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ABSTRACT

This research project is tovestigatethe possibilityof measung the depth and location
of carburization and metal dirgsg on the inside of ethylene pyrolysis tuhesng nondestructive
toolsapplied to the outer surfack carburization test was conductedaispecially designednd
manufacturedHK-40 alloytube.

Ethylene pyrolysis is considered the most important process in the petrochemical industry
for producing petrochemical products. Some furnace tubes used for ethylene pyrolysis often
suffer severe higtemperature corrosion since the tube surfaces are hegatedibout1,100°C
in contact with stearhydrocarbon gas mixtureSimultaneous carbon deposition tre tube
surfaces (i.e. coking) can deteriorate the mechanical properties of the tube materials and may
result in a failure othefurnace tubes in thierm of carburization or metal dusting.

This investigation consists of four separate experimental practices to detect and assess the
carburization and metal dusting damageinitolves a) impulse testing tostudy changs in
natural elastic wave frequencied) metallographic evaluation, c) resonant ultrasound
spectroscopy (RUSxnd d) computational modeling to simulate guided wave and ultrasonic
phased array technique.

The collaboration of the results of themeperimentsdemonstrated the possibility that
ultrasonic phased array can offer an efficient and econopriaaticeto determine the remaining
services life of the ethylene furnace tubes.

The elasticresponsegfrequency shift and mode shape chahgéshe HK-40 alloytube
was studieddue tochangesin material properties that result frooarburization and metal
dusting a severe form of carburizatioNatural frequency analysis was conducésdmeasured
at different locations of the HKO alloytube before and after the carburization t@sshift in
natural frequeneswas observed and is understood to be due to a reduction in shear wave speed
in the carburized samples. This shift seems to correlate to the extent of carburization and forms
the basis foa new nondestructive evaluation meth&ktensve metallographic examination of
transverse and longitudinal cross section samples cut out of thdOH#loy tube after
carburization using optical macrograph, scanning electron microscopy and energy dispersive X



ray were used to quantify the carburizati extent as compared to the corresponding shift in
natural frequencies.

Computational modeling usirgfinite element analysis program (COMSOL) was used to
simulate different scenarios of alternating the material properties, depth and shape of
carburizéion and metal dusting. The simulations revealed strong reflections from relatively high
defectdepth to tube thickness ratimmsed on exciting a guided wave. Relatively small defects
were very weak in terms of wave reflection amplitude. Hept@asedarray technique was
utilized in the simulation toenhance the use of guided wave dyplifying the low peak
amplitude of the reflected wave from defects.

The researchreported provides a new approach advancednondestructive testing to
evaluate the remaing life of ethylene furnace tubesd other applicatiortubes suffering

carburization and metal dusting.
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CHAPTER 1: INTRODUCTION

1.1 Introduction

Ethylene is a major building blocknd the largest by volunfer the chemical industry
globally. Ethylene is produced commercially primarily by two processes. The main process is
steam cracking (steam pyrolysis) of hydrocarbon feedstock (ethane, propane, hnthne,
naphtha. It is also produced through petroleum refin{sgparéion from refinery gas streams)

[1]. Typical process feature of an ethylene process is short residence time in the tancack.
2012worldwide production is about 156 million ton/ydaf.

A hydrocarbon feed stream is preheated, mixed with steam and further heated to 500 to
700 °C. The stream enters a finggrolysis furnacé€known as cracker, crackirfgrnacg, where
under controlled contions the feedstock is cracked at 800 to 850 °C into smaller molecules
within a residence time of 0.1 to 0.5 s. After leaving the radiant coils of the furnace the product
mixtures are cooled down instantaneously in transfer line exchangers (TLE) tov@thsegas
composition. This quenching time is a crucial measure for severity control of the final products

The production of ethylene is one of the most energy intensive processes in the chemical
industry because furnace tubes must be decoked every8Ddays (depending on feedstock,
furnace type, and severity of operation) to preserve tubglif®ecoking is started with steam
after lowering the temperature to about 800 °C and is cadimith a stearair mixture up to
about 1100 °C. The combination ofservice operation and decoking cycles have reduced the
tube life of outlet coils by four teix yeard4].

The internal surface of the coil is expostd high temperature hydrocarbonghis
chemical system favors dhdeposition of carbon on the surface of the tuGeke formation is
particularly damaging to the overall process because it accumulates on the inner wdliloéshe
and eventually leads to process inefficiencies (localized increases in tube walkittemngsspoor
heat transfer, increased pressure drop, reduction of inner tube diameter, and tube plugging) and
tube failure[5]. The tube failure modes initiated by catalytikkedormation are: thermal shock,
stress rupturghermal fatigueand carburization.

Since the 1958 therehave been a lot of developments in ethylene pyrolysis furnace to

increase capacity, impve yield and thermal efficiency and reduce downtime for maintenance



The areas of developments were in term of material improvement and tube size and shape design
[6].

For a successful ultrasonic testingkey element is the selection aegciting a single
mode. In generak transducecan excite all of the modgsvhich presentwithin its frequency
bandwidth,yielding in a signalthat is very complex tointerpret Indeed, even with a single
mode, great care requiredfor the correct identification of the reflections from defects and from
normaltube features such as weldsd cracksHerce, it is essential to design the transducers
and the signal to excite only tipeeferredmode. Then, since defects and normudile features
can convert energy to other modes, it is important also to be able to rdweigggnals in a

precise setupr].

1.2 Justification of Conducted Research
Wrought and cast heat resistanbe alloys used for ethylene pyrolysis furnace have

norrmagneticpropertyfeature. Due to carbon diffusionarburization causes thahange of this
characteristic to be magnetic. Measuringgnetic permeability has been useddeveralyears
to estimatethe degree of carburizatiat the tubesQuantifyingequipment usedurrently ranges
from the hand held magnet to the more technologicaphisticatednstrumentssuch agnulti-
frequency eddy current instruments. While the latter can be help&ualuatingnot only the
degree of carburization but igattern as wel[8]. Unfortunately, all of thee existing toos are
point to point inspection which is time consuming.

Hence, there is a high demand fadvancemenin nondestructive evaluation tools for
measuring the degree of carburization with reasonable time during shummnved of the

furnace.

1.3 Scope and Objective of the Overall Research Program
The mainfocusof this research igo investigate the use of nondestructive testirigch
can beapplied on the outer surface of the tube to measure the depth of carburizatroetahd
dusting in the inner side of the tuld&e overall objective of the conducted research is to address
the following technological and fundamental questions:
1. What is the specific nature of the microstructure resulting from carburization and

metal dustig and its potential role in causing tube failure?



2. Does ultrasonic testingorovide adequate information of carburization location
along thetubelength instead of single spot analysis/inspection?

3. Would it be possible ta) detect the depthnd locatiorof carburization or metal
dusting using ultrasonic techniquds)?Establisha prediction of the tube service
life?

4. What technique could be used to detect early stage of carburization and/or metal

dusting?

1.4 Organization of the Thesis

The thesis is organizeatpd ten chapters. The first Chapter, Introduction, covers general
overview about the research topic. It justifies the research work and states the objectives of the
conducted research.

Chapter two Literature Review, summarizegreviousstudies ofcarburzation and metal
dustingin petrochemical plants. In addition, it covers thierent techniquesarried out in in
the field of nondestructive testing

Chapterthree, Experimental Procedure, describe the methodology and tools implemented to
conduct the gxeriments in the following chapters.

Chapter four, Metallographic Examinatiomeport the observations of the thorough
examination of material microstructure degradation due to carburization and metal dusting.
Optical macrographscanning electron micszopy (SEM) and energy dispersiveray (EDX)
were used in this examination along with macro hardness testing.

Chapter five, Natural Frequency Analysssidy the effect of heat treatment, carburization,
and metal dusting on the naturalastic vibraibnal frequencies of the HKO alloy tube.
Comparisons between reading$ different vibrational modesn multiple locations were
conducted along with simple simulation modeling for solid examination.

Chapter six, Resonant Ultrasound Spectroscapyers &amination of multiple small
samplesbefore and after the carburization téstinvestigateif a correlation between carbon
uptake and material elaspecopertiescouldbeachieved

Chapter seven, Finite Element Analysistesent the computational modelingsing

COMSOL for different scenarios of carburization and metal dusting. It includes an investigation



of usingphasedarray techniques to detect location and depth of carburization and metal dusting
in the early stage.

Chaptereight, Summary of Results @rDiscussion, summarizesterrogatesand discusss
the overall outcome and correlates them together.

Chapternine, Conclusion, summarizes the key findings of the conducted experiments and
modeling in achieving significant outcome for advancing nondesteugractices

Chapter tenfFuture Work,is a suggestiofor the specific topic of nondestructive evaluation
of carburization and metal dusting of pyrolysis tubes to achieve full utilizafidine proposed

technique to assess the more complicated tabgguration.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

Ethylene (GH,) is generatethy cracking Ethane ({Elg) in a pyrolysisfurnace. Cracking
(or pyrolysis) furnaces are used to produce olefins such as ethylene and propylene, which are
subsequently used to mak®e commodity materials such as polyethylene and polypropylene.
They are operated at higgmperature to promote endothermic reactions.

The process stream in a furnace consists mainly of a mixture of steam and ethane, passed
through tubes that externalieated to the temperatures of 830150°C. The temperature of the
gas is raised quickly, and it is passed throtightube at a highvelocity with a short residence
time of 0.1 to 0.5 s These tubes sometimes are called millisecond tiifyes

The simplest reaction form of the decomposition of Ethan into Ethylene is
60060 O (2.1
The cracking reaction for ethylene can be written as
00060 o (2.2
and is accompanied by dan formation
000 6 ¢Os8 (2.3
The last two reactions show that the process of producing ethylene generates free carbon.
To slow the latter reaction, steam is added to the hydrocarbondelef&ijt
The hydrocarbotsteam mixture is heated by passing it through tubes that are suspended

within a firebox. These tubes usually are around dlimeter in diameter, 10millimeter in
wall thickness and about X8eter long10].



2.2 Tube Design andMaterial of Construction Development
Since the 1958 therehave been a lot of developments in ethylene pyrolysis furnace to
increase capacity, improve yield atieermal efficiency and reduce downtime for maintenance
The areas of development were in term of material improvement and tube size and shape design.
The first group of the materialswas HK-40 cast alloys based o256 percent chromium
and 20 percent nickély weight Late 1980s saw the introduction and then #aehancementf
HP alloys which has a modifiedcomposition mainly consistg of 25 percent chromium an85
percent nickel The alloys currently sweeping the industry are based on a compasitim
percentchromiumand about 4%ercentnickel by weight In each majoradvancement in the
chemical composition of thalloys, there has been an increase in the chromium and/or nickel
concentratior{Table2.1) and cos{6]. Figure2.1 summarizes the major evolutionary in alloying

elements.

Table2.1: Commercial materialfor ethylene furnace tubes along wilteir main compositioa
in weight percentagetemperature operating liménd carbon ingress.

Main
N Temperature Carbon
Trade name | composition o .
Limit ("C) ingress
(wt.%)
_ 1% at 1055
HK-40 25 Cr/ 20 Ni 1000 oc
N . 1% at 1125
HP Modified | 25 Cr/ 35 Ni 1125 oc
_ 1% at 1155
35/45 35 Cr/ 45 Ni 1150 o

Figure2.2 shows theabsorbed carbopercentagelotted against nickel conteby weight
percent. Thearbon absorptiopercentagelecreasgwith increasingnickel contenfpercentage
In addition, dicon is also shown to have a strong effeat reducing the ad®on ingress

percentage
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Figure2.1: Historical summary of ethylene furnace tube matelgaelopmenfll].

Aluminum is arother alloying element thgtrovidesa strong protective layer (&D3) at
elevated temperature. Howevargconcentration higher than225 weight percent of both silicon
and aluminum have an adverse effect involuesleoffs in strength, aged ductility, cdar
weldability that are often unacceptabléhesealloys are generally restricted to abouiv@ight
percentof either element. Thiarrangemenis helpful butis not a total solutioito overcome the
carburization damadeé].

Coatings and surface enrient using silicon, aluminum, chromium, and combinations
thereof, have beetnied to control carburization of heat resistant alloys. Unfortunately, none of
thesepracticeshave been successful for tleng term. Vapor diffused aluminum enrichment
showed pomise and performed well at lower temperatures but broke down after relatively short
times at temperatures above 188ID0°F (101a1040°C)[12].

Surface condition of the inner side of théeuvas under investigation to study its effect on
carburization damage. Manufacturing the tubes using centrifugally casting process produce
impurities, such as metal inclusions, in the outer region (i.e. inner surface) of the tube causing
very rapid coke bild up and very poor tube life. It has been found that machining the inner
surface of the tube to a smooth imperfection free surface improved the tube life and reduced the

coke build up by almost one order of magnitugigre2.3) [14].
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Figure2.2: Effect of nickeland siliconcontenton the resistance of @i alloys to carburization
[13].

Evolution on the design of the inner surface of the tube was & greerest of some
companiesSandvik Corporation a Sweden company, introduced longitudinal finsncrease
the internal surface areafothe tube by up to 2%ercent.This enlargement of the tubener
surface area improves heat transfer whideadsto increasethe productivity for ethylene
producergFigure2.4) [15].

Heat transfer in smooth bored tubes is a combination of radiation, conduction, and
boundary layeconditions In a straight run of smooth bored tubes, laminar flow develops along
the inner diametersurface permitting precipitation of carbon into the inner surface of the.tube
This coke build ugayer is responsible fdubeshort run timesKubotaCorporation, a Japanese
company,patenteda mixing element radiant tubERT) technology It allows the laminar
layer to be periodically broken up with the turbulent flow in the o@fgure 2.5). This
technology can extend the run length by fifty per¢&6j.



Carbon, %

(a)
025 | pUSEEN HeEEE O Evee |
350 (25/33 Mo)
: HK (25/20) .
] I MO-RE1 (2533 W)
2 36 X (25/33 Nb)
g. 0.15 4 36 X S (25/33 NoW)'
S 010 /4:>~< l
0.
0
nside 1 2 3 4 5 6 7 B8 9 10
sudace Depth, mm
(b)

Figure2.3: Carbon concentration profile of several centrifugally cast alloys in-ejstsurface
condition and bjnachired surface condition aftesneyear of field testing in an ethylene
cracking furnac¢l4].



Figure2.4: Finned ethylene furnace tubesnufactured by Sandvikd@oration[15].

Figure2.5: lllisturation of the thermal experience of axing element radiartube (MERT)
manufactured by Kubot@orporation[17].
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2.3 Thermodynamics Consideraion
Petrochemical and refinery environments contain gas mixtures of CQ, HFOH,0,
CHs, HCy (hydrocarbons), and organic compounds. The alloys are likely carburizeg) if (a

environment™ (&) alloy- This carburization can proceed by one of the follgwgactiong18]:

60 0O 6QQ i é¢adDRQ (2.4
Ol 6 Qi ¢a0Q (2.5)
600 6 QQi | ¢ 4@ (2.6)

In equilibrium, the carboncdivity in the environment can be calculated[8}

A 5
d) 8 'Q - d 0 8 o (27)
0 0
y 0 0
W Q — ) — (2.8)
8 = V g 7
y 0 0
W Q 0 - (2.9
8 0 8 0

where;
ac is carbon activity
G’ is standard Gibbs free energy reaction
T is absolute temperatuye
K is reaction equilibrium constant
Pistotal system pressure
If the environmentontains CQthe carbon activity of the environment will be dominated

by reaction(2.5). For this reaction, thequilibrium constanis [19]:

11



g, 1 ize— P Xy (210

In ethylene production, the environment is rich in Lkhe carbon activity of the
environment will be dominated by reacti¢®6). For this reaction, the equilibrium constant is
[19]:

I T0Cg 1 '|'£% %‘” pus( P w (211

In austenitic alloys, ingress of carbon into the alloy results in the formation of chromium
carbides, principally. There are three forms of chromiarbides: Ci:Cs, Cr,Cs, and CsCo.
Gibbs free energy of the formation of these carbaes function of temperatuege shown in
Figure 2.6. Relative stability of these carbideduring carburizationis shown inFigure 2.7 for
Cr-O-C system at a temperature of 63D. The figure illustrates the region whespecific
protective layer is formednd the region where the material is susceptible to carburization and
metal dusting At very low oxygen partigpressure and low carbon activity in the alloy, the most
stable carbide is G4Cs [19].

Figures2.7 to 2.9 show that as the operating temperature increases, the oxygen partial
pressure (axis) to form the protective layer (£05) is reduced. In addition, the carbon activity
level (y-axis) is shifted up.

Consickring the followingequilibrium:

q,
%8 Peis (212
¢ ¢
o7
Yo  YYat—F (213
W W
where® , the activity of the solid carbide precipitated, is assumed to be unity. Rearranging

(2.13), it becomes:

12
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y
-~— P
w Q —
GO ¥ (2.14)
In this case:
YO pwynpd Ty (219
O 1 0 (2.16)

where;
YO'QIYd ®¢& QUQO@N Q0D D1 OEQAQ W Q¢ ¢

O QBQ £ G 0 HOO YREWGN BE ©
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24 Dif fusion Kinetics (Fickds Second Law)

Once the compact and protective oxide layer-Q&ron the surface had disappeared,
carbon started to diffuse into the steel. Carburization at this stage can be considered as diffusion
controlled step. Thaccumulationequation i c k6 s Second )foraawassumedDi f f u
constant diffusion coefficient (D) is expressed as in EQu&#idrn).

T 6ahd T 6 afd 2.17)
T o To

where,
C(x, t)is the element concentration at deptfmeter) after time t (seconds);

D is the diffusion coefficient (Asec).

The soldion of C(x,t) can describe the concentration gradient changes with time during the
progress of diffusion as seen kigure 2.10. For carbondiffusion in HK-40 alloy tube one
dimensional diffusion from ID to OD was considereh ® di mensi onal sol ut i ¢
Second Law can reasonably be applied to this analj#iisthe following boundary conditions
[22]:

Fort=0,G=C,@ 00x0O B

Fort>0,G=C@x=0; G=Co@ x=b
where;
Cx is the carbon concretization at depth x after time t;
Csis the carbon concentration at the surface;
Co is the carbon concentration in the material.

Applying theseboundary conditionto equation (2.17) yields the solution

Gafd 6 B8 6 p Qi B (2.18)
100

and further rearranging results in a form that is useful for simpleadetf analysis

16
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p Qi = (2.19
TOO0

The carbon diffusivity Phas been reported to range from 1%1®@x10° cn?/sed?23].

Distance from interface, x

Figure2.10: Concentration profile of carbon through the cross sedifi@ntube24].

2.5 Carburization Mechanism

To describe the mechanism of carburization in a reducing environmepigrfioemance
of two groups ofmaterialsmust beconsidered 1) alloys which areunableof developing a
protective oxide scal€) Alloys which can developral maintain a protective oxide scalhe
mechanism of carburization in each cesald be describeds follows:

1) During heatingthe pyrolysis tubesto the desired gaseaction temperaturavhere the
alloy is inherently protected by @Ds, it is possible tht an oxide phase initially forms.
Carbon generated by reactions involving carbonaceous gases reaaisrasitiiumat the
alloy surface to form a carbide scale of thgMtype if thecarbonactivity at he surface
is sufficiently high Subsequently, the ane stable carbide phase overgrows the oxide
phase. Depletion othromiumin the alloy substrate due to continued growth of the
surface carbide scatestrictsthe formation of a more protective oxide scale. Due to the

relatively high atomic mobility witm the carbide scalesarboncan penetrate into the

17



alloy with minimal restriction yielthg massive precipitation of carbide phases which
result in degradinthe mechanical strength of the all@igure2.11) [25].

2) Alloys inherently protectethy Al,O3; can develop and maintain a protective oxide scale
even under reducing conditiaris the early stages of the reaction and prior to developing
a continuous oxide scale, soroaboncan penetrate into the allayhich may yieldin
precipitation of a smbhamountof carbidesConsequentlya continuous protective scale
is developed which acts as active barrier towardcarbon diffusion into the alloy.
Hence massive precipitation of carbide phases is prevenfedconclude an alloy
protected by AlOs-base scale is expected to leetremelyresistant to a carburizing

environmen{26].

Iritizl K Oxidation in a | CHirect . Internal
Oixid aticn : Cartbhurizing ' Carburization ' e el Aoy
Enwvironmeni

Figure2.11: Schematic representationtbe microstructure evolution for carburization
mechanism27].

Depending on the oxygen partial pressure and the carbon acfivitg gas, three cases

have to be considered:

2.5.1 CaseOne: The Carbon Activity is below One and the OxygenPartial Pressure is

Relatively High.

A protective chromia scale is formédthe oxygen partial pressure ggeaterthan the
equilibrium partial presse for chromium oxide formation (approximately 20 bar)
Carburizationof chromiaforming alloys should not take place under these conditions. However,
carburizationrmay occur if carbon penetrates along grain boundary cracks and voids of the oxide
scaleinto the material or if the oxide scale spalls due to mechanical strd$sésirthermore

scales of chromium oxide become nprotective at very high temperatures, too. Under the

18



typical conditions of ethylene and propylene cracking above 2058 trangion of oxides to
carbides is to be expected [&ven thouglstainless steels should be stable under thpseating
conditions, nickebase alloys andon - nickel - chromium alloys (i.esilicon or aluminum)are

often preferred13].

2.5.2 CaseTwo: The Carbon Activity is below One and the OxygenPartial Pressure is

Low

If the carbon activity is belownebut the oxygen partial pressure of the gas is lower than
the equilibrium partial pressure for the formation of chromium oxide, protective chromia scales
cannot be formed and carbon can penetrate into the material without any inhibition. Hence
chromiaforming materials suffer severe carbon pigk under these conditions. The rate of
carburization depends on the carbon diffusion into the material and oolubéity of carbon in
the material. Silicdorming materials and alumidarming materials should form protective

oxides scales at much lower oxygen partial pressures than cHiamiag materials.

2.5.3 CaseThree: The Carbon Activity is Higher than One

If the carboractivity exceed®ne socalled metal dusting is frequently observed. Metal
dusting is a specific corrosion mechanism which is characterized by a complete degradation of
the metal into a dust of metal, metal carbides and ¢bBlgure 2.12). The process ofmetal
dustingand carburizatiomas been studied intensively by Grabke andavodkers for both iron
base alloys and nickélase alloy$26], [28]i [30].
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Figure2.12: Schematic representation of the microstructure evolution for metal dusting
mechanism [6].
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CHAPTER 3: EXPERIMENTAL PROCEDURE

3.1 Introduction

The following Section discussethe carburization processlesign of theHK-40 alloy
tube, materiabf construction equipmenttest matricesand testing methodology to perform the
carburization tesfThe primary purpse of this testing is to expose the tube under investigation to
a carburilmg environment to nondestructively examine the talpel to detect the depth and

location of any structural changes in the form of carburizationetal dusting

3.2 Design andMateri al of Construction
HK-40 alloyis an austenitic FEr-Ni alloy that has been a typical heat resistant material
for over forty years.Table 3.1 shows the chemical composition in weight percent of-4K

alloy. Tubesmade out of tis materialaremanufactured using centrifugal casting process.

Table3.1: Chemical composition of HKO0 alloyin weight percent.

C Cr Ni Mn Si P S
Min % 0.35 23 19 0.4 0.5 -- -
Max % 0.45 27 22 1.5 15 0.03 0.03

A special desiged tube was manaictured by Duraloy Technologies Corporatitm
comply with thetestingfurnace dimensionsThe experimental HK40 alloytube is 42 inch long
with an outer diameter of 3.5 inch and inner diameteriatB (Figure3.1). An insert assembly
consisting of a flange and two internal tubes; the long one is to allow air acdbesfaoly length
of the HK-40 alloytube and the small one to allow for thermocouples adoetbge hot reaction

zone of the tubeyas manufacted Figure3.2).

3.3 Risk Assessment
Pack carburization test has been preferred over gas carburization practice due to

simplicity, risk concerns of hazardous gas emission such as carbon monoxige g@Dless
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expensive laboratgrequipment. Personal protective equipment were utilized all the time as

some of the equipment requires a high voltage supply.

3.4 Carburization Test

There are two carburization tests which were conducted. The primary test w8 HK
alloy tube testing. The send test was a supplemental test for nine4fksmall samples located
inside the HK40 alloy tube to be examined later with resonant ultrasound spectroscopy which

discussed in details in Chapter six.

3.4.1 HK-40 Alloy Tube Testing

Pack carburization test wasrfigmed using a 22 inch tube long heat treatment (clam
splitting) furnace from HEAVYDUTY Corporation with a maximum operating temperature of
1010°C. An existing tube was occupied in the furnace and was used as heat normalizing tube,
referred to heat chamer tube from now on, to assure uniform heat distribution along thd(HK
alloy tube Figure3.3).

The inner side of thélK-40 alloy tubewascleaned with water, dried and then filled with
pack carburizer granulgtérade name i# 3 GRANULAR CHARCOAL from HEATBATH
Corporation, Figure 3.4). The level of the carbon gnular was about 75 percent of the tube
volume after laying down the tube in a horizontal positligyre3.5).

Water cooling coil was used in the left side of the heat chamber Battle endsof the
heat chambetube were cowed by a ceramic fiber insulation (Aluminum Silicate fiber) to
maintain heatThe HK-40 alloy tube was inserted inside the heat chamber tube. Thermocouples
were connected to a multiple channels data acquisition devise with digital screen to reveal
temperatre readingsHigure 3.6)

The furnace was running for 48 hours keeping the flange open to allow any moisture
and/or burned inclusions accompanied the carbon granular to come out. A suctioning flexible

hose was attached to the open side of the flange to exhaust safedyuasiiidinted gas.
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Figure3.1: Drawing of the HK40 alloytube used for the carburization test.
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Figure3.2: Drawing of the insert used along with the #4R alloytube for the carburization test.
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Figure3.4: Grandar charc@ from HEATBATH Corporation
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Figure3.5: Schematic cross section of the HR alloytube showing théevel of carbon granular
filled.

The flanges then closed and the furnace run for H@@0scontinuously at 1016C. The
surface temperature profile of the HK alloy tube furnace was recorded at three different
locations. Location one, two and three were at 10, 17 and 25 inch from the end cap of4ie HK
alloy tube Figure 3.7). Variation ofthe temperature along thdK-40 alloytube is most likely
either due to the furnace elements deficiency or thatelae chambetube was oxidized at some
locationsor both After running for 1000 hourshé furnacevas thershut downand left for two

days to allow for cooling.

3.4.2 HK-40 Alloy Samples Testing for Resonant Ultrasound Spectroscopy

Nine samples were cut from an as cast extra material ofi®iklloy provided by the
manufacturer into three groups labeled 1, 2 and 3. Each gangists of three samples with
different dimensions consistent on each grdtigyre3.8). A thermocoupleHeavy dutytype K,
Inconel sheatirom OMEGA) was attached to each combustion boat to get accurate temperature
readings. The combustion boats were located at three different positions inside the tube while
filling the granular chamal. Further details are discussed in Chapter 6.

The temperature recordings of the three combustion boats are shoguie 3.9. The
variation in the temperature is related to the same reason stated above.
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Figure3.6: Pack carburization test setwhere the HK40 alloytube is inside the heat chamber
tube Both sides of the chamber tube were insulated to maintain heat. Water coil for cooling was
used in the left sidefahe heat chamber tube. Thermocouples were connected to multichannel

digital temperature reading devise.
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Figure3.7: Temperature profile at different locations of thi€-40 alloytube. Location 1, 2nd
3 are at 10, 17 and 25 inch, respectively, from the end cap of the tube.

Figure3.8: A picture of three different size samples from one group settiAtumina
combustion boat.
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CHAPTER 4: METALLOGRAPHIC EXAMINATION

4.1 Introduction

Microstructure analysis of equally spaced cresstions of the tube was conducted to
investigate the matexi features and integrityafter the pack carburizatioest discussed in
Chapterthree Examination of microstructat features of the base metal, scale, carburized zones
were characterized usingptical micrographand scanning electron microscope (SEMheIr
chemical compositions were analyzed using energy dispersivay Xpectroscopy (EDS).
Hardness test was conducted aldmg top and bottom stigmf the HK-40 alloytube to estimate
the effect of carburization on the mechanical strength after caakionz

Thelevel of carbon granular filled in the HKO alloytubewas shown irFFigure3.5. The
tube was cut to transverse and longitudinal sectiBiggife4.1). Each transverse sectionhalf
inch in length while the longitudinal cross section is eight inch in lergtth one inch in
thickness The transverssection demonstratesore understanding of circumferential responses
of the material while the longitudinal sectiolemonstratenore understandg of the changes
along theHK-40 alloytubewhere temperature varies

Four stripswith oneinch thicknes®f each longitudinatrosssection were cut from the
HK-40 alloytube representing cross section of the top side, left side, right side and batiden

for macrostructure analysis

4.1.1 HK-40 Alloy Tube Sample Preparation

The samples were cut using automatic abrasive cutting blade with extensive coolant to
avoid overheating. Then, the samples cross sections were grinded using 240, 400 and 600 grit, in
seqience. After that, the samples were polished using diamond cloth. NACE standard TM0498
2006 suggested using a freshly prepared etchant consist of 20 weight percent nitric agid (HNO
and four weight percent hydrofluoric acid (HF). The etchant was madeixiygn200 cni of
concentrated 20 weight percent HNO3 with 70° @hconcentrated 49 weight percent HF and
670 cni of distilled water. The samples were immersed in the etchant solution for two hours
facing upwards and then rinsed with a distilled watereefloying[31].
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Figure4.1l: Schematic diagram of the transverse and longitudinal cross seatmmgstheHK-40
alloy tube

4.1.2 TransverseCross Section# 1and Longitudinal Cross Section# 1

Transverseross sectio# 1is located out of the furnacegionnineinches from the left side of
the tubes. The temperature reading is below’650

Figure 4.2 shows an etched cross section with higher magnification at 12, 3, 6 and 9
od6cl ock position. Th egnofaaburzaianorunetal dustesifecteny e al e d
the HK-40 alloytube.

Four strips of longitudinal cross section # 1 along with the temperature profile are
presented irFigure4.3. About one inch from the left sideas out of the furnace. Temperature
reading after that was recorded to be about@hile the end of the right section was about
890 °C. The macro structure of the top strip-FA revealed a lengthy carburized zone (about
three inches) while the othstrips required higher magnification for thorough investigation.

Figure4.4 showed the inner surface of the longitudinal cross section # 1. SEigv/Aich
represents top side of the H¥0 alloy tube showed a greenish color along dark brownish color
along the carburized zone observedrigure4.3. The other strips have some random spots of the

greenish and browsing color with a majority of the gray base metal color.
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Figure4.2: Transverserosssection# 1 of theHK-40 alloytubelocatednineinch from the end
cab of the tubdgft side (representing temperature below 8&) with higher magnification
optical mecrograpts of four sides in as etched condition
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Figure4.3: Side view of bur strips of longitudinatross sectio# 1 of the HK-40 alloytubeafter
pack carburization tescated 9.5 inch from the left side of the HIR alloytuberepresenting
top, right, bottom andeft side(as etche@ondition) (Carburization time is 1000 hours,
Temperature range: 910 to 9‘?10).

Figure4.4: Topview of innersurfacediameer of the four stripof longitudinal cross sectiot1
representing top, right, bottom and left sidecated 9.5 inch from the left side of the HK alloy
tube(as receivedjCarburization time is 1000 hours, Temperature range: 910 t850

Figure4.5 (A, B, and C) represeran optich macrograph of three different spots of strip
A-E (top side of the HK40 alloytube) Two different distinct layersiere observedn the three
macrographs The first layer from th inner surface was very dam{ldwed by a brighter color

layer that varie in depth.
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Figures4.6 to 4.8 are higher magnification optical macrograph of strips,E>-G, and D
H, respectively. Very shallow carburization layers were observed with a second brighter layer

adjacent to it.

Figure4.5: Optical macrograph of theatburizedzones along strip AE (top side of thédK-40
alloy tube)(Carburization time is 1000 hours, Temperature range: 910 t&50

Figure4.6: Optical macrograph of theatburizedzoneat the left edge of strip-B (left
macrographand at the center (right side of tH&-40 alloytube)(Carburization time is 1000
hours, Temperature range: 910 to 960

Figure4.7: Optical macrograph of therall carburizedzonenearleft edge of strip €5 (bottom
side of theHK-40 alloytube)(Carburization c}ime is 1000 hours, Temperature range: 910 to 950
C).
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Figure4.8: Optical macrograph of a veshallowcarburized layeof the left side oftrip D-H
(Carburization time is 1000 hours, Temperature range: 910 t&®50

4.1.3 Transverse Cross Section # 2 and Longitudinal Cross Sectior2#

Figure 4.9 showed an etched transversross section with four higher magnification
optical macrographs. The upper twacragrapls showed a deep carburization which presents
the top side of the HKO alloytube. The lowemacograpls represent the bottom sidedaright
side of the HK40 alloytube. The bottom side showed a lowarburizationlayer compared to
the top sidemacrayrapls with an indication of scale flaking from its inner surfaarburization
layerof the right side is also smaller in depth conelaio the top sidmacragrapts.

Figure4.10 revealed fours strips representing top sidd)(HEeft side (FJ), bottom side (&

K) and right side (FL) of the HK-40 alloy tube. Strip # showed two wide (about one inch
each) relatively deep carburization located at the center of the innestdrai@trip FJ showed

one wide carburized zone (about one inch) at the left side of the strip with additional two very
small spots of carburization. StriplGrevealed a very shallow uniform carburization layer. Strip
H-L showed two different zone of cantization defect.

Figure4.11 showed the inner surface of the four strips, different coloring were observed on
each strip. A greenish color on the right sideswip El were observed while the other strips
revealed some brownish and gray color on the surface.

Optical macrograps of three spots of strip-IE(top side of the HK40 alloy tube) are
presented ifFigure4.12 (A, B, and C). Two distinct layers of carburization were observed. The
first layer from the inner diameter is very dark in color while second following layer was

brighter and significantly varying in depth.
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Figure4.9: Transverserosssection# 2 of theHK-40 alloytubelocated17.5inchfrom the end
cab of the tubdgft side (representing temperature around 8CPwith higher magnification
optical marograpts of four sideqas etched conditigr{Carburization time is 1000 hours)

Figure4.13 (A and B) represent two optical macrographs apsE-J (right side of the
HK-40 alloytube). A uniform shallow dark layer with a localized spot at one area was observed.
A second brighter color layer varying in depth following the darker layer was noticeable.

Figure4.14 revealed anacrograph with &ery shallow dark layer of carburization flowed
by a second brighter color layer of the bottom side of thedBlKalloy tube (strip GK).
Figure4.15revealeda macrograph with arsall flake peeling ofthe inner surface of the left side
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of the tube (strip FL) followed by dark layer of carburization with a very shallow bright in color

second layer.
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Figure4.10: Side view of fou strips of longitudinal cross sectior2#f the HK-40 alloy tube
after pack carburization test located 18 inch from the left side of thd(H¥loy tube
repreenting top, right, bottom and left side (axké&dcondition) (Carburization time is 1000

hours, Temperature range: 880 to 9.

Figure4.11: Top view of inner surface diartex of the four strips of longitudinal cross sectibn
2 represntingtop, right, bottom and left side located 18 inch from the left side of thd®iK
alloy tube(as receivedjCarburizaion time is 1000 hours, Temperature range: 880 t6°@).0
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Figure4.12: Optical macrograph of theadburized layers along strigp| (top side of théHK-40
alloy tube)(Carburization time is 1008ours, Temperature range: 880 to $C)

Figure4.13: Optical macrograph of thepet carburized area along a very shallow carburized
layer of strip FJ (right side of thélK-40 alloytube)(Carburization time is 1000 hours,
Temperature range: 880 to 9%).

Figure4.14: Optical macrograph of theweery shallow carburized layer of strip-& (bottom side
of theHK-40 alloytube)(Carburizaibn time is 1000 hours, Temperature range: 880 to 910 0C)
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Figure4.15: Optical macrograph of themdom carburization concaved area of strip Heft
side of theHK-40 aIontube)(Carburizatiortiome is 1000 hours, Temperature range: 880 to 910
C).

4.1.4 Transverse Cross Section # 3 and Longitudinal Cross Sectior3#

Figure 4.16 showed an etched transverse cross section with four higher magnification
optical macrographs. Theper macrograph showed a uniform shallow carburization layer. The
right and left macrograph revealed a scale flacking out of the inner surface with small random
carburization layer beneath the scale. The bottom macrograph showed no sign of any defect or
color changing.

Figure4.17 revealed different features of defect compared to figures discussed in previous
Sections. Strip-M (top side of the HK40 alloy tube) revealed two very small pitting located at
the right side from the center. StripNJ(left side of the HK40 alloy tube) showed two deep
adjacent pitting located at the center. Stri®Kbottom side of the HKO alloy tube) showed no
indication of defects or changing in color. StrigPL(right side of the HK4O0 alloy tube) revealed
a small size pitting located at thenter of the sip.

Figure4.18 present a surface view of the inner diameter confirming the findings discussed in
the Figure4.17. There are pitting distributed randomly in the center of stip O-N, and L-P
but not KO. About two inches from the riggide of the strips were out of the furnace zone.

Optical macrograph ifigures4.19 and4.20revealed the existence of pitting without any
carburization layer around it. However, @gaii macrograph in

Figure 4.21 is a macrograph thakevealed a deepniform layer with brownish color

around the observed pit.
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Figure4.16: Transverse mwsssection# 3 of theHK-40 alloytube 19 inchfrom the end cab of the
tube, left side (representing temperatuaeoundd880°C) with higher magnification optical
macrograpls of four sides in as etched conditi@arburization time is 1000 hoQrs
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Figure4.17: Side view of four strips of longitudinal cross sectiod @f the HK-40 alloy tube
after pack carburization test located 26.5 inch from the left side of thédHdloy tube
repreenting top, right bottom and left siel (as etchedordition) (Carburization time is 1000

hours, Temperature range: 860 to 880.0C)
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Figure4.18: Top view of inner surface diartex of the four strips of longitudinal crossction #
3 represnting top, right, bottom and left side located 26.5 inch from the left side of thé0HK
alloy tube(as receivedjCarburization time is 1000 hours, Temperature range: 860 to 880 0C)
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Figure4.19: Optical macrograph of gst carburized area of strip-Mtop side of théHK-40
alloy tube)(Carburization time is 1000 hours, Temperature range: 860 t3380

Figure4.20: Optical macrograph of gst carburized area of strijpN (right side of theHK-40
alloy tube)(Carburization time is 1000 hours, Temperature range: 860 t8380

Figure4.21: Optical macrograph of gset carburized area of stripR (left side of thédK-40
alloy tube)(Carburization time is 1000 hours, Temperature range: 860 to 880 0C)
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4.1.5 Transverse Cross Section # 4

Transverse cross section # 4 is located out of the furnace region 34.5 inches figfin the
side of the tubes. The temperature reading is below’®5Bigure 4.22 shows an etched cross
section with higher magnification at 12, 3,

no sign of carburization or metal dusting effect on the4@kalloy tube.

Figure4.22: Transverserosssection# 4 of theHK-40 alloytubelocated34.5 inch from the end
cab of the tubdgft side (representing temperature below 88) with higher magnification
optical mecrograpls of four sides in as etched condit (Carburization time is 1000 hours)
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4.2 Microstructural Investigation
The corrosion morphology and structure were studied using JEOL-7080F Field
Emission Scanning Electron Microscope {6EM) with EDAX Genesis EDS, EBSD

capabilities. Secondary eleatranaging (SEI) mode was used unless otherwise specified.

4.2.1 Base Metal

An etched cross sectional sample was investigated under optical microscope to study the
microstructure of the base metal near the inner and outer suffgaee4.23 showed a relatively
large equiaxed grain with some columnar grai@ser etched grain boundaries of dendritic
columnar grain structure that carried out lighter solute to the inner surface during centrifugal
casting.Figure 4.24 showed columnar grains aligned in the diameter direction of thel®HK

alloy tube.
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Figure4.23: Optical micrograph revealing the relatively large equiaxedastucture of HK-40
alloy base metal nedhe inner diarater surfaceas etched.
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Another sample in the as polished condition was examined using scanning electron
microscope (SEM)Figure4.25 revealed primary carbide along the grain boundaries with some
secondary carble within the matrix.

Figure4.24: Optical micrograph revealing the columnar microstructure of49kalloy base
metalnearthe outerdiameter surfageas etched.

Energy dispersive Xay map was conducted examine the form of carbide exist in the
grain boundariesrigure4.26 is a color modified micrograph of the base metal of a4@alloy
that elementally identifies and reveals that the carbide is mainly chromium carbid rich
chromium with some oxygen carbide due to exposure to air during sample preparation.
Chemical composition of the base metal under investigation was analyzed with energy
dispersive Xray spectroscopy (EDS). This analysis is considered as a semi quenatslysis
and do not reflect exact weight percdrigure 4.27 along withTable 4.1 showed the elements

peak with their weight percent.
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Figure4.25: Badkscatter SEMmicrographof HK-40 alloybase metashowing theprimary
carbidesalong the grain bourades and scondary carbidesas polished

FastMap5 Sample #5

Figure4.26. Energy dispersive Xay map showing elemaitdistribution (C, O, Si, P, S, Cr,
Mn, Fe, and Ni) of the base metal of HIK alloy tube.
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Figure4.27: Energy dispersive Xay spectra of the H40 base metal.

Table4.1: Chemical composition of HKO0 tube base metal using energy drsjpve Xray

spectra
Element | Concentration (wt.%)
C 1.374
O 3.601
Si 3.043
P 0.259
S 0.185
Cr 24.561
Mn 1.313
Fe 48.638
Ni 17.027
Total 100.000
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4.2.2 Carburized Zone

This Section examines two different metallographically prepared samples in the as
polished condition representing a lightand heavily carburized zondsigure 4.28 is a
backscattered SEM micrographowed the first sample with adherent scale having a distinct line
to flake out of the metal base. Multiple intergranulambhes beneath the scale was observed.
Figure 4.29 is a secondar electron SEM micrograph witthigher magnification of the
intergranular branchingf carbonwhichis tracing the primary carbides.

Figure4.28. BackscattereEM micrographof alight carburized zonsanple, as polished.

The secondsamplewere carburization layer was dense is shownthi@ secondary
electron SEM micrograph iRigure 4.30. Thick adherent scale was observed. Tdbiservation
indicates the large amount of carboffudied within the matrix. Small branches of intergranular
attack were obvious beneath the sciligures4.31 and 4.32 showedfrom secondary electron
SEM micrographghe propagation of carbon through grain boundannestiaen diffuses within
the gain. Energy dispersive-¥ay map was conducted féigure4.32. It revealed the presence
of high amount of carbon compared F@ure 4.26. This resultis a strong indicatio that the
primary carbide transformed from the initially existing4Cs to CrCs.
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Figure4.29: Secondary electron SEMmicrographunderneath a shallow carburized lagarHK-
40 alloy; as polished.
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Figure4.30: Secondary electroBEM micrographof aheavilycarburized zonef a HK-40 alloy
sample, as polished
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Figure4.31: Secordary electon SEMmicrographunderneath a heavily carburized lagéa
HK-40 alloy tube as polished.

153V .y

Figure4.32: Secondary electron SEMmicrographof carbon attacking grain boundarssa HK-
40 alloy tube as plished.
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FastMap4 Sample #5

Figure4.33: Energy dispersivX-ray mapusing color to indicate thelenmrental distribution (C,
O, Si, P, S, Cr, Mn, Fe, and Nij a micrograplof a carburized zone of HKO alloytube

Different spots at the carburization lay&idure4.34 to 4.38) were examined monitoring
the variation of carbon and chromium weight percent (

Table4.2 to 4.6), respectively, using energy dispersivaay.

Ni
Ni

2 4 6 8 10 keV|

Cursor=

Vert=2842 Window 0.005 - 40.955= 83,662 cnt

Figure4.34: Energy dispersive Xay spectra of @int 1in Figure4.30.
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Table4.2: Chemical composition dfigure4.34 using energy dispersive-bay spectra

Element| Concentration (wt.%)
C 34.405
o) 12.639
Al 0.749
Si 0.867
P 0.132
S 0.252
Ca 0.407
Cr 37.711
Mn 0.450
Fe 11.660
Ni 0.728
Total 100.000
Cr
C PS Mn g
Al pg Fe
ISiP S - Fe |
ﬁ Jt 6 ;3 10 keV|
Cursor=
Vert=808 Window 0.005 - 40.955= 20,925 cnt

Figure4.35: Energy dispersive Xay spectra of @int 2in Figure4.30.
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Table4.3: Chemical composition dfigure4.35 using energy dispersive-bay spectra

Element| Concentration (wt.%)
C 5.464
O 6.339
Al 0.613
Si 0.263

P 0.05
S 0.086
Cr 73.631
Mn 2.611
Fe 10.969
Total 100.000

Ni
Ni

8 10 keV|

Cursor=
Vert=972 Window 0.005 - 40.955= 31,240 c¢nt

Figure4.36: Energy dispersive Xay spectra of point 3 iRigure4.30.
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Table4.4: Chemical composition dfigure4.36 using energy dispersive-bay spectra

Element | Concentration (wt.%)
C 5.330
O 4.289
Al 0.671
Si 0.760
P 0.008
S 0.096
Cr 53.301
Mn 2.656
Fe 25.840
Ni 7.060

Total 100.000

Cursor=

Vert=1970 Window 0.005 - 40.955= 54,950 cnt

Figure4.37: Energy dispersive Xay spectra of point 4 iRigure4.30.
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Table4.5: Chemical composition dfigure4.37 using energy dispersive-bay spectra

Element| Concentration (wt.%)
C 35.973
O 30.374
Al 1.004
Si 0.923

P 0.049

S 0.302

Cl 0.734

Cr 12.092

Mn 0.658

Fe 17.891
Total 100.000

8 10 keV|

2 4 6

Cursor=
Vert=1632 Window 0.005 - 40.955= 105,348 cnt

Figure4.38. Energy dispersive Xay spectra of point 5 iRigure4.30.
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Table4.6: Chemtal composition oFigure4.38 using energy dispersive-bay spectra

Element| Concentration (wt.%)
C 2.854
@] 3.185
Al 0.266
Si 2.826
P 0.101
S 0.164
Cr 28.262

Mn 1.098
Fe 61.245
Total 100.000

4.2.3 Metal Dusting

This Section examines one of the samples with pitting defect. The sample was
metallogephically prepared to be investigated using scanning electron microscopy (SEM).
Figure4.39is a backscattered SEM microgragitowng two pitting indicationsadjacent to each
other. No indications of second layer or branching were obsefbedpits were not filled with
any corrosion product. It was empty and the dark color is an indication of inclined surface.
Figure4.40is a higher magnificatiophotograptof Figure4.39.

Multiple points inside the pit were examined in terms of chemical composition changing

using energy dispersive-pay. The results are listed thougiigures4.41 to 4.44 with their

elemental analysifables4.7 to 4.10, respectively.

Table4.7: Chemical composition dfigure4.41 using energy dispersive-May spectra.

Element | Concentration (wt.%)
C 11.722
O 36.273
Al 1.098
Si 2.566
P 0.001
S 0.861
Cr 26.909

Mn 0.977

Fe 19.118

Ni 0.475
Total 100.000

57



Figure4.39: Backscattered SEvhicrographof two pitting agacent to each other of the 4O
alloy tube, as polished

: e ge bie
15 kv 200 pm

Figure4.40: Secondary electron SEMicrographwith higher magnification of theidp pit
observed in the HKIO alloy tube, as polished
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Figure4.41: Energy dispersive Xay spectra of point 1 iRigure4.40.
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Vert=555 Window 0.005 - 40.955= 24,598 cnt

Figure4.42: Energy dispersive Xay spectra of point 3 iRigure4.40.

Table4.8: Chemical composition dfigure4.42 using energy dispersive-bay spectra

Element | Concentration (wt.%)
C 9.883
@) 13.748
Al 2.159
Si 7.425

P 0.026
S 1.153
Cr 46.460
Mn 1.765
Fe 12.384
Ni 4.998
Total 100.000
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Figure4.43: Energy dispersive Xay spectra of point #h Figure4.40.

Table4.9: Chemical composition dfigure4.43 using energy dispersive-bay spectra

Element| Concentration (wt.%)
C 36.845
@) 44.284
Al 1.581
Si 15.332
P 0.000
S 0.168

Cr 0.903
Mn 0.000
Fe 0.756
Ni 0.131
Total 100.000
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Figure4.44: Energy dispersive Xay spectra of point 5 iRigure4.40.

Table4.10: Chemical composition dfigure4.44 using energy dipersive Xray spectra

Element | Concentration (wt.%)
C 1.374
O 3.601
Si 3.043
P 0.259
S 0.185
Cr 24.561

Mn 1.313
Fe 48.638
Ni 17.027

Total 100.000
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4.3 Hardness Measurements

Macro hardness test was conducted in two strips of thel®lklloy aftercarburization.
The first strip represents the top side of the-#Kalloy tube while the other strip represents the
bottom side. Each strip is about twenty inch long. Measurements were taken along two
longitudinal spots, one third away from the inner disene@nd one third away from the outer
diameter.

Left side of the graph representise high temperature exposure of the -Bi& during
carburization.Measurements were taken for the length of the strips exposed to carburization
which is about 20 incb08 mn) long. All measurementsf the Rockwell hardness testes were
measureckitherin HRB or HRC scale. However, they are all converted to HRA for consistency
in comparison.

The base metal hardness is about 55 HRA. fiaeliness profile of the top strifigure 4.45
showedan increase from the less hot zone (right side), where temperature was ab¥tit &0
the very hot zone (left side), where temperature were’@2®f the HK40 alloy tube.

The hardness profile of the bottom side the HK-40 alloy top showed a decrease in
hardness compared to the base metal and then dramatic increase towards the very hot zone which

is related to carbide formation or some level of carburizafyufe4.46).

4.4 Results andDiscussion

The microstructureof the centrifugally cast material consist of dendrite grains aligned in
the diameter radial direction of the tube. It consisted of relatively large columnar centrifugally
dendrite coming to an abrupt end on the inner surfabes last to solidify metal has lighter
solutes which promote some features of equiaxed structure between the dendrites. The grain
boundaries constituted of @ich carbides.

The left side of the HKIO tube, where temperature was about 8B0exhibitedsevere
carburization while other areas lost their structural integrity in terms of pitting in th8@860
zone. The scale formed on the surface of the tube was adherent and there was evidence of
flaking. No cracking in the tube walls were noticéidis obsrved that there are signs of two
carburization layers. First is the formation of adherent carburization layer, second is solid
solution precipitation within the matrix. The carbide first formed at grain boundary and then

advances within grain matrix.
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Hardness profile of the top strip
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Figure 4.45: Rockwell rerdness profile of the top strip starting from end side oHke40 alloy
tube

Hardness profile
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Figure4.46. Rockwell rardness profile of thbottomstrip starting from end side of théK-40
alloy tube
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The space and time of the initiation and growth of carburization is random and non
uniform in nature. Carburization takes place as an internal reaction due to the high diffusivity of
carbon. Nickel is at a carbide forming element, so presumably it would tend to remain in solid
solution in the matrix. Energy dispersiverXy map revealed that carbide transformation in HK
40 alloy during high temperature service from the initially existing@rto CrCs.

These examples show that not only the degree of carburization vary dramatically around
the circumference dhe HK-40 alloytube but also ovesivery short distance along the length of
the tube. Thus, temperature alone is not a determining factor. Sudalitionshould be
consideredinother major factorThis noruniformity also presents a problem in interpreting the
results of measurements of the degree of carburization.

The hardness profile of the top surface in not in agreement with the hardnidssf@ro
the bottom surface. This situation is because the top surface was carburized much more than the
bottom surface. Hence, the bottom surface was softening yielding to a lower hardness value
compared to the base metal. The hardness then jumped ia dakl to the starting of
carburization attack at the very end portion of the-4Kalloy tube inside furnace. The hardness
increases because of the contribution made by the presence of massive amount of chromium

carbide which is hard intermetallic compourrdcarbon ingress in the matrix.
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CHAPTER 5: NATURAL FREQUENCY ANALYSIS(NFA)

5.1 Introduction

Natural elastic wavefrequeny and mode shapesre functions of thematerial
microstructure an@roperties geometryand boundary conditions. Arhomogenouslteration of
the materialmicrostructure angroperties will result in changing theatural frequencyut not
the mode shapes. On the other hand, any changes in the boundary conditions or shape of the
structure will result in changing matural frequencieand mode shap¢32][33].

The present workexperimentallyinvestigats sensitivity of the natural elastic wave
frequeng of the tuberesponseadue to carburizatiomnd metal dustingn addition, gmulation
using COMSOLwas utilized to study theresponses due to carburization and metal dusting

separately.

5.2 Impulse Testing

The naturalelastic wavefrequeny of the HK-40 alloy tube was excitedby droppinga
ball bearing of 1/4nches diameter onto the closed asfdhe HK-40 alloy tube using asmall
tubewith a height ofl2 inch (305 mmjFigure5.1). Time domainresponse of thelK-40 alloy
tube was measuredusing three 100 kHz piezoelectric transducersnnected with apecially
designedielay that haa concave shape to match the H4K alloy tube surfac@Figure5.2). The
transducers werplaced6, 12 and24 inches(152, 305, and 610 mnijom the closed endf the
HK-40 alloytube The purpose of théransducetocatedat 6 inchis to providethe trigger signal
to an oscilloscoperhe othertansducers were locatetl the bottonside and top side of tHéK-
40 alloytubeto reveal the readings titese locationsAn average of three readings was taken on
each test to minimize ¢hpercentage of errolhe time signals were converted frequency
domainusingFastFourierTransformation (FFT)(Figure5.3).

Initially, the HK-40 alloytube was tested to find oit$ natural frequengin the as cast
condition. Then, the tube was heat treated for 48 hours &{8&0owing reformatioror growth
of primary carbides and recrystallization of the grdg8¥. Theimpulse testvasrepeatecat 12

and 24 inche$305 and 610 mmdn bothsides(bottom and topto study thenatural frequeng
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responses to minute change in the mictmsure of the tube materidrinally, theimpulse test

wascarried outt different location®onthe HK-40 alloytube after being carburized for 1,000 hr.

12in

<

Ton Side
Bottom side

Figure5.1: Impulsetesing setupshowing the transducers positioning to measure the natural

frequency in the as cast, heat treated, and carburized condition of t48 &y tubeThe

flange was attached to the floor while a #riube was used on the closed end of the K
alloy tubeto drop the ball bearing.

It is recognized that the attachment of the transducers and contact with the floor can alter

the natural frequency of the tube. However, the impulse testing will meadatee changes
between the untreated (as cast), heat treated, and carburized condition. Therefore, the transducers

were attached in the same position in all the three cases.
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Figure5.2: Drawing of theconcavealelayline to becoupledwith the 100 kHz transducer to
match the HK40 alloyouter diametesurface.
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Figure5.3: Example ofFastFourierTransfamation (FFT) from time sgnals (top) to frequency
domain (bottom)
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5.2.1 As CastCondition

The natural frequeng of the HK-40 alloy tube was measuredn the as castonditionat
12 and 24nch (305 and 610 mmirom the closed end'he natural frequencieare dentical on
both measurementgigure 5.4). The blue lines represent the results measurd@ abch (305
mm). The red lines represent the results measur2d eich (610 mm)Both measurements were
on the bottom side of the HKO alloy tube The mostdominant and reproducible modes of
vibration are the ones with higist peaks. Therefore, anything less thiamty was ignored.
Hence, he signals in consideration are 2050, 4100, 12401, 13951, 15502, 16762, 19652
and 18452 kHz.

A cast: measured @ 12 inch bottom s cast: measured @ 24 inch bottom

200.00

15.p02
180.00

13,851
160.00 |

140.00 T
12.401

120.00 16752

100.00

Signal
=
~
S
Pt

18.152
1gA52

u!

18 20

8000

4100
6000 | 1

4000

2000

0 2 4 6 8 10 12 1
Fraquency (kHz)

Figure5.4: Natural frequeng of theHK-40 alloy tubein the as cast conditiameasured at 12
and 24inch (305 and 610 mmfrom the closed end

69



5.2.2 Heat Treated Condition

After heat treatment for 48 hours at 8%0) theHK-40 alloytube was tested agaifihe
resultsshow no difference between thatural frequengof the HK-40 alloytubereadings at 12
and 24 inch(305 and 610 mmpn both sides. Since top atttom side measurements are
identical,reading orbottom sidewas used to present tbemparisorn(Figure5.5). It is expected
the materialunderwentminor changes in terms of primary carbide reformatorgrowth and
recrystallization of graings seen by the small changes on some of the pelakgever, the

natural frequengof the tubedid not reflect any changes of the heat treatment effect.

Heat treated: measured @ 24 inch bottom Heat treated: measured @ 12 inch bottom
200.00 200.00
2401 13951
180.00 180.00
160.00 160.00
17.60
140.00 140.00
15.502
120.00 120.00
z
o 100.00 100.00
"]
16.752
80.00 80.00
18452
60.00 4100 60.00
815
40.00 3.050 ' | 40.00
20.00 1 /| l‘ w - 20.00
0.00 0.00
0 2 4 6 8 10 12 14 16 18 20
Frequency (kHz)

Figure5.5: Natural frequeng of theHK-40 alloytube after heat treatment measured at 12 and 24
inch (305 and 610 mnfyom the closed en¢bottom sidé.
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5.2.3 Comparison of the Natural Frequencybetweenthe As Cast and Heat Treated

Condition

A comparison betweetine natural frequeng of the HK-40 alloytubein theas cast and
heat treateadtonditionwere analyzedFigure 5.6). Since there is no difference observed earlier
between the 12 and the 24 in@805 and 610 mmilpcations ormeasurements betwedme top
and bottom side of theHK-40 alloy tubg a single comparison betweéime samdocationsis
sufficient.

The strongest ghals of thenatural frequengare almost identical. There is a slight variation

in frequencyof the very low peaks which could be related to coupling condition between the

transducer and the surface of the tulblae frequenciesfanterest remain the samn

Figure5.6: Natural frequeng of theHK-40 alloy tube as castompared tdeat treatedheasured
at12 inch (305 mmjrom the closed end6ttom sidé.
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