions occurring in the presence of the mentigasses are as follow;

Fe+2CO= FeC+ CQ [16]
Fe+ CO+ H,= FeC+ HC [17]
Fe+CH, = FeC+2 H [18]

When the concentration of carbon dioxide and wedgor in the reactions [16] and
[17] increase in the gaseous atmosphere, the oeactoccur reversibly that
decarburizing process takes places. To annihiteedecarburizing effect of carbon
dioxide and water vapor, methane present in thieucating gas mixture reacts with

them to give;

CH,+CQ, — 2CO+2H, [19]
CH,+H,0 - CO+3H, [20]

During the reactions [19] and [20] that reduce ¢becentration of carbon dioxide
and water vapor, carbon monoxide and hydrogenegyenerated so that the reactions
[16] and [17] occur again to increase surface aarborichment of the steel. It is
seen that the enriching gasses are a major sourcdeocarbon during the

carburizing.
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The carbon concentration at the surface of thd ptaeis determined by the carbon
potential in the gaseous atmosphere. In the heattntient practice, the carbon
potential can be controlled by (1) carbon dioxidmeentration, (2) water vapor

concentration and (3) oxygen partial pressure.

The principle of carbon potential control from tharbon dioxide concentration

depends on the reaction given;
2C0=C+CQ

The carbon potential can be found from the equilifbrconstantKs, written for the

above-specified reaction by the following relatiloips

:aCxPCOZ

< (1.1.2-1)
(Po)

1

where R, and R, are the partial pressures of the specigsis the activity of the

carbon anK is the equilibrium constant for the reaction. Thyliikbrium constant
can be calculated from the Gibbs free energy ahétion of carbon monoxide and
carbon dioxide at the carburizing temperatures.[68 carbon activity is related to

the carbon content of austenite by the relationgga

4.65v
-w

[5093+ 916?{
+

4.65Nj ﬂ -1.867  (1.1.2-2)

Ina. =1In
% (lOO—W

T

whereT is the temperature in Kelviy is the weight percentage of the carbon in
austenite. The combination of the Equations (11).2and (1.1.2-2) give the
relationship between equilibrium carbon contenaustenite and carbon dioxide and
carbon monoxide content. As long as the assumpaoasatisfied, only measuring
the carbon dioxide content is enough to define ararpotential, and so does the

13



carbon concentration at the surface. Figure 1.hdRates the relationship between

carbon dioxide content and the carbon potentiakfatothermic gas produced from
methane at the different carburizing temperature.
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Figure 1.1-3Relationship carbon dioxide content and carboemt@! for endothermic gas
from methane [60]

A similar relationship exists for the control ofethvater vapor by dew point of the

atmosphere. The water vapor content of the atmespbassociated with the carbon
potential by the reaction;

CH,+H,0= CO+3H,
The equilibrium constant of the reaction is giverthee relationship described below;

K _acXPHzo

, =
Feo X PHZ

(1.1.2-3)
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Since theR,, and R, remain constant in the gaseous carburizing atnessphthe

carbon potential can be measured by the dew pdew point in degrees Celsius in

carburizing atmosphere is given by;

5422.18

=—e22® 273,16 (1.1.2-4)
14.73- InR, ,

Figure 1.1-4 shows the relationship between dewtpoi degrees Celsius and the
carbon potential for endogas produced from metratnthe different carburizing
temperature.
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Figure 1.1-4Relationship dew point and carbon potential fadahermic gas from methane
[60]

The partial pressure of oxygen can also be usecohdrol the carbon potential.
Under the equilibrium conditions, the partial pressof oxygen is related to the
partial pressure of carbon dioxide by the followregction;

15



CO+% 0, = CQ

Then, the equilibrium constant can be given by;

K,=—> (1.1.2-5)

The arrangement of the equations (1.1.2-1) and.2:b)} gives the following

relationship;

Ki*Fo

=1 co_ (1.1.2-6)
Ky (R, )"

Since K and Kz are the temperature dependent and the partiabynee®f carbon
monoxide is assumed to remain constant, the cgsbtemtial of the atmosphere can

be calculated from the partial pressure of oxygen.

The typical temperature for carburizing is 925°Ctle gaseous atmosphere [60].
This temperature allows reasonably fast carburizatgs without the deterioration of
furnace equipment. The temperature should be densihroughout the furnace not
to produce various case depths in one batch operalti also is noted that steel
surface is extremely active at carburizing tempeest of 925°C. Therefore, if the
carbon content of the atmosphere is higher thanofisteel, the steel surface absorbs
the carbon to reach the equilibrium. However, whan environment contains less
amount of carbon, then the steel surface losesaitson meaning that decarburizing
will occur. With the gas carburizing process, thsecdepths between 0.5 mm to 2.0
mm can be achieved in a relatively short periotimés compared to pack and liquid

carburizing.
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1.1.2.4 Vacuum Carburizing

In vacuum carburization process, carburizing hesgtinent is carried out in vacuum
furnaces with the introduction of carburizing gaseamixture at relatively low
pressures. The steel is austenitized under a lowwa atmosphere and carburized in
a partial pressure of enriching gasses. After thrieclement step, diffusion of carbon
into the surface is carried out under a low vacatimosphere. The process is carried
out at temperatures between 980°C and 1050°C [&dl jpeessures ranging from 6.7
kPa to 40 kPa. Vacuum carburizing provides exceberdation and decarburization
resistance. Since the vacuum carburizing is a wmmiierium process, carburizing
process is controlled by controlling the processades, like time, temperature,

partial pressure of enriching gasses.

1.1.2.5 Plasma Carburizing

Plasma carburizing is a method of carburizing whkeepartial heating of the parts
and the carburization is carried out in a plasmbwfpressure ionized gasses [65].

The plasma contains ionized gasses and electrasgiviely charged ions, such as
CH,, are accelerated towards the cathode where th®rtas introduced into the

workpiece while the electrons are accelerated & ahode. Typical temperature
range is between 950°C and 1050°C. Since the plasnrssufficient to heat the

workpiece, the auxiliary heating source is used.

In plasma carburizing, high rates of carburizateoe usually obtained. Since the
temperature is of the order of 100 times that af ttaseous molecules, some
chemical reactions, which cannot occur under nortmatmodynamic equilibrium,

can occur [65]. With plasma carburizing, unifornrbzn introduction to the surface
is attained due to the dissociation of the enrighgas and surface oxides removing
the barrier to the introduction of carbon. The déettase uniformity and lesser
distortion in the part are achieved by the plasardurization. Detailed information

can be found in the references [60] and [65].
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1.2 RESIDUAL STRESSPHENOMENON

The stresses to which a component is subjecteldetadrvice can be estimated with
modern analytical and computational techniquesTRis in itself is not sufficient for
the reliable prediction of component performanoeekd, in many cases, unexpected
failure has occurred due to the presence of thdualsstresses that seriously shorten
the lifetime of the components. It is well knowrathhere exist no materials and/or
structures of technical importance with free ofideal stresses. In this part of the
study, brief information about residual stress atsd measurement methods are

described.

1.2.1 Background and Definition

ResidualStresses (RS) can be defined as the stresses thainren the material or
body after manufacture material processing in thseace of external forces
including gravity or thermal gradients [3]. Resitls&resses can also be formed
during service loading, which causes inhomogengtastic deformation in the part
of the specimen. The forces acting on the bodysateequilibrating, that is, zero
force and moment resultants are produced by thal laceas of tensile and
compressive stresses within the whole volume of rieerial or structure. To
illustrate, Figure 1.2—-1 schematically show hovesidual stress distribution through
a thickness of a sheet of toughened glass can eiisbut an external load [4].
Surface compressive residual stresses are balanitdedhe tensile residual stresses

in the central region.
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Figure 1.2-1Schematic diagram of the cross-section of a shfgeughened glass showing

how residual stresses can exist in the absenae eXtarnal load [6]

Residual stresses can be defined as either maaricoo stresses, and both stresses

can be present in a component at any time. A simlplssification can be given as

follows:

Type |: These are macro residual stresses developingenbtudy of a
component over a scale larger than the grain sizé#heo material. These
stresses are equilibrated over the bulk of the mahteDimensions of
material will be changed when the equilibrium ofrces and moment

resultants of a volume containing type | residti@sses are interfered.

Type II: This type of residual stresses is nearly homogenea the scale of
an individual grain and is equilibrated across #igant number of grains.
Macroscopic changes of the dimensions a volumeagung type Il stresses
may only be observed when distinct disturbancesgaflibrium occur.

Type lll: These are micro residual stresses existing wahgnain due to the
presence of dislocations and other crystalline adsfeNo macroscopic

dimensional change will happen if this equilibriisxdisturbed.
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Residual stresses are formed by almost all manurfagt processes. Figure 1.2-2
schematically illustrates some typical ways in whresidual stresses are formed in
engineering materials. Change in the localized dsin requires elastic
deformation of surrounding material to keep the afisional continuity, so
developing residual stresses. Residual stressears@nfrom some sources and can
be present in the unprocessed raw material, int@diuduring manufacturing or
result from in-service loading. The origins of th@ma component can be classified
as (1) differential plastic flow, (2) differentiatooling rates, and (3) phase

transformations with volume changes.
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Figure 1.2—2Residual stresses arise from misfits either betvadiferent regions or between
phases within material: types of macro and micsodieal stress [6]

1.2.2 Residual Stress Formation

The underlying mechanisms of how the temporal andlldifferences in cooling and
phase transformation processes result in thermahkshg and transformation-
induced strains and variation in the microstrudtstate must be understood when

studying the mechanism of stress formation aftenghing of carburized steels [1].
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In the beginning, the part contracts due to theetiggment of thermal shrinking

stresses in all quenched materials. During quegcbifrhardenable steels, austenite
phase transforms into another phase(s) such a@i®ferearlite, bainite, or martensite.
This phase transformation results in so-calledstfiamation stresses superimposing

to some extent the thermal stresses caused bycpaliag.

However,Macherauch and V6éhringg5] states that rapid quenching of austenitic
steel components to the room temperature givestoise hardening residual stress
state that cannot be described by a simple supé@gmosof thermal and
transformation stresses. During quenching, any eaiist to martensite phase
transformation is combined with the volume expamshifting the prevalent stress
values to magnitudes that are more negative irotisiee of signs. Due to the
diffusion based thermochemical process, an inhomeges carbon distribution is
present within a distinct depth so that the fimslidual stress state will be affected by
this different distribution. Hence, knowledge omé-temperature-transformation
(TTT) and continuous-cooling-transformation (CCTiagtams at each respective
surface distance play a paramount role in the dpweént of final residual stress

field due to the transformation behavior.

Understanding the influence of varying carbon peofon the kinetics of stress
evaluation during the quenching is important tadfiout whether the core of the
component starts phase transformation before er #fe carburized surface region.
Three theoretical cases can be deduced to understte sequences of
transformations that occur in the case and the obréhe carburized component.

These cases are as follows:

1. The core region transforms prior to the surfacedi@mation
2. The surface region transformation precedes thetcansformation
3. There is no preference concerning the sequencarmdformations in the case

and the core
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During the transformation of the core prior to tletthe surface, stress formation
during cooling is illustrated schematically in Figul.2—3. As can be seen from the
CCT diagram in the figure, the phase transformatoistenite to ferrite-pearlite
phases at the core region starts at tigie At this period, compressive stresses
formed by the contraction of the part are generatetle core, which is balanced by
the corresponding tensile surface stresses. Fastibetweenct and t;, both the
surface tensile stresses and the compressive ttesses may plastically deform due
to the presence of the relatively high temperatimelsoth the core region and the
surface region. Upon further heat loss, the nedase regions that possess lower
carbon content begin martensitic phase transfoamatWhen the timestis reached,
the surface of the component transform to the maitie phase. However, at that
time, the expansions caused by martensitic tramsftbons are restricted due to the
surface and the near-surface regions that arevediatool and rigid. As a result, the
compressive residual stresses are formed on ther oagions whereas tensile

residual stresses are created in the inner regions.

Transition lines of a
TT-diagram for
Small carbon content

Large carbon content

Igt

Core Surface Core Surface
L J L J
0 1 0 1

Ratio of cross section

Figure 1.2—3Temperatures and stresses of surface and corggdyrenching of carburized
steel as a function of log t [1]
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In the case I, surface transformation starts lgetbe core transformation, seen in
Figure 1.2—-4. Before the transformation tirge the shrinkage of the surface gives
rise to the formation of tensile stresses, whiah l@lanced by compressive stresses
present in the inner region. When the surface ptrassformation starts at time;t
the stresses acting on the surface are decreaseduared into the compressive
stresses while a similar but a weaker trend is robskein the subsurface region. At
this time interval, the core is still austenite awdcan be plastically strained. When
time is reached ta.f the core region starts to transform from austetot ferrite-
pearlite phase. Nevertheless, this phase transformée restricted to the surface
regions already transformed so that compressive stesses are created which are
in the balance with the surface tensile stressdgen/the temperature compensation
is completed, the core regions are subjected tqoessive residual stresses whereas

tensile residual stresses are generated at theecewdgions are.

igt

| |
q 1

Core Surface  Core Surface  Core Surface
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Figure 1.2—-4Temperatures and stresses of surface and corggdyrenching of carburized
steel when martensitic transformations start instiméace [1]
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In the third case, there exist several intermediagidual stress distributions. The
character of the residual stress is dependent enettent, which the prevailing

conditions deviate from previously assumed cases.

1.2.3 Effects of Residual Stress on the Operating Perforance

Because residual stresses have self-equilibratiagacter, the existence of residual
stresses may be disregarded during engineeringrddsevertheless, since they are
stresses, they must be taken into account in tine seay as stresses due to external
loading [5]. Regarding the strength of the materilaé main influence of residual
stress is an addition to the service loading stieds fact, residual stresses are added
as a static load in the elastic range while residirasses are relaxed over the elastic

range.

It is well known that compressive residual strezs & beneficial effect on the fatigue
life, crack propagation and stress corrosion wheteasile residual stresses decrease
the performance capacity of the materials. If a p@ssive residual stress, with an
applied stressa of the opposite sign, is created, the real stsess the material is
less thanoa. For example, surface hardening treatment canecthe compressive

residual stress to increase the fatigue life ofctmaponent.

The performance of the material under loading baseshe residual stress state
induced during the fabrication processes of theinemging material. In order to

increase the mechanical properties of the santgkebetter to have a sample without
residual stress or with compressive residual siressduced on the surface. Hence,
it is imperative to be able to measure and/or ptate residual stress state since the

magnitude of residual stress is critical in comgami with the applied load.
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1.2.4 Residual Stress Measurement Methods

Over the last few decades, various quantitativeqaraditative techniques have been
developed and used for the measurement of resgiiedses. These techniques are
generally classified as either destructive or nstrdetive methods.

The destructive methods as implied are based ormddlséruction of the state of

equilibrium of the residual stress in a componénthis way, the residual stress can
be measured by relaxing it, and the redistributbthe internal forces causes local
strains measured to evaluate the residual stregs fThe procedure used can be

described as follows:

1. The formation of a new stress state by machininigyer removal

2. The measurement of the strain or displacement daugéhe local change in
the stress

3. Calculation of the residual stress as a functiorthef strain by using the

elastic theory

The most frequently used destructive, or so-cadlemi-destructive, methods are the
hole-drilling method, the ring core technique, bending deflection method and the
sectioning method. They are all sensitive to th& kind of residual stress, i.e., the
macroscopic residual stress [6].

The second sets of methods for the measurememisimfual stresses are dependent
on the relationship between the physical or crisgehphic parameters and residual
stress [3]. Since they do not destruct the pas, ribn-destructive measurement
methods can be used for field measurement. The walstleveloped techniques are
the X-Ray and Neutron Diffraction method, the dtmic method, and the magnetic
method. The ultrasonic and magnetic methods areiteento all three kinds of
residual stress while diffraction methods are spiole to the second and third kind

of stresses.
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1.3 THEORY OF MAGNETIC BARKHAUSEN NOISE METHOD

Magnetic BarkhausenNoise (MBN) method is used to characterize materials
materials degradation processes, and internal ssgesVIBN method for stress
measurement has the great advantage of being exgicgly non-destructive and in-
situ measurements. However, it has limited usevatuation of engineering stresses
in an unambiguous and robust way due to its complependence on material
composition, thermos-mechanical treatment, and osianctural condition. In this
section of the study, the theoretical backgroundirzk Barkhausen noise and its

measurement will briefly be presented.

1.3.1 Principles of Magnetism

Prior to giving information about the Magnetic Baakisen Noise measurement,
some fundamental information will be present instlsiub-section for a better

understanding of the background of BN signal gerarsa.

1.3.1.1 Types of Magnetic Materials

The most common way of classifying the magnetigpproes of the materials can be
accomplished by their response to an applicatiomagnetic field. Hence, classes of
materials can be differentiated by using both nsdatpermeability and relative

susceptibility. The two most common kinds of magmtare diamagnetism and
paramagnetism, accounting for the magnetic pragsedf most of the periodic table
of elements at room temperature, which can be seEigure 1.3-1. These elements
are usually referred to as nonmagnetic, whereasethwhich are magnetized to a

certain extent by a magnetic field, are calledemsomagnetic.

Diamagnetismweak form of magnetism, attributes mainly to trbital motion of
electrons creating magnetic moment. In other wotkds, atoms in a diamagnetic
material do not possess magnetic moment during apmied magnetic field.

Magnetization is induced in the opposite directionthat of externally applied
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magnetic field. Diamagnetic materials have a negatnd very weak relative
susceptibility and their permeability values aigsléhan one.

The relative permeability of paramagneticmaterial is only slightly greater than
one. Each atom in a paramagnetic material has anetiagmoment randomly
oriented as a result of thermal agitation [43]. Tdmplication of magnetic field
generates a slight alignment of these moments and lew magnetization in the
same direction as the applied field. Thermal aigitaincreases if the temperature is
raised and it will be harder to align the atomiagmetic moments causing a decrease
in the susceptibility. This behavior called as @uaw.

H [ Ferromagnetic ] Antiferromagnetic He

K [] Paramagnetic [ JDiamagnetic [ = [« [ [+ ][
Li |Be B|{C|N|O]|F |Ne
Na Mg Al|Si|P | S |Cl|Ar

19 20 ] | # 23 4 5 25 27 £ ] i i 3 5 33 4 15 &

KiCa| S¢c |Ti|V [Cr|Mn|Fe |Cao|Ni|Cu|Zn|Ga|Ge|As|Se | Br|Kr

i% iy 40 41 42 43 44 45 an 47 43 4% 0 51 52X 53 54

RB St | Y |[Zr|Nb/Mo|Tc |Ru|Rh|Pd|Ag|Cd|In|Sn [Sb|Te| 1 |Xe

55 56 57 72 73 T4 75 T ) m ™ L1 1 K2 LE] a4 ES L.

Cs|Ba|La| |Hf|Ta| W [Re|Os| Ir | Pt |Au|Hg| Tl |Pb|Bi|Po|At|Rn
Fr |Ra|Ac \

Ce| Pr Nd|Pm|Sm|Eu|Gd | Tb|Dy|Ho| Er [Tm|Yb|Lu

Figure 1.3—1A periodic table showing the type of magnetic betwasf each element at
room temperature [14]

Ferromagneticmaterials include spontaneously magnetized magrdgimains in
which the magnetization of an individual domairorgented differently with respect
to the magnetization of neighboring domains [43heTspontaneous domain
magnetization is generated by the unpaired eledpams from partially filled shells.
Spins are aligned parallel to each other due tooang exchange interaction. Change
in the temperature has an effect on the arrangeneéispins so does the spontaneous
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domain magnetization. The ferromagnetic materighdsumed to bdemagnetized

when the total resultant magnetization for all dommas zero. Nevertheless, the
application of magnetic field alters the total fdémot magnetization from zero to
saturation value. If magnetic field is reduced aenvkrsed in sign, the magnetization
of the material does not retract its original positand the material exhibits so-called
hysteresis. Furthermore, only iron, cobalt, andkeli@xhibit ferromagnetic behavior
at and above room temperature. The alignment ofatbenic moments decreases
with increasing temperature. Eventually, the théraggtation becomes so great that

the material becomes paramagnetic at a tempeiatoken as Curie temperature.

1.3.1.2 Magnetostriction

Under the influence of a magnetic field, the shapel the dimensions of the
ferromagnetic materials may change very slightlg tua magnetic property named
magnetostriction. This type of deformation, whistiri the order of about o 10°

or even smaller, was discovered in 1842 by Jotilwak noticed in the experiment
that the length of the iron rod has changed whegneigzed in a weak magnetic field
as in Figure 1.3-2. Although the dimensions of thaterial vary upon the

application of magnetic field, its volume remainsnstant, which means that a
transverse magnetostriction exists about the hathe value of the longitudinal

magnetostriction with opposite sign.

transverse
magnetostriction
NS
/ \
\ longitudinal
magnetostriction
> H

Figure 1.3—2Elongation of a ferromagnetic object in the di@tiof an applied magnetic
field [14]
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Magnetostriction effect occurs due to the spin{ocbupling of valence electrons in
ferromagnets. When the spins change directionigm alith domain magnetization,
the orbits should change shape to maintain angutenentum. Magnetic field leads

to an increase in the strains due to magnetosini¢iil reaching a saturation value.

1.3.1.3 Division into Domains and Formation of Domain Walls

In materials to be magnetized, individual atomigmet moments have a tendency to
align themselves parallel to each other to decrahse exchange energy that
originates from spin-spin interactions responsilibe ferromagnetism. Though
parallel alignment of the spins decreases the exgEhanergy, this alignment raises
the magnetostatic energy by creating a large extemagnetic field seen in Figure
1.3-3a. As a result, to reduce the magnetostateggn several magnetic domains
are set up with antiparallel magnetizations togethigh the formation of domain
walls (Figure 1.3-3b). Several magnetic domainsfam@ed within the material so
that individual magnetic moments sum to a total mesigation in each magnetic

domain.

et |1

a) b)

Figure 1.3—3a) Alignment of individual atomic moments, b) Bin into magnetic
domains with antiparallel domain magnetizationd [14

Further division into magnetic domains decreasheyrhagnetostatic energy creates
the other energies out of balance. Those are magystalline, magnetoelastic, and
wall energy. Hence, there are five basic energm®Ilved in the formation of

domains. The sum of these five energies being nizeithleads to the formation of a
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certain magnetic configuration though energies may be at their minimum.
Ferromagnetic materials divide into magnetic domaimce five different energies

try to minimize its own.

The transition from one magnetization directiomtmther is sometimes sharp so that
the exchange energy is too large to preserve amlubs magnetic domain
configuration in equilibrium. Creation of a domaiall of a certain width with
magnetic moments of changing orientation step by $telps to have a smoother
transition, reducing the exchange energy. This phmon can be seen in Figure
1.3-4.

domain wall

& N
™~ 7

[/ o N\

Figure 1.3—4Magnetic domain walls containing varying orieraatof magnetic moment
[32]

The domain walls are divided into two types, nanidtych wallin which the atomic
magnetic moments rotate outside of the plane ofntlagnetic momentand Néel
wall where the atomic moments remain in-plane duringrtt@tion. Since domain
magnetizations have a tendency to align with pretecrystallographic axes, domain
walls separating domains of different orientaticas be classified as 180°, 90° for
iron or 109°, 71°for nickel. Different orientaticof these walls can occur within
closure domains that are created when the mathvigles into magnetic domains to
let the magnetic flux stay in the material, dedr@smagnetostriction energy.
Furthermore, domain walls are responsible for tkieiresic magnetic properties of

the material, such as remanence and coercivity.nklag hysteresis curve seen in
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ferromagnets are also created by those. Magnetinanto configurations show
differences with the application of magnetic fieldstress through the displacement
of domain walls. Therefore, magnetic domains pignby barriers are magnetic

microstructures used in technological applicatioased on Barkhausen noise.

1.3.2 The Fundamentals of Barkhausen Noise

The BarkhausenNoise (BN) technique is a non-destructive testingthoe for
ferromagnetic materials. The measurable changdhermagnetization values are
generated by the irreversible movement of the miagremain walls [31, 32].
Ferromagnetic materials consist of small magnetigons that are called as domains.
It was introduced by Weiss in 1907 that these arallsareas in the crystal structure
of a ferromagnetic material possessing uniformigrided magnetic moments in the
demagnetized state. In each domain, the magneticemis align along as easy axis
planes that are certain crystallographic axes éenntlaterial. The domain walls exist
between the magnetic domains in which the magmetments are subjected to a
reorientation and the adjacent domains are sephfatethis wall [31]. Magnetic
domains that are separating the regions of oppasitgnetic moment are called as
180° while the walls lying at 90° to each other &mened as 90° walls for iron-based
material presented in Figure 1.3-5. For nickel damphose are termed as 109° and

71° walls.

b
&\
90° wall
\
180° wall

Figure 1.3-5Diagram showing examples of 90° domain wall an@°X®main wall [35]
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The magnetic domains are rearranged and reorientedn the piece of
ferromagnetic material is magnetized. The magn@bzaprocess results in a
hysteresis curve generated by altering the appliagnetic field i) from negative
to positive field strength whilst measuring the metic flux density B). When the
application of the magnetic field strength to arderagnetic material is increased
slowly, the material becomes magnetized in a sarfesnmall steps as illustrated in
Figure 1.3—6a. During the magnetization process;atitinuous domain wall motion
within the material causes discrete variations iagnetization to be ascertained.
These discontinuous variations in the magnetic tiexsity B are known as the
Barkhausen effect [31].

The different changes occurring throughout the retigation process for a soft
magnetic material can be introduced by the hystem&le shown in Figure 1.3-6a.
Upon the application of the small magnetic fieleesgth, the domain wall motion is
reversible. When a small magnetic field strengtlapplied, the magnetic domains
that are oriented throughout the applied magnétid tan grow at the expense of
non-optimally oriented domains by the movementahdin walls. The movements
of domain wall originate when the domain locatedbae side of the wall expands in
size whereas one on the opposite side of the domalinshrinks. The variation in
the overall magnetization of the sample is causethb result of this domain wall
motion. The domains can regain their original positwhen this small-applied
magnetic field is removed. Larger applied magndigdd strengths can create
irreversible domain wall movement in the ferromagnmaterials. When the applied
field increases further, domain rotation occurs &nein only one large domain
generates when the saturation magnetizatibh gtate is reached. RemanenBe) (s
described as magnetization that remains in thg fukhgnetized sample without any
applied magnetic field. The field required to reelube magnetization to zero is

defined as CoercivityHc) after the sample has been fully magnetized.
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Figure 1.3—6a) Hysteresis curve with large magnification proetliby alternating the
applied magnetic field as a function of magnetix ftiensity b) Hysteresis curve for
magnetically soft (I) and magnetically hard mate(fi [35]

The ferromagnetic material can be characterizedtiiging the magnetic hysteresis
curve parameters such as coercivii)(and remanenceBf) since such parameters
are sensitive to the structure of material [33]r E®ample, coercivity, which is
typically related to hardness, may be employed ifterdntiate hard and soft
magnetic materials as seen in Figure 1.3—6b. litiaddo this, it is reported in many
types research that the coercivity, permeabilitpyd aemanence have a linear
relationship to stress [34]. However, some stutle#e shown that a non-linear and
monotonic behavior as a function of stress is olexbwith the remanence.

1.3.2.1 Barkhausen noise measurement system

The fundamental of the Barkhausen Noise analyssample. The magnetizing yoke
is fed by an alternating current in order to praglaa altering magnetic field strength
for the repeated magnetization and demagnetizatimhes of the ferromagnetic
material. The magnetic field induced in the samipldetched by the search coil.
Then, the Barkhausen noise signal is obtained winesignal picked up by the coil
is amplified and filtered. A schematic diagram oftypical Barkhausen noise

instrument is shown in Figure 1.3-7.
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Figure 1.3—7Schematic diagram of a Barkhausen noise measuteysiem [41]

The penetration depth of the BN signal bases orafiptied magnetizing frequency
and the permeabilityn) and conductivity of the tested materials [16].0dpthe
adjustment of the magnetizing and analyzing frequethe information depth from
which the Barkhausen noise signal comes can bediatigh-frequency Barkhausen
noise measurement is utilized to obtain informabaty from the surface layer of the
component. An example of the usage of the highuieaqgy BN method is to detect
grinding burns from hardened and ground compong@@s When high-frequency
BN measurement is utilized, the analyzing frequeranging from 20 to 1000 kHz
can be applied to obtain information from penetratilepths between 150 to 20 pm
beneath the surface. On the other hand, measurememied out by low-frequencies
are defined as possessing a magnetizing excitboouency of less than 1 Hz [37].
With the typical analyzing frequency range of (01100 kHz, measurements with

low-frequencies may have a skin depth of 635 punp [37
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1.3.2.2 Barkhausen Noise Signal Analysis

It is deduced that the penetration of the magnieid into the specimen can be
increased by using low-frequency Barkhausen noisasorement. The penetration
depth of the BN measurement can be calculated fhenfollowing equation [37]:

5= |+ (1.3-1)
\ 70 oot ot

where J is the penetration depth of the BN signdl, shows the magnetizing
frequency of the signalg is the conductivity of a material under tegt, is the
relative permeability whiles, is the permeability of vacuum. The BN signal is

attenuated exponentially as a function of the distance proceeded thighmaterial
owing to the eddy current damping depending on the frequendyeahagnetized
signal [37, 39]. In addition to the attenuation of the aigthe low-frequency BN
measurement depth estimations will be affected by the properties of senhas a
distance between the magnetizing poles and the sensitivitg pidk-up coil [37]. A
typical Barkhausen noise signal generated by the optimum maggetatage and
frequency can be seen in Figure 1.3-8.
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Figure 1.3-8A typical Barkhausen noise signal with bursts
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A collection of voltage pulses of varying amplitugenerates the BN signal. Two
bursts are formed during an increasing and decergasagnetization cycle. Although
different features can be calculated from the olet@isignal affected by various BN
events, their magnitude, and duration, the mosic#ypparameter calculated and
utilized from the signal is the root mean squar® @} value of the voltage signal

given by;
1 n
RMS= NZ X (1.3-2)

The maximum Barkhausen activity can be obtainednfthe RMS value. The
acquired RMS value is decreased when the hindrainitee domain walls retards the
movement of domain walls under a high hardnes®ompeessive stress state as well
as the presence of the dislocations, grain boueslaaind precipitates. For one-half of
the magnetization cycle, the BN envelope plotteca dsinction of magnetic field
strength or as a function of time can provide infation about the peak position and
height of the BN signal, and the full-width at hatBximum (FWHM) value of the
signal. The obtained envelope can be used to etdcwhrious features of the part
under observation. For example, the peak heigltteigeased with the increasing
hardness [40, 41]. In addition, the peak heighthef hardened sample increases by

over-tempering.

1.3.3 Factors Influencing Barkhausen Noise

Even though it is usually known th&arkhausenNoise (BN) is simultaneously
affected by both the stress state present in thterraband the microstructure, the
relationship of those is still not totally figuredit, and there are contradictory results
in the literature. Upon the application of extermaagnetization, the pinning of
domain walls induced by microstructural barriera edfect the signal registered by
BN pick-up coil. These obstacles in the microstnoetslow down the velocity of the

moving domain wall, and reduce the mean free fatime of the obstacles in the
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structure can be overcome by the application ofemtgr magnetic field strength.
The further increase in the magnetic field strenigds the domain walls to be
relieved abruptly and voltage pulses are generdteel mean free path of the moving
domain wall is limited by the interfaces presentwsen the precipitate and the
matrix or by the variations in the Type Il residgtiess state in the material. This, in
turn, has an effect on the Barkhausen noise. Wheme tare more obstacles to pin the
movement of domain walls, a greater number of iidial BN events are created.
However, it is observed that these events havelesmamnplitude [86]. With less
number of hindrances present in the material an@llemresistances to the
movement of domain walls, a lesser number of BNh&svare observed [86], and the
Barkhausen noise burst is formed at the relatilelymagnetic field strength values.
When the density of pinning sites is raised, theliagtion of stronger magnetic field
will provide the energy for domain wall to passotingh the barriers. In this situation,
higher magnetic field values are required for tharklBausen noise burst to be
observed.

Since the various obstacles possess a differeningmower, a distribution of BN
signal is generated with variation in amplitude tfe pulses (pulse height
distribution). The density of the barriers, suchdedocations, has a significant effect
on the domain wall movement. Since the dislocatlensity is increased by the
hardness, the harder materials decrease the Badmawoise level. As in the
microstructural properties affecting the motionttoed domain walls, stress state also
alters the number of BN signal events and theatned magnitude [15].

Magnetic fields that are required to move and eothe domains are influenced by
the residual stress present in the material. If thresile stresses are present, an
increased magnetic field is necessary to make tbmaths move. Residual
microstresses emerged around the dislocations @en@ehomogeneous microstrains
on the material. The greater the microstrain in didocations, the higher is the

resistance to the domain wall movements. The sinekged variation in the BN
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signal may be deduced from the basis of the vanatin the magnetic domain wall

configuration and domain wall motions.

1.3.3.1 The Effect of Stress

The Barkhausen Noise emission is influenced byraéweicrostructural features and
by the stress whether applied or residual. Thecbasationship between BN and
stress are relatively well apprehended as illustrab Figure 1.3—9. Ferromagnetic
materials are subjected to the magnetostrictionn@menon that bases on the
magnetic field and stress state. When the magmietast coefficient of the material
has a positive value, the Barkhausen Noise sighadals an increasing trend in the
direction of the applied elastic tensile stress.t@other hand, the signal decreases
with the application of compressive stresses in thaterials with positive

magnetostriction coefficient [16].

Magnetoelastic Signal Level

D -
Compressive Stresses Tensile Stresses

Figure 1.3—-9A change in the magnetoelastic signal level wespect to applied stress [28]

A ferromagnetic piece of steel is slightly convdriato the magnet in the direction
of the applied load. Without any load, a ferromdgnenaterial that possesses
positive magnetostriction extends along the dioectof magnetization order to

decrease its magnetoelastic energy [17]. While kibisavior is seen in the material
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with positive magnetostriction, such as iron anatp the ferromagnetic material
with negative magnetostriction, like nickel, wih@w the opposite behavior. Due to
the differences in the interactions between magettion, magnetizing, and stress,
the behavior of the material that can be magnetizeter the application of load is

not easily described [16].

1.3.3.1.1 Elastic and plastic deformation

The relative deformation induced by the applicatmnload can generate either
elastic strain or plastic strain in the materidha@ges in the interatomic spacing of
the crystals describe the elastic deformation. When stresses applied to the
material is less than the yield strength, the netbehaves elastically so that that the
deformation process is reversible [18]. Micro-yielyl characterized as dislocation
formation in favorably oriented grains may occurfobe attaining the actual

macroscopic elastic limit. Contrary to the elasteformation, plastic deformation,

loading greater than the yield strength, lead$é&formation of imperfections such

as twins, dislocations, and shear bands [19]. Wherpart plastically deforms, the
number of barriers impeding the domain wall moveimiecreases. It has been
monitored that anisotropic behavior with respecsttess direction is created by the
plastic deformation. The creation of this anisoitdpehavior causes both 180° and

90° domain wall interactions instead of just 186fa@in wall interactions [20].

The elastic strain induced by stress has a moneopreced influence on the MBN

energy response than the plastic strain. The peceseina plastic deformation in the
material only leads to slight variations in the rage Barkhausen noise energy [19,
21]. This can be accounted for the dissimilar defiiton mechanisms arisen
throughout plastic and elastic deformation. Thestdadeformation can lead to the
variations in the pulse height distribution of Ba&khausen Noise signal amplitudes.
The variations of hindrance sites induced by tlstd deformation have an effect of

enhancing the number of larger BN pulses.
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1.3.3.1.2 Tensile and compressive loading

When the material has a positive magnetostrictmefficient, both the Barkhausen
noise emissions and observed RMS value are inadagdhe tensile stress state
present. Nevertheless, the presence of the conyeestsess has an opposite effect
on them. A magnetic easy axis is generated in trexttbn of the applied tensile
stress to which the domains in the sample attetoptstate. The magnetic easy axis
is created perpendicular to the applied magneéld fif compressive stresses are
present in the material. This phenomenon can be seeFigure 1.3-10. The
Barkhausen noise behavior is saturated at somé pbimpplied stress level. Upon
the application of high tensile stress after thirséion point, a decrease in the BN
amplitude can be observed [22-24]. Hence, the biggtaration of the noise should
be taken into consideration when the BN methodsedufor the residual stress
measurement. The main reason for this issue comms the fact that the
magnetostrictive coefficient is varying to negatbwethe application of tensile stress,

so the BN amplitude is influenced.
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Figure 1.3—10Barkhausen noise response to tensile and compeestsess [28]

During the magnetization of the ferromagnetic materdomains firstly try to adjust
themselves parallel to the adjoining easy axis esponding to the stress and
magnetic field direction. After the alignment, bath the bulk magnetization and
magnetostriction increase. When the load is appliee further alignment of the
domains happens in the exact direction of the agplstresses. Hence, the

magnetization is increased while the magnetostnatiecreases. Since the alignment
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of domains has already occurred upon tensile stngits the magnetic field, the
magnetostriction increases more slowly and evola&s a decreasing value much
earlier. Upon the application of the higher stressbe increasing magnetization
reduces the magnetostriction of the material [25¢. a result, the BN signal
dependency on the stress is reversed; that iBdhdhausen noise signal decreases
in the high tensile stress region.

1.3.3.2 The Effect of Microstructure

The magnetic domain configuration and the pinnitgdistribution are identified by
the microstructure of the material. Nevertheless,hagnetic domain size cannot be
equalized to the size of the grain, but it is pmipoal to the square root of the
diameter of the grain [26]. Phase boundaries, goaindaries, and defects can be
considered as the hindrance sites for the movemwiedbmain walls. In addition,
interface boundaries between the precipitate aadthtrix and precipitates having
local stress field around can also act as a bawidte domain wall movement [27].
It is well known that the Barkhausen noise activitythe material is reduced when
there is an increase in hardness coming out frdmarerement of lattice strain and/or

dislocation density [27].

Composition, phase variations, and grain structaffect the sensitivity of the
Barkhausen noise. Consequently, changes in thegpenies are responsible for the
BN events obtained during the measurement. Furtherndifferent phases have
distinct forms of BN envelopes. Thereby, in thddaing, the effect of the different

microstructure to the Barkhausen noise signal jdagxed.

1.3.3.2.1 Ferrite

When the microstructure of the material containstée phase, the narrower peak is
observed in the BN envelope and the peak obtainexiges at lower magnetic field
strengths as it can be seen in Figure 1.3-11.drehite structure, the main pinning
sites to immobilize the domain walls are the giadundaries, so the release of the
domain walls from the pinning sites requires a lomagnetic field [77]. Because of
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this, domain walls can move a further distancehm ferritic microstructure before

the pinning by obstructions, which are causingdaamplitudes of voltage pulses.

1.3.3.2.2 Pearlite

If the pearlite phase mixture is present in therastucture, the peak of the MBN
envelope is recognized at relatively greater magtieid values than that of ferrite,
as seen in Figure 1.3-11. The hindrance of the adomalls is greatly affected by
the pearlite colonies. If the domain walls and teenentite lamellae are aligned
parallel to each other, domain walls are more gigohindered than the lamellae that
are aligned normal to the domain walls [29]. Thenpig of domain walls becomes
stronger by the reducing pearlite spacing. The ecdraent in the pearlite spacing
that leads to a decrease in the cementite uninwltaises the BN amplitude and

reduce the coercivity [29].

1.3.3.2.3 Martensite

The structure of the Martensite is tetragonal fogcthe magnetization axis to
become parallel to the c-axis in the unit cell adiriénsite. Since martensite structure
is composed of small needles or packet laths witicrasresidual stresses,
Barkhausen noise emission is influenced to somenéxthe magnetic BN signal is
much lower than ferritic and/or pearlitic structusecause mobilization of domain
walls is impeded due to high dislocation densi, [20]. The peaks of this phase are
also much wider than the other phases as showiguné=1.3—11. Due to the residual
stresses in the martensite needles and tetragtmatuse of the martensite, the
differences in the BN envelope occur. The compveseesidual stress formation in

the martensite structure also has an influenceaskt&iusen noise [28].
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Figure 1.3—-11The RMS value of the BN signal as a function gflegal magnetic field with
different microstructures [77]

1.3.3.2.4 Retained austenite

Non-magnetic (internal demagnetizing field) area® generated by retained
austenite so that the domain walls cannot overdbese regions. Since the austenite
is not ferromagnetic, retained austenite in thesph&tructure of specimen acts as a
strong obstacle for the movements of domain walsnein the presence of high
tensile stress [104]. Rautioabbal. showed that the amount of the retained austenite
controlled the stress sensitivity of a 9Ni stedqJL The maximum stress response
was observed with the amount of 3 to 5% retaineslesnite while the higher retained
austenite content decreased the stress responge N signal [105]. In other
words, when the retained austenite content is asa®@, the corresponding stress
response of the Barkhausen Noise decreases. Tiwibe can be explained in such
a way that the austenite remaining in the micrattme creates non-magnetic areas
so that it is difficult for domain walls to overcenthese areas even in the existence
of the high tensile stresses.
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1.3.3.2.5 Average Grain Size

It is generally reported that grain boundaries @stactive pinning sites for the
movements of domain walls. Hence, the grain sizeeliated to BN activity. BN

amplitude will decrease in the presence of largeniver of grain boundaries that is
smaller average grain size [86]. Gatelier-Rotletaal. reported that BN signal

decreases with the increasing grain size in the sample [73]. In contrast, it was
observed increasing BN amplitude with increasirgjrgsize at the beginning of the
magnetization process [106]. If the grain boundasaee the dominant pinning sites
that impeding the domain wall movements, it coutddxpected an increase in the
BN amplitude with increasing grain size since theamfree-path increases. If it is

not the case, the other factors are dominatingipgnof the domain walls.

1.4 THEORY OF X-RAY DIFFRACTION STRESSMEASUREMENT M ETHOD

Of all the residual stress measurement technigieay diffraction has a particular
place as it enables the measurement of surfacesefeessential to estimate the
fatigue life of the mechanical component. This rodttdepends on the elastic
deformations within a polycrystalline material teasure its internal stress. In this
part of the study, the principle of X-Ray Difframti and stress — strain measurement,
radiation selection, stress measurement parameteessurement uncertainties,
advantages, and disadvantages of the techniquebavitliscussed in the following

subsections.

1.4.1 X-Ray Diffraction Principles

X-Ray Diffraction occurs when the radiation intédsaevith atoms or crystallites

arranged in a regular array. For a perfect crystalinaterial, the distance between
crystallographic planes is perfectly defined duehte regular atomic packing into a
three-dimensional periodic lattice. The intensitiésscattered waves sum up into a

constructive interference when the condition, chlBragg’s LawnsA = 2.d-sinO,

is fulfilled, whered is the distance between diffracting lattice plai@sis the angle
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between the incident beam and diffracting plahes,the X-ray wavelength, and n is

an integer.

A

ﬁ\)/ Incident Diffracted
radiation radiation

/ \ Additional path length

Figure 1.4—1Radiation diffraction within a crystal structued [

Diffraction methods utilize the ability of electragnetic radiation to evaluate the
distance between atomic planes in crystalline olygogstalline materials. The
material will deform in the response to the appiaraof any external mechanical or
thermal load or formation of incompatible straitfsthe response is in the elastic
range, the deformation is linear that atoms indhestal move to new equilibrium
positions, shifting the diffraction peaks (see Fegu.4—-2). With the help of the
changes in the positions of diffraction peaks, strain, and/or stress tensor can be
calculated by using the appropriate formulations sofid mechanics. Various
formulations with different assumptions may yielery different results depending

on information volume from which the displacemeatadis obtained.

45



X-ray Intensity

X-ray Intensity

app = ~ Oapp
20, + A26
b)

Figure 1.4—-2Schematic of diffraction emanating from an atoari@y in an (a) unstrained
state and (b) under tensile strain due to an apfuiad [4]

1.4.2 Strain and Stress Measurement

Since the lattice spacing is changed by the elastans, only this kind of strains is
measured using X-ray diffraction to determine matesses. Beyond the elastic
limit, further strain causes dislocation motiorsrdption of the crystal lattice and the
formation of microstresses without any additionalcnostresses. In X-ray diffraction
measurement, the change in the inter-planar spadafirige {hkl} lattice planes is

evaluated and so the strain within the materiauded [7].

Figure 1.4-3 illustrates the coordinate systemnitedn used in the measurement

system. TheS axes define the surface of the specimen Baand S, are on this
surface. The laboratory coordinate systdfn is such that the measured plane
spacing(d,,),,, is along theE axis of the laboratory coordinate system. The

rotation anglesp and vy, related to the coordinate systerﬁfs (unprimed tensor
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quantities) andfi (primed tensor quantities), follow the conventestablished by

Délle [8].

Figure 1.4-3Definition of the laboratory coordinate systendimple coordinate system S
and the angles, v [6]

The interplanar plane spacingl,),, prevails from the position of the diffraction

peak thru Bragg's law. Then, the stri’u&)w along E can be obtained from the

following formulae:

' dhkl B
(533)@/ = ()deo (1.4-1)

In the equation 1.4-1l, shows the unstressed lattice spacing to be exuteiss

terms of the strains; , in the sample coordinate system by the tensostoamation:

£33 = A 858, (1.4-2)

where a, and a, are the direction cosines betweEJg and § axes respectively.

The direction cosine matrix for this case can bigtevr as follows:
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cospcog/ Sip cag -— sl
& =| —sing cosp 0 (1.4-3)

cospsiny  sip sig cag

The anglesy andy settable on the diffractometer are assumed tonbevk exactly,

so below equation can be obtained from substitudipgind a, into the (1.4-2):

(ch)gy — @ | in® si i si
%:gncosz(psﬁél/*'flz sing sify + &, sify sy (1.4-4)

+£,,COS Y +£,,COP SINQ +&,, Sip Sin2

which is the fundamental equation for X-ray stré@termination.

For polycrystalline samples where it is possibleobtain a diffracted beam, three

types ofd,, versussin®y behavior are observed seen in Figure 1.4-4. When t
strain components,; and/or £,, are equal to zero, a linear variationdf, versus
sin’y can be obtained from the equation 1.4-4. Howether strains are non-zero,
d,, measured at positive and negativewill be different due to thesin2y term,

which causes a split id, versussin’y based on the equation. Equation 1.4-1 is

used to analyze the regular behavior of the dateethe oscillatory data is present,

other equations are required for the measuremehedstrains.

r F 3 F
d, d,, d, /

>0

ty
w<0

m

v

v
v

.2 o2 an2
sin” ST sin”

a) b) c)
Figure 1.4—4Plots of regular (a, b) and oscillatoty, versussin’ ¢ data [§
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Equation 1.4-4 is a linear equation with six unknostrains that can be solved

exactly if d,, is measured along six independent directions. elhae two

techniques, Dolle-Hauk and Winholtz-Cohen Leastaseg, proposed to analyze
such data. In the Doélle-Hauk method, two terms dhase the equation 1.4-4 are
defined:

a :§|:(£I33)¢z//* +(£I33)w‘} :{511C0§¢+ £, SIEP+E sif¢—53} Siﬁ/l+£ 3 (1.4-5)

=5 (6n),,. ~(5),, |=epowresin sty 140

A linear variation ofa versussin®y is predicted by the equation 1.4-5, and the

slope and intercept are given by:
My, :{sllco§¢)+ £, SiRp+e,, Sifp- 53} (1.4-7)
=¢,, (1.4-8)
Similarly, the slope from linear variation @, versussin|2//| can be given as:
M., ={ £.,C09+ £, Sind (1.4-9)

The unknown strain termsii, €12, €22 can be obtained from the slopes of the
versussin®y plots while the strain normal to the surfagg, can be obtained from
their intercepts Ifd,vs. si’y data are obtained over a range#af at threeg

rotations (0°, 45° and 90°). This value should be same for all rotations; this

serves as a check of the alignment of the systdra.sirain terms that are out-of-
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planees, €23 can be obtained from the slopes of mzeversussin|al/| plots for ¢=

0° and 90° respectively.

When the full strain tensor isj, is obtained from the diffraction data in the s&np

coordinate system, the stresses can be calculaedHooke’s law:

Ciw & (1.4-10)

where the elastic stiffness coefficientgy Care referred to th§ coordinate system.

The stresses from any other coordinate system eattetermined from the second
rank of a tensor transformation rule. The stramthe sample coordinate system can

be calculated regarding stresses by the inversguadtion 1.4-10 as follows:

& = 5Jk| g, (1.4-112)

1

where S« indicates the elastic compliances. For and elbticsotropic specimen,

the equation 1.4-10 can be rewritten as:

ne 152{ 15" } )

where J; is the Kronecker delta. The tern® and 3 S, are also referred as X-ray

elastic constants with the following representative

o4

In the equation abové, represents the elastic moduluss the Poisson’s ratio, and

1+v

S= (?jhkl (1.4-13)

N~

hkl shows the Miller indices of the reflection undeweastigation. For an ideally
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isotropic material,S; and $S, do not depend on the Miller indices but for quasi-

isotropic polycrystalline materials, these termpatel on the reflection used.

Instead of the determination of the strain tensm then calculating the stresses via
the appropriate formulation of Hooke’s law, equatiio4-4 can be rewritten in terms
of the stresses for an isotropic material in thaa coordinate system as:

. d -d
() = ( hk')gl"’ ° = 1TEU (0,08 p+0,sindp+0,, SiRp-0o., )SiAY
0

1+v v
+?0'33—E(0'11+ 0,,+t03) (1.4-14)

+ . .
+1?U(013COS¢+ Oy Sinp)sing

When principal stresses, and g, are present in the plane of surface and no ssess
present perpendicular to the surfagg =0 (biaxial stress state), then the equation
1.4-14 becomes:

d,—-d 1+v . v
w — 2
. = o,sin"yY -— (0, +0,,) (1.4-15)

The stress component along t8g direction, g,, is given by the equation:
0,=0,,C08 p+0, sinP+0,, sifg (1.4-16)

Equation 1.4-16 predicts a linear variation betwdélea interplanar spacing and

sin’ ¢ with a slope of:

+
mzl?" do, (1.4-17)

4
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The stress in thé?w direction may be obtained directly from the slopéeast-square

lines that are fitted to the experimental data wheasured at varioug. However,

the elastic constanE, Poisson’s ratioy, and the unstressed lattice spaciigmust
be known for the calculation. The equation 1.4-4%kriown assin“y/ a method. In

this technique, sincepdralues may not be readily available in practite, kattice
spacing measured at=0° is substituted as unstressed lattice spacing. dssumed
that the elastic strains for most materials mayothice at most 0.1% difference
between the actual andd at any psi angles. Since the multiplier of thepslds
related to the unstressed lattice spacing, thé éatar introduced by this assumption

is less than 0.1% in the final stress calculation.

1.2300 1 , 1 1
[ v |
1.2295 d,, =(/“|\|-(—‘) (al¢o’:)J
4:: L hkl
. 1.2290 IS
—
o 1.2285 T
V‘
V" 1.2280 I
)
1.2275 M cdey - l+v
—=| — o'.d"
csn y - M a'--ll..‘l\l
1.2270 I X 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6

SIN’y

Figure 1.4-5A d(311) versus sfiy plot for a shot peened 5056-O aluminum alloy [7]

In traditional residual stress calculation discdssdove, the stress components
perpendicular to the surfacé() are neglected in the volume sampled by the X-ray
beam. However, it is not always true sinesplitting, indicating theo,; # 0, may be

observed in untextured polycrystalline materials.
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Stress analysis af-split d vs. sify is similar to the that of strains. Theand a are
expressed in terms of stresses:

a:I. = —dm'/” * d(a'/’_ -
2d,

:1%/(0110052 p+0,sinP+0,, sihp-0 ., )sify (1.4-18)
1+v v
+?0-33_E(0-11+0-22+0-39
d,.—-d, | 1+v . .
aZZ% WZd o }: = (0,5COSP+ T, Sinp ) sin | (1.4-19)
0

Thus, the stresses,,, 0,,,0,,,0,, may be obtained from the slope and intercept of
ar vs. sirhy, for ®=0° 45° 90°. The slope of;avs. sin|8| for ®=0°90°,
respectively, yields the shear stresses and 0,,. When the triaxial stress state is

assumed, then the equation 1.4-14 becomes:

. d -d
(&) = ( hk')g/f 0 1;” (o,c08 p+0,, sinp+a0,, sifig-0., )sify
0

(1.4-20)
1+v U
+?0—33 _E (011+ Ot 039

When the equations 1.4-15 and 1.4-20 are comptredtressy,, determined by bi-

axial methods from thein‘y method will contain an error equal in magnitudestg.

For such a case, @ vs. sify data is obtained for two Phi tilts, one can aagjftiom

the slopes of théséS)W, vs. sify plots;
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1+v (0,,c08 p+0,sinp+0,, sifp-0.,)

23 = E
(1.4-21)
_1+v B
“TE (0@\ O3)
_1+vu 2 .
m¢A+903 - ?(011 co @A + 90)"' J12 Sln(z@A + 90))
+0,,sin’ (g, + 90)-0;) (1.4-22)
1+vu
= ? (U¢A+9o ~03)

The sum of the slopes of equations 1.4-21 and 2.4r2l the interception c(t'33)w

vs. sirty are equal to:

1+vu

My, + Myug0 = E (0, +0,=20) (1.4-23)
1+v v

! :?0—33_E(011+0-22+0—39 (1.4-24)

where ¢, is the angle betweeg and the principle axisﬁ . Equations 1.4-23 and

1.4-24 may be solved together to calculate thesstiealong the surface direction.

1.4.3 Selection of X-ray Radiation

The selection of anode tube to produce X-ray antheavavelength of the incident
radiation plays a major role in the measurementesfdual stress. For a precise
measurement of the inter-planar spacimg @ithin a crystalline material, anode
material has to be selected so that a suitable gBraflection can be emitted at
sufficiently high 2-theta angles. The radiationnist appropriate for a particular
crystalline material when the sample emits its dlwarescent X-rays caused by the
Ko component of the incident beam [9]. Fluorescerachation results in the very
high background. Inadequate peak-to-background,rditerefore, is obtained from
the resultant data. This unwanted radiation cadifmnished by using a secondary
monochromator before entering the X-ray detectmweler, the penetration depth
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is insufficient for representative stress measurgraéthe bulk due to the absorption
of most of the incident X-ray radiation. In order avercome this problem, anode
material should emit the longer wavelength (lessrgetic) that penetrates further

into the sample.

Regardless of the selection of anode material, yXstaould be selected to give a
reflection at the highest possible 2-theta angleha variations in the d-spacings are
minuscule due to the presence of strain. Thoughptek shifts are only a few

increments of a degree, small variations in theatmgs can give measurable
changes in 2-theta at the high 2-theta angles. Assalt, using the reflections at a

Bragg angle greater than 130° is sufficient forteasurement of residual stresses.

Different receptions to both elastic (residual s$jeand inelastic (line broadening)
strain are obtained since the deformation mechanisrary with different
crystallographic planes [8]. Since residual stressasurements conducted on the
various crystallographic planes or by differentiatidns are not comparable, it is
important to specify which planes will be used fbe measurement. Table 1.4-1
shows recommended test parameters for common ,steeish is not same when

using different types of anode materials.

Table 1.4-1Recommended test parameters for steels [8]

_ o Wavelength Peak Plane 2@ Angles Penetration
Material Radiation

(R) (hkl) (degrees) Depth (um)
BCC iron, Cr-Ko  2.289649 {211} 156.07 4.6 - 4.7
ferrite and martensite
ron base materials Cu-Ke  1.540501 {222} 137.13 15-1.6
FCCiron, Cr-Ka  2.289649 {220} 128.84 3.9-4.3
retained austenite
austenitic base materials CU-Ke  1.540501 {331} 138.53 15-1.9
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1.4.4 Measurement Parameters

The X-ray tube should be functioned at its uttetrmmesommended power output so
that the minimum time is attained for the recorddifraction peak. Power settings
should be kept as the same for all the measurenfentsomparison since the
variations in the power will result in different mtes values for the residual stress
measurement. Selected count time should be longgtnim assure obtaining a well-
defined peak. Optimum count time can be determimedharacteristics of both the
tube and the sample, the surface preparation methgadoyed, the presence oK

filter, etc.

Another measurement parameter is the number afrtgtes)y. It is suggested that at
least five tilt angles should be employed for bptsitive and negative psi angle.
Upon obtaining an improperly defined diffractionage extra psi-tilts can be used to
enhance the exactness of the final stress calonlatf psi movement cannot be
possible, the opposite sign of psi-value, calledup®-negative, can be used by

rotating the sample by 180° in Phi.

1.4.5 Potential Sources of Measurement Uncertainties

During the residual stress measurement, many fachpe contributing to the
uncertainty of the measurement. The principle sewt error in residual stress
measurement by X-ray diffraction is related to tbeating the diffraction peak
position with high precision. Errors of approximgt6.025 mm in the alignment of
the positioning of the sample cause errors appratem 14 MPa in the stress
measurement [8]. The alignment of the system shbeldchecked readily using

stress-free powder sample.

Systematic error in the measurement can also b&daoy roughness or pitting, the
curvature of the surface within the irradiated area other geometrical factors
interfering with the diffracted X-ray beam. In ceargrain size material, the peaks
become asymmetrical so that it gives a random uracy in the location of

diffraction peak and residual stress measurement.
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A major uncertainty emerges from the determinabbrthe X-ray elastic constants
(E/1+v)nk. The residual stress measured is a function ovahee of the X-ray elastic
constant. Therefore, the identification of the gtasonstant is a necessary for the

residual stress measurement.

1.4.6 Advantages and Disadvantages

One of the most commonly used methods for residiniats measurement is X-Ray
Diffraction. It is a nondestructive technique useaneasure surface residual stresses
for quality control. It can also be combined witbng®e form of layer removal
techniques so that the stress profile measurenzanbe done, but then the method
becomes destructive. Generally, there is no neethéomaterial preparation for the
stress measurement. With the improvement of thescttmt technology, the
measurement times are greatly decreased up to A0tesi Residual stresses of a

wide range of materials can be measured by thimtque.

One of the major disadvantages with XRD is thetatnon imposed on the test piece
size and geometry [10]. Specimen must have the g&grauch that X-ray must be
diffracted to the detector without hitting any alides after hitting the surface of the
specimen. X-ray has shallow penetration depthsrdéipg on the materials, so only
surface layers are measured. In addition, the sangplbe measured should be
polycrystalline with reasonable grain size andb®severely textured.

1.5 THEORY OF ESPIHOLE-DRILLING STRESSMEASUREMENT METHOD

An Electronic SpecklePatternl nterferometer, so-called ESPI, is based on thénstra
gage hole-drilling method. Deformation measureduadothe hole is converted to a
value of in-plane residual stress with the helE8PI system; therefore, the ESPI
system is adapted as a residual stress measuréecenique. This relatively new

method can provide much better quantification & pineciseness, and a means for
future advancements in the science since it apieswider range of materials and

surfaces, and provides more detailed informatiayuathe deformation occurred due
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to hole-drilling [11]. In the following subsectionsingle beam ESPI system for the
stress measurement, analysis technique, some ddrtbes quantified, advantages,

and disadvantages of the system will be presented.

1.5.1 Principle of ESPI System

The commonly used hole-drilling residual stress sueament technique was first
pioneered byathar et al.in 1933 [12]. It is a destructive technique notdese the
part is destroyed by drilling a small hole, butdese the material is removed, hence
the stress support is destroyed. The deformatied ts calculate the residual stress
occurs due to this removal of the material. Theehchn be drilled in several
increments, thereby the stress state as a funciiatepth can be obtained [13].
Though strain gages are employed in the standatdothdéor measuring the relieved
strain, optical techniques can be utilized for theeasurements of surface
displacement around drilled holes, which is prolsgdntonov and McDonacim the
mid-1980’s [102, 103]. Among the optical technokxji ESPI system gathers full
field of view data and stores it electronicallynbe, the stress analysis is performed
rapidly by computer algorithms.

Electronic speckle pattern interferometry assistede-drilling measurement can
generate data about displacements by shape chahtjes surface of the specimen
by mathematically combining interferograms registiedigitally before and after the
deformation caused by drilling a hole on the swefatthe sample. In a single beam
ESPI system, the object is illuminated with cohetagt, which is a green laser in
this study. ACharge Coupled Device (CCD) camera is used to detect the light
through a lens system, and a prism is interferhmg dbject light with a reference
beam from the laser source. The ESPI measuremst@nsycan be seen in Figure
1.5-1.
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Figure 1.5-1The ESPI measurement system set-up [7]

The interference images recorded by the CCD cameratored in a computer for
the stress calculation process. Useful informatibaut the measurement cannot be
obtained by an unprocessed image by itself. Theimeage shows a random-looking
fringe pattern of light and dark speckles that enerated by the surface roughness
and the optics, seen in Figure 1.5-2. In orderdguie quantitative information
from the drilled hole, images taken before andrdfie deformation process is stored
and processed by four-bucket phase-stepped algoriflnis algorithm necessitates
two sets of four images each taken before the olojeformed (reference set) and
after the deformation (deformed set). The referdveam is stepped by 90 degrees
between one image and the next with a small mib@nded to a piezoelectric
actuator and driven by electronic circuitry synctized with the frame grabbing

hardware.
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Figure 1.5—-2Example of speckle pattern of unprocessed imaff dnd processed image
(right) by computer software

1.5.2 Stress Analysis Technique by ESPI System

In Figure 1.5-1, the illuminationk{ ) and the observatiork() vector is identified.

Those vectors specify in 3-D space the orientatfaine incoming laser light and the
direction of the observation. The illumination atiee observation vectors can be
regarded as constant across the image if thedieltbw of the instrument is narrow

enough.

Both vectors are normalized to a magnitude g 2which is the conversion factor

from pathlength variation to phase chang®, for the coherent light of wavelength

L. A sensitivity vectork , is described as the difference between the ohtervand

illumination vectors. This can be mathematicallpessed as:

o K=k =k (1.5-1)
Q =k.d (1.5-2)

It can be deduced that the single beam ESPI systdfigure 1.5-1 is only sensitive

to surface displacements in the direction of sesitvector. The illumination and

the observation vectors should be defined by mebsirquantities, as they are

valuable inputs to the calculation of the sendiiviector so does the residual stress.
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When an interference image is produced, the ligtanisity that is recorded by the

CCD changes according to the following formula;

(P, A) = Lo (P, A+ Loy (P O+ 2/ 1 1o COSH (@ 1), (1.5-3)

where 0, ¢ identifies a specific pixel location in the imageordinates and@(p, q)
is a random-looking relative phase distributionoasrthe picture. If the surface of
the object shifts by a small amount, the phaseratyepoint in the image is further

moved by an additional angl2(p, g) that equation 1.5-3 becomes;

1(p,0,d) = 1o (P, Q)+ 1oy (P, D+ 2 1o oy COSE P A Q (0. (1.5-4)

assuming that the optical setup has been left miess, and the surface
displacement of the object is much smaller tharstiexkle size. The light intensities
after the deformation cannot be correlated to titensities before deformation at

various point in the image when the surface dispteents go beyond speckle size.
The acquiredh images before andlimages after the deformation by the ESPI system

differ by a fixed step in reference beam phaseeaffigiThen, the intensities in the

two sets of four images given by;

(P, ) = lr (P, @)+ 1o (P, Q)+ 2 L o COSP @ Q)FQ (.Y B (1.5-5)

When the four-bucket algorithm is used, the sofutbQ can be expressed as;

Q:tan_l[(ll—ls)(ll—l D+ )0 A )J (1.5-6)

(I, =15)0 2 - 4)_(| ) I1_| 3)
An interferogramF, can be formed quickly by using above equation as;
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F=[(,-1+0 =1 )]+, 0+ 4 )]
=32l | o (1+ COSQ ))

(1.5-7)

Equation 1.5-7 is utilized for a real-time displaty the computer screen. Displaying
the fringes in real time is useful to verify whetleesteady data is being acquired. If
there exists a vibration that distorts the fringétgrn in the system, this will be seen

by the live image on the screen.

The displacements resulting from the release atiues stresses by a blind hole-
drilled can be expressed as;

u A+ Bcos®d A-Bcos2 B sin2 ||o,
u,r=| Csin28 -Csind -ZXsin?| 0, (1.5-8)
u F+Gcosd¥ F-Gcos? & sin2||r

z Xy

whereu,, U, are in-plane displacements in the radiglapd tangentialf) directions,
u, is the out-of-plane displacemeat,, o, and7,, are the stress components in the

material. The coefficients in the above equatiam lva expressed as;

a=lltVR g I o IE Ll o M8 (g
2E 2E 2E 2E 2E
wherero shows the hole radiug is the modulus of elasticityy are the Poisson’s
ratio anda, b, c, f, gare the non-dimensional coefficients as a funcbbmadial
location normalized by hole radius/ro) and hole depth normalized by hole

diameter.
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Figure 1.5-3Typical fringe counting path [11]

The displacements lead to variations in the patgtkeof light that are reflected from

the region around the hole. These changes in ttrel@agth cause phase variations
and a fringe pattern to be composed to gain rekgttesses. Once the fringe pattern
is obtained by ESPI without the need for phasetisgifand unwrapping, a radial

location, which is denoted by point (1) and angle is selected as seen in Figure
1.5-3. Then, the number of light and dark fringesssed is counted. With the usage
of the same radius as for point (1), similar cowats be made for two other starting

points with different angleg, and 6,. Residual stress componemts 0,, and

can be found when the coumis n, andnz are put in the following relation;

Jx Cll ClZ ClS 1
o,;=mCy C,, Cyu| N (1.5-10)
z-><y C31 CBZ C33 n3

All fringe counts are taken at the same radius,dbulifferent angles, the coefficient

Cjj of the equation 1.5-9 can be expressed as;
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C, =K [cos@ (A+ Bcog] ) C si] sing ]
C, =K [cos@ (A-Bcog] } C sif sin@ ]
C,=-2K,[Bcosd sing -C sing | (1.5-11)
T
K,=—cos
T /4
where the horizontal direction is taken in the dien of illumination,y is the angle
between the surface of the sample and the obsenvight; A is the wavelength of
laser light. Then the principle stress and thereations can be found using the

following expressions;

2
g. .+t0o . .—0
0_1,0_2 — X yy +\/( XX2 yyj +z.2 (15_12)

The angle between the illumination direction anmhgple stress can be calculated

as,

B =45 (1-signjo,, -0, )(1- (0 - ayy))% tan’® JZ%VO_ ) (1.5-13)

whered is impulse function.

1.5.3 Potential Errors and Uncertainties of ESPI System

As in the other residual stress measurement teghsjgmany factors affect the
residual stress measurement upon the applicatidaSéfl system. Essentially, the
unprocessed ESPI data consist of displacement, irbith strains are derived given
the image scale. Stress calculation is done inidrday a user-provided elastic
modulus. Thereby, any relative error in the elastiodulus of the material is
transmitted 100% into a relative error in the raaidstress measurement.

The displacements on the surface are linearly ptapal to the depth of the hole

drilled on the material as well as hole diameteny A&rror in the depth of the hole
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will produce similar errors in the stress. Thes®msrare a function of the depth so
that the change in h/D value will result in a diffiet error. The diameter of the
finished hole depends on various parameters likeatuck wobble, machinability
of the material, drilling speed and feed, etc. ¥@on in the hole diameter results in
the difference in the calculated stress values.adidition to these parameters,
determination of the location of the hole centerais important in the stress
calculation. In ESPI system, the location of thentee of the drilled hole is
predetermined by the graphical hole-marking toohe Teffect of error in the
positioning gives rise to miscalculation since aoef deformation corresponding to
any pixel is calculated wrongly.

When a small hole is drilled into a part possessegjdual stresses, the stresses
remaining in the part are locally relieved to proeltnew stress distribution around
the drilled hole. Due to the stress concentratiff@cts around the drilled hole, the
new stress distribution can exceed the originatiued stress values leading to non-
elastic deformation around the hole. This non-elad¢formation misleads residual
stress calculation. Also, the strains induced blirdy a hole in the material should

be kept as low as possible not to affect stressutzlon.

Another source of the error in the stress calautatiomes from the determination of
sensitivity vector described as the average of itlenination and observation
vectors. The 3-dimensional orientations of thosgors are guided by the user while
setting up the system and those are supplied tarthbsis system by the user in the
form of angles measured between the CCD cameratt@ndurface of the part.
Possible errors in the determination of those anglfuences the interpretation of

the displacement data caused miscalculation cdstralues [12].
Other potential sources of uncertainties and erirotbe stress calculation by ESPI

system are discussed in details Bgnslet and Steinzigh the four-part series in

reference 12. Other error sources result from imagale error, cone beams,
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wavelength and intensity fluctuations of used lageitl type, ambient light, phase
stepping, CCD camera noise, etc.

1.5.4 Advantages and Disadvantages of the ESPI System
The ESPI assisted hole-drilling method has the lméifyato collect data in a short

period in a variety of the materials. The measurgnsgstem can be applied to the
rough and/or curved surfaces. Contrary to thersgage hole-drilling method, there
is no need to prepare the surface for the strage ggplication, so the measurement
time is lesser. The technique has the advantageowfding full-filled data useful for
data averaging, error checking, and the extractibretailed information. Hole
eccentricity can be modified by this full-filled @asince this optical data is like

having multi-element strain rosettes with many gends of available gages.

The measurement system is required more resear@stablishing the well-proven
experimental procedures. Equipment cost can relative high compared to other
techniques. In addition, the system setup shouldnberferometric stability for

collecting reliable data. The small drilled hole the sample generally will not
significantly impair the structural integrity of éhpart being tested. Lastly, the
calculated stress data can be gigantic due todhkd for at least four raw images for

each drill step.

1.6 LITERATURE SURVEY

This section of the present study is devoted tordwew of the studies conducted
about the residual stress measurements in recers & means of magnetic
Barkhausen Noise, X-Ray Diffraction, and ElectroBjmeckle Pattern Interferometer
techniques. The literature survey carried outnsed to provide a scientific basis for
better understanding of residual stress measurebyeetaich technique. To achieve
this goal, the present section is divided into ¢hreain subsections. In the first
subsection, the studies corresponding to Barkhansese technique is given. Then,
studies by means of X-ray Diffraction will be dissed in the second subsection.

66



Moreover, in the last subsection, residual stresasurement depending upon ESPI

hole-drilling stress measurement system will beuised.

1.6.1 Studies Based on Magnetic Barkhausen Noise Method

Physical and magnetic properties of the materials mfluenced from the
microstructure including information about the ditfnt phases existing in the
material. The number, distribution, shape, volunaetfon, and size of the phases are

used to define the microstructure of the matefi@l.|

In the literature, many microstructural propertigshe materials have been studied
with the Barkhausen noise measurements. Such piegare the grain size [71-76],
ferrite, pearlite and martensite phases [77-82{ #e carbon content of the steel
[73, 80, 83-85]. Magnetic domains and domain wadtsease when the grain size
decreases. Basically, this implies that more Baskba jumps occur, but the
amplitude of the BN emission will be smaller [86he peak height of Barkhausen
activity [27] and the maximum Barkhausen noise dongé [73, 75] was utilized to
see the effect of grain size on the BarkhauservigctiMoorthy et al was also
noticed that the peak position shifts to lower sggplmagnetic fields with an
increasing grain size [27]. The Barkhausen noisetsa were studied byamaura et
al. Their findings were so significant that an incee@sthe grain size decreased the
ratio between high and low-frequency componentsgrach misorientation also had

a significant effect on the measurement [74].

Quite controversial results are indicated for thftuence of the carbon content in the
literature. The results were generally showed #maincreased carbon content cause
increased Barkhausen activity [83, 84]. In a stafljranjanet al, this situation is
explained by the fact that grain size decreasedl waiit increasing carbon content,
which leads further to increased Barkhausen agt[Vvil]. The relationship between
the carbon content and the three features of Baddranoise signal, which are
raising slope, FWHM of the profile and RMS valuegsastudied byg et al. It had

found that all the features are increased whenc#rbon content increased [83].
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Capd-Sancheet al. also showed that there was a region where simekults could
be observed, but the maximum Barkhausen amplitiatarages and begins to

decrease with the higher carbon content [84].

The steel microstructures of ferrite, pearlite andrtensite have been studied with
Barkhausen noiséloorthy et al.andKleber et al. have reported that the amount of
ferrite may be detected by the Magnetic Barkhauseise measurement [78, 82].
The martensite content was analyzedSaguet et aland Kaplan et al.while the
pearlite content was studied Byo et al.[77, 80, 81]. The RMS value or the peak
height of the BN emission was sensitive to the astucture changes. Studies of
Kleber et al., Kaplan et al., and Koo et hhs showed good correlations between the
features of Barkhausen noise and microstructurés8§8. Tempering of the
microstructures has also been studie@hyuet et al., Moorthy et al., and Davut and
Gur([72, 77, 87].

An increase in the hardness value leads to thergigme of more pinning sites since
dislocation density increases. The enhancemeriteirhardness value, also, impedes
the domain wall motion. This effect has been obesgiwn the studies reported in the
literature. The RMS value of the signal has de@eagith increasing hardness [88-
90]. The same relationship has been found betwasinhss, and the peak height of
the BN burst [72, 81]. In another study conductgdvimorthy et al.andO’Sullivan

et al., it has been found a linear relationship betweenirtkerse of BN activity and
hardness [72, 89].

Owing to the higher dislocation density inducedhaydness, it is expected that the
coercivity of the material increase [90:Sullivan et al.nave reported the inverse of
Barkhausen noise was exponentially proportionahwhe coercivity of the material
[89]. Mészaros and Szaldound that coercivity was not affected from thedmess
of stainless steel samples [92]. The study showatdeak position was proportional

with the hardness instead of coercivity. Good datien between peak position and
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the hardness have reported in the studyaifut et al [40]. The relationship between
coercivity and the peak position has been repanedher studies [87, 93].

In the literature, there have been a lot of resudiasted to between the Barkhausen
noise and the stress state of the material. Typmbalervations have shown that
tensile stresses lead to an increase in the Baskhnaactivity while the compressive
stresses decrease it [90, 94-%jerczak et alhave reported that there was a linear
relationship between the reciprocal of the pealgtiteand the applied stress [96].
The same relationship has also been reporte8Sdmya-aho et al.but the slope was
dependent on the hardness [90]. In studies, ibkas observed that both tensile and
compressive stresses showed saturating behavicgn\Wicreasing the tensile stress

after saturation point, Barkhausen noise emisdiamesi to decrease [75, 85, 93, 97].

Typically, variations in the stress state have b@glained by using the RMS value
[73, 95], the Barkhausen noise energy [98, 100, the peak height [93, 96-99]. It
has to be kept in mind that the residual stresssarement by the BN method is
challenging since the microstructure, compositiangd other parameters affect the
Barkhausen signal and the influenced of differemopprties could not be

distinguished from the signal. It has also beencatdd that the BN was affected by
the direction of measurement, and so the diregtiost be taken into consideration
during Barkhausen noise measurement. To avoid ttiéeulties, the BN device

must be calibrated for each material before thesstmeasurement [95, 97, 98].

1.6.2 Studies Based on X-ray Diffraction Method

Heat-treated parts with the same hardness profiesy have different
microstructures, and so does the residual stress. $Estimation of microstructural
transformation and residual stress distributionrupeatment is quite difficult [44].
There are a variety of methods are available tosoreathe residual stresses; yet,
only the X-ray diffraction has the appropriate sggatnd volumetric resolution for
adequate characterization of residual stress loigions. In the literature, many

researchers have attempted to measure residusg stege using X-ray diffraction.
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As a result of thermochemical heat treatment, tle&rsts an inhomogeneous carbon
and/or alloy distribution within a distinct deptlAs seen in Figure 1.6-1, for
26MnCr4 steel plates of 110x15x4 mm in dimensiaistyibution of residual stress
due to case hardening is different from those farmehe same steel part by quench
hardened. The carburizing process was conducteal gas atmosphere at 930°C.
Then, the both plates were subjected to the quegdhom a temperature of 840°C.
Even though the geometry of components and theatpires conditions are identical,
it was observed that resultant residual stressilaligions were completely different

due to the surface concentration gradient of atigylements [45].
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Figure 1.6—1Residual stress distribution across the thickoéssrdened and case-hardened
steel plates [45]

In a study carried out biMacherauch et al., Vohringer and Stickeits has been
indicated that the ratio of case and core thickrniaflsenced the magnitude of
compressive residual stress state at the surfaea tite other factors remained same
[45, 46]. It was also deduced from the study tloahgressive residual stresses at the
surface would be high when the core was much thiekeseen in Figure 1.6-2a.
When the case is thicker, the core tensile stressedd be highSchréderand his
colleagues have studied the residual stress measaoteat and the below of the
carburized cylindrical in shape C22 steels. Sthale been carburized to 0.2, 0.4,

and 0.8 mm and quenched from 880°C in water. FiguBe2b shows an increase in
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the compressive residual stress and the maximumduedsstress location shifts
towards the core with an increasing case depth P&irish and Harperalso have
shown that the carburized case depths were ertitpjethe compressive residual
stress zones. In addition, residual stresses whamged their signs generally
between the carburized zone and the core region.
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Figure 1.6—2a) Influence of case-hardening depth (CHD) ondik&ibution of longitudinal
residual stresses [45], b) depth profile of tangénesidual stress with different case-
hardening depths [47]

Another reach about the effect of workpiece sizeemidual stresses was carried out
[50]. It was stated in the study that componentngetoy together with the heat
transfer associated with the quenching had hadfanoten the final residual stress
state induced by carburizing heat treatment. 20Mc@eels were gas carburized for
3 hours at 930°C with a single hardening operatisiter tempering operation at
180°C for 2 hours, residual stress distributionsasneed by means of X-ray
diffraction is shown in Figure 1.6—3. While the fawe residual stress has remained
approximately constant, the tangential compresss&lual stress has increased with
increasing diameter. As seen in the figure, triplihe diameter of the cylinders
creates residual stress state that is approxim#telytwice of the original sample

71



with a smaller diameter. It was concluded from she&dy that workpiece shape and
geometry has had an indirect effect on the striede slue to the modified cooling

conditions during quenching [50].
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Figure 1.6—3Residual stress distributions in identical carpedlicylinders with different
diameters [50]

The effect of quenching and tempering on residtrakses state has been studied by
the many researchers [51-57]. Considering the dquartidemperature, an increase in
the quenchant temperature has increased the cosiy@essidual stress developed
on the sample (see Figure 1.6—4a). With an inccegsenchant temperature, the
transformation starts temperature was observee &hlfted towards the core, so the
core region has transformed prior to the surfa@&5%8]. Heat-treated samples are
usually tempered to transform the unstable marensistable tempered martensite.
This causes an increase in ductility and so theiroence of the delayed fracture is
minimized. In addition to the increase in the dugii the retained austenite
transformation tends to reduce distortion. Furtleam residual stress values
decrease with the increasing tempering temperasimee martensite loses its
tetragonality, elastic deformation caused by th&todiion in the material reduces.
Studies have revealed that tempering operationdeareased the residual stress as

seen in Figure 1.6-4b.
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Figure 1.6—4a) Effect of quenchant temperature on the resistuess state, b) Effect of
tempering on the residual stress state [58]

1.6.3 Studies Based on ESPI Hole-Drilling Stress Measureznt Method

Several types of research have been recently ctealun about whether adopting
the optical methods, such as ESPI in combinatioth \wble-drilling, is feasible.
Although using this kind of techniques for deteration of residual stress state can
be advantageous in view of cost and time of measemg several parameters
involved in the measurement process can signifigaaffect the accuracy of the
stress measurement [61].

Barile et al.[62] have studied the effects of process parameairrthe accuracy of
the stress measurement by ESPI assisted holeagrillihey have observed that the
coordinate of the reference system and that of C&Dera was one of the important
factors influencing the residual stress calculationthe experiment, stress values
were recalculated by hypothesizing an error +2°th@r angle defining the x-axis.
Figure 1.6-5 shows the percentage of the variationsalculated residual stresses
when there is an error £2°. Numerical results ef$tudy and the percentage of error
computed in the stress profile can be seen in ThlBlL. From the study carried out
by Barile at al, it can be deduced that the error in the anglanahef the x-axis plays

a important role in calculating the residual stretsse [62].

73



jury
o

o M A MO N DO ®

s
g ol - Ax2=:20
-—
< X< o - —— 4022
%\
~
~
~ _ X
10 K= -

' 0
jury
]

0,10 0,20 0,30 0,40 0,50 0,60 0,70 0,80 0,90
Hole Depth [mm)]

o
8

Figure 1.6-5Variation of the percentage difference in the ulatedoxx with the hole depth
in correspondence of an error with respect to nredsangle [62]

Table 1.6-1Calculated stress« for measured= 24° and percentage error foa=+2° [62]

Oxx [MPa] Oxx [MPa] Oxx [M Pa] AGXX % Acxx %
Depth (mm)
(a=24°) (a=22°) (o= 26°) (Ao=-2°) (Aa=+2°)
0.16 -393 -396 -389 0.6 1.2
0.32 -314 -321 -305 2.2 2.9
0.48 -268 -279 -255 3.9 5.0
0.80 -213 -229 -195 7.5 8.4

The effect of drilling speed on the stress caleoiahas been studied in the same
study [62]. The holes were drilled at three diffdreelocities, 5k, 35k, and 50k rpm.
Tested sample has been loaded in the four-pointdibgrframe to create a well-
known stress state of 143.6 MPa. Stress resulis fre ESPI data have shown that
the stress calculation was coherent with the expetiteoretical value. However,
with lower drilling speeds, calculated residuaksses were scattered more than that
of maximum speed as seen in Table 1.6-2. They liaued that the standard
deviation for the stress measurement has been &bBétitat 5k rpm, whereas it has

been decreased to about 4% at 50k rpm.
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Table 1.6-2Effect of drilling speed on the residual stresasugement [62]

ox at 5k rpm ox at 30k rpm ox at 50k rpm
[MPa] [MPa] [MPa]
118.0 153.8 152.6
152.8 165.2 145.2
170.2 171.2 150.2
147.0 163.4 149.3 Mean Value
22.6 8.8 3.8 Std. Deviation

In the study ofCheng et al.residual stresses in heat-treated SUS 304 staisteel
have been measured by using ESPI assisted hdlaglf83]. Results have indicated
that the experimental method and the numerical atetiell agreed to each other so
that the ESPI assisted hole-drilling techniques agdicable for the heat treatment
induced residual stress measurement [63]. Fige6lshows the residual stress
distribution; AA’ line in the figure shows the rdsial stress state at the surface of the

sample calculated by FEM while the BB’ is the inpart of the sample.
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Figure 1.6—6Comparison of the measured (ESPI) and calcul&EM] residual stress
distribution [63]

It has been shown that the analysis area of thé &3#sted hole-drilling method has

affected the residual stress calculated [66]. Wiheninner radius of the circle was
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too small, the experimental error arose due topllastic deformation around hole

and chips deposited near the hole. On the othet silen the outer radius was too
large, the error was present since small deformatigere considered [66]. The ratio
of the radius of inner or outer circle to the radnf the hole defined as 2 and 4,
respectively. In the experiment performed in thedgt when the inner radius kept

constant, changes in the outer radius caused anierthe calculated stress between
2% and 12% depending on the depth. When the cadérs remained same but inner

radius changed, the error values varied from 2208 [66].

Rickert et al.[67] have compared the ESPI hole-drilling and X¢Raiffraction
technique. Both methods gave the similar depthilpofis seen in Figure 1.6-7. It
has been deduced that the ESPI method has beentagkaus over XRD since it
was much faster. In addition, ESPI method gathémémmation about the stress
from complete drilling increment, whereas the XR[Rthod was limited to a thin
layer. However, zero-depth determination of the ES€thod caused an error in the
stress calculation, so the identification of zeepith as precise as possible was

necessary for ESPI method.
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Figure 1.6—7Comparison of the residual hoop stress measur&SBy and XRD methods
[67]
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1.7 THE AIM OF STUDY

Carburizing that is the most widely used industifiermochemical diffusion process
generates a hard and wear resistant surface layeoraponents primarily produced
from low-carbon and/or low-alloy steels. Since st typically high-temperature
process, the microstructure of steel is austeaitithe operating temperature of the
thermochemical heat treatment. Because of thifucaing is always followed by

phase transformation after cooling [1].

A major benefit of the process is the formationcompressive residual stresses on
the surface of components. In addition, high hasdnand strength, which is
combined with the beneficial case compressive stfesmed by the interaction
between case and core, improve both the surfaqeegres and resistance to wear,
bending fatigue, and rolling contact fatigue. Ewbiough many carburized parts
possess the same hardness profiles, they may h#eeeist microstructures and
residual stress distributions. Prediction of realdstress state is tough and
problematic. During the last decades, there has laepromising breakthrough in
calculations based on the computer simulationsraedsurements of residual stress

states in carburized and case-hardened steel sample

By depending on the size and the type of matevidlet tested, testing speed, cost of
the testing system, residual stress can be mea$wyregither destructive or non-
destructive methods. Destructive methods, includitrgin gage hole-drilling, ring
core, sectioning, imply the formation of a new staf stress in a material and the
calculation of residual stress as a function of iieasured strain developed by the
local change in the stress. On the other hand,destructive methods, such as X-
Ray Diffraction, Ultrasonic, and magnetic methoti®asure the stress state without
damaging the material. As a magnetic method, Barsdéra Noise technique
challenges the commonly used methods with its lost and fast inspection capacity

in the characterization of residual stresses.
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The aim of the present study is to monitor the ateons in microstructure and
residual stress in carburized steels by the udmttf destructive and nondestructive
methods. The existing research compares three memasnt techniquesylagnetic
Barkhausemoise (MBN), X-Ray Diffraction (XRD) andElectronicSpecklePattern
Interferometry (ESPI), in order to measure the redidstress formed by the
thermochemical heat treatment process. The firgpteln provides theoretical
background and overview of thermochemical heatrireats and the methods used
in this dissertation. This is followed by the expental procedure section consisting
of material used, heat treatment process informagquipment, and setting, as well
as test and measurement parameters. Residual steassirement results combining
with the comparison of obtained measurement refdts each technique are dealt
with in the third section. In the last chapter loé tstudy, conclusions, and possible

future studies are presented.
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CHAPTER 2

EXPERIMENTAL PROCEDURE

This chapter is devoted to giving detailed infonmaton experimental procedures
that are conducted during each step of residuakstmeasurement and the other
metallurgical measurements, such as microstrucinvaistigation. Various methods
are used for the residual stress measurement ofntaterials varying from
destructive to non-destructive methods. In the gmestudy, an incremental hole-
drilling method by means of Electronic Speckle &attinterferometer (ESPI), X-
Ray Diffraction, and Magnetic Barkhausen Noise rodth were performed for
residual stress measurement. For the sake of sityplihis section is divided into
Six sub-sections. Each sub-sections give detailgf@drmation about material
selection; heat treatment applied and optimizedarpaters for residual stress

measurement methods.

2.1 MATERIAL SELECTION

Carburizing process improving the hardness of dagp¢h by introducing carbon into
the surface layer of a component is one of the mwodely employed surfaces
hardening processes. Carburized steels are commdsadcomposite material, in
which the constituents are the harder carburizefhse and ductile unaffected core.
Compressive residual stresses are formed in thiacgulayer of the component when

guenched from the carburizing temperature. Highrwesistance, fatigue strength,
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and toughness result from the combination of higitdhess and compressive

residual stresses.

Since compressive residual stresses are formedndegeon carburizing process
parameters, analyses were performed by applyingethdifferent carburizing
procedure flowed by various tempering treatment@@rNi5H low carbon steel that
is especially used to produce any gears, pinse@mles, etc.

A total of thirty-nine rectangular in shape sampid®se dimensions are 165x36x10
mm (Ixwxt) were prepared from 19CrNi5H steel rodg torning and milling
operations. Since all samples were machined fraansdme steel rods, thirty-nine
samples possess same mechanical properties andcah@mmposition given in

Table 2.1-1 prior to the heat treatment process.

Table 2.1-1Mechanical properties and chemical compositiogaohple

Material 19CrNi5H / SAE 3120/ En 351 (BS 970) / 20NiCr4
Elastic Modulus (E) 201 - 209 GPa
Poisson’s ratio @) 0.27-0.29
Yield Strength (YS) 350 — 550 MPa
Ultimate 'I;(Lejr_:_sgl)e Strength 650 — 850 MPa
% Elongation 8-25
Density 7.70 g/crd
Chemical c Si Mn P S Cr Ni Mo Al v Fe
Composition
(% weight) | 0.18| 0.26| 095/ 0014 0026 101 094 005 0.431 09.0 balanced

2.2 HEAT TREATMENT

Before any heat treatment process, all samples labeded in accordance with the
heat treatment to be applied. To do this, fourtdigimenclature style was applied to
samples as seen in Figure 2.2—1. In this labefirg, digit showing heat treatment

applied is either normalizing process (N) or carbng process (C) in the present
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study. The second digit designates the duraticime@heat treatment in hours whilst
the third digit refers to the tempering temperatufée last digit shows the

measurement point on the surface of the sample.

HC-T:X
‘ T— Measurement Point
Tempering Temperature (°C)
Heat Treatment Cycle (hr)
Heat Treatment Applied

Figure 2.2—1Nomenclature for coding of the samples

All rectangular samples were subjected to normadizieat treatment process at the
same batch before the application of gas carbwyimperations. In the normalizing
process, steel samples were uniformly heated to°@8€r the complete
transformation to the austenite phase. They were #llowed to cool in still-air. In
order to obtain homogenous microstructure throughba samples, the soaking
period is chosen about three hours. Residual ssesgduced by turning and milling

operations are expected to be relieved by the riaimg processes.

Three of the normalized samples were selectedfaseernee assuming that samples
are in stress-free conditions. The rest of the $asrip arranged into three groups that
consist of twelve identical samples before heatttnent operations. Each group was
gas carburized in the batch type furnaces. Thedtep was heating the steel to the
desired carburization temperature of 900°C andiegadt the uniform temperature
for 90 minutes. In the heat and soak steps of tbegss, the carbon potential was set
to 0.8 %. After heating and soaking the samplessbstep with the carbon potential
of 1.1% was carried out for about 120 minutes. FBlep results in carbon absorption
by the austenite until the limit of carbon solulyilin austenite at the process
temperature. The boost step was completed by tisengnixture of GHs (g) and the
shielding gas (33% Kl 28% CO, and 0.8% CH Carbon is liberated by the
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dissociation of the hydrocarbon gas on the surfddbe steel samples; then the free
carbon is directly absorbed by the austenite. Befguenching operation, steel
samples were undergone diffusion step since aermely abrupt case-core interface
would form after the boosting step resulting froambon gradient. After completion

of the diffusion step, a more gradual case-coresit@n was obtained due to the
carbon diffusion inward from the carburized surtathe furnace temperature was
then decreased to 860°C with the carbon potenti@l8%. The typical carburizing

cycle can be seen in Figure 2.2-2. Then, the sampdee quenched in the oil whose
temperature was 60°C. Samples remained in theopihfduration of 30 minutes.

Each group was carburized by different duratiomenely 8, 10 and 13 hours to see

the effect of carburizing time on residual stresses

After carburizing operations, samples in the growese tempered at 180, 240 and
600°C for three hours while some of the samplesevimld in as-quenched form.
The aim of this heat treatment process was to m@terwhether there is a decrease

in residual stress state by tempering operations.
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Figure 2.2—2Typical carburizing cycle for 19CrNi5 steel
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2.3 MAGNETIC BARKHAUSEN NOISE METHOD

2.3.1 Specimen Preparation

Since the depth of high-frequency Barkhausen sigmatelatively shallow, the

surface properties strongly affect the MBN sigrfalirface preparation by using
chemical and/or electrochemical method is prefeoeer mechanical methods for
high-frequency Barkhausen measurement. Therefdre, durface of the test

specimens was prepared chemically not to affedtiuak stress measurement in a
negative way. This chemical cleanup was also usedeist of the residual stress
measurement methods since mechanical methodshaitige the residual stress state

of the materials.

In addition to the chemical cleanup of the surfadesnagnetization of the sample or
at least removing the magnetic history by randongizhe domains was necessary at
the measurement point, as remanent magnetic figtdslikely to influence the
measurement. In order to obtain symmetrical magagbn and a corresponding
symmetrical MBN signal on the magnetizing cycle| #st pieces were
demagnetized by using demagnetizing tunnel usechégnetic particle testing.

2.3.2 Device Information and System Settings

For MBN measurement, specimens with 165x36x10 nmedsions were used. On
these samples, five measurement points were detednat least 2 mm away from
the edges not to affect MBN signal acquired. Measants were made by
commercially available Rollscan 300 device togeth#h Microscan 600 software
developed by Stresstech Group. In this measurerntengeneral purpose S1-18-13-
01 sensor was used for MBN measurement. A sinulsoiddic magnetic field was
induced in a small volume of the specimen via aitéeicore with the help of the
sensor. The system configuration can be seen uré&ig3—1.

Rollscan 300 device utilizes automatic magnetizialjage and frequency sweeps to

find optimum magnetizing parameters. Sine and gimrmagnetizing waveform
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could be applied by this instrument. Rollscan 3@8 magnetizing frequency and a

peak-to-peak voltage of 0.1 to 100 Hz and O to 3§ Mspectively.

Figure 2.3—1Magnetic Barkhausen Noise device and the sensalr us

2.3.3 Test Parameters

Any residual magnetism in the specimens was elitathdy using demagnetizing
tunnel beforehand the measurement. In Rollscan imement, the magnetizing
frequency was 250 Hz and the high-pass, and low-fifter frequencies were
arranged as 0.1 and 1000 kHz, respectively. In {I8&€AN measurement, an
excitation magnetic field with a frequency of 25& kvas acquired while the
magnetizing voltage, adjusting the magnitude ofrttagnetizing field applied to the
material, was set to 10p¥ Sampling frequency, which determines how many
samples are stored per second for signal analysis,set as 6.4 MHz Number of
magnetizing half cycles stored was fixed to 20 Batsen signal bursts during the
measurement. During pSCAN analysis, the obtaingétBasen Noise signals were
filtered between 200 and 1000 kHz frequency ramgedrrelate MBN and XRD
measurement depths. These parameters were optilnyzesing two distinct sets of
samples according to their residual stress stBiedoing this, fully optimized MBN
signals for residual stress state could be produegdrdless of microstructure and
hardness effect. Details of the optimization precesn be seen in the next chapter.

Five measurements were carried out in three mewapulirections, namely 0°, 45°
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and 90°. The reliability of MBN measurement was rdiféd by the R coefficient

obtained from the Pearson’s correlation.

2.4 X-RAY DIFFRACTION METHOD

2.4.1 Specimen Preparation

Before conducting any residual stress measurenagnt,soil or grease should be
removed from the surface, ideally by washing oth®/use of a solvent. Mechanical
methods such as the use of wire brush should beled/since they may introduce
additional surface residual stresses into the sanip) keeping this information in
mind, as-received samples were cleaned from aniduesby ethyl alcohol.

Measurement points were also electro polished tmtalb5 microns to remove any
oxide layer affecting residual stress measuremeotr po any X-Ray diffraction

measurement method.

As a known fact, the main requirement of mater@ XRD method is that the
material should be crystalline or semi-crystalliaed it should have an isolated high
angle diffraction peak in the range of 125 to 120F. Therefore, a quick X-ray
measurement was done to determine whether the sarhple separated high angle
peak at around 156°@R2value. After ensuring the existence of the highlarpeak,
measurement points were chosen at least 2 mm amvay the edge of the flat
samples to avoid residual stress relaxation. Wihdtatn the incident and diffracted
beams interact with the specimen without blockiraswhecked by operating the X-

ray device for a short time.

2.4.2 Device Information and System Settings

The X-ray diffraction residual stress measuremeras woerformed by using
commercially available XStress 3000 G2/G2R manufact by Stresstech Group
seen in Figure 2.4-1. The X-ray source was Chromadration with ki wavelength

of 2.289649 A. Tube voltage and current were s80&dV and 6.7 mA, respectively.

3 mm in diameter collimator was used, and the degabetween the collimator and
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the test piece was measured as 10 mm. Before neeasors, the device was
calibrated by stress-free iron reference samplerdoty to the description in device
user's manual. For depth profile measurement afive$ stress, MoviPol electro
polisher by Struers was used with an A3 acid sou{60 mL perchloric acid + 360
mL ethylene glycol monobutyl ether + 600 mL methano

Figure 2.4-1XStress 3000 G2/G2R residual stress measuremsteinsy

After the stress measurement operation, retainestemite in each point was
measured by using Seifert XRD 3003 PTS system. @Gium radiation was
produced by applying 30 kV and 55 mA. 2 mm collioratvas used so as to cover
more grains. As stated in ASTM standard, the faakomethod was used to measure
retained austenite in the samples. Seifert XRD J@0S system was also utilized to

measure the residual stress in the austenite plhasgin the measurement samples.
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Figure 2.4-2Seifert XRD 3003 PTS system

2.4.3 Test Parameters

With the XTronic software used for residual stressasurement, Modifiegd mode
was used as a standard measurement mode sincetdaod arc is in the position
shown in Figure 2.4-3. CrKradiation was employed by focusing on the ferrite
{211} planes at ®~156°. Five tilts for both positive and negatiyeangle ranging
from -40° to 40° were used. As in the MBN measumaimmeasurement directions
for five equally distanced points on the sampldasg was 0°, 45°, 90° with respect
to the rolling direction. For 3 mm diameter collitog the exposure time for each tilt
was set at 5 seconds, and 10 minutes was requireitid completion of the stress
measurement. As one of the most important taskeisccurate determination of the
position or shift of the intensity peak in the gl stress measurement by X-ray
diffraction, Cross-correlation method was chosefotalize the peak position. With
Seifert XRD 3003 PTS system, residual stress measent on the gamma phase was
also conducted by using Crakradiation. In this measurement, gamma phase with
lattice plane of {220} was focused a®2129°. Totally forty-five tilts were used
between -45° to 45% angle for three Phig) angle. The total amount of time

required for the measurement was about 210 miriatesach point on the sample.
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Figure 2.4—3Detector arc in modifie mode [7]

During the retained austenite measurement witteBeXiRD system, four diffraction
peaks were tried to obtain between 74° and 1®°values. While two of these
diffraction peaks originates from gamma phase uaiftice plane of {200} and
{220}, the other two comes from ferrite phase of02 and {211}. Retained
austenite content measurement was conducted osathe point used for residual

stress and measurement on each point took abautntes.

2.5 ESPIHOLE-DRILLING METHOD

2.5.1 Specimen Preparation

SinceElectronic Speckle Pattern I nterferometer (ESPI) testing is semi-destructive,
incremental residual stress measurement by thifiodetvas conducted upon the
completion of all nondestructive measurement. Poothe stress measurement, the
measurement surfaces were cleaned from oil and atusther particles that may
affect the measurement. Due to optical measuremietite surface distortion, the
sample surface must be optically rough and minka-Ireflected light must be
avoided. Accordingly, a thin spray paint coatingnoétte color was applied to all

sample surfaces to improve the measurement conslitio
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In ESPI measurement, another important factor affg¢he measurement conditions
substantially is that the sample should be mouptegerly to minimize vibrations.
Specimens were positioned by clamps made from alwmiso that the hole is
drilled perpendicular to the surface. By doing tligecial caution is taken care not to

introduce stress in the measurement area by thepaig.

2.5.2 Device Information and System Settings

Prisn® that combines the tried-and-true hole-drilling host with digital imaging
and ESPI is a new way to measure residual streaswite variety of materials. In
this technique, minimal specimen preparation isliregl. A standard Prism system
developed by Stresstech Group (Figure 2.5-1) acomtaicomputer for software, type
3R laser light source with a wavelength of 532 nnd ahe power of 20 mW,
illumination and video heads and a high-speed.dFifle instrument monitors the

stress changes less than 7 MPa.

Figure 2.5-1Prisn? residual stress measurement system

During the measurements, two-fluted end mills vatbiameter of 1/8” (3.175 mm)
and 1/16” (1.5875 mm) were selected for incremehtk-drilling. Due to the

difference in the case-hardened depth, two difteeszrd mills were used to obtain
residual stress data through the hardened laykesafiples were carefully clipped on

the aluminum clamp for obtaining a perpendiculdtidg on the surfaces.
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2.5.3 Test Parameters

Prior to the measurement, proper adjustment ot#meera was accomplished so that
the camera may properly image the drilled hole. dlin@ice of the hole-depth strictly
depends on the chosen end mills diameter. The depdfameter ratio (D/d) should
not exceed the value of 0.6. That is, there isrgaicedepth limit at which further
drilling will not create any response at the susfathereby, 1/8” and 1/16” diameter
end mills were chosen to obtain stress results ftase depth and the core region.
Two-fluted end mills were changed with the new onevery five measurements in

the steel samples.

To determine the optimum test parameters for cabdrmaterials, trial sets were
formed on the dumb case hardened samples by clipdgihng speed and drilling
feed rates. Drilling speeds varying from 8,000 50,000 rpm and feed rates from
0.05 mm/sec to 0.25 mm/sec were tested. Afternigstin dummy samples, the
optimum parameters were determined as 40,000 rpdth Gab5 mm/sec. When
determining the drilling speed and the feed ratgartant factors are the hole shape,
noise formed during measurement and the zig-zatprpabf the analyzed stress
values. Desired depth with optimized parametersreashed by 25-micron step-size
increment. To reach the depth of 1.0 mm and 1.5waslasted two hours and three
hours, respectively. In addition to the determioratdf the measurement parameters,
evaluation parameters were also tried to be foupdhe series of experiment.
Evaluation parameters of ESPI assisted hole-dyillstress measurement system
mainly consist of the analysis area and the detextian of the sensitivity vector. In-
plane direction angle introducing the higher amoahterror on the calculated
residual stress values was measured as far adbj@osSince the analysis is defined
as the region between two circles drawn aroundithied hole, the results in terms
of residual stresses are influenced by the sizbefarea. The diameter of the inner
circle should not be so small so that the erromoarbe arose due to the plastic
deformation arisen near the hole region and thepbasl due to the chips deposited
near the edge of the hole. Furthermore, the diano¢tie outer circle should not be

too large not to consider the region of very srdafiormations. In the light of these,
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the analysis area was chosen as such that theandeouter circles have a diameter

of two (2) and four (4) for the stress calculatiorthe present study.

2.6 MICROSTRUCTURE —HARDNESS— SPECTRAL ANALYSIS

Microstructure and hardness measurement was pertbon the samples sectioned
from rectangular carburized samples by abrasiveoffutmachine. The RD-ND
(rolling direction — normal direction) planes ohgales were used for these analyses.
Specimens were then ground, polished and etchade $ine surface of the bakelite
mounted samples were not rough, the grinding ojperatas performed using 320
and 600 grit SiC papers and polished by using 9 3ippm, and 1 um size diamond
suspensions followed by 0.04 um colloidal silicamnsion in the final polishing

operation.

Figure 2.6—1Zig-zag pattern adopted for hardness measurements

Hardness measurement was made on a cross-sectiopast in order to determine
case-hardened depth. By this way, case-hardened @eg derived graphically from
a curve that represents the variation in hardngssfanction of the distance from the
surface of the specimen. During the hardness ttestcross-section of the part was
polished to allow the correct measurement of tze sf the hardness indentation.
Hardness measurement was made along four paraléed hormal to the surface
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within a band of the width of 1.5 mm on each sideth® specimens. The total
indentations were sixty for each samples. In addjtihe distance separating two
adjacent indentations were 2.5 times greater thair tliagonal and the distance
between each indentation from the surface was meatgr than the 0.1 mm.
Therefore, zig-zag pattern, which can be seen gurgi 2.6-1, was performed on
each measurement not to affect hardness valuesdangd@o EN ISO 236%tandard.

For the hardness measurement in this study, Shimidd®/-2T device was utilized

with 9.806 N load implemented for 10 seconds. THaentation measurement was

done at 100X magnification.

By following hardness measurements, the sampleg wtahed in 4% Picral (4 g
Picric acid + 96 mL ethyl alcohol) and 2% Nital f& nitric acid + 98 mL ethyl
alcohol) solutions. Microstructural characterizatiozvas performed on the same
samples after etching. Huvitz HDS-5800 and FEI NN@aoSEM scanning electron
microscopy (SEM) imaging systems were used for esicuctural analysis. The
magnification level was ranging from 50X to 1000Xtlwthe optical system and
1500X to 10,000X with scanning electron microscopwring SEM analysis, the
field-free mode was utilized due to the magnetiarabters of the specimens. The
high voltage value was 15 kV for 19CrNi5H steeltiking a proper image.

For Optical EmissionSpectrometer (OES) analysis, 80x36x10 mm specimesis w
sectioned from the carburized samples. OES analyassperformed on at least five
points on the surface through case-hardened depthsimg Bruker Q4 Tasman
optical emission spectrometer. Before each measngerthe surface of the samples
was ground by 50 um under cooling liquids. The GiaSlysis was performed until
reaching the core region which was specified bycdrdon content of the normalized

sample.
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CHAPTER 3

RESULTS AND DISCUSSION

This chapter is devoted to the discussion and ahgparison of results obtained from
the X-ray Diffraction method, ESPI assisted hol#lidg method and Magnetic
Barkhausen Noise method as well as microstructadl optical emission
spectrometry analysis and the hardness measuretnshbuld be noted that all the
results are presented for 19CrNi5H steel subjettedhe thermochemical heat
treatment for a different period of the processt #he sake of convenience, this
chapter is divided into five main sections. In tfest section, microstructure,
hardness, and optical emission spectrometry reatdt®xamined. Then, in the next
three sections, the results obtained from the X&fraction method, Magnetic
Barkhausen Noise method, and ESPI assisted hdlieginmethod are examined in
details for the randomly selected carburized anunabzed steel samples from the
twelve sets of specimens. Moreover, in the lastigecthese measurement systems
are compared with each other in order to decidehvtachnique is best suited for the
residual stress measurement of the case-hardertedatga

3.1 MICROSTRUCTURE —HARDNESS— SPECTRAL ANALYSIS RESULTS

In this section of the study, the microstructudahi@acterization of the steel samples
will be given at first. Then, the hardness measergndone for the determination of

effective case depth will be given prior to theiogitemission spectrometer results.
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3.1.1 Microstructural Characterization

The Continuous Cooling Transformation (CCT) curve andime Temperature

Transformation (TTT) curve for 19CrNi5H steel areowh in Figure 3.1-1. The
martensite start temperature is about 400°C. Upomate cooling, it is expected to

have ferrite and pearlite phases in the microstrect
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As expected from the CCT curve, the normalized $angontains ferrite and
degenerated pearlite phases with some possibleeadbtands in the microstructure
when cooled down to room temperature from ausiitn temperature of 880°C,
which can be seen in Figure 3.1-2. After the thememical treatment and
guenching operations, typically martensitic andgered martensitic structures are
obtained for the 19CrNi5H steel specimens. Reptatiea micrographs for
19CrNi5H steel samples subjected to the thermodtantieatment are given in
Figure 3.1-3 - Figure 3.1-5.

Figure 3.1-20ptical (left) and SEM (right) micrographs of thermalized 19CrNi5H steel:
500X and 5000X magnification, respectively

A component containing the only virgin or fresh teasite cannot be used in
engineering applications as the toughness andlithucti the material is lower with
the exception of the maraging and boron steels. eSéactors such as lattice
distortion, carbide formation, and residual stiessl to the brittleness of martensitic
structures. Therefore, materials having marterfeitmed after quenching is always
tempered to (i) relieve internal stresses, (ii) iaye the dimensional stability and
(i) increase ductility and toughness of the miaier

The 19CrNi5H steel samples are quenched and techgrearious temperatures
between 180°C - 600°C in order to differentiate té&dual stress caused due to the
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phase transformation. The SEM micrographs obtaamedllustrated in the Appendix
A. From optical micrographs; it is seen that thebuoazed samples have a
martensitic structure in both core and the case&medgVvoreover, the martensitic
surface contains retained austenite, which is thitkevareas in Figure 3.1-3 - Figure
3.1-5. With the tempering at 240°C, the martenisitihe core transforms to bainite
phase since the martensite start temperature @rcdénburized 19CrNi5H steel is
about 190°C.

The tempering temperatures up to 240°C have ncactefie the change of the
microstructure. When the tempering process is e@drout at 180°Cg-carbide
precipitation occurs, and the martensite phaseafigroses its tetragonality. At this
temperature, carbon is precipitated easarbide with the hexagonal close-packed
crystal structure. These carbide precipitates irmoow laths or rodlets on the cube
planes of the matrix. The epsilon carbide is usuatecipitated first since it shows
better lattice matching with the matrix so that d@herent nucleation can occur

without much strain energy.

Upon tempering operations at 240°C, martensiteslase tetragonality as well
cementite replaces the epsilon carbides in thetsirel The plate-like structures of
cementite appear in the microstructure with dimamsiof 200 nm long and about 15
nm thick. When the cementite particles are formading tempering, they
agglomerate and grow until the spheroidized strectis obtained in the
microstructure. The cementite is nucleated at therfaces betweeg-carbide and
the matrix ande-carbides gradually disappear during the growthcementite
particles. In addition, the dislocation densityeféectively lowered. Further increase
in the tempering temperatures up to 600°C, cengeplifise in the structure coarsens
and spheroidizes due to the decrease in the suefaagy. Tempering operations at
higher temperatures are expected to cause a denlittee hardness and residual
stress state of the material. The microstructuraéstigations reveal that when the
tempering temperature is above the martensite séamperature of the steel,

martensite phase starts to transform to obtain rstat@le phases in the structure.
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Untempered Untempered

180°C Tempered

240°C Tempered

. 600°C Tempered

Figure 3.1-30ptical micrographs for case-hardened 19CrNi5idIg800°C/8 hrs): 1000X
magnification
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180°C Tempered

-:240°C Tempered- 240°C Tempered

~600°C Tempered 600°C Tempered

Figure 3.1-40ptical micrographs for case-hardened 19CrNi5idIg800°C/10hrs): 1000X
magnification
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Untempered Untempered

180°C Tempered |} Core 180°C Tempered

240°C Tempered

00°C Tempered 600°C Tempered

Figure 3.1-50ptical micrographs for case-hardened 19CrNi5idIg800°C/13hrs): 1000X
magnification
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3.1.2 Retained Austenite Measurement

The microstructural and XRD analysis conducted lendamples indicated that the
heat-treated 19CrNi5H steel samples contained tilg martensite and retained
austenite phases, which are randomly oriented.efdwe, quantitative measurements
of the relative volume fraction of martensite andtanite can be done by X-ray
diffraction as stated in the ASTM E975-13. Standamdicates that the total

integrated intensity of diffraction peaks of eadtage is proportional to the volume

fraction of that phase given by;

l, _R)Y,
RV

4 vy

(3.1-1)

_a
I

where the constamR depends on theta, (hkl) and the kind of substahlis. ratio is
valid only when martensite and austenite are th imases present in the steel. The
volume fraction of austenite for the ratio measunategrated intensities of

martensite and austenite peak to R-value is gigen a

|, /R
vV, = Ly 3.1-2
", /R)+(1L/R) G142

During the quenching process of the steel fromctrburizing temperature, austenite
transforms to martensite with some volume fractibraustenite, which is called as

retained austenite.

During the retained austenite measurement, the-gdeak method was used to
determine the volume percent of retained austémitiee carburized steel sample. As
it can be seen in Figure 3.1-6, retained austg@hitese is found at 2theta values of
about 79° and 128°, whereas martensite phase dfai 105° and 154°. To
calculate the volume fraction of the retained aniste integral intensities and R-

values must be calculated.
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Figure 3.1-6XRD pattern of the case-hardened 19CrNi5H ste#){8/13 hrs): as-
guenched

Diffraction angle, integral intensities, and R-vedu of y-iron and o-iron are
summarized in Table 3.1-1. Integral intensities aedculated by the RayFlex

software. This software uses constant R-value€foomium radiation by assuming

the lattice parameters are @s .., = 2.8664A° anda, ., =3.6000A’ given in ASTM

E975-13 standard. In the table, R-values are catiedlusing the formulae given in

the standard by ignoring anomalous scattering facto

Table 3.1-1Diffraction angle, integral intensities, and Rued ofy-Fe andu-Fe

Phases 2Theta (Degree) R Integral Intensity (cps)
v -Fe (200) 78.88 36.94 13.6
v -Fe (220) 128.21 56.20 22.8
a -Fe (200) 105.42 23.34 49.1
o -Fe (211) 154.18 235.43 491.2
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After the calculation of the R-values and integiateensities, the volume fraction of
the retained austenite present in the sample waslated as in Table 3.1-2. Then,
the average volume percent of austenite is cakdilas 15.6+0.7%.

Table 3.1-2Calculated volume percent of retained austenite

Ratio of the integral intensities Percent Volume ofy-Fe
| (y-200) / | @-200) 14.9
| (y-200) / | @-211) 15.0
| (y-220) / | @-200) 16.2
| (y-220) / | @-211) 16.3

The same procedure was carried out at five differeeasurement points for all
carburized samples. The results indicated thaatheunt of retained austenite is the
maximum when the carburizing temperature increabesas also found that the
above the tempering temperature of 180°C, retazestienite transforms to the other
phases since the martensite start temperatureedfa8rNi5H steel is about 190°C.
Calculated retained austenite content for eachucadd steels is summarized in
Table 3.1-3. C.13-TO sample contains the highestusunof retained austenite in the
case region. Upon tempering temperatures of 18i&ee is no retained austenite in
the microstructure of the carburized specimenstii®as-quenched samples that are
carburized at 900°C for 8hrs, retained austenil@egacannot be measured due to the

lower intensities of peaks of austenite phaseendtiray diffraction pattern.

Table 3.1-3Calculated retained austenite content in carbdriZCrNi5H samples

Measurement Points
2 3 4 5
C.8h-TO N/A N/A N/A N/A N/A
C.8h-T180 6.4 +1.3% 9.4+2.0% 11.4+3.5%  11.4+2.5% .942.0%
C.10h-T180 6.940.4% 4.40.9% 3.220.3% 5.2604%  2.740.2%
C.13h-TO 15.741.9% 16.2+1.9%15.9+1.8%  14.7+2.2% 14.6+2.6%
C.13h-T180 5.4+1.7% 8.8+2.3% 9.6+2.7% 8.9+3.0% 1B.0%

Samples #
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3.1.3 Hardness Measurement

The only-quenched specimens are the hardest anfenglt case-hardened steel
owing to the tetragonal martensitic structure aiggthdr dislocation density generated
by the shear. Martensite is formed by an abrugtisidnless shear deformation in
the austenite lattice. It is also known that masitenphase is a supersaturated solid
solution of carbon in the ferritic iron so that ttrystal structure turns into the body-
centered tetragonal shape. The combined effedtseafolid solution and dislocation
strengthening and lattice distortion due to intestieain lead quenched specimens to
be the hardest. With the tempering operations, thmness values of the steel
specimens are lowered due to the fact that matéeltses its tetragonality, and the
phase transformation occurs. The average Vickemdnkas values of the core and
the case is illustrated in Table 3.1-4. When timepkering is carried out at 600°C, the
hardness value is suddenly decreased for all dadslsamples due to the presence
of spheroidized phases.

Table 3.1-4Average hardness (HV1) of the carburized samples

Sample # Case region Core region
Normalized N/A 184.3

C.8h-TO 705.7 473.9
C.8h-T180 660.5 460.7
C.8h-T240 633.1 462.3
C.8h-T600 341.3 260.4
C.10h-T180 668.3 475.0
C.10h-T240 624.7 478.3
C.10h-T600 296.8 301.4

C.13h-TO 759.9 496.6
C.13h-T180 688.0 470.4
C.13h-T240 641.2 464.9
C.13h-T600 305.6 316.5
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Effective case-depth values was measured by me&nsiaohardness test in
accordance with the 1ISO 2639 test standard. Thextefé case depth expressed in
millimeters is defined as a perpendicular distape®veen the surface and the layer
that has a hardness value of 550 HV1 [101]. Thé&éfiE hardness test is conducted
at 100X magnification in accordance with ISO 6507#igure 3.1-7 indicates the
Vickers hardness values for the carburized steapkss. From the figure, it can be
seen that effective case depth is the lowest is 8arburized specimen as expected.
The case-hardened depth determined for three elifferarburized samples is about
0.7 mm, 0.8 mm and 1.1 mm. These depth values @hbel verified by the
interpolation method since the hardness gradiemtbeaapproximated by a straight

line in the transition area.
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Distance from the surface (mm)

Figure 3.1-7Effect of the carburizing time at 900°C on thedmass depth profile of the
19CrNi5H steel

The case-hardening depths were verified by the dtaengiven in ISO 2639;

o (dy=d)x(H,-H)
CHD=d + ey (3.1-3)
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where H.is the specified hardnessi, and H_2 are the arithmetic mean of the

measured hardness at distanteandds.

The calculated effective case depth values for,8tBhrs, and 13hrs carburization
are 0.78 mm, 0.84 mm and 1.19 mm, respectively.vEndication process indicates
that the estimated CHD values by the equation 3ate3consistent with those found

from the hardness versus depth graph.

3.1.4 Optical Emission Spectrometer Analysis Results

Optical emission spectrometry is carried out toedaine the percent of carbon

variation from case to the core region. It can bensfrom Figure 3.1-8 that the

surface carbon content of the carburized steedbait 0.9% and when going from

the case region to the core region, the carborecomif the steel approaches to the
base carbon content of 0.2%. The 8hrs and 10hksiGaed samples do not show

much difference in carbon content, whereas theoradontent of 13hrs carburized

sample is higher due to the more carbon diffustmltime core region.

1.2 - - - ! ‘ . . - ‘
{ == Normalized == C.8h-T180 == C.10h-T180 == C.13h-T180 1

Percent Carbon (%)

i i ; | i ; i
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 L6

Distance from the surface (mm)

Figure 3.1-8Effect of the carburizing time at 900°C on the ttigprofile of the percent
carbon in the 19CrNi5H steel
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Hardness versus percent carbon content can be iseEigure 3.1-9 for 13hrs
carburized steel sample. It can be deduced fromgthph that hardness of the
material is proportional to the carbon content @ftenial. The Pearson’s correlation
value is obtained as 0.98 in the measurement. ddmn®lation value indicates that
there is a very strong linear correlation betwédenhardness of a part and the carbon
content of a part. In addition, most of the data{soin the graph lie within the 95%
confidence band. This confidence band implies tihathardness of the material can
be predicted as 0.95 accurately as possible frencadinbon content of the part. This
very strong linear correlation level between thedhass and the percent carbon
content is also valid for 8hrs and 10hrs carburigeskl samples for all tempering
condition. The linear correlation found between tproperties are approximately

0.97 and 0.98 for the samples carburized at 906f8Hrs and 10hrs carburizing.
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Figure 3.1-9Hardness versus percent carbon for carburizedNiS@rsteel (900°C/13hrs):
as-quenched
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3.2 X-RAY DIFFRACTION MEASUREMENT RESULTS

Surface residual stress distributions of the cazbdrand normalized 19CrNi5H steel
are calculated by vs. sirfy method described earlier in this study. Biaxiatss

state is assumed due to the thickness of the rahteriler investigation.
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Figure 3.2—1A linear graph ofl vs.sir?y fitted to diffraction data o®=0° for carburized
19CrNi5H (800°C/8hrs): as-quenched

Each tilt in the experiment yields a point in th@oinates system af vs. sinfy
graph. Figure 3.2—1 exhibits a reguthvs. sirfy behavior by elliptically fitted line
to obtain X-ray diffraction data. This regular skamehavior of the graph suggests
the use of equation 1.4-15 for the residual stcassulation. It should be noted from

the figure that the strain componergg and/or £,,acting on the sample is non-zero

due to the split in the negative and positive .tiltke residual stress value can be
calculated from the slope of the fitted lines, whis discussed in details in Chapter 1
in this study. This basic calculation method isdusecalculate all residual stress for
each carburized with or without tempered steelse Thlculated residual stress
distribution for three different phi angles is suarinred in Table 3.2-1. It can be seen
from the table that compressive residual stresprésent for each phi angle in

carburized with or without tempering process.
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Table 3.2-1Average residual stress values for martensitegphith the three different phi
angle in carburized 19CrNi5H steel sample

Calculated Residual Stress [MPa]

Sample # ®=0° ®=45° ®»=90°
Normalized 239.7 70.0 -75.9
C.8h-TO -709.7 -707.4 -706.6
C.8h-T180 -535.6 -553.4 -564.6
C.8h-T240 -341.2 -337.7 -334.6
C.8h-T600 -234.9 -244.3 -247.1
C.10h-T180 -573.2 -563.0 -568.6
C.10h-T240 -409.6 -398.0 -400.6
C.10h-T600 -328.7 -324.8 -329.0
C.13h-TO -751.1 -729.2 -720.0
C.13h-T180 -626.4 -605.1 -621.6
C.13h-T240 -498.9 -482.9 -471.8
C.13h-T600 -339.4 -344.5 -340.7

Note that the negative sign implies compressivieluas stress present

Effect on tempering on the residual stress distidginucan be seen in Figure 3.2-2 for
19CrNi5H steel sample that is carburized at 9003C8hrs. The X-ray diffraction
stress measurement method indicates that the cesmpeesurface residual stresses
are present in the as-quenched and the tempereldsptecimens. As it is expected,
the magnitude of the compressive residual stresedseasing when the tempering
temperature is raised to 600°C. Although the mageitof the stress is declining in
all samples, the compressive residual stress statains on the surface of the part.
When phi angle is changed, the same trend of rakgltess state as in the parallel
direction was observed. In addition to this, th&deal stress values on the surface of

the sample did not change much with the variatiothe phi angle as seen in Figure
3.2-2.

108



; Untempered 180°C Temper 240"C Temper 600"C Temper
|
|
= -200 - A
& |
S .
; |
& 1
2 -400 4 : .
= ' |
: ] 1
= | |
g | i
& 600 R I—— .
T L i
_800 S .| S, 1

Figure 3.2—2Effect of tempering on the surface residual stofdke carburized 19CrNi5H
steel (900°C/8hrs)

When the steel sample is subjected to 10hrs thdremical surface heat treatment
process at 900°C, compressive residual stressistganerated on the surface of the
steel sample. It is seen from Figure 3.2-3 thatntiagnitude of the compressive
residual stress is greater in 10hrs carburized Emntpan that of the 8hrs carburized
specimens as long as the tempering conditionsheresame. It is known that the
magnitude of the residual stress is dependent @maiio between the case and core
thickness when the other factors are the same8Ikier carburized sample, the case
to core ratio is about 0.18, and it increases2d @r 10hrs carburized sample. Since
the ratio increases with the increasing carburizinge, the more negative
compressive stresses are obtained on the surfgiomseof carburized samples. Even
though the magnitude of compressive residual ssess decreasing with the
tempering temperature raised from 180°C to 600Wnmpressive residual stresses
remain on the surface of the 10hrs carburized staaple.
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Figure 3.2—-3Effect of tempering on the surface residual stofédke carburized 19CrNi5H
steel (900°C/10hrs)

Further increase in the carburizing time leadsr#ti® between the core and the case
thicknesses to increase from 0.18 to 0.32. Thegefor identical conditions applied
to the part, one can expect the formation of margative surface compressive
residual stresses. As seen in Figure 3.2—4, theniio@lg of the compressive residual
stresses is greater than that of 8hrs and 10hbsiczed samples. For example, the
compressive residual stress value is about -750 N#Pal3hrs as-quenched
carburized sample, whereas it is about -700 MPa8fss as-quenched carburized
sample. Moreover, when tempering temperature vémes 180° to 600°C, surface
stress values decrease from about -750 MPa to aB80MPa for 13hrs heat-treated
specimen. This trend in lowering compressive redidiiresses is valid for three
different phi angles. When three different carbedizamples are compared, it can be
clearly seen that the maximum compressive residirabs is present in the 13hrs
carburized 19CrNi5H steel specimens since the tsiwveen the case and the core

thickness is the greatest in those samples.
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Figure 3.2—4Effect of tempering on the surface residual stofdke carburized 19CrNi5H
steel (900°C/13hrs)

When the carburizing depth increases, the surfaogressive stress, also, increases.
This is because the magnitude of the compressisiglual stress at the surface
depends on the ratio between the case and thehiokeess. When the other factors
are the same, the surface compressive residugkswrid be low unless the core is
thicker than the case [1]. However, the retainestenite content in the part will be
higher due to the thicker case regions. The re&sothis is that the area where the
retained austenite can form is increased togetlitbrthe decreasing martensite start
temperature. When retained austenite content isidered with the other factors,
larger residual compressive stresses are formech whe case hardened depth
increases. In the light of this information, whéie tL9CrNi5H steel is subjected to
13hrs of the carburizing process, the expected cessjve residual stress value
should be higher than that of 10hrs and 8hrs caribgrprocess. This effect can be
seen from the Figure 3.2-5 that indicates the vasistress measurement parallel to
the rolling direction. Although the difference betw residual stresses generated in
the surface regions is lower for the as-quenchedpbs this difference increases

when tempering heat treatment is applied.
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Figure 3.2-5Effect of tempering on the surface residual stodske carburized 19CrNi5H
steel for 8hrs, 10hrs, and 13hrs

Since retained austenite present in the materigr afarburizing processes, it is
aimed to measure the residual stress induced byptise. For this measurement,

Seifert XRD 3003 PTS system is utilized. By measyirstresses on the gamma

phase, out-of-plane stresg,() can be determined so that the assumption tlattis

of-plane stress is zero will be verified. If thesicdal stress induced by the retained
austenite phase is equal to positive values, themtultiplication of stress by the
fraction of retained austenite should be equalhtd of the martensite phase. The
calculated residual stress on the retained austphase is shown in Table 3.2-2.

Table 3.2-2Average residual stress values for austenite phassburized steel sample

Calculated Residual Stress [MPa]

Sample # ®=0° ®=45° ®=90°
C.8h-TO N/A N/A N/A
C.8h-T180 -279.3 -364.1 -250.7
C.10h-T180 -382.0 -449.6 -459.3
C.13h-TO -339.6 -327.4 -352.2
C.13h-T180 -415.1 -451.2 -397.5

Note that the negative sign implies compressivieluas stress present
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As seen from Table 3.2-2, stress induced by thained austenite phase is not
tensile; hence, assuming the out-of-plane streggjasl zero is not correct. Residual
stress measurement in the martensite phase shgwsditting indicating the

presence of the strain componests and/or£,,. In the light of this information, it is

better to keep in mind that the residual stressrdehed by the bi-axial method from
the slope ofd vs. sirfy graph contains an error equal in magnitude to éyiane
stress. For the calculation of the stresses byiatiastress method, unstressed
interplanar spacing should be determined as preasspossible. Since the exact
measurement of unstressed lattice placing is notedaout, it is assumed that the
out-of-plane stress is equal to zero so that tkelal stress method can be utilized to
calculate the residual stresses even though thidrdevan error of the magnitude

equal too,,.

After calculating surface residual stress valuestlie thermochemical heat-treated
steel samples, residual stress depth profile igiodd by removing the layer from the
surface by electropolishing for selected steel ispexs. Figure 3.2—6 shows how the
surface residual stress varies when going from tmasere region. It can be clearly
seen that the maximum compressive stress statensath the surface of the case-
hardened steel. This compressive stress stateupsis depth of 1.3 mm from the
surface. By layer removal method, the sample wiiltlfa new equilibrium state
characterized by a variation in the stress digtidiou For X-ray techniques, the
change of the stress distribution will affect thetesmination of the stress depth
profile. Therefore, it is important to know trueests depth profile by layer removal.
A detailed study has been made by Moore and Evawes ghe approximate
correction for layer removal if the sample surfatectropolished evenly. In addition,
the assumption is valid when the layer removabisua 300 um. Upon further layer
removal, a groove may be formed eventually affgcthre both layer correlation and
stress measurement. In this research, it is sedrrdbidual stress state dramatically
alters when the method proposed by Moore and Eisamgpplied upon 300 pum.
Hence, throughout X-ray stress determination in depth of the sample, layer

correction technique is not utilized.
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Figure 3.2—6Residual stress depth profile obtained by XRD wetlor carburized
19CrNi5H steel (900°C/8hrs): as-quenched

Depth profile analysis is also conducted to 13tadurized steel sample, and the
acquired results are shown in Figure 3.2—7. In tlaise, compressive stresses are
present beyond the depth of 1.8 mm from the surdh¢be sample. As compared to

previous one (Figure 3.2-6), the maximum strese s¢aseen at the surface of the

sample rather than beneath the surface region.
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Figure 3.2—7Residual stress depth profile obtained by XRD wetlor carburized
19CrNi5H steel (900°C/13hrs): as-quenched
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From Figure 3.2-8, it can be seen that the sumasidual stresses decrease with the
increasing tempering temperatures. It is also $leanthe maximum residual stress
state exists in the surface region of the as-quesheample while it is observed in the
near surface regions for tempered specimens. Duthdooxide formation and
decarburization in tempering operations, the marimmsiress states tend to shift

towards the core regions.
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Figure 3.2—-8Effect of the tempering temperature on the deptfilp of the residual stresses
in the carburized 19CrNi5H steel (900°C/13hrs)

3.3 MAGNETIC BARKHAUSEN NOISE MEASUREMENT RESULTS

3.3.1 Parameter Optimization

Since the Magnetic Barkhausen Noise measuremesgnsitive to microstructure,
hardness, and the surface residual stress of thplsaparameters used in the BN
analysis should be optimized before starting thasuements. The previous studies
have shown that there is a relationship betweassistate of the material and peak
position or RMS of BN signal [90, 96]. Since thesidrial stress present in the
material impedes the domain wall motion, a gooedmcorrelation is expected

between the stress state and RMS value.
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Figure 3.3—-1 shows the Pearson’s correlation, kna&rR2, values of the linear
regression analysis executed on all 160 differeeasurements. The highest values
of R? are observed for magnetizing frequencies of 18D6 Hz and magnetizing
voltages of 8 — 16 M. Further increase in the magnetizing frequencyldeto
decrease in the correlation obtained. However,requencies of 700 — 900 Hz,
higher correlation is again obtained. The magnegizioltage lower than 8y leads
to the lowest R values irrespective of magnetizing frequenciesndée it can be

deduced that the reliability or the goodness ofdies stress correlation of BN
emission is greatly affected by the magnetizingage used.
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Figure 3.3—1Pearson’s correlation for 160 MBN measurementhercarburized samples

The optimum signal acquired during BN measuremieatilsl be so sensitive that the
slightest variations in the material propertiesudtidoe detected. In the present study,
the sensitivity index of case-hardened and tempstedl specimens is evaluated
using the differences in the BN response to theduwet stresses. The 13hrs

carburized and only-quenched is chosen as thadgstnse obtained, while the 8hrs
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carburized and 600°C tempered one is selectedeawdist. The sensitivity index,
Sl, is evaluated by the following equation;

( RM S- 600 RM %uenced)
RM S}uenced

SI=100x

(3.3-1)

The best measurement parameters should maximizesdhsitivity index. The
calculated sensitivity index can be seen Figure&.3he highest sensitivity index is
acquired between 8 — 10,y of magnetizing voltage and 150 — 250 Hz of
magnetizing frequency. Then, with voltages of 126-Vy, and with frequencies of
800 — 1000 Hz, sensitivity index is the higher. Mtitese findings, the magnetizing

voltage has a pronounced effect on the sensitindgx as in the correlation.
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Figure 3.3-2Sensitivity Index values of 160 MBN measurememtshe carburized samples

A valid BN measurement should mainly consist of theise related to the
Barkhausen phenomenon. Therefore, the inherent sytynof the magnetic
hysteresis will be used to evaluate the validityBdf emission. Identical Barkhausen

noise should be obtained regardless of externglpfied magnetic field due to the
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inherent symmetry of the magnetic hysteresis. Whies process is entirely
symmetric, positive and negative values of RMS &hdie equal to each other. In

this study, this inherent symmetry is calculatedasglity index;

MS. .. — RM i
Sposmve $egatlvl> (3 . 3-2)
RMS,,

VI =100><‘R
The validity index should be zero for an ideallyrsgetric BN burst that is generated
by the correct sets of measurement parametersre=g)3—-3 shows the calculated
validity index values for 13hrs carburized and eglienched sample. The lowest
index values are observed for magnetizing frequsnof 0 — 250 Hz and 800 — 1000
Hz. When considering the validity index, it is sabat the magnetizing frequency

has a significant influence on it rather than thegnetizing voltages.
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Figure 3.3-3Validity index values of 160 MBN measurements tom ¢arburized samples

Three different indicators are considered for theameter optimization of the BN
emission. Nevertheless, those indicators cannombgimized by single sets of

measurement parameters at the same time. To s#bectmost optimized
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measurement parameter, all three indicators arsidemed together by the voting

formulae of the following;

s ) )

a+b+c

Score=100x (3.3-3)

where Skhax and Vimax are the maximum obtained value of sensitivity aatidity
indexes within the carburized steel samples andctmstantsa, b and c are the
weighting coefficient thad is equal to 0.5 equals to 0.3 andlis 0.2.

The score value is limited to a range between 018 hence, all datasets can be
compared to each other directly irrespective of ttivee indicators. Figure 3.3—4
shows the calculated score values that can beingkd Magnetic Barkhausen Noise
measurement. It can be seen from the illustrat@t the maximum score value is
obtained in the magnetizing frequency range of 1280 Hz and in the magnetizing
voltage range of 8 — 10p¥ The highest score value is obtained for 19 with 250
Hz magnetizing frequency.

71.00
64.52
58.04
51.66
45.08
38.60
3212
25.64
19.16
12.68
6.200

Figure 3.3—-4Calculated score values for parameter optimizatfdhe MBN measurement
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The parameter optimization is showed that Magriggidkhausen Noise measurement
carried out with the magnetizing voltage of 10 iwdlts, and the magnetizing
frequencies of 250 Hz will give the most reliabksults on the carburized steel

samples.

After finding the optimum parameter to generate BM signal, the next aim is to
clarify the filtering of the obtained data. In tkhecision of the filtering range, the
main concern is to correlate the residual stresasored by X-Ray Diffraction with
the Magnetic Barkhausen Noise measurement. Theretois aimed to collect data
with the MBN technique as close as possible to XR&hnique. Equation 1.3-1 is
used to determine the filtering range by putiingqual to200 for carburized sample
and the electrical resistivity of 34.Zxcm. By using the equation, it is found that the
depth of penetration of BN signal is about 60 umZ00 kHz and 20 pum for 1000
kHz frequencies. Hence, the filtering of the fregeyeis chosen from 200 kHz to
1000 kHz.

3.3.2 Rollscan Results

After the optimizing, the measurement parametdrs, dverage root mean square
values obtained by using the optimized parametersdifferent carburized and
tempered steel samples can be seen in Table J.8blilated data summarizes the

obtained values for RMS for three different measwaet directions.

From Table 3.3-1, it can be seen that normalizegpta has the greatest RMS value
in all direction when compared with the heat-trdagamples. Moreover, RMS value
of the Barkhausen noise signals changes with tl@ghg angle of direction and
with the tempering operations for carburized specisa Variations in RMS values of
each measurement directions were caused by thatigas in the residual stress
distribution in those directions. Martensite antiespidized phases also affected the
acquired RMS value in the samples compared to malaed sample having ferritic-
pearlitic phases.
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Table 3.3-1Average root mean square values of the MBN measme

MBN measurement direction

Sample # 0° 45° 90°
Normalized 1025.7 830.4 563.0

C.8h-TO 97.2 106.0 110.4
C.8h-T180 185.7 188.6 220.7
C.8h-T240 270.5 248.0 222.6
C.8h-T600 456.0 455.0 453.4
C.10h-T180 168.6 173.6 162.2
C.10h-T240 217.2 236.3 277.6
C.10h-T600 414.2 412.8 385.4

C.13h-TO 90.6 96.68 96.28
C.13h-T180 117.9 118.0 159.2
C.13h-T240 203.2 175.1 331.0
C.13h-T600 376.4 381.1 361.5

As it can be seen in Figure 3.3—-8, the minimum RM#bie is acquired from the as-
guenched 8hrs case hardened steel sample for esagurement directions since the
compressive residual stress decreases the BN tgctfithe sample. When the
tempering temperature increases, the BN activigrasving too. With the tempering
operations, martensite transforms to tempered msiteeand so the hardness of the
sample decreases. This decline in the hardness {edds the dislocation density to
decrease. When the dislocation density is redubedpinning sites that impede the
domain wall motion is removed from the system tbater magnetic field is required
for domain wall movement. Within the carburized péas, average RMS value is
increasing when the tempering temperature is raised 180°C to 600°C, so the

maximum value is obtained by the highest tempetengperature.
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Figure 3.3-5Effect of tempering temperature on the average R&IGes of Barkhausen
Noise for carburized 19CrNi5H steel (900°C/8hrs)

When the duration of the carburizing process rosgOhrs, the relative RMS value
obtained in each measurement direction decreasegare with the 8hrs carburized
samples, which can be seen in Figure 3.3-6. XRDsuorement revealed that
compressive residual stresses were more negatielémger period of carburization
process. It is also known that an increase in thapressive stress results in the

decrease in the RMS value of the BN signal.

RMS Value (mV)

180°C Temper 240°C Temper 600°C Temper

Figure 3.3—6Effect of tempering on the average RMS valuesarkBausen Noise for
carburized 19CrNi5H steel (900°C/10hrs)
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Further increase in the duration of the carburmatbperation led RMS value to
decrease as seen in Figure 3.3-7. Since the dislocdensity increased with the
increasing duration of operation, motion of the damwalls impeded more causing
lower RMS value. As in the other samples, RMS waluecreased upon the
tempering operation since martensite lost its geinality. The highest RMS value

was obtained in the 600°C tempered steel sample.
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Figure 3.3-7Effect of tempering on the average RMS valuesarkBausen Noise for
carburized 19CrNi5H steel (900°C/13hrs)

When the three different case hardened samplengpaed, 13hrs carburized steel
sample has the lowest average RMS value amongesteof carburized samples
when the tempering condition is kept same (FiguB=-8). The reason is that 13hrs
carburized sample has the lowest compressive r@sithess, as well it is the hardest
sample. The combined effect of two properties ldadsbtaining the lowest average
RMS values in 13hrs carburized specimen. It cadduskiced from these results that
there exists a correlation between the compresiress state and the average RMS
value of BN signal for these sets of samples.
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3.3.3 uScan Measurement Results
3.3.3.1 Barkhausen Noise Signal Envelope

Upon the application of an alternating magnetitdfi@ magnetic hysteresis loop is
generated in the volume of the material due toethergy loss associated with the
irreversible magnetization process related to raia, annihilation, and growth of
domains. Grain or lathe boundaries, dislocatioms] precipitates influence this
process. As a result, Barkhausen noise peak he&ghentified by the number of
moving domain walls at a given time and the meae fpath of the domain wall

motion.

Barkhausen noise emissions, which are in the fdraolbage pulses, are detected by
the pick-up coil positioned close to the surfacethef material. The amplitudes of
such pulses are dependent on the microstructurehencesidual stress state of the
material. The root mean square (RMS) value of ieas is the output of the uscan
measurements. The average Barkhausen activitysigrnesl by the RMS voltage
acquired by averaging the BN signal over the tirequired for magnetization

reversal.
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The relative RMS voltage as a function of relatmagnetic field strength obtained
for the quenched and tempered after carburizing9&rNi5H steel can be seen in
Figure 3.3-9. Due to the symmetry with respect éwozmagnetic field, only
RMSositive Curves are plotted. The normalized steel sampke the maximum
amplitude, whereas the amplitude is decreasing avtincreasing carburization time
that the minimum amplitude is obtained in the C018ample. The lowest peak is
positioned at the highest magnetic field strengtlues due to the high coercivity of
martensite. Furthermore, the peak position of tlagkBausen signals shifts to the
lower values of magnetic field strength owing te tempering operations. Upon an
increase in the tempering temperatures, the loaexgilitude broad peak of only-
quenched carburized steel shifts to the higher i@l peak positioned at low
magnetic field strengths. For example, for 8hrdbgared steel sample, the peak
position of the signal is located at the 5.80 perad the magnetic field for only
guenched steel. By increasing of tempering tempezdtom 180°C to 600°C, the
peak position shifts to 5.70%, 5.20% and -14%, eeBpely. These peak shifts are
valid for all other carburized samples whethesismall or large. The results clearly
indicate that BN signal is influenced by the tenmpgroperations as dislocation
density changes as a function of tempering tempexrand the residual stresses are
relaxed.

In the as-quenched state, the domain structuretermined by the body centered
tetragonal structure of the martensite phase. Btative volume occupied by a
domain wall is greater in virtue of minuscule dongain the magnetic structure. In
addition, high dislocation density in the martemghase impedes the domain wall
movements. The combination of these two reasomgelisas micro residual stress in

the martensite leads a strong field to be requwethe reversal of magnetization.
Tempering operations at 180°C have a slight efdeacthe microstructure so that the

peak position and the amplitude of the signal doch@ange significantly. At 240°C,

martensite start to lose its tetragonality and tieocation density is reduced.
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Domain nucleation and domain wall movements takeglat lower magnetic field
strengths. Since the domain wall movements aregdke peak amplitudes increase.
In all samples, when the tempering temperaturaiged to 600°C, peak amplitudes
increase drastically and shift clearly to lower metic field strength values since the
morphological changes in the structure and almostpiete relaxation of residual

stress occurs.
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Figure 3.3-9The relative RMS voltage as a function of relativagnetic field strength for
the normalized and carburized 19CrNi5H samples

3.3.3.2 Representative Hysteresis Curve

Stress state and the structural conditions (eegipitations, texture, and dislocation
density) of the material have an effect on the retignhysteresis curve. Several
hysteresis curve properties, such as coercivitwlich the maximum Barkhausen
activity occurs, remanence, initial permeabilitghde obtained from the Barkhausen

Noise measurement.
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Under constant or zero applied magnetic fields,dbmain wall may overcome the
pinning site if the internal field is large enough break away the pinning force.
However, for those domain walls that remain pintgdthe constant stress, the
energy needed to overcome the pinning site dependse stress state due to the
differences in the magnetoelastic energies of thenain walls. Consequently,
coercivity and remanence values of the materiahgbawith the applied stress. For
materials with positive magnetostriction energyhsas iron, both the coercivity and
the remanence increase with the tension but dexndh the compression. If the
magnetostriction energy is negative as in the higkagnetic properties exhibit the
opposite dependence on the stress. Table 3.3-Zsstheveffect of the residual stress
on the coercivity and the remanence of the 19CrNss¢€l. Stress dependency of
both the coercivity and the remanence is affeciethe material showing either soft
or hard magnetic behavior. Since 19CrNi5H showsl magnetic behavior, both
properties increase with tension. However, for sofignetic materials, coercivity

decreases with the tension, while remanence ineseas

Table 3.3-2Coercivity and Remanence values obtained from etaghysteresis curve of
carburized 19CrNi5H steel

Sample # Coercivity Remanence
Normalized 0.240 2035.7
C.8h-TO 0.022 29.3
C.8h-T180 0.034 60.4
C.8h-T240 0.050 74.6
C.8h-T600 0.146 460.5
C.10h-T180 0.026 49.4
C.10h-T240 0.038 62.4
C.10h-T600 0.142 391.3
C.13h-TO 0.018 19.9
C.13h-T180 0.026 42.3
C.13h-T240 0.038 62.1
C.13h-T600 0.118 372.4
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Magnetic hysteresis loop obtained by puscan measmenfor the carburized and
tempered steel specimens are given in Figure 3.3AElseen in the figure,
normalized sample shows hard magnetic behavionatcat significant fraction of the
saturation field remains in the material when thagnetic field is removed. The
normalized sample has higher coercivity valuesesitie domain wall motion is

easier due to the lack of pinning sites.

H (Magnetizing Force)

Figure 3.3—10Magnetic hysteresis curve for the normalized 196iN\steel

In the carburized and tempered samples, coerchalyes are lower than that of the
normalized specimen due to the pinning of the danvaalls in the presence of
martensite phase (Figure 3.3-11). Since the diftaze in coercivity values are not
so significant for carburized samples, remanendaegamay be more suitable to
characterize the stress dependency of the madgngtieresis curve. From the figure,
it is also seen that the decrease in the compeesssidual stress shifts the hysteresis

curve to the more vertical position.
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Figure 3.3—11Magnetic hysteresis curve for the carburized angpered 19CrNi5H steel

Figure 3.3—-12 shows the hysteresis curve of 13misucized specimens. An increase
in the tempering temperature results in higher reanae values for 13hrs carburized
steel as well as 8hrs and 10hrs carburized ones.qlienched structures consist of
large amounts of crystal defects to be eliminaiaking tempering, remanence of
the steel is increased by getting rid of these asfgromoting an atomic

rearrangement. It can be seen from the figure ti@atremanence of the material

increases dramatically when the tempering temperagueached to 600°C.

The differential permeability of the steel is inesed with the increasing tempering
temperatures. Relative to the other materials,ntia¢erial has the lower magnetic
permeability when the hysteresis loop is wider. Witee temperature increases,
magnetic softening happens together with the machlnsoftening of the

microstructure. The increase in the mobilization toé domain walls leads to
magnetic softening. It is expected that the eadoenain wall movement raises the

differential permeability of the tempered structure

The area enclosed by the hysteresis curve callduysteresis loss increases with

increasing tempering temperatures. The loop areafised as the magnetic energy
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dissipated per unit volume when the material is gletely cycled around the

hysteresis. When the material consists of defentpeding the domain wall

movements, these defects induce local energy minpoa the intersection between
domain walls and defects. Therefore, the extragynes needed to overcome the
local energy minima that result in hysteresis |8gh the decrease in the tempering
temperature, dislocation densities increase so ttiethysteresis loss increases. In
addition, magnetostriction constant usually veryakmeduces with the increasing
temperature. Although the direct effect of it isadinthe shape of the hysteresis

curve, and the permeability changes with changiagmatostriction.
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Figure 3.3—12Magnetic hysteresis curves for the carburized $2en(®00°C/13hrs)

3.3.3.3 Correlation of the Results Obtained by XRD and MBNMethods

In this part of the study, RMS values obtained frBarkhausen noise measurement
will be compared with the residual stress valugsiokd from the X-Ray Diffraction
measurements. If the parameter optimization proasssione correctly, BN
measurements should give good correlation withXR® measurement. However,
there will be an error in the correlation no mattew good the optimization is as the

focused and data obtained areas are differentvimmiethods.
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Figure 3.3-13shows the correlation between BN emission and XR&hod for
13hrs carburized steel sample, whereas the camelfdr those 8hrs and 10hrs can
be seen in Appendix B. The Pearson’s correlatiamdofor the measurements are
ranging between 0.92 and 0.94. These values shaiwtltbre may exist very strong
positive linear relationship between the relatwetrmean square values of MBN and
the measured surface residual stress values. br @tbrds, relative RMS values
increase when the magnitude of compressive residtraglsses is decreasing.
However, it is also seen from Figure 3.3-13 th#it data used to find linear
correlation do not lie within the 95% confidencenta In the light of this
information, it can be said that RMS values canhbet directly used for the
determination of residual stress state althoughlittear correlation is very strong
between two variables. In addition, the predictidrihe residual stress values from
measured RMS is only valid within the 95% predictioand. In other words, the
residual stress values staying out of this banchaiabe predicted. Hence, the here-
presented correlation is valid only for the presgimts, 10hrs and 13hrs carburized of
19CrNi5H steel at 900°C. When the carburizing cbads and/or steel type changes

another correlation has to be found.

Since the correlation is not perfect between the wariables to predict the residual
stress, it can be deduced that Barkhausen emisgjoal is dependent on the other
factor and/or factors in the steel specimens. Theasurement uncertainty in

Barkhausen Noise method can be due to heat treatipphied to the specimens. The
retained austenite content in the structure mag affect the Barkhausen noise
signal since the austenite phase is not magnétie.diiference between the retained
austenite content of specimens used for calibragioth measurement may lead to
measurement uncertainty in the present study. Thasorement uncertainty can
result from the heat treatment applied and/or theations between the specimens
used for calibration and measurement. Since caibgriheat treatment is the main
consideration in this study, it is needed to beiedrout in more controlled way for

accurate prediction of the residual stress values
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Figure 3.3—13Correlation between residual stress and RMS vdbresarburized 19CrNi5H
(900°/13hrs)

3.4 ESPIHOLE-DRILLING MEASUREMENT RESULTS

All ESPI assisted hole-drilling measurements akernaalong the centerline of each
carburized sample. Measurement points are takardatance of 20 mm away from

edges of a rectangular in shaped sample, whidheisame location used in another
residual stress measurement. They, also, aresat36anm apart from each other not
to affect the area of deformation used in the redidtress calculation. Figure 3.4-1
indicates the measurement point location. More tiremeasurement are performed
in each sample in order to check whether the result consistent throughout the
sample, and the differences in surface conditionigd the point of interest affect the

stress results. As seen in Figure 3.4-1, the sudathe sample is spray-painted with

matte white to get rid of reflective sample surface

2 50
. 0 mm 50 mm $ mm

A
v
]

Figure 3.4—-1ESPI assisted hole-drilling measurement points
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Residual stresses are calculated from the defosmatiata, known as the
interferograms, by using tHeRISMS software, which is developed by Stresstech
Group. The residual stress analysis method is basethe method developed by
Nelsonet al. and Steinziget al, as described in the Section 1.5.2 in the present
study. When the residual stress state is calcufatedach measurement, the graphs
of residual stress versus drilled depth are plotiggring the ESPI assisted hole-
drilling measurement, one sample was chosen frafoudaed and tempered steel
groups so that thirteen samples were hole-drillath iESPI system since the

measurement takes long hours.

Fringe patterns obtained at various hole depthements for the 8hrs carburized
sample can be seen in Figure 3.4—4. Since singid §%tem is used, fringe patterns
acquired during the hole-drilling are formed on ti@izontal x-axis plane around
the hole. The inclination of the sensitivity vectorthe positive x-direction leads to
the unsymmetrical fringe shapes in the measurenidm@.brighter fringes indicate
the half-wavelength increments in the component tlié measured surface
displacements in the sensitivity direction. Thegbéxadjacent to the hole within the
inner dashed circle, seen in Figure 3.4—2 (100ppthjleare excluded from the stress
calculation since the plastic deformation around tiole causes de-correlation
between pre- and post-dole images. Furthermorestthpes beyond the outer dashed
circle are not considered in the calculation sithey are far away from the hole with
low data content. Therefore, defining the inner auder circle is crucial in the
residual stress measurement. To stay in the saie amner radius is defined as two,
while the outer radius is chosen as four becaud@eotalculation area. Moreover,
interferograms indicate that there are not errelsted to unwrapping in the patterns.
As seen in Figure 3.4-2, fringe patterns do natfar the vertical direction of the
drilled hole since the system used in the experinsesensitive only to the horizontal
direction. In addition, interferograms are smaillediameter and single pattern forms

in each hole depth increments.
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Figure 3.4—2Fringe pattern of normalized 19CrNi5H steel (883°ars)

134



Figure 3.4—-3 shows the calculated stresses for alared 19CrNi5H steel heated to
880°C for three hours. Tikhonov regularization mghe strain gauged hole-drilling
method is used in the ESPI system to correct tpeag pattern of the residual stress
pattern. Non-uniform stress state due to the varniatin the cooling rates of the
interior and surface of the steel is generatedhieythermal contraction. During the
cooling of the steel samples from elevated tempegaf the outer part of the sample
cools prior to the inner surface. This cooling @susontraction of the surface and
compressing the inner region. When thermal compiemsbetween the inner and the
outer region is ensured, inner region tries to @} but this contraction impedes by
already transformed the surface region. Thereterssile residual stresses formed on

the outer region, while compressive residual stesse created in the inner regions.

As it can be seen Figure 3.4-3, tensile residuaksés are present in the surface of
the sample. These tensile stresses are compensatéte compressive residual
stresses in the core regions. Tensile to compessiess transition point is about 0.4
mm away from the surface of the sample. It sho@dbted that the ESPI assisted
hole-drilling method is sensitive to the stresshie horizontal axis though there is a

good correlation betweesx andoyy Stress state.

200
150 4 -T=4
100 -

50 -

Residual Stress (MPa)

=50 —

-100

Depth from surface (mm)

Figure 3.4—3Depth profile of the residual stress state obthlmg ESPI assisted hole-drilling
(after normalizing)
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Figure 3.4—4Fringe pattern of the carburized 19CrNi5H ste@D(T/8hrs): as-quenched
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Different fringe pattern compared to normalized pkmis obtained after the
thermochemical heat treatment operation of 19CrNs&¢l. Fringe pattern induced
by the residual stresses can be seen in Figurd 3o4-8hrs carburized steel sample.
When the hole depth increases, the acquired frimgges also increase. Residual
stress induced by the carburizing process can be seFigure 3.4-5. Tikhonov
regularization is again utilized to calculate tlesidual stress values of the sample.
The figure indicates that the tangential stresm@an the carburized steel sample is
zero as in the normalized sample. However, normmesses in the x- and y-direction

are compressive with the maximum value of aboud MPa.

As stated earlier in the present study, compregssisielual stresses are generated by
the carburizing heat treatment while tensile reslidstress in the core region
compensates these compressive surface stresses.dupoching from carburizing
temperatures, austenite to martensite transformattarts at the interface created
between the case and the core regions. When thego® completed, compressive
stresses are formed on the case region and tlssestran the interface transform from
compressive to tensile stresses. This situationbeaolearly seen in Figure 3.4-5.
The maximum compressive residual stress arisestadb@umm away from the
surface and when the distance from the surfacecasers compressive stresses
diminishes due to the tensile residual stresseseptdn the core and the interface.
Within the 1.0 mm depth from the surface, compressesidual stress is almost

transformed to tensile stresses in the material.

Steel specimens subjected to thermochemical sutfiees treatment for 8hrs is
tempered at three different temperatures for threars. It is known that the
tempering operation leads residual stress to deere®s seen in Figure 3.4-6, the
maximum compressive residual stress is present whersample is in the only
guenched state. When the tempering temperatureases, the residual stress at the
surface of the sample diminishes. Beneficial corsgive residual stresses are still
present in the tempered samples except for thelsaemppered at 600°C. 180°C and
240°C tempered samples have stress values of -a®8 &hd -500 MPa on the
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surface region, respectively. However, at 0.2 mmside the surface, these
compressive stresses decrease to about -100 Mé&henalmost turn to detrimental
tensile stresses when the distance from the surtsehes to 0.6 mm. When the
tempering temperature is increased to 600°C, cassme stresses are acting on the
shallow case regions that tensile stresses areetbiah 0.1 mm depth. Though the
tensile stress formed on the surface is about 5@, Nttey will negatively affect the
fatigue life of the sample.
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Figure 3.4-5Depth profile of the residual stress state obthime ESPI assisted hole-drilling
(900°C/8hrs carburizing): as-quenched
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Figure 3.4—6Effect of the tempering temperature on the depifilp of the residual stress
state obtained by ESPI assisted hole-drilling (208hrs carburizing)
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Figure 3.4-7Fringe pattern of the carburized 19CrNi5H ste@D(Z/10hrs): T180
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Figure 3.4—7 shows the interferograms obtained nduithe ESPI hole-drilling

measurement of 10hrs carburized steel sample. Qechp@ the fringe pattern
obtained from the tensile stresses, more than efegrdation circle is present around
the drilled hole. The diameter of the interferogsais smaller when compared with

the as-quenched steel sample shown in Figure 3.4—4.

When the carburizing time increases to 10hrs, cesgwe residual stresses arise at
the case region, which is compensated by tenssiglual stress at the core region.
Upon tempering operations at 180°C, 240°C and 60f@iCthree hours, surface
stresses are -550 MPa, -500 MPa and -400 MPa, atesgdg. As in the 8hrs
carburized steel sample (Figure 3.4-6), when thmpéging temperature is increased
to 600°C, compressive case stresses transfornmettetisile stresses at a distance of
0.1 from the case hardened surface, which can &e iseFigure 3.4-8. It can be
deduced that the transformation of martensite k@rophases, such as bainite, may
occur during the tempering operation at 600°C hsoténsile stresses are developed
due to the volume difference induced by phase foamstion. The maximum
compressive stresses are lower when compared meti8hirs carburized 19CrNi5H
steel sample. This is because ESPI assisted hdliagdis not sensitive to the
stresses in the near surface regions that theranigxperimental error in the
calculation of stresses at the surface zones.
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Figure 3.4-8Effect of the tempering temperature on the depifilp of the residual stress
state obtained by ESPI assisted hole-drilling (€300hrs)
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Figure 3.4-9 shows the interferograms obtained nduithe ESPI hole-drilling

measurement of 10hrs carburized steel sample. Qechp@ the fringe pattern
obtained from the tensile stresses, more than eferdation circle is again present
around the drilled hole. The diameter of the i@ey§rams is larger compared with
the as-quenched steel sample shown in Figure 3Hxid.may imply that the more

negative compressive stresses are present inngesa

Same situation as in the 8hrs and 10hrs carbustesd sample remains same for the
13hrs carburized steel sample (Figure 3.4-10). @emd and only-quenched
sample has the maximum compressive stress valuéiseasurface whereas this
maximum stress decreases with increasing tempé&ingerature. When tempering
temperature reaches to 600°C, compressive to ¢esiséss transformation occurs at
a distance of 0.2 mm while the compressive stremsestill present up to 1.2 mm for

other operations.
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Figure 3.4—10Effect of the tempering temperature on the deptfilp of the residual stress
state obtained by ESPI assisted hole-drilling (2003hrs)

When the carburized depth increases, the maximumpesssive stress shifts

towards the core region as seen in Figure 3.4-1lenMime is increase which

implies an increase in case-depth, the maximunssshifts from 0.05 mm to 0.10
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mm from the surface. For a better understandinpiefsituation, X-Ray Diffraction
with layer removal can be utilized since the ESBlekdrilling method is not
effective for the precise measurement of surfaselval stress distributions.

Depth from surface (mm)

Residual Stress (MPa)

Figure 3.4—11Effect of the carburizing time on the residuaést state of the 19CrNiSH

steel

3.5 COMPARISON OF THE THREE RESIDUAL STRESS MEASUREMENT
METHODS

The residual stress states obtained by the thfesratit measurement methods show
a good correlation with each other. The quantieatiesidual stress values may be
directly obtained from the X-ray Diffraction softreaand ESPI assisted hole-drilling
measurement software, whereas residual stressistagtimated by means of RMS

values from magnetic Barkhausen noise system.

The stress depth profile obtained by ESPI assistéeldrilling for 13hrs carburized
steel samples shows the same trend with the thotséned by X-ray diffraction as
seen in Figure 3.5-1. The depth profiles obtainekKBD and ESPI techniques are
shifted against each other. This situation resintism the differences in the stress

measurement techniques of two methods. Stressadqtared by ESPI comes from
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the relatively larger volume compared to the XRthod. Therefore, residual stress
values converge to the lower values in the ESPEktask hole-drilling method. In
addition to this, electropolishing creates grootvtha measurement point. Due to the
hollow shape of the measurement point, interplapacing used for residual stress
measurement in the XRD technique is miscalculatedogs the residual stress value
of the significant depth. That may be another redso the differences in the stress
values. Nevertheless, considering the similar tegdidtress trend obtained by XRD
and ESPI techniques, the ESPI system has an adeaovar the XRD in this study
since the residual stress depth profiles are obdaimuch faster with the ESPI
system. The XRD data originates from a relativélin tlayer, whereas the hole-
drilling analyzes the changes resultant from eaxchptete drilling step. Therefore, it

is important to drill hole with a small incremewt tcompare it with the XRD stress

result.
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Figure 3.5—1Comparison of the residual stress depth profildained by XRD and ESPI
techniques for the carburized 19CrNi5H steel (90036rs): 180°C tempered

The Barkhausen noise can be compared with the XiREe ghey gather residual
stress data from a relatively shallow area and ESBikted hole-drilling method has
a higher error at low depths. With the tensiledeal stress, the amplitude of the BN

signal is greater than those with compressive vasistress as seen in Figure 3.5-2.

144



Although it is difficult to predict residual streby looking at the BN burst since it is

also affected by the hardness value of the sartteamplitude of the signal may be
used for the prediction of the residual stressedtathis study as a proper calibration
process is applied to the samples. Moreover, thpesbf the characteristic magnetic
hysteresis curve depends on the stress state ofdkerial. Experiments reveal that
the hysteresis curve becomes wider with the presehthe tensile residual stresses,
and the hysteresis loss, or area of the curvegases.

Tension
Compression

‘Lension
Compression

Figure 3.5-2Barkhausen Noise response to the residual stress

In addition to the amplitude of the BN activity,ethoot-mean-square of the BN
signal decreases with the increasing compressiassstirrespective of the sign.
Furthermore, the peak position shifts to the lomagnetic field strength values with
the tensile stress present. With a proper calimadperation, MBN technique can be
used to predict the residual stress induced imthterial although the confidence of
the method is not so perfect. Among the other tedidtress measurement methods,
the fastest method is the MBN method.

145



146



CHAPTER 4

CONCLUSION

4.1 GENERAL CONCLUSIONS

The purpose of the present dissertation is to raptiie variations in microstructure
and residual stress distributions in carburizee@lstby the use of both destructive
and nondestructive methods. Four different grodpgpecimens were prepared from
the low alloy low-carbon 19CrNi5H steel to evalu#ie residual stress distribution
caused by heat treatment operations. One of thepgravas subjected to the
normalizing heat treatment, whereas the other threaps have been submitted to
the thermochemical surface hardening heat treatrf@nthree different process
periods and four different tempering operationse nficrostructures in the materials
structure, hardness and percent carbon conteriteosteel were determined by the
conventional optical metallography and Scanningteb® Microscopy, conventional
hardness testing and the optical emission spectesmén this research, three
different residual stress measurement techniqueestdized for the determination of
the stress state. Those are Magnetic Barkhausese NWIBN), X-Ray Diffraction
(XRD) and Electronic Speckle Pattern InterferoméE$PI1) assisted hole-drilling.

For each semi-destructive and/or non-destructivasmmement, a specific calibration

procedure was carried out to measure the strets ataprecise as possible. The
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calibration procedure was done by using unstressadgowder for X-ray diffraction
technique, while it was carried out by series opexxnents for the Magnetic
Barkhausen Noise and ESPI assisted hole-drillinthaas. In the determination of
the optimized measurement parameters, the mainidssaton for the XRD
measurement was the intensity of the diffractedrbttat should be high enough and
the background noise. Optimization operation inethdeed rate, drilling speed and
the analyzing area for the ESPI assisted holeidgilkechnique. For the MBN
measurement, magnetizing voltage and frequencytlaadiltering range were the

main considerations.

The following conclusions can be drawn from thauhssof the thesis work.

« The martensitic structure in the core and the cag®n is present in the steel
specimens subjected to the thermochemical hedirtesd process since the
critical cooling rate to form martensite was reatlm both regions of thin

rectangular in shaped samples.

* The hardness value reduces gradually from the reagen to the core region

for quenched and tempered steel samples.

e Spectrometer measurement shows that the carboentasitthe material after

carburization operation decreases gradually fr@®6(o 0.2%.

* X-Ray Diffraction stress measurement reveals theg tensile residual
stresses are present in the normalized 19CrNiS5H, ste@hereas the
compressive residual stresses are present in éhmdlchemical heat treated

samples.

* An increase in the tempering temperature causese@edase Iin the
compressive residual stress state (irrespectivsigif) of the samples. In
addition, the maximum attainable residual streatesthifts towards the core

region as the duration of carburizing increases.
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Magnetic Barkhausen Noise measurement with theniged parameter sets
indicates that the relative MBN root mean squataevaf carburized samples
decreases with increased carburizing time at 906f@wever, it increases

with increasing tempering temperature.

MBN peak positions shifts to higher magnetic fiedttengths when the
martensite content of the sample increases. Thenmiax peak height of the

specimens decreases with the increasing tempenmpgerature.

Representative magnetic hysteresis curve indi¢dhtdshe shape of the curve
and the magnetic parameters depend strictly ometsidual stress present in
the material. Coercivity and remanence values dserelue to the presence

of compressive residual stresses.

The ESPI assisted hole-drilling technique shows tmapressive residual
stress states are present on the surface and rdeeggons of the carburized

steel samples.

The residual stress values obtained by ESPI and ¥Rbniques show the

similar stress distribution trend in the materials.

The ESPI assisted hole-drilling method is provebdaised in the evaluation

of the residual stress state induced by the themeraeal heat treatment.

Three different residual stress measurement metbdsy a very strong
correlation between each other. Among them, MBMnegue is the fastest

way to predict the surface residual stress statkeopart.

4.2 RECOMMENDATIONS FOR FURTHER STUDIES

It is suggested that carburizing operation shoeladrried out by thicker samples in

order to distinguish case to the core region. Btinuped and better carburizing

process, residual stress distribution can be etedua a better way.

149



Interplanar space lattice parameter for unstrespedimen may be measured more
precisely so that the stress tensor that contairesss in all direction can be
calculated. In the present research, the out-ofepkdress state was assumed as zero.
However,d vs. sirfy graph used for the stress calculation showeplitting in the
material, which indicates that there exist stramuced by out-of-plane stress. By
determining the interplanar spacing as exact asilples three stress tensor can be

calculated by using triaxial stress state.

It is known that BN signal is influenced by the nostructure of the material, the
hardness of the material, residual stress statheomaterial, etc. Nevertheless, it is
not known which factor has the greatest effect lvm BN. As a result, it is also
recommended that all individual factors affectinge tBarkhausen noise activity

should differentiate clearly.

ESPI assisted hole-drilling method differs from #teain gage hole-drilling method.
Therefore, it is important to find optimized paraerdor residual stress evaluation in
the material. By series of the experiment priothi® calculation of the residual stress
state, feed rate, drilling speed, etc. must berlgledetermined for each material

under investigation.
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APPENDIX A

SCANNING ELECTRON MICROSCOPE IMAGES
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Figure A—1 SEM micrographs of carburized steel sample (98Ii(3): as-quenched core
(upper left), as-quenched core (upper right) ar@fC8empered case (below left) and core
(below right)
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Figure A—2 SEM micrographs of carburized steel sample (9(81i(3): 240°C tempered
core (upper left), as-quenched core (upper righd)@0°C tempered case (below left) and
core (below right)
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Figure A—3 SEM micrographs of carburized steel sample (90I0ks)
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Figure A—4 SEM micrographs of carburized steel sample (90IBk5): as-quenched core
(upper left), as-quenched core (upper right) ar@fC8empered case (below left) and core
(below right)
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Figure A-5 SEM micrographs of carburized steel sample (9QIBK¥s): 240°C tempered
core (upper left), as-quenched core (upper righd)@0°C tempered case (below left) and
core (below right)
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APPENDIX B

CORRELATION BETWEEN XRD and MBN METHODS

B.1 8HRS CARBURIZED STEEL SAMPLES

The correlation between the XRD and the MBN metsloolws Pearson’s correlation
of 0.94 for 8hrs carburized 19CrNi5H steel. Therelation is calculated by using the
all data points obtained from the three differerasurement points. The acquired
correlation is higher when each measurement aisgt®rrelated separately. While
the Pearson’s goodness is about 0.99 and 0.97 daallgl and perpendicular

direction, it is about 0.93 for 45° measurements.
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Figure A-6 Correlation between residual stress and RMS vdbresarburized 19CrNi5SH

(900°/8hrs)
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B.2 10HRS CARBURIZED STEEL SAMPLES

The Pearson’s goodness between the XRD and the MBtkods is about 0.92 for
10hrs carburized samples. As in the 8hrs carbuiszedples, the 45° measurements
direction gives the lower goodness, 0.90, valuenmb@mpared with the other two
directions, 0.99 and 0.96.
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Figure A—7 Correlation between residual stress and RMS vdtresarburized 19CrNi5H
(900°/10hrs)

As seen in the 13hrs carburized steel sampledindsa correlation between residual
stress and RMS values is very strong for 8hrs a@lrsl carburized sample.
However, a few data points are present within t# @onfidence band regions, but
all the data points lie within the 95% predicticand. This two bands indicates that
residual stress value can be predicted betweenr @moklower bad regions even if
there will be an error in the predicted stress esiuhat is, the predicted stress value

from RMS is not confident.
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APPENDIX C

ESPI FRINGE PATTERNS

C.1 FRINGE PATTERNS OF THE 8HRS CARBURIZED SAMPLE

C.1.1 180°C Tempered Sample

Figure A—-8 Fringe pattern of the carburized 19CrNi5H ste@D(®/8hrs): 180°C Tempered
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C.1.2 240°C Tempered Sample

Figure A—-9 Fringe pattern of the carburized 19CrNi5H ste@D(®/8hrs): 240°C Tempered
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C.1.3 600°C Tempered Sample

Figure A—10Fringe pattern of the carburized 19CrNi5H ste@D(€/8hrs): 600°C
Tempered
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C.2 FRINGE PATTERNS OF THE 10HRS CARBURIZED SAMPLE

C.2.1 240°C Tempered Sample

Figure A-11Fringe pattern of the carburized 19CrNi5H ste@D(€/10hrs): 240°C
Tempered
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C.2.2 600°C Tempered Sample

Figure A—12 Fringe pattern of the carburized 19CrNi5H ste@®D(€/8hrs): 600°C
Tempered
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C.3 FRINGE PATTERNS OF THE 13HRS CARBURIZED SAMPLE

C.3.1 180°C Tempered Sample

Figure A—13 Fringe pattern of the carburized 19CrNi5H ste@D(€/13hrs): 180°C
Tempered

176



C.3.2 240°C Tempered Sample

Figure A—14 Fringe pattern of the carburized 19CrNi5H ste®D(€/13hrs): 240°C
Tempered

177



C.3.3 600°C Tempered Sample

Figure A-15 Fringe pattern of the carburized 19CrNi5H ste®D(€/13hrs): 600°C
Tempered
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