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Abstract of the Dissertation
Coke Resistant Coating Technology
For Applications In Ethylene Pyrolysis Heaters
By
Alok Pratap Singh Chauhan
Doctor of Philosophy
in
Materials Science and Engineering
Stony Brook University
2007

This dissertation begins with a description of the history of the events leading to
ethylene pyrolysis tube failure. During service, hydrocarbons pass through the radiant
heater coils at temperatures up to ~ 1100 C. The catalytic activity between the feedstock
and the tube wall leads to heterogeneous coke formation. The accumulation of coke, a
homogeneous event, leads to localized temperature excursions, pressure variations, and
potential tube plugging which all play a significant role in premature tube failure by creep

and stress rupture.
During normal operation, the tube metal temperature is frequently reduced to
pass high pressure steam or steam air mixtures through the tubing to eliminate coke, a
process known as decoking. At ~ 1100 C, depending on the materials of construction, a
variety of topologically close packed phases (n, M23Cs, 6, M;C3, etc.) form which can

lead to premature tube failure by embrittlement during the decoke cycles.
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In this dissertation, two techniques are discussed which have the potential for
overcoming premature tube failure: (1) upgrading the metallurgy to a material that forms
a protective oxide coating at the service temperature and also shows resistance to the
formation of topologically closed pack phases and (2) a novel technique which can

deposit coke resisting coating on the inner diameter of pyrolysis tubing.
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1. Introduction

1.1.  Coking

Ethylene is one of the largest, by volume, chemical commodities in the world
with production in the United States estimated to exceed 136 million metric tons by the
year 2010. [1] Used as the building block for the production of polyethylene, ethylene
glycol, polyester, and styrene monomer; ethylene is produced by cracking a gaseous or
liquid hydrocarbon feedstock, such as ethane, propane, naphtha, or gas oil in the presence
of steam inside the coils of a pyrolysis furnace. [2-4] Hydrocarbon cracking is
accomplished at low pressures and elevated temperatures in the range of 750-1000 C
(1382- 1832 F). The feedstock is passed at high velocities through heated coils (Fe-Ni-Cr
alloy). The residence time of the feedstock within the coils is extremely short.

The type of feedstock used in an ethylene plant generally depends on the
availability and geographical location of the plant. In the United States, ethane and
butane are mainly used with some plants using naphtha. In the Middle East, mainly
ethane and to some extent propane is used. In Europe and Asia, mainly naphtha is used;
whereas some locations use feedstocks ranging from ethane to vacuum gas oils. [5] The
feedstock cracking reactions that occur during pyrolysis of ethylene are free radical in
nature and are nonselective, a range of useful hydrocarbons and detrimental coke being

produced as byproducts. Two types of free radical reactions have been described [6]:



chain interference and transfer type propagation reactions as in equation (I) and chain
termination reactions as depicted in equation (II)
RH+H =R"+H, D

2R"+M=R-R+M (IT)

When the feedstock consists of propane, for example, some of the free radical
cracking reactions are shown below [7-9]:
a) Initiation Reaction
C;Hs — CH;5 + CoHs' (111)

b) Propagation Reactions

CH;" + C3Hs — C3H; + CH, (IV)
C,Hs" + C3Hg — C3H;™ + CoH V)
CoHs  —> H' + C,Hy (V)
CH; +H, > H +CH, (VI
H + CH; — CH; + H, (VIII)
C,Hs +H, » H + CoHs (IX)
C,Hs + CoHy — CH;™ + C3Hg (X)
H + CHy — CHs (X1)
C,Hs — 2CH3" (X1I)
CH; + C,Hg — C,Hs + CHy (XI11I)
CH; + CoHy — C3H;' (XIV)



C3H;" + CyHg — C,Hs + C3Hg (XV)

H + C,Hs — C,Hs + Ha (XVI)

H + C3Hs — C:H; (XVII)
CsH; — CH3" + CoH, (XVIII)
C;H;, - H + C3Hg (XIX)
CsH; +H, » H + C3H; (XX)
C;H; + CHy — CH;' + C3Hg (XXI)

H + C3Hs — C3H; + Ha (XXII)
CH; + CsHs — C4Ho' (XXIII)
CoHs + CoHy — C4Ho' (XXIV)
C,Ho — H' + C4Hg (XXV)
C4Ho +H, - H + C4H (XXVI)
C4Ho — CH3" + C3Hg (XXVII)
C4Ho — CoHs + CoHy (XXVII)
C,Hs" + C4Hyo — C4Hy™ + CoH (XXIX)
C4H,0 — CH3 + C3H; (XXX)
C4H;p — 2CHs" (XXXI)
H + C4H;p — C4Ho + H, (XXXII)
CH;" + C4H,0 — C4Ho + CH,4 (XXXII)

c¢) Termination Reactions

2H > H, (XXXIV)



H + CH; — CH, (XXXV)

H" + C,Hs — C,Hp (XXXVI)
H + C3H; — C3Hs (XXX VII)
2CH;" — C,Hg (XXXVIII)
CH; + C,Hs — C3Hjg (XXXIX)
2C,Hs™ — CoHy + CoHg (XL)
2C,Hs — C4Hjo (XLI)
CH; + CsH; — CH4+ C3Hg (XLII)

The assumption that the highest molecular weight product formed from C;Hg is
C4H)0, is not necessarily true. Also, it is incorrect to assume that the same type of tar is
obtained from low and high molecular weight feedstocks. The free radical reactions also
lead to a variety of low vapor pressure high molecular weight products even at the high
processing temperatures which condense (i.e. form liquid droplets) in the pyrolysis
reactor.

The interaction of feedstock and products with the tube wall leads to coke
formation, the mechanism of which is summarized in the Figure 1.1 [10]. Homogeneous
events such as gas phase coke formation and feedstock/ product interactions with carbon
and tar deposits on the surface are excluded in this illustration. The thick layers that are
formed when non-catalytic events occur are not our primary concern and are described

elsewhere in the literature [6, 11].



The steam used during cracking helps to minimize coke formation by virtue of the
water-gas reaction. The trend in recent years has been to use an increasing cracking
temperature with the aim of increasing the ethylene yield. However, the environment
within the radiant section cracking tubes is carburizing, while that on the outside or
firebox side is oxidizing. As the tube skin and cracking temperatures are increased, the
potential for premature tube failure is accentuated. [12-14] A detrimental product of the
cracking reactions, coke, deposits on the inner walls of the coils leading to process
inefficiencies and tube failure. Since cracking furnaces need to be regularly decoked by
steam and steam-air mixtures, ethylene production tends to be one of the most energy
intensive processes in the world. [13-15] The combination of cracking and decoking
cycles reduces tube life by 2-4 years (design life expectancy is 10 years). [16] The hot
outlet tubes have average lives of six months to seven years depending on severity,
design, alloy, and operation. Mid-section and inlet tubes have longer lives due to lower
operating temperatures.

In the next portion of this section, I will briefly describe four types of coke
formation:

e (atalytic or Heterogeneous Coke Formation
e Pyrolytic or Homogeneous Coke Formation
e Deposition of mechanically transferred coke in downstream equipment

e Condensation of high boiling components



1.1.1. Catalytic Coke Formation

Catalytic coke formation is dependent on the abundance of catalytic sites (metal
particles on the surface, metal particles on filaments, active coke (free radicals), grain
boundaries, metal crystallites, metal oxides, metal carbides, surface disorders, etc.) on
metal surfaces at temperature above which catalytic reactions become possible. There
existence of a significant number of catalytic sites, where olefins can be preferentially
adsorbed over paraffins due to the existence of « electrons will lead to filament formation
[11, 17-21]. The absence of chromium (a coke formation deterrent) as well as high iron
content in the low or unalloyed steels is the primary reason for rapid coke formation [20,

22, 23]. Furthermore like iron, the presence of nickel aids in the formation of the coke.

The catalytic coke formation mechanisms are [24]:

1) Long periods of steady state deposition.

i1) Carbon deposits contain metal particles (at the tip of carbon filaments).

1) At low temperatures (500 — 650 C) the rate of deposition is dependent on the
metal surface.

1v) At higher temperatures, surface reactions are the rate determining step
(surface carbon films deactivate the catalyst).

V) At even higher temperatures coke formation occurs by gas phase pyrolysis of
hydrocarbons.

Vi) Catalytic coke formation is accelerated by the presence of hydrogen.

vii)  Ease of formation of catalytic carbon: acetylenes > olefins > paraffins.



The formation of catalytic coke on metal surface starts with the adsorption of
hydrocarbon gas on a metal surface. The hydrocarbon gas then undergoes a series of
reactions to form intermediates that adsorb on the metal surface. This in turn leads to
production of carbon atoms when adsorbed species undergo reactions. Carbon atoms
diffuse into the metal or migrate across the surface to nucleation/ growth centers. Carbon
diffusing in the bulk migrates to grain boundaries and precipitates out, whereas the
carbon on the surface forms an encapsulated layer and prevents further deposition of
carbon on the catalyst. If encapsulation does not occur, catalytic reactions continue
because the metal surface is at the tips of the growing filaments. Coke formation on any
surface is effected by [6]:

A) Nature of gas phase species which depend on the nature of the surface

(entrained metal particles).

B) If gas phase contains steam or hydrogen, encapsulated carbon can be removed

and the coking rate can increase (in situ decoking).

C) The rougher the surface, the more nucleation sites and the higher is the coking

rate.

D) Controlled amounts of sulfur can limit catalytic coke formation.

E) Surface conditions differ from bulk conditions: HK40- preoxidized - similar to

the bulk/ pre-reduced has only manganese (Mn) and chromium (Cr) at the
surface.

F) Alumina or Silica limits catalytic coke formation.



The formation of coke on catalytic surfaces affects the nature of the reactants,
intermediates, and products. It offers nucleation and growth sites on the catalyst and thus
has an influence on the structure and composition of coke. Secondary reactions are also
influenced. Catalytic surfaces promote the formation of carbon via dissolution —
precipitation mechanism. Also these catalytic surfaces alter the nature of gases present in
the reactor by catalyzing gas-phase reactions and the nature and amount of tars or carbon
formed in the gas phase. During cracking, catalytic surfaces get covered by inactive
layers either deliberately (alumina or silica from the alloy) or accidentally (encapsulated
coke). During coke formation on non-catalytic surfaces there is a change in mass and heat
transfer in the system, generation of nucleation and growth sites, and physical properties
such as porosity have an effect on coking. Non-catalytic surfaces collect condensed tar
and soot, and this concentration of tar and soot allows further non-catalytic reactions to
occur. [25, 26]

There is an induction period for the production of tars and carbon and in a flow
reactor the inlet never becomes covered with tar or carbon [27]. Tube materials from the
inlet will however influence downstream coking unless the inlet is coated [28-30].
Filamentous carbons with active metal tips are especially active and continue to generate
carbon until the tip itself is covered with a non-reactive carbon [6, 31-37]. Mechanically
polishing surface results in a reduction of the number of disorders or, general roughness
that have resulted from manufacturing [35, 38-40]. Active metal particles already existing
on the surface [41] are removed or, reduced in size and number with polishing [38, 42].

Exception to this is that at high temperatures (> 900 C), polishing effect is less



pronounced or, non-existent [40, 43]. Most significant effects of polishing are not
changes in surface composition, but the decrease in active sites from mechanical defects
and from metal particle removal [10]. Compared to as fabricated and/or rough surfaces,
polished surfaces operate at 50 to 100 C below the gas temperature, thus at the lower
operating temperatures, the free radical reactions occur more slowly [32, 38]. Radiation
and temperature of the substrate are affected during heat transfer by radiation emittance.
Polished surface have an emittance of 0.1, whereas the emittance of a plain/ carburized

surface tend to be a lot higher ~ 0.9. [44]

1.1.2. Pyrolytic Coke Formation

Pyrolytic coke formation is also known as radical coke formation or, thermal
coking and is a form of homogeneous coking. Pyrolytic coke in the gas phase is quickly
formed by radicals as coke precursors deposit non-preferentially on the surface of process
equipment. [45] Polymerization of aromatic compound towards coke formation starts
with formation of multi-ring aromatic components of higher molecular mass from simple
aromatics via dehydrogenation/ nucleation above 700 C and further leading to formation
of coke particulates in the gas phase [46]. Diels-Alder reaction, or polycyclization, is
responsible for gas-phase reactions in the early stage of coke formation at temperatures
below 600 C [47, 48]. Here, the addition of fragmented alkyl radical with unsaturated
hydrocarbons produce cyclic compounds. The formation of pyrolytic coke decreases with
decreasing temperature [49, 50]. The absolute coke formation rates are in the order of

paraffins < aromatics < olefins < acetylene. The formation rates of pyrolytic coke from



paraffins is 2-4 orders lesser than olefins. It has been observed that the larger
hydrocarbons have higher coke formation rates in the same group and the temperature

dependencies are in the reverse order: acetylene < olefins < aromatics < paraffins. [26]

There are seven theories with regards to formation of carbon/ coke in the gas
phase [6]:

a) Atomic Theory: Monoatomic carbon is a significant species in nucleation.

b) C2 Theory: Solid carbon results from polymerization of C2 species.

c) C3 Theory: Solid carbon in flames arises by condensation of carbon vapor (C3
is a major species).

d) Acetylene Theory: Carbon particles are formed from acetylene by
simultaneous polymerization and dehydrogenation.

e) Hydrocarbon Polymerization Theory: Fuels undergo a polymerization process
that ends in carbon (liquid polymers, polymers with high molecular weight,
polycyclic aromatics, and polynuclear aromatics are formed as intermediates).

f) Surface Decomposition Theory: Carbon is formed through a surface chemical
reaction of the original hydrocarbon on a carbon surface.

g) Condensation Theory: Initial hydrocarbon is transformed by a gas phase
reaction into macromolecules and then into droplets (condensation) and lastly

into solid carbon (pyrolyzed).
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1.1.3. Droplet Condensation

In this mechanism, coke formation/ deposition occurs in the low temperature
sections such as downstream of the cracking coils [26]. Because of condensation
mechanism, the heavy feedstocks like gas oil coke more than lighter ones such as ethane
[51]. The coke forms as tar or mist [46], and here as the temperature decreases the
coking rate increases, an inverse relationship [45]. Condensation coke has spherical
morphology with micro-droplets condensing on graphite surfaces and globules of coke

forming by dehydrogenation [17, 18, 46].

1.2.  Carburization

Over a period of time coking (a surface diffusion event) leads to carburization (a
bulk diffusion event) which both are thought to be common causes leading to tube failure
in case of ethylene cracking [52, 53]. Carburization occurs when the metal is exposed to
carbon monoxide, methane, ethane or other hydrocarbons at high temperature [54].
Carburization has an adverse effect on room temperature ductility, toughness, and
weldability. It increases tube wall thickness/ volume and greatly amplifies the outer fiber
tensile stresses, which in turn leads to cracking, fissures, and reduced tube life. Materials
that have embrittled due to carburization cannot readily yield or relax under bending
loads so they tend to rupture prematurely. [12] Carburization usually is localized and
tends to be oriented towards the firing side of the tubing [54].

During carburization, there is formation of two zones of carbides: an inner M»3;C¢

phase and an outer M;C; phase (where M= Fe, Cr, and/or Ni). M;C; is formed by
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conversion from Mj3;C¢. The Fe and Ni expelled from the matrix during the process can
be seen as metallic particles in the carbide [55-58]. The formation of carbides depletes
the matrix of Cr and shifts the composition within the Fe-Ni system. At temperatures 800
-1200 C, the activity of carbon is defined w.r.t. (with respect to) graphite, a. = 1 so
carburization takes place when a, < 1. [12] The equilibria for the carbon activity are as

below:

CHs=C+2H, (XLII)
2CO=C+CO, (XLIV)
CO +H,=C + H,0 (XLV)

As ¢.D. >> c,Dp, the solubility (¢) and diffusivity (D) of carbon in Fe-Ni-Cr
alloys are relatively high so the inward diffusion of carbon (C) is high and the outward
diffusion of carbide forming elements (M) is much slower [59, 60].

Carburization increases volume which leads to internally induced stresses in the
uncarburized parts of the material. It causes an increase in the thermal conductivity,
which is not a negative effect and leads to a reduction in room temperature tensile,
ductility, and impact strength. Catastrophic brittle failure in carburized components
occurs when the temperature is lowered from the service temperature. Carburization in

general has no detrimental affect on the high temperature properties of the material. [12]
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In case of nickel (Ni) based alloys, the reduction in room temperature ductility
due to carburization is much more. It is caused, firstly, by the lower carbon solubility
and, secondly, due to the formation of M;C; and M,3C¢ with high metal/carbon ratio. [61]

Chromium oxide is a protective oxide layer for Fe-Ni-Cr alloys. It gets converted
to unprotected carbides under certain conditions. Cr,Os scale is affected by increasing the
temperature, or decreasing the oxygen activity and/or increasing the carbon activity. The
formation of chromium carbides from Cr,O; begins at 1050 C in the CO,-CO
atmospheres and in contact with carbon (a.=1). CO pressure controls the temperature at
which the carbide formation occurs. [12]

At temperatures greater than 1050 C, presence of ~2% Si aids in the formation of
Si0, sub-layer which resists carburization [62]. Thus, the protection from carburization
below 1050 C is controlled by Cr,O; formation while that above 1050 C is controlled by

Si0, formation or, in the case of sufficient Al content on Al,O3 formation [12].

The mechanisms involved during high temperature carburization are simply [12]:

1) Diffusion in the boundary layer and transport in the gas atmosphere by gas
flow;
i1) Phase boundary reactions known as dissociations and reactions of the gas

molecules on the surface producing carbon atoms, are responsible for transfer
of carbon to the metal phase;
1) Inbound carbon diffusion; and

1v) Carbide-forming alloy elements react with carbon in the alloy interior.
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Thus, carbon is transferred from gas atmosphere by CO, CO,, CH4 or other
hydrocarbons into the metal matrix at high temperatures in Fe-Ni-Cr alloys leading to
carburization and formation of M»;C¢ and M,C;. Carburization will occur no matter
whether coke is deposited catalytically or, non-catalytically. [12]

Carbide formers present during carburization are niobium, tungsten,
molybdenum, titanium, etc. apart from chromium, which interacts with carbon during
carburization and cause carbides to be more complex [54]. In nickel-based alloys, the
density of electrons per atom is calculated [63] to determine if other alloy phase
instabilities (precipitates) form. Topologically close-packed (TCP) precipitated phases
tend to form after prolonged exposure at temperatures in the range from 704 C — 899 C
(1300 F — 1650 F). The main phases are gamma prime, laves, mu (l), and sigma. The

equation for electron vacancy number Ny is expressed as:

N.=Xm(N,) (XLVI)

where, N, is the electron vacancy number for the alloy, m; is the atomic mass fraction of
the ith element in the alloy composition, and (Ny);is the electron vacancy number of the
ith element. The sequence of phases which form in the gamma matrix is carbide
precipitation followed by gamma prime formation. The residual matrix is determined
from the phase reactions and is thus used to calculate the electron vacancy number. Table

1.1 - Table 1.4 shows the electron vacancy number calculations for HK 40, HPM, 25Cr-
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35Ni (HP-Nb) and 35Cr-45Ni, respectively. The calculated electron vacancy numbers for
these alloys are 2.89, 2.68, 2.60 and 2.63, respectively.

Nickel and chromium are the most common element in controlling carburization.
The relationship of carbon absorption with nickel content depicts the decrease of carbon
absorption with increase in nickel content. Silicon along with 3.5-4 % aluminum has been
effective. But the rupture strength and weldability of both cast and wrought heat resistant
alloys are affected if the silicon exceeds 2 %. Also ductility and fabricability (necessary
for piping, tubing, pressure vessels, etc.) change adversely when aluminum percentage is
higher than 2-2.5%. [64] It has been tried unsuccessfully to control the carburization of
heat resistant alloys for long periods of time using coatings and surface enrichment using
chromium, aluminum and silicon, and their combinations. Aluminum vapor diffusion
coatings (Alonizing™™) were unable to sustain the extreme temperatures of 1010 — 1040
C (1850 — 1900 F). [54]

The petrochemical industries face the problem of carburization more frequently
than refining. Carburization is problematic in the radiant section of ethylene cracking
furnaces. It is less severe and less frequent in reforming operations and in processes
handling certain ratios of CO/CO,/H, gas mixtures and other hydrocarbons [54].
Carburization is a serious problem in ethylene cracking furnaces due to the high tube
metal temperatures reaching 1149 C ( 2100 F) and high carbon potential associated with
the cracking of mixtures of naphtha, ethane, propane, and other hydrocarbon feedstocks.

[12, 54]
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As temperature and carbon are the main variables affecting carburization rate in
ethylene cracking tubes, increasing steam dilution will reduce the rate. Thus the rate of
carburization is process driven. The type of feed is also a factor with heavier feeds
generally being less aggressive than lighter feeds because of their lower carbon potential.
[54]

The rate of carburization is influenced by the severity and form of decoking
operations. Steam 1is less deleterious than steam/air mixtures during decoking.
Carburization is accelerated by high temperature decoking with low quantities of steam.
[65] Carburization cannot be eliminated totally but can be reduced using the appropriate
metallurgy. The most important characteristic of a useful alloy is the ability to form and
maintain a stable protective oxide film. Chromium oxide films do not possess such
quality and are unable to be sufficiently stable at the higher operating temperatures, and
low oxygen partial pressures. Silica and alumina are better alternative for full protection
in the heat resistant alloys but the addition of silicon or aluminum leads to poor strength,
aged ductility, and/or weldability. The best solution is to have an alloy with 2 % of either
elements; keeping in mind that still it is not the best alternative. [54]

Carburization is totally unpredictable and is non-uniform in nature in ethylene
furnace tubes. Numerical models [66-76] developed with some success in predicting the
general rates of carburization are based on operating experience which undermines their
acceptability. This is because of the non-uniform nature of occurrence of carburization. It
can be deduced that the degree of carburization vary dramatically both around the

circumference of tubes and over short distances along the length of the tube. Temperature

16



along with surface condition was considered as a major determining factor yet cannot be
considered effective as the tubes which were initially identical and saw the same service
conditions for a long time behave quite differently [54]. Also, the degree of carburization
cannot be properly quantified due to the problem of non-uniformity. Carburization
patterns are useful in revealing uneven firing patterns which are unable to be detected
otherwise. Moreover, the complex model calculations fail to consider carbide
precipitation having varying size and composition; and transport and phase boundary
reaction through a changing matrix with concentration gradients [12]. This in turn helps
in the implementation of selective metallurgical alternatives for tube alloys. So, in case of
multi-tube coils, the upstream tube could be made of the lower cost, lower nickel
modified HP alloys and outlet tubes of the higher cost and more resistant 35Cr-45Ni

alloys [54].

1.3.  Creep in Carburized and Uncarburized Materials

In high temperature applications creep resistance and ductility are highly
important to the service life of components. Blackburn [77] studied the importance of
creep behavior of carburized materials at service temperature. The tolerance can be
increased to the stresses caused by differences between carburized and uncarburized
zones because of high creep ductility which plays an important part in extending the life
of carburized tubes. One of the candidate materials having high ductility is an alloy

having composition 35% Cr-25% Ni -3.5-4.0% W.
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For alloy Incoloy 800 (UNS No. N08800: 21% Cr-31% Ni-45% Fe-0.06%C-0.2%
Al-0.4% Ti) [12] and Incoloy 800 with 1% Nb, two creep mechanisms are observed from
the stress dependence of the creep rate: dislocation creep at high stresses and diffusion
creep at low stresses. And after carburization, the diffusion creep observed is faster for
both alloys. But, the dislocation creep is faster only for alloy 800 with Nb addition after
carburization. The carburized specimens have been observed to have a longer lifetime
when the creep rate is 107 s™'. Void and crack formation and poor reduction in area led to
brittle fracture for alloy 800 under the uncarburized and the carburized conditions. Voids
are vertical to the stress direction formed at grain boundary carbides. There is less void
formation with the fracture being ductile in case of carburized alloy 800 with 1% Nb.
[78]

The equation XLVII shows that € (creep rate) is directly proportional to the n™
power of the subtraction of G, (a threshold stress which is inversely proportional to the
distance of particles) from G (the applied stress). A is a proportionality factor which
decreases with increasing number of particles at the grain boundaries and n is an
exponent greater than equal to 3.

e=A(0-0,)" (XLVIID)

The carburization, in agreement with metallographic micrographs, leads to
decrease of the factor A and an increase of the threshold stress 6, which can be proved by
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a plot of ¢ ° v/s 6. The carburized alloy 800 having Nb shows a threshold stress twice as

high as that for the carburized alloy 800 without Nb because of presence of considerable
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amount of fine carbides in the grains. There is an increased amount of grain boundary
carbides and smaller distances for the particles in the grains for the alloy 800 without Nb.
[12] So in summary, if the carbon content is not too high in alloy 800, creep behavior is

not deteriorated by carburization [78].

1.4. Oxidation: Beneficial not Detrimental

One of the types of most commonly experienced high temperature corrosion is
oxidation. In the case of ethylene pyrolysis tubing, oxidation is considered as being not
detrimental; it serves as a source for the development of corrosion resistance oxide film
in heat resistant Fe- Ni- Cr alloys. Cr,0O3 (Chromium Oxide) is considered as a useful
film. The rate of oxidation increases with the increase in temperature, which is harmful.
To increase oxidation resistance, increasing chromium content is considered a viable
option. In a typical low sulphur flue gas environment, the rate of oxidation for these
alloys is lower. [54]

The amount of other elements such as aluminum, silicon, rare earths, etc. to
enhance the oxidation resistance has a limit on account of fabrication difficulties, and
resulting instabilities. Only a small percent of rare earth elements such as yttrium, cerium,
etc. are generally added. In wrought alloys, aluminum added is not more than 4 % and
silicon is limited to less than 2 %. There exist very few alloys having chromium more
than 30 %. High percentage of nickel causes chromium oxide to be more resistant to
spalling and increases the metallurgical stability of the composition. The modified HP

heat resistant and centrifugally cast alloys are generally used in ethylene cracking
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furnaces [12]. The failure of ethylene cracking furnace tube is not due to excessive

oxidation rates but is due to carburization and coking tendencies. [54]

Thus, the present research incorporates:

1) Determine what microstructural changes the Fe-Ni-Cr tubing
undergoes during service.

i) Strategies for limiting catalytic coke formation by adhering
coatings via pulsed laser deposition (PLD) to material traditionally

used for pyrolysis heaters.
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Table 1.1. Matrix for Calculation of Nv (Electron Vacancy Number) for HK40
Alloy.

Element] Wt % | Atomic| Wt %/ | Atomic | Precip. | Matrix Nv Nv
Weight | At. Wt. [Fraction| Adj. | Atomic Product
Fraction
A B C D E F G H
ROW 1 Cr 25.00 | 52.00 0.48 0.26 0.22 0.23 4.66 1.08
ROW 2 Ti 0.00 47.90 0.00 0.00 0.00 0.00 6.66 0.00
ROW 3 Mo 0.00 95.94 0.00 0.00 0.00 0.00 4.66 0.00
ROW 4 Al 0.00 26.98 0.00 0.00 0.00 0.00 7.66 0.00

ROWS5| Co 0.00 58.93 0.00 0.00 0.00 0.00 1.71 0.00

ROW 6 B 0.00 10.81 0.00 0.00 0.00 0.00 7.66 0.00

ROW 7 Zr 0.00 91.22 0.00 0.00 0.00 0.00 6.66 0.00

ROW 8 Cc 0.40 12.01 0.03 0.02 0.00 0.00 0.00

ROW 9 Si 2.00 28.09 0.07 0.04 0.04 0.04 6.66 0.27

ROW 10| Mn 1.50 54.94 0.03 0.01 0.01 0.02 3.66 0.06

ROW 11| Fe 50.60 | 55.85 0.91 0.49 0.49 0.51 2.66 1.36

ROW 12| Cu 0.00 63.54 0.00 0.00 0.00 0.00 0.00 0.00

ROW 13 \'/ 0.00 50.94 0.00 0.00 0.00 0.00 5.66 0.00

ROW14| W 0.00 | 183.85( 0.00 0.00 0.00 0.00 4.66 0.00

ROW 15| Ta 0.00 [ 180.95| 0.00 0.00 0.00 0.00 5.66 0.00

ROW16] Cb 0.00 92.91 0.00 0.00 0.00 0.00 5.66 0.00

ROW 17| Hf 0.00 [ 178.49( 0.00 0.00 0.00 0.00 6.66 0.00

ROW 18| Re 0.00 | 186.21 | 0.00 0.00 0.00 0.00 4.66 0.00

ROW 19| Ni 20.50 | 58.71 0.35 0.19 0.19 0.20 0.61 0.12

SUM 100.00 1.87 0.95 2.89
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Table 1.2. Matrix for Calculation of Nv (Electron Vacancy Number) for HPM Alloy.

Element] Wt % | Atomic | Wt %/ | Atomic | Precip. | Matrix Nv Nv
Weight | At. Wt. [Fraction| Adj. | Atomic Product
Fraction
A B C D E F G H

ROW 1 Cr 25.00 [ 52.00 0.48 0.25 0.23 0.26 4.66 1.23
ROW 2 Ti 0.00 47.90 0.00 0.00 0.00 0.00 6.66 0.00
ROW 3 Mo 1.50 95.94 0.02 0.01 0.00 0.00 4.66 0.00
ROW 4 Al 0.00 26.98 0.00 0.00 0.00 0.00 7.66 0.00
ROW 5 Co 0.00 58.93 0.00 0.00 0.00 0.00 1.71 0.00
ROW 6 B 0.00 10.81 0.00 0.00 0.00 0.00 7.66 0.00
ROW 7 Zr 0.00 91.22 0.00 0.00 0.00 0.00 6.66 0.00
ROW 8 C 0.17 12.01 0.01 0.01 0.00 0.00 0.00
ROW 9 Si 1.80 28.09 0.06 0.03 0.03 0.04 6.66 0.25
ROW 10| Mn 1.00 54.94 0.02 0.01 0.01 0.01 3.66 0.04
ROW 11| Fe 32.53 | 55.85 0.58 0.31 0.31 0.35 2.66 0.93
ROW 12| Cu 0.00 63.54 0.00 0.00 0.00 0.00 0.00 0.00
ROW 13 \'/ 0.00 50.94 0.00 0.00 0.00 0.00 5.66 0.00
ROW14| W 0.00 | 183.85| 0.00 0.00 0.00 0.00 4.66 0.00
ROW 15| Ta 0.00 | 180.95| 0.00 0.00 0.00 0.00 5.66 0.00
ROW 16| Cb 0.00 92.91 0.00 0.00 0.00 0.00 5.66 0.00
ROW 17| Hf 0.00 | 178.49| 0.00 0.00 0.00 0.00 6.66 0.00
ROW 18| Re 0.00 | 186.21 | 0.00 0.00 0.00 0.00 4.66 0.00
ROW 19| Ni 38.00 | 58.71 0.65 0.34 0.33 0.37 0.61 0.23
SUM 100.00 1.82 0.91 2.68
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Table 1.3. Matrix for Calculation of Nv (Electron Vacancy Number) for 25Cr-35Ni
(HP-Nb) Alloy.

Element] Wt % | Atomic| Wt %/ | Atomic | Precip. | Matrix Nv Nv
Weight | At. Wt. [Fraction| Adj. | Atomic Product
Fraction
A B C D E F G H
ROW 1 Cr 25.00 | 52.00 0.48 0.26 0.22 0.23 4.66 1.06
ROW 2 Ti 0.00 47.90 0.00 0.00 0.00 0.00 6.66 0.00
ROW 3 Mo 0.00 95.94 0.00 0.00 0.00 0.00 4.66 0.00
ROW 4 Al 0.00 26.98 0.00 0.00 0.00 0.00 7.66 0.00

ROWS5| Co 0.00 58.93 0.00 0.00 0.00 0.00 1.71 0.00

ROW 6 B 0.00 10.81 0.00 0.00 0.00 0.00 7.66 0.00

ROW 7 Zr 0.00 91.22 0.00 0.00 0.00 0.00 6.66 0.00

ROW 8 Cc 0.45 12.01 0.04 0.02 0.00 0.00 0.00

ROW 9 Si 2.20 28.09 0.08 0.04 0.04 0.04 6.66 0.30

ROW 10| Mn 1.50 54.94 0.03 0.01 0.01 0.02 3.66 0.06

ROW 11| Fe 35.85 | 55.85 0.64 0.34 0.34 0.37 2.66 0.97

ROW 12| Cu 0.00 63.54 0.00 0.00 0.00 0.00 0.00 0.00

ROW 13 \'/ 0.00 50.94 0.00 0.00 0.00 0.00 5.66 0.00

ROW14| W 0.00 | 183.85( 0.00 0.00 0.00 0.00 4.66 0.00

ROW 15| Ta 0.00 [ 180.95| 0.00 0.00 0.00 0.00 5.66 0.00

ROW16] Cb 0.00 92.91 0.00 0.00 0.00 0.00 5.66 0.00

ROW 17| Hf 0.00 [ 178.49( 0.00 0.00 0.00 0.00 6.66 0.00

ROW 18| Re 0.00 | 186.21 | 0.00 0.00 0.00 0.00 4.66 0.00

ROW 19| Ni 35.00 | 58.71 0.60 0.32 0.33 0.35 0.61 0.21

SUM 100.00 1.86 0.94 2.60
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Table 1.4. Matrix for Calculation of Nv (Electron Vacancy Number) for 35Cr-45Ni
Alloy.

Element] Wt % | Atomic| Wt %/ | Atomic | Precip. | Matrix Nv Nv
Weight | At. Wt. [Fraction| Adj. | Atomic Product
Fraction
A B C D E F G H
ROW 1 Cr 35.00 | 52.00 0.67 0.36 0.31 0.34 4.66 1.57
ROW 2 Ti 0.00 47.90 0.00 0.00 0.00 0.00 6.66 0.00
ROW 3 Mo 0.00 95.94 0.00 0.00 0.00 0.00 4.66 0.00
ROW 4 Al 0.00 26.98 0.00 0.00 0.00 0.00 7.66 0.00

ROWS5| Co 0.00 58.93 0.00 0.00 0.00 0.00 1.71 0.00

ROW 6 B 0.00 10.81 0.00 0.00 0.00 0.00 7.66 0.00

ROW 7 Zr 0.00 91.22 0.00 0.00 0.00 0.00 6.66 0.00

ROW 8 Cc 0.45 12.01 0.04 0.02 0.00 0.00 0.00

ROW 9 Si 2.20 28.09 0.08 0.04 0.04 0.05 6.66 0.30

ROW 10| Mn 1.50 54.94 0.03 0.01 0.01 0.02 3.66 0.06

ROW 11| Fe 15.85 | 55.85 0.28 0.15 0.15 0.16 2.66 0.43

ROW 12| Cu 0.00 63.54 0.00 0.00 0.00 0.00 0.00 0.00

ROW 13 \'/ 0.00 50.94 0.00 0.00 0.00 0.00 5.66 0.00

ROW14| W 0.00 | 183.85( 0.00 0.00 0.00 0.00 4.66 0.00

ROW 15| Ta 0.00 [ 180.95| 0.00 0.00 0.00 0.00 5.66 0.00

ROW16] Cb 0.00 92.91 0.00 0.00 0.00 0.00 5.66 0.00

ROW 17| Hf 0.00 [ 178.49( 0.00 0.00 0.00 0.00 6.66 0.00

ROW 18| Re 0.00 | 186.21 | 0.00 0.00 0.00 0.00 4.66 0.00

ROW 19| Ni 45.00 | 58.71 0.77 0.41 0.41 0.44 0.61 0.27

SUM 100.00 1.87 0.93 2.63
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2. Pyrolysis Heater Radiant Coil Materials of

Construction

2.1. Introduction

Generally in pressure vessels, pipings, fittings, valves and other equipment in
refineries and petrochemical plants a wide variety of iron and nickel-based materials are
used. Plain carbon steel is the most common. It loses strength and is susceptible to
oxidation at 316-343 C. On addition of Cr (0.5-9%) and Mo (0.5-1%) the working
temperature can be increased to 650 C. As these alloys have inadequate corrosion
resistance at high temperature, more specialized Ni-Cr-Fe alloys are required. The
aggressive environments in petrochemical and refining applications require cast and
wrought heat-resistant alloys which have high Cr and Ni. Earlier HK40 material replaced
commonly used wrought, heat resistant alloys and was used solely in the reformer tubes
for 20-25 years. Slowly, HK40 was displaced by HP-Nb and most recently, 35Cr-45Ni is
employed. There have also been developments in wrought alloys which have started
displacing the cast alloys in crucial applications, such as, short residence time ethylene
cracking furnaces. [1]

In petrochemical and refining industries, the main selection criteria to materials
are:

1) Mechanical Properties

1) Corrosion Resistance
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1i1) Fabricability
v) Availability

V) Cost

The challenge has been developing material with (i) sufficient ductility at 1100 C
to withstand in-service stresses, (ii) sufficient high temperature (~1100 C) creep strength;
and (iii) sufficient ductility below 700 C after service aging to withstand startup and
shutdown stresses. The materials normally used in ethylene pyrolysis service are listed in

Table 2.1.

2.2.  Materials Used for Radiant Coils in Pyrolysis Heaters

2.2.1. Cast: HK40, HP Type, 35Cr-45Ni, 36X Alloys
(A) HKA40 Alloy

Research was done in the mid 1970s for improving the service temperatures by
100 degree C over HK 40 alloy as well as making it weldable and easy to cast by varying
composition of iron, nickel and chromium [2], and with the addition of Ti and Nb [3-6].
Also addition of Nb, Ti and/or Zr showed improvement in the low cycle fatigue (LCF)
life and fatigue crack propagation (FCP) resistance under creep conditions [7, 8]. Cerium
was added (i.e. to form CeO, coatings) to improve hot corrosion cracking due to
formation of Cr,O; scale and other alloys were developed for greater resistance to

thermal fatigue [9, 10]. Pack aluminization of HK40 alloy showed increased
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carburization resistance by 60 % [11-13]. Even deposition of SiC using pulsed lasers was
looked into with regards to improving the HK40 alloy [14, 15]. The addition of semi-
refractory and refractory elements of Group IVA — VIA such as vanadium (V), niobium
(Nb), Molybdenum (Mo) or, Tungsten (W) assisted high temperature (HT) materials such
as HK40 to withstand sulphidation [16]. Even laser remelting seems to improve the
oxidation resistance of HK40 alloy at high temperature(s) [17].

Earlier mid-wall creep fissuring was detected using ultrasonic testing methods in
order to predict the tube life and to forecast future tube replacements [18]. High quality
crack-free welds were obtained by spray-arc transfer using Ar — 1% CO, as the shielding
gas [19, 20]. Weldability was improved by the use of low heat inputs (630-950 kJm™)
and low interpass temperatures (below 150 C). Buttering technique, use of high heat
inputs 1100-1400 kJm™) and continuous welding led to fissures and cracks [21]. The
weldability of aged parts is affected by transformation of primary carbides, precipitation
of secondary carbides, and formation of sigma phase and nickel silicides [22]. An
experimental technique, which uses optical gage having optical fiber, to measure local
creep strain on the weld of HK40 with 15CrMo at 850 C has been reported [23, 24].
Mathematical modeling using finite element analyses was done to study the effect of
temperature, carburization, internal pressure and creep on the life of HK40 tubing [25,
26]. Eddy current non-destructive techniques for carburization measurements using
ANSYS finite element model (FEM) has also been reported [27]. Diffusion of carbon
into the HK40 alloy matrix during carburization leading to precipitation of M»3;C¢ and

transformation to M;C; was verified experimentally as well [28]. The correlation between
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rupture behavior and the elemental segregation of chromium, manganese, carbon, and
silicon at the inner and middle regions was observed by line profiles and elemental
mapping [29].

Initial cell structure of centrifugally cast tubes obtained by employing graphite,
cast iron, and copper molds for solidification showed coarsening and continuous growth
of the columnar grains [30, 31]. At higher temperature the dendrite structure obtained
showed inverse relation with the square of creep rupture strength [31]. The main reasons
for damage of HK40 steam reforming furnace tube are coalescence of carbides in higher
temperature range and formation of the sigma phase in lower temperature range [32]. On
incorporating electromagnetic field as in the case of electromagnetic centrifugal casting
(ECC), development of equiaxed grains take place as well as refinement of both the
columnar and equiaxed grains. Primarily, it is grain refining and increase of eutectic
carbides [33]. This delays the coalescing and coarsening of the secondary carbides in the
aging process and increases the tensile properties of casting at both room and higher
temperatures [30, 34].

Generally the structure of HK40 alloys is characterized by a skeletal eutectic
carbide network having finer secondary carbide precipitates for higher creep strength
[35]. Additives such as zirconium (Zr), niobium (Nb) and titanium (Ti) increase dispersed
secondary carbides in the matrix of material [7]. But at high temperatures, precipitation
of sigma phase and carbides in HK40 alloys reduce strength [31, 36, 37]. Particularly,
lamellar metallic carbide M»3C¢ precipitation is harmful to high temperature strength

[38]. It is also observed that the number of secondary carbides precipitated in the HK40

40



alloy is larger than that of HP alloy [39]. Quantitative investigation of the change of
microstructural parameters of the unstable carbide structure with time to understand the
continuous decrease of the strain rate has been reported [40].

Carburization is found to be the main cause for the HK40 tube failures at high
temperatures based on calculation and experiments [14, 15, 26 and 28]. From the
synthesis gas mixtures (reaction products of methane with steam) in the laboratory to
reproduce carburization in HK40 steel tubes used in ethylene production, it was found
that the partial pressure of oxygen in the gas mixture, oxide scales and total carbide-
forming element control carburization rate [41, 42]. Thus, carburization is preceded by
oxidation on the inside of the tube; and fine precipitations of secondary carbides are the
carburization products [43]. Carbide-denuded zones and complex oxide structures in both
internal and external oxide scales are formed in subsurface regions due to oxidizing and
carburizing conditions. [44] Also, composition and nature of the surface which is first
exposed to the carburizing environment and oxides of iron on the surface can have a
marked influence on the carburization behavior of HK40 [41]. On comparison of HK40
tubular material commissioned in service for approximately 25000 hours with that of
virgin HK40, coarsening and transformation of the M,3C¢ eutectoid carbide phase of the
as-cast condition into the M;Cs carbides with a heavily faulted structure is observed. The
decreasing ratio of Cr/C necessitates transformation of higher Cr/C M,3Cs carbides into
M,Cs during the carburization. Precipitates of y within M7Cs led to porosity in the

material [45].
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Some observations made during creep crack growth in HK40 alloy are:

a)

b)

d)

The stress intensity factor increases the crack growth rate of the cast specimen
faster than that of the creep damaged specimen. The fine secondary carbides play
a vital role [46].

Creep crack growth rate and creep rupture life rely on both creep strength and
creep ductility (elongation or reduction in area). Creep rupture life is a function of
the primary, secondary and tertiary mechanisms. The longest creep rupture life is
smaller than the creep ductility to reach the lowest creep crack growth [47].
Cracks propagate along the intensive sub-boundaries, on which coarse M»3Ce
carbides precipitate during the low cycle fatigue (LCF) test. The secondary
carbides formed by addition of Zr, Nb and Ti additives lead to a uniform
dislocation structure without intensive sub-boundaries and thus resulting in the
dispersed precipitation of M»3Cg carbides [7].

At the same aging temperature of 1250 C, creep crack growth rate of the
specimens aged after the solution treatment is higher than that of the directly aged
specimens, and which in turn is higher than the as-cast specimen. The blocky-
shaped carbides produced by solution treatment have less resistance to crack
growth than skeleton-shaped eutectic carbides on grain boundaries. The resistance
to crack growth increases with the increase in size of secondary carbides, and
decreases after reaching a critical size [48].

Creep crack growth process of HK40 steel is composed of the nucleation, growth

and linkage of cavities in the front of the crack. The grain boundary strength
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g)

cannot be neglected when considering the effect of the precipitate particles that
mainly controls the grain strength [49].

1% creep rupture strength of HK40 alloy in a carburizing environment is much
less than in air for short and medium test times. But, on exposing the alloy for
4000 hours, the trend is opposite. [50, 51] The mechanisms responsible for creep
rate irregularities are the process of particle ripening, the early formation of creep
damage, and environment metal interactions [52].

There is existence of three regions of differing grain structures observed in cross-
section of a centrifugally cast HK40 tube, such as, columnar grains in the middle
region which occupies more than half of the cross-section, coarse equiaxed grains
in the inner wall layer, and fine equiaxed grains near the outer tube wall [48, 53,
54]. The creep crack growth resistance of equiaxed grain material is superior to
that of the columnar grain, when the load line is perpendicular to the columnar
grain axis [53, 55]. The columnar grain boundaries assist in the propagation of the
creep cracks in cast HK40 tubes. The higher creep crack propagation resistance is
illustrated by an inclined columnar grain structure. The relation between creep
crack propagation rate (da/dt) and grain inclination angle (0) is in:

da/dt = A (Kjcos®(8/2))" (1)

where, A and m are constants and K] is the stress intensity factor [54].
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h) In an in-service HK40 alloy for 25000 hours, silicon having high oxygen affinity
is rejected to the matrix due to carburization and not able to dissolve in carbides.

This happens to be an important precursor to crack propagation [44].

Konosu et al. [56-58] studied the creep-fatigue damage interactions at 800 C, 900
C and 1000 C for HK40 alloy for establishing design criteria. It was mentioned that the
life fraction rule (LFR) assumes that fracture occurs when the sum of fatigue damage (¢)
and creep damage (0.) equals a certain value (D), when damage is divided into fatigue

damage and creep damage. The fracture criterion is given by the equation:

ort 0. =D (2)

Fatigue damage ¢r and creep damage ¢, are given by:
Of=n/N¢ 3)

q)c = Z(t/ tr) (4)

where, n and Ny are the number of cycles in a given strain range and corresponding
fatigue life in this strain gauge, respectively; t is the working time at a given stress
whereas t, is stress rupture life under this stress. So, for the HK40 alloy creep-fatigue
damage criteria based on the LFR were derived as:

5.670¢+ 0. =1;d.>0.15 5)

0r+5.670. =D ; 0. <0.15 (6)
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The LFR was applicable in estimating the creep-fatigue lives when materials were
subjected to a cyclic strain pattern having tension hold periods at elevated temperatures,
as the creep damage effect during the strain hold period could be sufficiently
incorporated by such evaluation. Kihara, et al. [59] showed that the life lost before
temporarily overheating the HK40 alloy beyond the design temperature cannot be
recovered by any heat treating during the creep test. Also, the long-term creep strength
cannot be improved.

HK40 was pack aluminized (also known as alonization), chromized and thermal
sprayed with aluminum to improve the life time of bed heat-transfer tubes in an
atmospheric fluidized bed combustor [60]. Results were promising with regard to use in
syngas coolers operated at 500 C for long-time service on high-sulfur medium-btu gas
[13, 61]. In alonization which is a specific variety of chemical vapor deposition (CVD),
there is diffusion of aluminum; and the activity of the aluminum controls the phase
composition of the diffusion layer. The desired phase, NiAl and NizAl present in the
aluminized layer obtained by two-process has better carburization resistance than that of
the traditional process [11, 62].

Another interesting observation in HK40 alloy used in petrochemical plants is
metal dusting, known as deleterious high temperature (350 — 900 C) corrosion
phenomenon leading to pitting and metal wastage and thus disintegration of Fe, Ni and
Co based materials into fine metal particles and carbon. It is different from carburization
and occurs at activity a. > 1. Uniform metal dusting, oxidation or sulfidation causes

thinning. Pitting usually occurs with localized carburization followed by oxidation of the
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chromium carbides. It occurs on the inner diameter (ID) of the tubing [63, 64]. During
metal dusting nickel directly disintegrates whereas the iron forms metastable carbide
(cementite). Microstructural chromium dependent features seem to protect against metal
dusting. The common starting mechanism on the atomic scale shows basal graphite
lattice planes arranged in perpendicular orientation to the metal or, carbide surface and
serving as active sites in the disintegration process. The reactions involved in metal

dusting are:

CO +H, - Cldissolved) + H2O (7)
3Fe + Cissolved) - Fe;C (8)
CO +H, - Cgraphite) T H20 )
FesC —  3Fe + Cgraphite) (10)

Equation 7 shows the dissolution of carbon in the metal delivered from the gas
atmosphere. The formation of cementite from the carbon supersaturated metal is depicted
by equation 8. After the graphite deposition on the metal occurs as shown in equation 9,
cementite phase becomes unstable and starts disintegrating (when carbon activity a. = 1)

in equation 10. [65]

(B) HP Type Alloy
HP type centrifugally cast alloys are chemistry and vendor specific and are not
governed by any national or international specification. The HP-BST reformer tube alloy

has a better relaxation than HK40 alloy which leads to lesser effect of cyclic thermal
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stress on the creep damage at higher design temperature [66]. The creep-fatigue
properties of conventional HK40 and HP-Nb alloys at both 800 and 1000 C is lower than
HP-BST-M (Nb- and Ti-containing 25Cr-35Ni steel). Besides, low carbon HP-Nb
matches HP-BST-M in creep-fatigue properties. HP-Nb matches HK40 in creep rupture
strength at 800 C, but had higher strength than HK40 at 1000 C. Excellent creep ductility
of HP-BST-M and low carbon-HP-Nb alloy is the reason behind the superior creep-
fatigue properties [8]. Also, the fatigue-limited plant lifetime for HP-45 alloy at 1144 K
was investigated by the total plastic work-per-cycle approach [67].

The rupture time of HP steel is greater than HK40 steel at the same initial stress
intensity. The increase in resistance to cracking is due to more-eutectic carbides
generated because of decrease of the solubility of M,3Cs carbide in matrix. Resistance to
creep crack growth increases with increasing nickel content [68].

For short time exposures, the number of secondary carbides precipitated on
dislocations in the HP steel is lower than the HK40 steel. After long time exposure at
high temperatures: the number of secondary carbides in HP steel increases, the shape of
eutectic carbides in the HP steel was complex, whereas those in HK40 steel were simply
spherical [39]. HP-Nb-Ti catalytic reformer tube have more reliable and longer tube life;
lower thermal stress level and higher creep rupture strength (during high temperature
service after ageing) in comparison to HK40 catalytic reformer [69]. The number of
catalyst tubes of HP-Nb-Ti material required is less and thus it is more economic [70].

The resistance to carburization and creep damage of HP 45 (HP + Nb) heat-

resistant steel is less than that of HP + W grade. Generally, the mode of tube failure for
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HP 45 alloy is a combination of high temperature carburization attack and creep damage
leading to intergranular cracking. Overheating during decoking operation(s) needs to be
controlled to avoid tube failure [71]. The HP 45 heat resistant alloy having Nb and Ti

additives on treating with hydrogen induces coarsening of the chromium carbides [72].

(C)  35Cr-45Ni Alloy

Centrifugally cast 35Cr-45Ni alloy has better stress rupture, resistance to
oxidation, corrosion and carburization than most available ethylene pyrolysis tubing [73].
This material shows local corrosion at 600 C but not at 650 C in coal gasification
atmospheres [74]. On using the tubing for molten carbonates, Ni showed excellent
corrosion resistance with increasing Pco, as well as the fuel gas. The formation of
protective films and cathodic reaction is increased by oxygen. Thus, the corrosion rate of

steel at high Po, decreases and at low Po, increases [75].

(D) 36X Alloy

Manaurite 36X, as-cast alloy is also used in steam/hydrocarbon reformer furnace
tube. Baer et al., Richter, Bruch et al. and Schubert et al. have published results
pertaining to Manaurite 36X which have similar properties and behavior to the above

mentioned alloys [76-79].
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2.2.2. Wrought: HPM Alloy

Tubes having similar or better elevated temperature strength and carburization
resistance, but with higher ductility, better toughness, and ability to be produced in
smaller and longer tubing in comparison to HP grade centrifugally cast tubes were
developed. HPM, a wrought alloy, has the composition: 25Cr38Ni-Mo-Ti [80-82]. The
application of specially shaped (i.e. straight and twist internally finned) and/or smaller
tubings is effective for shortening the reaction time and raising the efficiency of the
product ratio in the ethylene plant cracking tubings. HPM based tubes are a better choice
on account of no dimensional limitations in diameter, wall thickness and length [83]. The
chromium content lowered by the precipitation of eutectic carbides in HP centrifugal
casting steel makes it less resistant to carbon deposition than HPM wrought steel [84].
Magnetic force microscopy (MFM) used to study the change in magnetic behavior of a
HPM alloy carburized by exposure in an ethylene production furnace shows transition
from paramagnetic to ferromagnetic material. The chromium depleted region around
carbides is the origin for ferromagnetism, and the ferromagnetic material links up to form
an increasing domain structure [85]. Eddy current carburization measurements for HPM

tubes used in ethylene production have been mentioned elsewhere [27].
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2.3.  Coatings Used for Radiant Coils in Pyrolysis Heaters

2.3.1. Silicon Carbide

Silicon based ceramics such as silicon carbide (SiC) have been identified by the
Department of Energy as attractive materials for ethylene pyrolysis heater tubing due to
their higher temperature capabilities relative to metals and alloys; high thermal
conductivity; retention of mechanical properties at operating temperatures; and excellent
thermal shock resistance. Long length prototype SiC tubes have been constructed by FM
Technologies Inc. (Fairfax, VA) with the intent that: the service temperature could be
increased from 1000 to ~1400 C; 6.39 trillion BTU/ year (based on 10% increase in
efficiency) could be potentially saved by converting ethane to ethylene at higher
temperatures; and the reduction in catalytic coke formation would result in fewer
productivity losses resulting from shutdowns for coil cleaning. [86] Although this seems
viable, it is important to note that the high temperatures and pressures experienced during
operation (i.e. in- service and during decoking) leads to catastrophic failures of metallic
tubing making it impractical to use “brittle ceramic tubing”. [87] Thus deposition of SiC
coatings via pulsed laser deposition (PLD) to the inner diameter of tube material was

investigated. [14, 15]

2.3.2. Other Coating Considerations

As mentioned by Grabke [63], Cr,O; and SiO; oxide layers prevent diffusion of

carbon from coke into the matrix of the tubings made of Cr-Ni-Fe based alloys and acts
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as an initial deterrent to catalytic coke formation. If the concentration of oxides such as
Cr,03 is increased on the inner diameter of tube material, then it will subdue the initial
catalytic coke formation. Pulsed laser deposition of Fe- Ni- Cr alloys in oxidizing
atmospheres onto similar materials used in ethylene pyrolysis service has been reported.

[88]
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Table 2.1. Nominal Chemical Composition (wt. %) [Typical Ethylene Pyrolysis
Tube Materials-of-Construction].

Hkao | wem | 20N | ascrasni [ 36x
Carbon 0.40 0.17 0.45 0.45 0.35-0.40
Manganese 1.50 1.00 1.50 1.50 1.00-1.50
Silicon 2.00 1.80 2.20 2.20 1.00-2.00
Nickel 20.50 38.00 35.00 45.00 33.00-38.00
Chromium 25.00 25.00 25.00 35.00 23.00-28.00
Niobium 0.00 0.00 1.20 1.00 Additive
Molybdenum 0.00 1.50 0.00 0.00 0.00
Iron Balance | Balance Balance Balance Balance
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3. Experimentation and Modeling of Coking

Phenomena in Fe-Ni-Cr Alloys

3.1. Thermo-Calc

The Thermodynamic-Calculations software (Thermo- Calc) is used for
CALculation of PHAse Diagrams (CALPHAD). [1] Calculations of thermodynamic
quantities as well as equilibrium calculations are considered as broad classifications of

CALPHAD. The modules for calculations within Thermo- Calc are divided as follows:

a) Scheil solidification simulation;

b) Tabulation of thermodynamic functions;
c) Potential diagrams;

d) Pourbaix diagrams (aqueous solutions);

e) Binary and ternary phase diagrams.

The basic thermodynamic principles combined with mathematical formulations to
describe the wvarious thermodynamic properties of phases define the history of
CALPHAD. The strength of thermodynamics is that the underlying laws and principles
are applicable to any type of system and therefore the CALPHAD approach can be used

equally well in many disciplines, such as, geology, chemical and process engineering,
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materials science engineering and nuclear technology, etc. The brief chronology in the

development of Thermo-Calc is:

1969

1971

1977

1977

1981

1981

1984

1986

1988

1990

1992

1994

1997

2000

2004

Formation of CALPHAD.

Sublattice model for 2 compositions (Hillert and
Staffansson, KTH: The Royal Institute of Technology,
Sweden).

Development of Thermo-Calc starts.

KTH member of SGTE.

First version of Thermo-Calc.

Sublattice model for multi-component systems.

First sale of TC and the Fe-data base.

First version of TC for VAX/VMS.

SGTE solution database (SSOL).

First UNIX version of TC.

TC 32-bit DOS/Windows version.

First sale of DICTRA.

The company Thermo-Calc Software is created.

TCW, first real Windows version of TC.

The subsidiary Thermo-Calc. Software Inc. is formed.

The first law of thermodynamics; the second law of thermodynamics; the third

law of thermodynamics; chemical equilibrium and thermodynamics; and thermodynamics
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in solution phase form the basis of CALPHAD/ Thermo-Calc. The reason for preferring
thermodynamic software like Thermo-Calc can be elucidated by considering the case of
Cr-Fe system. Here, the Gibbs energy is described in liquid and solid states using the

generalized formula as shown in equation 1. [1]

G=G,, +Gu' +Gr, (1)
Ghe = 5 GEES 4 x, GhE* @)
Gt = x0, G +x, Gl 3)
Gy =256/ (4)

In equations 2 and 3, Gibbs energies of the BCC and liquid phases in pure Cr and

Fe are depicted by G/<r and G¢,, respectively. Equation 4 shows the same in
generalized form, where G/ and x, are the Gibbs energy and mole fraction of component

i. G is the ideal Gibbs energy shown in equation 5 and 6 whereas G is the excess

energy of mixing depicted in equation 7.

Gide”l = RT(xCr loge xFe + xFe loge xCr ) (5)

mix

G, =RTD x log, x, (6)
G;jfxzzn: ixl.xj[ﬂg.+Q:.j(xl.—xj)+§2fj(x[—xj)2 ........... ] (7)
i=1 j=i+l
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Therefore to solve complicated equations such as equation 7 for thermodynamics
system having only two components, a mathematical software tool, Thermo-Calc, is
required. Ansara et al. [2] were able to determine the phase boundaries of the Cr-Ni-Fe-C
system using CALPHAD. In line with study, here phase equilibria using Thermo-Calc
and the TTNi Database [3] for 25Cr-35Ni (HP Nb), HK40, HPM, 35Cr-45Ni alloys were

studied to determine what phases would be present during service temperatures.

3.1.1. 25Cr-35Ni (HP-Nb) Alloy

Isothermals (900 C, 1000 C, 1100 C, and 1200 C) of the 5 component C, Si, Ni,
Cr, Fe system are shown in Figure 3.1. Here, the minor elements Mn and Nb were not
considered to simplify the calculations. Since the inlet and midsection tube metal
temperatures are typically between 900 - 1000 C, the outlet tube metal temperature is
typically between 1000- 1100 C, and localized regions where coke deposits exist could
reach temperatures ~ 1200 C; the selected isothermals for the multicomponent system
can be used to predict internal carburization behavior of the tubing. Table 3.1
summarized these features.

At 900 and 1000 C, M»3Cs initially exist in the FCC_Al matrix. As internal
carburization proceeds (green dotted line), M»3Cs and M5C; will initially co- exist (at 1%
C) and eventually M,3C¢ will convert to M;Cs. Bongartz [4], Zhang [5], and Christ [6]
have proposed the following equations for the formation of My3Cs and M;C; and

transformation of M»;C¢ to M-C;.

16Cr + 7Fe + 6C = CI‘16F67C6 (8)
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7Cr + 7Fe + 6C = 2CI‘3,5F€3.5C3 (9)
54C + 7CI’16F€7C6 + 63Fe — 32CI‘3,5F€3.5C3 (10)

A similar situation exists at higher temperatures, the only difference being an
increase in the amounts of carbon and chromium that exist in the FCC_A1 matrix (see tie
line through 3% C on each phase diagram). The maximum amount of carbon/ chromium
in the FCC_A1 matrix that can exist prior to graphite precipitation can also be determined
from the phase diagrams (see location marked * on each of the phase diagrams and Table
3.1). Using these values and an expression which describes the depth of the internal
carbide formation zone [7], a rough estimate can be made of the time required for through

wall carburization (see equation 11).

2
x“*v*C,,

T erD *C, (1)

In this equation v is a stoichiometric factor; Cc;is the chromium content in the
FCC_ A1l matrix; Cc is the carbon content in the FCC_ A1l matrix; x is the tube wall
thickness; D is the carbon diffusivity (~ 107 cm?/ sec from [8]); and & ranges from 0 to
1. For values of € <1, carbide formation slows the diffusion of carbon in the matrix. [9]
Considering that carbides will impede carbon diffusion (¢ = 0.5); D¢ = 10~ cm?/ sec; v =
3; x = 6 mm; and C¢ and Cc; values obtained from Table 3.1 (carbon/ chromium content
in FCC_Al before graphite precipitation). Figure 3.5(A) graphically shows the

concentration of carbon and chromium at different temperatures. The estimated time for
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complete through wall carburization of HP-Nb tubing exposed to ethylene pyrolysis

service at 1100 C was determined to be approximately 2 years, plotted in Figure 3.6. [10]

3.1.2.

HK40, HPM, 35Cr-45Ni Alloys

Similar isothermals (900 C, 1000 C, 1100 C, and 1200 C) for the HK40, HPM,

35Cr-45Ni calculated for the 5 component C, Si, Ni, Cr, Fe system using Thermo-Calc

are shown in Figures 3.2 - 3.4 respectively. Co, Mn, Nb and other minor elements were

not considered to simplify the calculations. These figures likewise can be used to infer

carbide precipitation and internal carburization behavior of the tubings made of HK40,

HPM, and 35Cr-45Ni respectively at different temperatures, depicted in Table 3.2-3.4.

(1)

HK40 Alloy:

In isothermals (900 C, 1000 C, 1100 C, and 1200 C) for HK40 alloy shown in
Figure 3.2, M»;C¢ initially exist in the FCC_A1 matrix at 900 and 1000 C. M»3Ce
and M,C; initially co- exist (at 1% C) and in the end, with the progress of internal
carburization (green dotted lines), My3Cs transforms to M;Cs. At higher
temperatures, there is increase in amounts of carbon and chromium that exist in
the FCC_A1 matrix (see tie line via 3% C on each phase diagram). The phase
diagram also shows the maximum amount of carbon/ chromium (see location
marked * on each of the phase diagrams and Table 3.2) in the FCC_ A1 matrix
existing prior to graphite precipitation at different temperatures shown in Figure

3.5(B). Using equation 11, the rough estimate for through wall carburization of
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HK40 tubing exposed to ethylene pyrolysis service at 1100 C was determined to

be approximately 1 year, outlined in Figure 3.6.[10]

(i1) HPM Alloy:

In Figure 3.3, illustrating isothermals (900 C, 1000 C, 1100 C, and 1200 C)
for HPM alloy, M»3Cs initially exist in the FCC_A1 matrix at 900 and 1000 C.
Furthermore there is co- existence of M,3Cs and M;Cj initially (at 0.75% C), and
with the progress of internal carburization (green dotted lines), M»3Cgs converts to
M;C; in the end. At temperatures 1100 and 1200 C, the amount of chromium and
carbon that exist in the matrix increases (tie line through 3% C on each phase
diagram). In the FCC_A1 matrix, the maximum amount of carbon/ chromium (see
location marked * on each of the phase diagrams and Table 3.3) that exists prior
to graphite precipitation can be also be determined from the phase diagrams; also
displayed in Figure 3.5(C).The rough estimate of time calculated using equation
11 for through wall carburization of HPM tubing subjected to ethylene pyrolysis
service at 1100 C comes out to be approximately 2 years, similar to HP-Nb

tubing; Figure 3.6. [10]

(i)  35Cr-45Ni Alloy:
Phase equilibria of 35Cr-45Ni at 900 C, 1000 C, 1100 C, and 1200 C are
outlined in Figure 3.4. Here, M»3Cs and sigma exist initially in the FCC Al

matrix. Similar to the above mentioned HP-Nb, HK40 and HPM alloys, here too
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is initial co-existence of M3C¢ and M;C; initially (at 2% C) with advancement of
internal carburization (green dotted lines), and later leading to the conversion of
M,3C¢ to M;C;. Here, again a similar behavior at temperatures 900 C, 1000 C and
1100 C, but with a slight difference in increase in the quantities of chromium and
carbon existing in the FCC A1 matrix (see tie line through 3% C on each phase
diagram). The maximum amount of carbon/ chromium (see location marked * on
each of the phase diagrams and Table 3.4) that exists in the FCC_A1 matrix prior
to graphite precipitation at separate temperatures can be obtained from the phase
diagrams. The graphical plots of these values are shown in Figure 3.5(D).
Equation 11 is again is used for calculating through wall carburization of 35Cr-
45Ni tubing used in ethylene pyrolysis service at 1100 C, predicts tube life to be

approximately 3 years, marked in Figure 3.6.[10]

Under the chosen conditions (¢ = 0.5; D¢ = 10~ cm?/ sec;v=3;x=6 mm), it
can be deduced that 35Cr-45Ni tubing is more resistant and HK40 tubing is least
resistant to carburization at higher temperatures. The trend shown in Figure 3.6 is
correct but it does not match with the tubings failed due to carburization in
petrochemical plants. Carburization is less prevalent at lower temperature than at
higher temperature; and does not follow the linear trend as shown in Figure 3.6.

[10]
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3.2. X-Ray Mapping

The mechanism of atomic number contrast used in scanning electron microscopy
(SEM) prepared with the backscattered electron signal aids in providing information on
compositional heterogeneity. It lacks in specific compositional information as its inability
to identify the elements present or their concentration levels in spite of being able to
recognize and classify the relative gray levels in the image by the knowledge of the
sequence of the average atomic numbers of the phases present. [11]

The first imaging method showing the location of elements in a solid with a
micrometer spatial resolution using x-ray signal(s) derived from a spectrometer(s) to
prepare scanning images was developed by Duncumb and Cosslett in 1956. Due to the
capability to show the presence or absence of each element within the field of view, led
to the nomenclature “X-ray Mapping”. X-ray mapping finds applications in materials
science, physics, chemistry, biology, environmental science, and geology. X-ray mapping
can be incorporated in electron probe microanalyzer (EPMA), scanning electron
microscope, and analytical electron microscope (AEM). [11, 12]

In x-ray mapping, the abundance of an element using the image intensity is
generated as a two-dimensional image. X-ray mapping finds application in the cases
where elements are marked and in the observance of element in different locations.
Hence, the elements present are determined using survey analyses before doing x-ray
mapping. The collection of characteristic x-rays from elements is done by rastering a
focused electron beam over the specimen to excite atoms in the specimen. Generally,

electrons are given preference in x-ray mapping of specimens because of their ability to
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excite atoms to produce characteristic x-rays, focusing to a small probe, and deflection to
form scanned beam raster. [11, 12]

X-ray maps initially were determined with the wavelength-dispersive
spectrometer (WDS) [13] and then later energy-dispersive x-ray spectrometer (EDS) was
used [14]. The elemental detectability for WDS is 0.5-1 wt % and for EDS is 2-5 wt %
and spatial resolution of 1 um is observed in x-ray maps of bulk specimens. X-ray maps
are recorded both as analog dot maps and digital intensity maps. Digital intensity maps
have displaced the analog dots maps in modern times due to their ability to be stored,
processed and displayed using computers. [15, 16] The disadvantage with digital maps is
that the data is collected sequentially, that is, the beam steps to the next pixel only after
dwelling at the present pixel for a specified period of time while collecting x-ray counts.
The full map is not available in real time but only after the scan is complete. This can
disqualify the collected map because of contamination, electron beam damage and
specimens drift. The survey scans in analog dot maps assist in verifying the
appropriateness of collection of long-term maps. The survey-scan capability of analog
maps is mimicked by rapid collection of digital maps by using various schemes. [17]

Diffusion, precipitation, and phase equilibria related phenomena of HP-Nb a
centrifugally cast austenitic micro- alloyed nickel- chromium- iron alloy {0.45 wt% C/
~1.5 wt% Mn/ ~2.2 wt% Si/ 35 wt% Ni/ 25 wt% Cr/ 1.2 wt% Nb/ bal Fe} [10]
decommissioned from ethylene pyrolysis service as well as HPM, a wrought nickel-
chromium- iron alloy {0.17 wt% C/ ~1.8 wt% Si/ 38 wt% Ni/ 25 wt% Cr/ 1.5 wt% Mo/

1.0 wt% Mn/ bal Fe} were studied using SEM and X-ray mapping.
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HP-Nb, HPM tubing removed from an ethylene pyrolysis plant during scheduled
re- tubing; and HP-Nb tubing prior to service were supplied by ABB Lummus Global
Incorporated. A 12 mm x 12 mm x 6 mm section of the tubing was removed and mounted
in cross section in vacuum impregnated epoxy. The sample was prepared using standard
metallographic specimen preparation techniques and examined (energy dispersive
spectroscopy, x-ray mapping, and backscatter electron micrographs) using the LEO 1550
Schottky Field Emission Gun- Scanning Electron Microscope at Stony Brook University.
[10]

In the present study, a complex oxide protective coating which formed on the HP-
Nb alloy surface while in service prevented diffusion of carbon into the material from the
process stream. Figure 3.7 shows a backscattered electron image and x-ray maps of the
HP-NbD alloy prior to service. The x-ray maps indicate that all elements (C, Cr, Fe, Nb,
Ni, Si, and O) are uniformly distributed in the matrix. The Fe- Si- Nb- Cr collage shows
traces for chromium carbide that exist in the matrix. The large concentration of carbon at
the surface is due to the sample preparation consumables. [10]

Figure 3.8 show backscattered electron images and x-ray maps of the diffusion
and carbide precipitation behavior HP-Nb tubing which was decommissioned from
ethylene pyrolysis service during a schedule re-tubing. While in service (1) chromium
oxide forms at the surface; (2) silicon oxide forms beneath the chromium oxide surface
layer; (3) metal carbides (mostly chromium) precipitate in the bulk; and (4) iron, nickel,
and niobium remain uniformly distributed in the matrix. Figure 3.9 backscattered electron

images and x-ray maps, higher magnification, again shows (1) the segregation of
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chromium and silicon to the surface to form a complex oxide coating which prevents
diffusion of carbon; (2) beneath the protective layer, chromium is depleted from the
FCC_Al matrix; and (3) in the bulk metal carbides (mostly chromium) precipitate out of
the FCC_A1 matrix. In Figure 3.10, the formation of precipitates of chromium carbide
phases can be clearly seen in bulk. And, X-ray map of element C (carbon) is shown
distinctly in Figure 3.11. Figure 3.12 shows backscattered electron images and x-ray
maps of HPM alloy tubing decommissioned from ethylene pyrolysis service during a
schedule re-tubing. Here, as can be seen all the elements (Cr, Fe, Ni, Si, and O) are
uniformly distributed with negligible amount of Nb and C in the matrix. In the Fe-Si-Nb-
Cr and C-Si-Cr collage, homogeneity of the elements can be seen. The large
concentration of carbon at the surface is due to the sample preparation consumables. [10]
Several researchers have proposed models and have provided explanations for
carburization of pyrolysis tubing.[18-29] Goldstein and Moren [18] studied the diffusion
of carbon in the ternary Fe- C- M system (where M= Cr, Si, or Mn) utilizing Fick’s

second law for a ternary system to describe the diffusion process.

dC . 0°C , 0°C

dtc gc axzc CF asz (12)
dcC . 9°C . 0°C

(;/[ _DAI;M 3 ZM D]\]j[C B zc (13)

In these equations, C is the concentration of carbon and the metal M (Cr, Si, or

Mn); self diffusion coefficient Dyy and Dec measure the effects of the concentration
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gradient of a given component on its own flux, and Dyc and Dcy measure cross effects
or ternary diffusional interactions. They further stated that Dy is negligible since it
diffuses via substitutional mechanisms (its value should be 10* to 10° time less than Dcc
which diffuses via interstitial mechanisms); Dyc is small (= 0); and D¢y and Dec can be
estimated using an expression proposed by Brown and Kirkaldy [30]. This study did not
include stainless steel compositions and did not consider the effect of carbide
precipitation on carbon diffusion. Bongartz [4] and Zhang et al. [5] developed models for
carbide precipitation events during the carburization process. These studies (1) coupled
the effects of carbon diffusion and carbide precipitation; (2) considered as separate
entities carbon in the matrix and that in the carbide; (3) only allowed the carbon in the
matrix to diffuse; and (4) allowed carbide precipitates to serve as obstacles which slow

down the carburization process. [10]

3.3. Magnetization Behavior Resulting from Carburization

B-H plot is conventionally used to present the behavior of magnetic materials
during magnetization [31-33]. The magnetic materials at a temperature below T, (Curie
temperature) are composed of small-volume regions, called domains, in which there is a
mutual alignment in the same direction of all magnetic dipole moments. Each domain is
magnetized to its saturation magnetization and adjacent domains are separated by domain
boundaries or walls, across which the direction of magnetization gradually changes. The
large number of domains having different magnetization orientations is present in a

macroscopic piece of material. The appropriately weighted vector sum of the
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magnetizations of all the domains is zero for an unmagnetized specimen. As depicted in

the Figure 3.13(A) [31, 32]:

a)

b)

d)

The unmagnetized condition of a ferromagnetic material is represented by the
origin of coordinates O. On application of magnetizing force H, the domains
change shape and size by the movement of domain boundaries until the
macroscopic specimen becomes a single domain at point A, which is nearly
aligned with the field. So, the line OA is known as magnetization curve.

From the saturation point A, when the applied field H is reduced by reversal of
field direction, the curve does not retrace its original path. The B field lags behind
the applied H field, or decreases at a lower rate giving rise to a hysteresis effect.
When H field has been reduced to zero, there exists a residual positive B field
known as remanence, a measure of its retentivity. The material remains
magnetized in the absence of an external H field, as there is still some net volume
fraction of domain oriented in the former direction.

To reduce the B field within the specimen to zero, the magnetizing force must be
made negative, to a value indicated by point C, where H has a value known as the
coercive force, a measure of coercivity. When the applied field is continued to be
applied in the reverse direction, saturation is achieved in the opposite sense,
corresponding to point D.

The closed contour formed when H is varied periodically about the origin is

known as hysteresis loop.
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The demagnetization curve is the portion of the loop lying in the second quadrant,
and it is of interest in a discussion of permanent magnets. Generally, permanent magnets
have a large remanence to retain a great portion of magnetization, and large coercive
force in order that the magnet will not easily be demagnetized. Maximum value of the
product BH (BH.x) corresponds to the area of the largest BH rectangle that can be
constructed inside the second quadrant of the hysteresis curve. BH has the dimensions of
energy density and is referred to as the energy product. The larger the BHyax, the harder
is the material in terms of its magnetic characteristics. Figure 3.13(B) shows that hard
magnetic material has a high remanence, coercivity, and saturation flux density, as well
as a low initial permeability, and high hysteresis energy losses. [31-33]

In ethylene pyrolysis furnace tubing Mucek [34] mentioned that radiant coil
furnace tubes are usually centrifugally cast Cr-Ni-Fe alloy. They are nonmagnetic in the
as-cast state as they are austenitic (face centered cubic). Due to carburization in-service,
Cr is withdrawn from the matrix as it combines with the diffusing carbon to form Cr
carbides. A matrix progressively enriched in a magnetic Fe-Ni alloy is created due to this
Cr depletion. Thus, as the carburization process continues, the tube becomes
progressively more magnetic. Due to this reasoning, magnetization studies were
conducted on coupons of the Cr-Ni-Fe alloy using the Vibrating Sample Magnetometer
(VSM) at Stony Brook University, Figure 3.14. The coupon/ tubing section was adhered
to the quartz rod and then placed between the two powerful magnets of the VSM. An
external magnetic field H was applied and magnetic response B was calculated both for

the unexposed and the exposed coupons, as depicted in Figure 3.15.
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The BH curve in case of unexposed coupon showed linear response with no
remanence leading to the conclusion that it is paramagnetic. Whereas, the BH curve in
case of exposed coupon showed slight remanence a coercive force and hysteresis,
meaning that the material is slightly ferromagnetic. In order to correlate the carburization
phenomena with the magnetization behavior, X-ray Maps were collected on both the
unexposed and exposed coupons. It can be clearly seen that the unexposed coupon has
uniform distribution of elements C, Si and Cr. In the exposed coupon, there is depletion
of Cr and segregation of Cr,O; and SiO, towards the surface as can be seen in the Figure
3.15. Thus depletion of Cr results in the abundance of elements Ni and Fe towards the
surface resulting in the magnetic response as shown in the BH plot. In short,
magnetization studies as shown in the Figure 3.15 can be used as a non-destructive
technique to confirm the effect of carburization on the magnetic behavior of the material.

[34]
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Figure 3.1. Phase equilibria of HP- Nb at 900, 1000, 1100, and 1200 C. In all cases,
as the carbon content in the material increases (green lines), M23C6 will eventually
transform into M7C3. * indicates carbon and chromium content in which graphite
starts to precipitate. At 1200 C, melting may occur at the carbon/ chromium content
where graphite starts to precipitate [10].
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Figure 3.3. Phase equilibria of HPM at 900, 1000, 1100, and 1200 C. In all cases, as
the carbon content in the material increases (green lines), M23C6 will eventually
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100um

Fe-Si-Nb-Cr

Figure 3.7. Backscatter electron image (top) and x-ray maps (C, Cr, Fe, Nb, Ni, Si,
O, and collages) of HP- Nb tubing prior to service. All elements are uniformly
distributed in the matrix. The large content of carbon at the surface is due to the
sample preparation consumables [10].
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Figure 3.8. Backscatter electron image (top) and x-ray maps (C, Cr, Fe, Nb, Ni, Si,
O, collages) of HP- Nb tubing removed from ethylene pyrolysis service during a
scheduled re- tubing. The carbon is from the metallographic mount; chromium
segregates to the bulk in the form of carbides and to the surface in the form of
oxides; iron, niobium, and nickel are uniformly distributed in the matrix; and
silicon and oxygen are found near the surface. Chromium oxide (Cr203) and silicon
oxide (SiO2) protective layers effectively prevented process C diffusion [10].
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Fe-Si-Nb-Cr

Figure 3.9. High magnification backscatter electron image (top) and x-ray maps (C,
Cr, Fe, Nb, Ni, Si, O, collages) of surface area of the image shown in Figure 3.8.
Here, chromium segregates to the surface in the form of oxides leading to the
dominance of iron and nickel in the bulk. Silicon and oxygen are observed near the
surface. The high concentration of carbon is from the metallographic mount.
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o Fe-Si-Nb-Cr

Figure 3.10. High magnification backscatter electron image (top) and x-ray maps
(C, Cr, Fe, Nb, Ni, Si, O, collages) of bulk area of the image shown in Figure 3.8.
There is uniform distribution of iron, niobium, and nickel in the matrix; and
segregation of chromium in the bulk in the form of precipitates of chromium
carbides.
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Figure 3.11. Enlarged x-ray map of element carbon of the image shown in Figure

3.10.
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Fe-Si-Nb-Cr |8

Figure 3.12. Backscatter electron image (top) and x-ray maps (C, Cr, Fe, Nb, Ni, Si,
O, and collages) of HPM tubing removed from ethylene pyrolysis service during a
scheduled re- tubing. All elements (Cr, Fe, Ni, Si, O) are uniformly distributed in
the matrix; and there is presence of very small amounts of Nb and C. The large
content of carbon at the surface is due to the sample preparation consumables.
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[32] and Callister et. al. [33]).
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Figure 3.14. Vibrating Sample Magnetometer (VSM) at Stony Brook University.
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Figure 3.15. Magnetization Behavior of Unexposed and Exposed Alloy and
Corresponding X-ray Maps.
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Table 3.1. HP-Nb Phase Equilibria Data Predicted by Thermo-Calc.

900 C

1000 C

1100 C

1200 C

Initial Phase
Present
0.45% C

FCC_A1+
M23Ce

FCC_A1+
M23Cs

FCC AT+
M23Cs +
M-C;

FCC_A1+
M7Cg

Phases
Present at
local 2%C

FCC_A1+
M7C3

FCC_A1+
M7C3

FCC_A1+
M7C3

FCC_A1+
M7C3

Phases
Present at
local 3%C

FCC_A1 +
|V|7C3

FCC_A1 +
|V|7C3

FCC_A1 +
|V|7C3

FCC_A1 +
|V|7C3

Carbon
content in
FCC_A1 at

3%C

~0.35%

~0.28%

~0.38%

~0.41%

Chromium

content in

FCC_A1 at
3%C

~1.7%

~2.63%

~3.74%

~5.79%

Carbon
content in
FCC_A1
before
graphite
precipitation

~0.19%

~0.36%

~0.52%

~0.72%

Chromium
content in
FCC_A1
before
graphite
precipitation

~1.68%

~2.15%

~2.63%

~3.1%
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Table 3.2. HK40 Phase Equilibria Data Predicted by Thermo-Calc.

900 C

1000 C

1100 C

1200 C

Initial Phase
Present
0.45% C

FCC_A1 +
M23Ce

FCC_A1 +
M23Ce

FCC_A1 +
M23Ce

FCC_A1 +
M23Ce

Phases
Present at
local 2%C

FCC_A1+
M7C3

FCC_A1+
M7C3

FCC_A1+
M7C3

FCC_A1+
M7C3

Phases
Present at
local 3%C

FCC_A1+
M7C3

FCC_A1+
M7C3

FCC_A1+
M7C3

FCC_A1+
M7C3

Carbon
content in
FCC_A1 at

3%C

~0.3%

~0.4%

~0.5%

~0.6%

Chromium

content in

FCC_A1 at
3%C

~2.5%

~4%

~5%

~6%

Carbon
content in
FCC_A1
before
graphite
precipitation

~0.41%

~0.65%

~0.91%

~1.5%

Chromium
content in
FCC_A1
before
graphite
precipitation

~1.52%

~2%

~2.47%
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Table 3.3. HPM Phase Equilibria Data Predicted by Thermo-Calc.

900 C

1000 C

1100 C

1200 C

Initial Phase
Present
0.45% C

FCC_A1 +
M23Ce

FCC_A1 +
M23Ce

FCC_A1 +
M23Cs +
M-C;

FCC_A1+
M7C3

Phases
Present at
local 2%C

FCC_A1+
M7C3

FCC_A1+
M7C3

FCC_A1+
M7C3

FCC_A1+
M7C3

Phases
Present at
local 3%C

FCC_A1+
M7C3

FCC_A1+
M7C3

FCC_A1+
M7C3

FCC_A1+
M7C3

Carbon
content in
FCC_A1 at

3%C

~0.3%

~0.4%

~0.42%

~0.6%

Chromium

content in

FCC_A1 at
3%C

~2%

~3%

~4.5%

~5.5%

Carbon
content in
FCC_A1
before
graphite
precipitation

~0.27%

~0.44%

~0.66%

~0.78%

Chromium
content in
FCC_A1
before
graphite
precipitation

~2%

~2.48%

~3.26%

~1.36%
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Table 3.4. 35Cr-45Ni Phase Equilibria Data Predicted by Thermo-Calc.

900 C 1000 C 1100 C 1200 C

Initial Phase | o0 A1+ | Fecc a1+ | Fecc a1+ | Foc a1+

P
o.TsiZ"é M23Ce + O M23Cs + O M23Co Mo3Co

Phases FCC_A1+ FCC_A1+
Present at M23Ce + M23Ce + FC|\(/|:_(;A ' FCI\(/I:_Q '
local 2%C M;Cs M7Cs - i

Phases FCC_ A1+ FCC_ A1 + FCC_ A1 + FGC. Al +

Present at
local 3%C M7Cs M7Cs M-Cs M-Cs

Carbon

content in
FCC_A1 at ~0.05% ~0.1% ~0.15% ~0.2%

3%C

Chromium

content in
FCC_A1 at ~8% ~11% ~12% ~13.5%

3%C

Carbon
content in
Ft?e(f;;:l ~0.13% ~0.23% ~0.38% ~0.53%
graphite
precipitation

Chromium
content in
Ffe(f:gr'? ~1.84% ~2.31% ~2.95% ~3.42%
graphite
precipitation
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4. Pulsed Laser Deposition: Coking Resistant Coating

Technology

4.1. Introduction

The origin of pulsed laser deposition technology can be traced back to Smith and
Turner [1] who used a ruby laser to deposit thin films on a variety of materials. Currently,
over 1000 Patents on pulsed laser deposition technology exist. The latest, combinatorial
pulsed laser deposition has been found to produce high quality thin films [2].

Pulsed laser deposition (PLD) is predominantly used in the preparation of thin
films and multilayer structures. The initial cost for setting up a PLD is around 10 times
lower than that of the molecular beam epitaxy (MBE) with no loss in the quality of the
films. In PLD, the independence of the laser source from the deposition system assists in
the straightforward production of the multilayer films by the translation of the different
targets as well as mirrors into and out of the beam focal point. [3]

200nm-400nm is the appropriate range of laser wavelengths for the growth of
thin-films using PLD as majority of the materials utilized for the deposition demonstrates
strong absorption in this spectrum. Variation of wavelength affects the penetration
depths, the shorter the wavelength the higher the absorption coefficient and thus lower
the penetration. This consequently aids in the ablation of thinner layers of the target

surface. It is difficult to work with wavelengths below 200nm because Schumann-Runge

107



bands of molecular oxygen hinder the process because of strong absorption. Furthermore,
the optics required is also complex. [3]

The two types of lasers commonly used are excimer and Nd**: YAG lasers. In the
Nd*":YAG lasers, the neodymium ions are present as impurities in the YAG (yttrium
aluminum garnet) host and serve as the active medium. Originally Nd**: YAG laser emits
at 1045nm, quite outside the requisite range mentioned above. Doubling the frequency by
using a non-linear crystal and 50% power conversion efficiency yields an output of
532nm. The desired outputs of 355nm or 266nm lying in the UV range are produced by
either mixing the 532nm output with the residual 1064nm light or frequency doubled as
above. [3]

Excimer lasers, basically gas laser systems, emit radiation directly in the UV range
contrary to the Nd*": YAG lasers. The commercially available excimers deliver high
outputs in excess of 1 J/pulse. The energies near 500 ml/pulse having high pulse
repetition rates of several hundred hertz are easily achieved. PLD predominantly uses
excimer because of the reasons mentioned above. [3] KrF and XeCl are mostly used
excimers for the PLD applications. KrF has higher wavelength than XeCl, still KrF is
preferred over XeCl for the PLD work as the former has the highest gain system for
electrically discharged pumped excimer and it produces the requisite pulse energy
suitable for PLD work as compared to XeCl. [3]

PLD is a rather simple film growing technique. Target holder and a substrate
holder are housed in a vacuum chamber. In order to deposit thin films by vaporizing

materials, a high-power laser is used as an external energy source. The laser beam is
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rastered and focused over the target surface by using a set of optical components. The
topological, optical and thermodynamical properties of the target along with laser
characteristics control the mechanism of material ablation. On absorption of laser
radiation by solid surface, electromagnetic energy is converted to electronic excitation
and subsequently into thermal, chemical and mechanical energy to cause ablation, plasma
formation, excitation, exfoliation and evaporation. The “plume” is formed from
evaporants having mixture of energetic species including electrons, atoms, ions,
molecules, clusters, micron-sized solid particulates and molten globules. [3] There are
more than one mechanism in a complex laser-target interaction. The three types of
absorptions which are taken into account are:

1) Plume absorption.

i) Volume absorption by the electrons and phonons in the lattice.

ii1) Absorption at the surface by free carrier.

In the multi-step picture, due to laser beam impinging on the target, photons are
absorbed by the surface and form a molten layer which is known as Knudsen layer.
During the heating of metals using lasers, there are three methods: receiving of radiation
energy by free electrons, interchange of energy between lattice and electrons, and free
electron motion through media leading to the advancement of energy. [4, 5] The large
local temperature differences arise between the lattice and electrons due to the heating of
the free electrons to an effective temperature greater than that of the lattice. This happens

in cases when metal is observed from the perspective of a two-temperature system during
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the high power laser heating. Therefore, there is consideration of a coefficient of heat
transfer coupling between phonon and electron and subsequently the relaxation
mechanism for the transfer of energy from the electrons to the lattice. [4, 6]

The advantages in PLD are: there is absence of heating elements and discharging
electrodes, so any kind of reactive gas can be contained in deposition ambient. As there is
fast and very directional plume, attenuation due to trajectory change as a result of
collisions with the background gas is small. And also, pressure in all the other physical
vapor deposition techniques is an order of magnitude less than the pressure of the reactive
gas during the film growth in PLD (which can be as high as 1 torr). On comparison of
PLD with ion implantation and chemical-vapor deposition techniques, it is observed that
PLD is unusual because the laser source is outside the chamber where ablation takes
place. Also the growth of epitaxial and adherent films happen at lower substrate
temperatures in PLD as the layer formation is affected by the emission of energetic ions
during laser-target-vapor interaction. This is very critical in microelectronics as the
higher temperature can modify the physical properties and the depth composition of
crystals during the deposition on doped semiconductor materials. In case of metallorganic
vapor phase epitaxy and molecular beam epitaxy techniques, it is observed that PLD has
the following unique characteristics: the laser plume has high kinetic energy which assists
in surface mobility on the growing film, the source material transfer process restricts the
heated material amount to that what is liberated; the source material is easily replaced,

and the pulsed nature allows pulsed reactive gas sources to synchronize with short
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duration/ high flux pulses as well as helps in the precise regulation of the deposition

thickness [4, 7].

The drawbacks observed in PLD are [3]:

1) In ceramic high-temperature superconductors there is problem of non-
stoichiometric material transfer of multi-elemental targets.

i) The laser intensity has pulse-to-pulse fluctuations.

ii1) Cos"® profile of the ablation plume (where, 2 < n < 6) cause in
inhomogeneities of deposition rates.

1v) Splashing: There is production of droplets due to laser. It’s an intrinsic
problem and difficult to overcome.

V) Lack of uniformity over a large area due to narrow angular distribution of the
plume. This can be overcome by engineering solutions like rastering the

substrate or the laser substrate using rotation and translation.

The mechanisms by which origin of splashing can be explained are exfoliation,
expulsion of the liquid layer by the shock wave recoil pressure, and subsurface boiling.
Subsurface boiling is also called “True Splashing” and is present in ablation of metal
targets under high power irradiation and doesn’t occur in dielectric material. The former
two mechanisms are the significant sources of splashing. The splashing can be avoided
by [3]:

1) Plume Manipulation.
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i) Target Surface Improvement: High density and smooth surfaces to
have desirable features.

iii) Off-axis PLD.

iv) Mechanical Particle Filter: a velocity selector placed between the
target and the substrate to remove the slow-moving particulates.

V) Target Surface Improvement: The desirable features of a target

material are high density and smooth surfaces.

The target morphology, laser power density, the target material, and the target
density affect formation of particulates in PLD. The particles observed in laser deposited
films are of two types: outgrowths or precipitates having composition different than the
film matrix; and droplets, particulates and boulders have rounded shapes and same
composition as the film matrix. The surfaces which are suitable to obtain good electrical
and crystallographic properties give poor results because of growth of precipitates and

surface roughness due to low laser densities that degrades the film stoichiometry. [3]

4.2.  Depositing Thin Films Using PLD

In order to achieve a stationary ablation rate using PLD technology, a planar
target is rotated or moved in the focal plane of the laser beam. Material ablation from the
target is induced by a focused laser beam. The substrate located at a specified distance
from the target and held stationary can be heated to get desired film growth. The desired

chemical reactions are produced in the film growth process according to the selected
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gases. [4] The setup for PLD used in the experiments conducted for the present research
is shown in Figure 4.1.

In our studies, centrifugally cast A609 Grade HK40 (19.0-22.0% Ni, 23.0-27.0%
Cr, 0.35-0.45% C, 0.05-2.0% Si, 1.5% max. Mn) tubing was obtained from Ultra-cast
Inc. The tubing was turned on a lathe with a carbide bit to an inside diameter of 2.3” and
an outside diameter of 2.4”. A water-cooled silicon carbide cutting wheel was used to
extract and flatten a 0.25” x 0.25” specimen from the tubing. The target material, SiC
(0.009% Al, 0.020% B, 0.031% Fe, 0.015% O and 0.017% Mn, traces of Ni and Ti), was
supplied by Kurt J. Lesker Company. A KrF excimer laser (A = 248 nm) was used to
ablate and deposit SiC on as machined and shot peened (170/ 325 mesh glass beads at 80
psi air pressure) HK40 substrates.

The films were deposited inside a stainless steel vacuum system pumped to a
pressure in the range 10™~107 torr. The KrF laser was focused using mirrors and lenses
to a rectangular spot 0.125 cm x 0.078 cm on a rotating SiC target. The target diameter
was 25.4 mm and the rotation speed ranged from 10 to 20 revolutions/ minute. The pulse
energy and frequency of the laser were ~500 mJ and 5-10 hertz, respectively. The laser/
target angle of incidence was 45° and the target to substrate distance was 40-50 mm.
Depositions were performed at room temperature and at a substrate temperature of 500 C.
The upper temperature limit was selected to limit sigma phase formation [8] during the

deposition process. A schematic of the experimental setup is shown in Figure 4.2. [9]
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4.3. Thin Film Characterization

4.3.1. Atomic Force Microcopy

Texture or, roughness is a surface property having a direct influence on the
different types of analysis. Friction is a direct outcome of roughness in a material. Apart
from smooth polished silicon wafers, ceramics and metals have roughness on a micron
scale. These topological variations are measured by surface sensitive techniques such as
atomic force microscopy. The two commonly used terms are shown in equations as

below:

where, RA is average roughness and RMS stands for root-mean-square roughness. N is

the number of measurements, and if z is height then average height isz. RA is the mean
deviation of height measurements and RMS is the standard deviation. Atomic Force
Microscope (AFM) is also termed as Scanning Force Microscope (SFM). It has a very
sharp probe tip mounted on a cantilever beam with spring constant of approximately 0.1-
1.0 N/m which measures the force between a sample surface. The typical spring constant
between two atoms is higher by an order of magnitude than the cantilever beam of AFM.

The piezoelectric tubes control the rastering motion during scanning. The surface
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topography is obtained by the determination of force as a function of the sample’s
position. Beam deflection and interferometry are the optical means to do measurements.
AFM can help in analyses of insulating and conducting material without any sample
preparation. The tip usually is in contact with the sample and the spatial resolution can be
at the atomic scale for smaller ranges as well as few nanometers for scans up to 130 um.
[10-12]

Here two coupons were prepared of HK40 alloy following the procedure
mentioned in section 4.2. One coupon was as-machined while the other was shot-peened
using glass beads. Contact mode atomic force microscopy (AFM) studies were performed
on the target, substrate, and coating as shown in the setup Figure 4.3. All specimens were
scanned at 50 um x 50 um % 2 um and no corrections were made during analysis. The
local roughness on all surfaces was comparable and varied from 300 to 500 nm. The
surface morphology of the coated and uncoated substrates did not change. Machining
produced a common “scratch-like” appearance and surface tensile stresses. Shot peening
introduced compressive stress on the HK40 surface and produced a “dimple-like”
morphology. The surface morphology of the machined and shot peened surfaces is shown

in Figure 4.4. [9]

4.3.2. Scanning Electron Microcopy
The deposited samples were observed using SFEG-SEM: Schottky Field-
Emission Gun on a Scanning Electron Microscope (LEO-1550). Typical backscatter

electron (BSE) microscopy image of as deposited SiC is shown in Figure 4.5. During
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room temperature deposition on as machined “scratch-like” surfaces, poor coverage and
adhesion is apparent. Deposition at higher temperatures and on shot peened “dimple-like”
surfaces showed significant coverage and improved adhesion. [9] The coating thickness
of the ablated HK40 alloy was determined by SEM of the scratch tested specimen (refer
section 4.3.6). The thickness was estimated to be ~ 1 um as shown in Figure 4.6.

The chemistry of the coating (Figure 4.5) and target was studied by qualitative
energy dispersive spectroscopy (EDS) to determine if there was direct transfer of the
target chemistry to the HK40 substrate. Similarities in the spectra for the target and
coating were observed (see Figure 4.7). A strong aluminum peak, a residual element from
the target material, existed in both spectra. A significant oxygen peak appeared in the
spectrum for the coated substrate. Since oxygen was not detected in both spectra, it is
believed that this can be diminished by using better vacuum conditions. Weak iron and
chromium peaks appeared in the coating spectra from the HK40 substrate. Nickel,

manganese, boron and titanium were not detected in either spectrum. [9]

4.3.3. X-Ray Diffraction

X-ray Diffraction 1is an inexpensive, non-destructive technique for
characterization of the thin films and identification of phases. Here, when a collimated
beam of X-rays having wavelength A is focused on a specimen; their diffraction by the

crystalline phases in the specimen follows Bragg’s law:

A =2d sinb (TIT)

116



where, spacing between atomic planes in the crystalline phase is denoted by d. The
specimen’s orientation and the diffraction angle 20 are used to measure the intensity of
the diffracted X-rays for yielding diffraction pattern. The obtained diffraction pattern is
used in solving the atomic structure and calculating the specimen’s structural properties
such as, strain; epitaxy; and the orientation and size of crystallites apart from the
crystalline phases. Film thicknesses; atomic arrangements in amorphous materials and
multilayers; characterization of defects; and concentration profiles are also determined by
XRD. Due to the small diffracting power of thin films, XRD techniques and instruments
are designed in order to maximize the diffracted X-ray intensities. The angle between the
incident and diffracted X-rays is 26. [10, 13]

Pulsed laser self ablation was done of 35Cr-45Ni-0.4C target onto coupon made
of the same material following the procedure mentioned in section 4.2. XRD studies were
performed using an automated X-ray powder diffractometer (Model Thermo ARL
Scintag PAD-X) with Cu normal focus X-ray tube operated at 45 kV and 20 mA. Both
the substrate and coated substrate were examined. As shown in Figure 4.8, there is direct
transfer of stoichiometry of elements from the target to the substrate. When the XRD
studies were done on the SiC target and the film of SiC formed by pulsed laser
deposition, direct transfer of stoichiometry did not occur (see Figure 4.9). The silicon
carbide film contained SiC, C, Si, and SiO,. Bonnell et al [14] found similar results in
their studies and determined that the covalently bonded SiC on ablation breaks down into
a variety of atoms and molecules (i.e. Si, SiC, SiC,, Si,C, C, C,, Cs, Sip, Si3) instead of

ions. These differences in stoichiometry of the films of SiC and 35Cr-45Ni-0.4C targets

117



deposited by pulsed laser ablation also lead to the preliminary investigation of the plume
discussed in Appendix on Plume Analysis in the end.

Neocera Inc. in their patent [15] suggested that the laser beam which impinges on
the target focused by the focusing element and housed inside the lead glass chamber as
shown in Figure 4.10, controls the stoichiometry of the deposited film. To look into this
suggestion, experiments were conducted using KrF laser (A = 248 nm, pulse energy ~ 500
mlJ, frequency = 10 Hz) by ablating the SiC target and depositing on the Si coupons. The
target material, SiC (Hexoloy), was donated by Saint Gobain Ceramics Structural
Ceramics Inc. The Si coupons were cleaned in HF before mounting as substrate inside the
stainless steel vacuum chamber. The focusing lens was translated from A to B by a
distance of 5 mm, and similarly from position B to C by 5 mm. The mounted SiC target
having diameter of 25.4 mm was rotated at the speed of 10-20 rpm and the pressure
inside the stainless steel vacuum chamber was around 10 - 10™ Torr. The distance
between target and substrate was 40 mm and angle of incidence of laser/ target was 45°.
Depositions were done at positions A, B and C of the focusing lens for 5 minutes.

The deposited SiC film on Si at positions A, B and C; along with the SiC target
were analyzed by using an automated X-ray powder diffractometer (Model Thermo ARL
Scintag PAD-X, Scintag Inc., Cupertino, CA) having Cu normal focus X-ray tube
operated at 45 kV and 20 mA at the Department of Geosciences, Stony Brook University,
NY. The scan was done in the range of 20, 10 to 90 degrees with a continuous scan mode
of 1 degree per minute and scan size of 0.02 degree, by controlling the goniometer using

the computer.
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The XRD studies of SiC target, sample A, sample B and sample C are shown in
the Figure 4.11 in red, black, blue and green color plots. It can be clearly seen that there
is a variation in the stoichiometry of the deposited SiC film as the focusing lens is moved
away from the stainless steel chamber.

Again, the reason for absence of direct transfer of stoichiometry from the SiC
target to the SiC deposited film had been explained by Bonnell [14]; which stresses that
the SiC has covalent bonds and the covalent SiC bond on ablation breaks down into
atoms and molecules of Si, SiC, SiC,, Si,C, C, C,, Cs, Si», Siz instead of ions. Here in our
experiments the following “finger prints” were observed SisCs; (PDF# 50-1349) [16],
SisCs (PDF# 77-1084) [17], SiO, (PDF# 81-69) [18], Si (PDF# 47-1186) [19], Coesite
(PDF# 12-711) [20], C (PDF# 26-1083) [21, 22], C (PDF# 43-1104) [23], C8 (PDF# 72-
2091) [24], Graphite (PDF# 41-1487) [25] in the deposited SiC films. Film A has
presence of SisC; (PDF# 50-1349), C (PDF# 26-1083) and C (PDF# 43-1104); film B has
presence of SisCs; (PDF# 50-1349), Si (PDF# 47-1186), Graphite (PDF# 41-1487) and
Coesite (PDF# 12-711); and film C has SisC; (PDF# 77-1084), SiO, (PDF# 81-69), and
C8 (PDF# 72-2091).

Si0,/Coesite (PDF# 12-711) present in SiC target transfers with the same
stoichiometry in sample B, and changes form for sample C as SiO, (PDF# 81-69) ,
whereas there is absence of SiO, for sample A. The stoichiometry of SisC; (PDF# 50-
1349) is same for both film A and B, which is different from SisCs; (PDF# 77-1084) of
film C. SisCs; (PDF# 50-1344) and SisC; (PDF# 77-1084) is a derivative of original SiC

present in the SiC target. Signatures of Carbon C (PDF# 26-1083) and C (PDF# 43-1104)
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are seen in film A, graphite (PDF# 41-1487) in film B and C8 (PDF# 72-2091) in film C,
which are not present in X-ray diffraction pattern of the original SiC target.

Figure 4.11 proves that the change in position of the lens can lead to variation in
stoichiometry of the deposited SiC film. The high intensity peaks of Coesite (PDF# 12-
711) and Graphite (PDF# 41-1487) are observed in the case of film B; whereas high
intensity peaks of SisC; (PDF# 77-1084) are observed for film C. This leads to the
conclusion that the SisC; (PDF# 77-1084) obtained for film C which is derivative of SiC
(PDF# 74-1302) [26] present in the SiC target matches perfectly with the parent target
material of SiC than that for the film A and film B. Due to instrumental limitation other
positions of the focusing lens were not performed. Based on the present analysis of effect
of position of focusing lens on the stoichiometry of the SiC deposited film, it leads to the
conclusion that varying the position of focusing lens can lead to the film deposition of
similar stoichiometry as the ceramic SiC target. Noticeably, in the present experimental
observations the stoichiometry of the deposited film has a comparatively higher match
with the SiC target when the focusing lens is farthest from the stainless steel vacuum
chamber. Furthermore, this focusing lens is at largest distance from the SiC target on
which it focuses the laser beam to ablate SiC and develop the films. Accordingly, the
combination of the power of laser, the type of laser, the distance of the focusing lens from
the target, the distance of the target from the substrate, the atmosphere inside the vacuum
chamber, the type of target, etc. all play a role in affecting the transfer of stochiometry

from the target to the substrate.
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4.3.4. Synchrotron X-Ray Diffraction

Synchrotron X-ray diffraction experiments were performed at Beamline x14a
National Synchrotron Light Source- Brookhaven National Laboratory, NY on self ablated
35Cr-45Ni-0.4C coupons. A KrF excimer laser (A= 248 nm) was used for target ablation.
The laser was directed and focused into the deposition chamber using mirrors and lenses.
Prior to deposition, the substrate was heated to 500 C under 5 x 10” torr vacuum
pressure. The deposition temperature was chosen to improve coating adhesion and limit
the formation of detrimental phases during processing [9]. Pulsed laser deposition
occurred under the following conditions: pulse rate- 10 hertz; pulse length- 25
nanoseconds; target rotation- 10 rpm; fluence- ~100 mj/ mm?* oxygen pressure- 10
millitorr; target/ substrate distance- 40 mm; and deposition times- 0, 15, 30, and 45
minutes.

During our experiments, the wavelength was fixed at 0.177 nm. Figure 4.12
shows the diffraction geometry used during the x-ray experiments. [27] So as in this
Figure 4.12, when the position of goniometer is varied to change:

1) Angle 0 (not shown), structural information can be observed.
i) Angle y and @, textural information is measured.

iii) Angle y, to calculate in plane stresses.

Figure 4.13 shows the full scan x-ray diffraction patterns collected with y = 0.

Experimental peaks matched PDF #47-1405 [28] which were used to identify planes. The
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(111), (200), (220), (311), and (222) planes existed in the experimental full scans at all
deposition times (0, 15, 30, 45 minutes).

Figure 4.14 and Figure 4.15 show the slip plane analysis taken at y= 0, 5, 10, 15,
30, and 60 degrees from samples where the deposition times were (a) 30 minutes and (b)
45 minutes. The small side peak contribution in Figure 4.14 and Figure 4.15, which is not
apparent at lower deposition times (t = 0 and 15 minutes), is due to the 35Cr- 45Ni film.
The film side peak is a 111 peak with a larger interplanar spacing than the substrate. In
general, the interplanar spacing tends to be smaller {not only for the (111) plane} for
thicker films, but the (111) peaks split to double peaks with the side peak (film)
interplanar spacing even larger than the substrate. The nanoparticulates that make up the
film have a preferred orientation to the surface normal (i.e. at higher y angles, the side
peak disappears). Also at higher y angles, the intensity decreases and the side peak
appears to move closer to the main peak and eventually disappears at y > 30 (see Table
4.1). [27]

For stress measurements, different reflections can be brought into the diffraction
condition at the suitable 20 values for a polycrystalline specimen observed with a
diffractometer using monochromatic radiation. Here for the present samples observed
using synchrotron X-rays, the (222) plane was selected for residual stress analysis
because the high angle peak displays a larger shift in 26 [29]. On differentiating Bragg’s
law:

nA = 2d sin® av)

0 =2d cosBAD + 2Ad sinO (V)

122



AB = - &.tanO (VD

g= — (VID)

For larger 6, tanO is larger which results in larger AO for a given stress. Using
equations (VI) and (VII), the peak shift A® of the (222) plane at 117° 26 was around 3.46
times the peak shift A® of (111) plane at 50.5° 26, when calculations were done at room
temperature of the deposited film. Thus, X-ray diffraction residual stress measurements
should be carried out at high angles.

Residual stresses in a coating are caused by mismatch of thermophysical
properties between the substrate and the coating during fabrication. It can affect the
performance and constitutional properties of the coating. The measurement of in-plane
residual stresses assist in the designing and understanding of the processes to create
coatings with improved adhesion, durability and overall effectiveness. [30] Here, the
studies were conducted on films prepared as discussed in the beginning of this section.
Figures 4.16 and 4.17 show the results from the residual stress analysis experiments. In
Figure 4.16, as the film thickness increases the (222) peak shifts to higher values of 26.
This shift indicates that higher elastic macrostrains exist in thicker films. Figure 4.17
shows the d versus sin’y (in plane stress measurements for ¢ = 0) measured from the
(222) reflection. Assuming a biaxial state of stress and assuming that equation (VIII) is

valid;
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the in-plane stress can be determined from the slope of d versus sinzl//plot if Poisson’s
ratio (V) and the Young’s modulus (F) of the material are known. Typical values for the
x-ray constant Ke = E/ (1+v) for nickel based alloys range from 20,000 to 40,000 ksi.
[13] From Figure 4.17, there is a transition from compressive to tensile in plane stress as

the film thickness increases.

4.3.5. Electron Spectroscopy for Chemical Analysis (ESCA)

During X-ray Photoelectron Spectroscopy (XPS) analysis electron are ejected
when monoenergetic soft X-rays bombard a sample material. The kinetic energies KE of
these ejected photoelectrons (or, electrons) help in the identification of the elements
present in the sample because of the dependence on the energy of the photon 4v. In the
Einstein photoelectric law:

KE=hv- BE (IX)

where, the binding energy of the particular electron to the atom concerned is denoted by
BE. The binding energy BE is determined by measurement of KE as AV is already known.

The chemical state of the elements is identified on a smaller scale by small
variations in the determined kinetic energies. The measured photoelectron intensities

facilitate calculation of relative concentrations of elements. XPS finds use both for
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biological and metallurgical materials because of its ability to do chemical state analysis
and semiquantitative elemental analysis of surfaces without standards. Depending on the
material used, the angle of the measurement, and the energy of the required
photoelectron, XPS can probe 2-20 atomic layers deep for a solid. [10]
On SiC deposited coatings, the full scan at 25 degree angle similar to Huang et al.

[31] is shown in Figure 4.18. These studies were conducted at Army Research
Laboratory, USA. The presence of Na peaks in the plot is due to inherent contaminants.
The peaks of interest are Cls, Si2p and Ols. The narrow scan of Cls peak is shown in
Figure 4.19. After doing background subtraction of the peak, the peak is resolved into
three Gaussians:

1) H-C: due to presence of contaminants in vacuum chamber such as moisture/

hydrocarbons.
i1) C-C: due to free graphite.

1i1) Si-C: of which the film is made out of.

Figure 4.20 shows the narrow scan of peak Si2p, it has been resolved into three
Gaussians of Si0O,, SiC, and Sip4C ¢ or C-Si-O. These results tally exactly with what
Huang et al. found shown in Table 4.2. [31] The narrow scan of the O1ls peak was not

examined.
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4.3.6. Adhesion Tests

The scratch-test method consists of the generation of scratches with a spherical
stylus (generally Rockwell C diamond, tip radius 200um) which is drawn at a constant
speed across the coating-substrate system to be tested, under either constant or
progressive loading at a fixed rate. For progressive loading, the critical load (L.) is
defined as the smallest load at which a recognizable failure occurs; for the constant
loading mode, the critical load corresponds to the load at which a regular occurrence of
such failure along the track is observed.

The driving forces for coating damage in the scratch test are a combination of
elastic-plastic indentation stresses, frictional stresses and the residual internal stresses. In
the lower load regime, these stresses generally result in conformal or tensile cracking of
the coating which still remains fully adherent. The onset of these phenomena defines a
first critical load. In the higher load regime, one defines another critical load which
corresponds to the onset of coating detachment from the substrate by spalling, buckling
or chipping.

The scratch test is basically a comparison test. The critical loads depend, of
course, on the mechanical strength (adhesion, cohesion) of a coating-substrate composite
but also on several other parameters: some of them are directly related to the test itself,
while others are related to the coating-substrate system [32].

The test specific parameters include:

e Loading rate,

e Scratching speed,
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Indenter tip radius,

Indenter material (and also indenter tip wear).

The coating-substrate specific parameters include:

Substrate hardness and roughness,

Coating hardness and roughness,

Coating thickness,

Friction coefficient between coating and indenter,

Internal stresses in the coating.

The means for critical load determination are:

i)

iii)

Microscopic observation: This is the most reliable method to detect
coating damage. This technique is able to differentiate between cohesive
failure within the coating and adhesive failure at the interface of the
coating-substrate system.

Acoustic emission (AE) detection: Detection of elastic waves generated as
a result of the formation and propagation of microcracks. The AE sensor is
insensitive to mechanical vibration frequencies of the instrument.
Tangential force (Ft) recording: This enables the force fluctuations along
the scratch to be followed.

Pre-scan, post-scan and penetration depth recording: The pre-scan
provides a profile of the proposed scratch path allowing any non-
uniformity in the flatness of the samples to borne into consideration when

the penetration depth of the indenter is measured during the scratch test.
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The post scan allows the elastic recovery of the coating-substrate system

to be investigated by providing a profile of the residual scratch path.

For each measurement the acoustic emission signal (AE), the tangential force (Ft)
and the penetration depth (Pd) are recorded versus the normal load. The AE-Ft-Pd graphs
for these measurements are shown in Figure 4.21. The following information can be

found on each recording:

Substrate Substrate material

Coating Coating material

AE Sensit. Sensitivity of the AE detector

Ind. Indentor number

dx/dt Scratching speed

dL/dt Loading rate

LcAE Critical load, Lc determined on the AE graph
LcFt Critical load, Lc determined on the Ft graph
LcPd Critical load, Lc determined on the Pd graph
File File name in which the data are stored.

The coupon made of HK40 alloy and having a film of SiC deposited via pulsed
laser deposition was tested for adhesion by scratch tester shown in Figure 4.22. Here the

scratches were generated using a Rockwell C type diamond indenter (tip radius 50um)
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which was drawn at a constant speed (4 mm/min.) across the coating—substrate system.
[32] Tests were performed using loads between 0 to 6 N, a loading rate of 6 N/min, and a
scratch length of 4 mm (Table 4.3). A critical load (i.e. the smallest load at which a
recognizable failure occurs, see Figure 4.23 a) was attained at 0.48 + 0.06 N. Complete
delamination (see Figure 4.23 b) occurred at higher loading, 4.37 + 0.4 N. These modest

values indicate poor adhesion between the coating and substrate.

4.4. Modeling of Coking/ Carburization Behavior of Coated Ethylene Pyrolysis

Tubing

DICTRA is a software tool which utilizes the subroutines of Thermo-Calc
software program [33], described in section 3.1, to solve numerically and simulate
DIffusion Controlled TRAnsformations [34]. This package was primarily developed by
collective effort of the Max Planck Institute (MPI) for Iron Research at Dusseldorf and
the Royal Institute of Technology (KTH) in Sweden to solve concurrently
thermodynamic equations and the appropriate diffusion controlling phase transformations
in both the solid and liquid states [35]. Here, multi-component diffusion equations are
solved numerically maintaining thermodynamic equilibrium at interfaces. The DICTRA

program has four subdivisions:

1) Diffusion equations are solved,
i1) Thermodynamic equilibrium is solved (The subroutine used here is from
Thermo-Calc,

ii1) Flux-balance equations are computed, and
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iv) Adjustment of grid points with the mobility of phase interface positions.

The DICTRA program has applications in:
e Diffusion in Single-phase systems.
e Diffusion with moving boundaries (dissolution of particles, growth, etc.).
e Cell calculations (immobile interfaces, particle distributions, etc.).
e Diffusion in dispersed systems.
e Oswald ripening or, Coarsening.
e (Cooperative growth.
e Kinetic data.
e Deviation from local equilibrium.

e Diffusion in complex phases.

The present model used to simulate coking/ carburization behavior of coated
ethylene pyrolysis tubing is based on diffusion of dispersed phases. Similar modeling of
carburization profiles in Alloy 800H at high temperatures was done by Bongartz et al

[36]. Here in the calculations, the U-fraction of a component # is defined as [35]:

x
= (X)
U DX,

where, Z X, 1s taken over the substitutional elements only. The composition variable

related to the volume is used for the choice of the volume fixed frame of reference. The
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assumption made in calculation of U-fraction is that a species may or may not contribute
to the volume of a phase. The volume contribution by interstitial species is assumed to be
negligible. The activity of carbon is defined by [37]:

a= (Wt% C)T (XT)

where, I" is the coefficient of activity which is selected in order to have a, = 1 for an
equilibrium between graphite and amount of carbon in the solution. Nickel increases the
coefficient of activity and chromium decreases it. The surface reaction gets affected by
the driving force of carbon diffusion due to the presence of alloying elements. Diffusion
studies were performed using DICTRA [38]; and the TTNi [39] and MOBNil [40-45]
Databases. Figure 4.24 (A) and Figure 4.24 (B) shows the diffusion model for the
diffusion of carbon in the FCC matrix of Fe-Ni-Cr-Si-C alloys (HK40 and 35Cr-45Ni)
system. The austenitic FCC matrix has presence of active austenitic stoichiometric
spheroidal phases of M»3C¢ and M;Cs. The activity of carbon with reference to graphite is
considered variable in the range 0.5 to 1.0. For computing the diffusion equations, the
region is considered to have gridpoints (or, node points) spread out geometrically in the
grid. The geometrical series controlled by a geometric factor greater than one gives a
higher number of grid points at the carburized surface, as shown in Figure 4.24 (B). The
depth of diffusion considered for calculations is Imm (surface effect only).

The tubes made of Fe-Ni-Cr-Si-C alloys used in ethylene pyrolysis petrochemical
plants are decoked every 2-3 months (Refer Chapter 2, 3). In the present model, the time

for calculating the diffusion of carbon is considered to be 60 days (5184000 seconds).
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Based on the analysis from Thermo-Calc of the material mentioned in section 3.1,
the two alloys which were considered for modeling of coking/ carburization behavior of
coated ethylene pyrolysis tubing are HK40 and 35Cr-45Ni. It can be recalled from Figure
3.6 that HK40 showed the least resistance and 35Cr-45Ni showed most resistance to

carburization at higher temperatures.

4.4.1. HK40 Alloy
1) Phases:

The Figures 4.25 and Figures 4.26 are plotted as mole-fraction of phase versus
distance in meters. Figures 4.25 (A), (C) and Figures 4.26 (A), (C) are Dictra plots at 900
C and 1200 C, respectively when activity value of carbon is 1. Figures 4.25 (B), (D) and
Figures 4.26 (B), (D) are Dictra plots at 900 C and 1200 C, respectively when activity
value of carbon is 0.5. Figures 4.25 (C), (D) and Figures 4.26 (C), (D) depict the
diffusion phenomena at the surface (depth = 0.1 mm); while Figures 4.25 (A), (B) and
Figures 4.26 (A), (B) depict the diffusion phenomena in the bulk (depth = 1 mm).

It can be clearly interpreted from the Figures 4.25 (A), (C) that at 900 C, the
mole-fraction of FCC_A1 phase is less than M;C; phase at the surface. With the diffusion
of carbon at unit activity, FCC_Al1 phase increases while that of M;Cs decreases towards
the bulk. On considering, behavior at 0.5 carbon activity and 900 C temperature {Figures
4.25 (B), (D)}, the mole-fraction of phase FCC_A1 is more than M;C; at the surface; and

FCC_AT phase increases, M;C; decreases with the diffusion of carbon in the bulk.
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At 1200 C and unit carbon activity outlined in Figures 4.26 (A), (C), the mole-
fraction of FCC_Al1 phase is less than M;C; phase at the surface and remains constant
towards the bulk. When the carbon activity is 0.5 as shown in Figures 4.26 (C), (D) the
mole fraction of FCC_ Al phase is greater than the mole fraction of M;C; phase. Here,
even though the mole-fraction of chromium carbide is higher at the surface it decreases
when going into the bulk. This pattern is different than the behavior, mentioned above, of
0.5 carbon activity and 900 C, which inherently has less chromium carbide at the surface

and keeps decreasing when going into the surface.

i) U-fraction:

Figures 4.27-4.31 show plots for U-fractions of carbon, chromium, iron, nickel
and silicon respectively at activities of carbon of 0.5 and 1.0. The U-fractions show
descending order with respect to elements at both 0.5 and 1.0 carbon activities as: iron <
chromium < carbon < nickel. In Figures 4.27-4.31, (A) and (C) are at temperature 900 C
while (B) and (D) are 1200 C. Furthermore, in Figures 4.27-4.31, (C) and (D) are the
plots at the surface (depth = 0.1 mm). U-fraction plot of carbon at 900 C and 1200 C
(Figures 4.27) show similar behavior for both the activities. The U-fraction is higher at
carbon activity of 1.0 than that of 0.5, at the surface and remains higher going towards
the bulk. U-fraction is larger at 1200 C than 900 C temperatures both for activity of 0.5
and 1.0 at the surface.

Besides carbon, comparing U-fraction of other elements, it can be seen that U-

fraction of iron, nickel and silicon increases while that of chromium decreases on moving
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towards the depth. There is a dip in U-fraction of chromium, Figure 4.28 (C), and
corresponding increase in U-fraction of iron, nickel and silicon as shown in Figures 4.29
(C), 430 (C) and 4.31 (C) respectively at both 0.5 and 1.0 activity of carbon. Similar
behavior is seen in Figures 4.28-4.31 (B) at 1200 C for both the activities. Also, at the
surface it can be observed in Figures 4.28 that the mole-fraction of chromium is lower at
900 C than 1200 C temperatures; whereas in Figures 4.29-4.31, respectively for mole-
fraction of iron, nickel and silicon, mole-fractions are higher at 900 C than 1200 C
temperatures. These results apply to both unit carbon activity as well as 0.5 carbon
activity. It is also observed in case of chromium, iron, nickel and silicon that when the
distance from the surface increases; the mole-fractions become constant and at 1200 C
having the same values as that of 900 C temperature.

The Dictra plots at 1000 C and 1100 C temperatures showed similar patterns as
that of at 1200 C temperature, and therefore have not been documented in the present

analysis.

4.4.2. 35Cr-45Ni Alloy
1) Phases:

The mole-fraction of phase versus distance in meters is plotted in Figures 4.32
and Figures 4.33. The Dictra plots at 900 C and 1200 C, respectively when activity value
of carbon is 1 are shown in Figures 4.32 (A), (C) and Figures 4.33 (A), (C). When the
activity of carbon is 0.5, the Dictra plots at 900 C and 1200 C, respectively are shown in

Figures 4.32 (B), (D) and Figures 4.33 (B), (D). Figures 4.32 (A), (B) and Figures 4.33
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(A), (B) depict the diffusion phenomena in the bulk (depth = 1 mm); while Figures 4.32
(C), (D) and Figures 4.33 (C), (D) depict the diffusion phenomena at the surface (depth =
0.1 mm).

Figures 4.32 (A), (C) shows that at 900 C and unit carbon activity, the mole-
fraction of M;Cs phase is larger than FCC A1 phase at the surface. Towards the bulk,
M5C; phase decreases while that of FCC A1 phase increases. A similar profile is seen in
Figures 4.32 (B), (D) at 0.5 carbon activity and 900 C of M;C; and FCC_A1 phases. The
presence of M»3C¢ phase for both carbon activities of 0.5 and 1.0 at 900 C can be noticed
during the diffusion of carbon at a distance of around 0.5 mm from the surface.

At 1200 C and unit carbon activity see Figures 4.33 (A), (C), the mole-fraction of
M;Cs phase is more than FCC Al phase at the surface. M;C; phase decreases and
FCC_AI phase increases towards the bulk, and becomes constant at distance of around
0.2 mm from the surface. The profile M;Cs; and FCC_ A1 phases at 0.5 carbon activity,
shown in Figure 4.33 (C), (D) reveal analogous behavior to that of unit carbon activity.
The mole-fraction of chromium carbide remains higher at the surface and decreases on
going more towards the bulk. This behavior can be seen at all temperatures and all carbon

activities.

i1) U-fraction:
The U-fraction plots of carbon, chromium, iron, nickel and silicon having carbon
activities of 0.5 and 1.0 are shown in Figures 4.34-4.38, respectively. The U-fractions

show descending order with respect to elements at both 0.5 and 1.0 carbon activities as:
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nickel < chromium < carbon < iron < silicon. In each Figure 4.34-4.38, (A) and (C) are at
900 C while (B) and (D) are at 1200 C. Furthermore, in Figures 4.34-4.38, (C) and (D)
are the plots at the surface (depth = 0.1 mm). The U-fraction of carbon at 900 C is higher
at carbon activity of 1.0 than that of 0.5, at the surface and remains higher going towards
the bulk. There is an increase in the value of U-fraction at 1200 C compared to 900 C,
both for activity of 0.5 and 1.0 at the surface (Figures 4.34).

It can be observed that U-fraction of chromium and iron decreases while that of
nickel and silicon increases on moving towards the bulk. There is a decrease in U-
fraction of chromium, Figure 4.35 (C); and corresponding increase in U-fraction of nickel
and silicon as shown in Figures 4.37 (C) and 4.38 (C) respectively at both 0.5 and 1.0
activity of carbon at around 0.01 mm distance from the surface. The increase can be
noticed in iron and nickel in Figures 4.36 (A) and 4.37 (A), respectively with a
corresponding decrease in silicon {see Figure 4.38(A)} for 0.5 and 1.0 carbon activity at
depth of 0.4-0.6 mm from the surface.

Also, at the surface it is observed in Figures 4.35 and 4.36 that the U-fraction of
chromium and iron, respectively is higher at 1200 C than 900 C temperatures; whereas in
Figures 4.37, 4.38 U-fractions of nickel and silicon, respectively are lower at 1200 C than
900 C. These results apply to both unit carbon activity as well as 0.5 carbon activity.
Similar to that of HK40, it can also be observed for chromium, iron, nickel and silicon
that when the distance from the surface increases; the U-fractions become constant and at

1200 C the values are same as that of 900 C.

136



Here again, the Dictra plots at 1000 C and 1100 C temperatures showed similar
patterns as that of at 1200 C temperature, and therefore have not been documented in the

present analysis.
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Figure 4.1. Setup of Pulsed Laser Deposition (PLD) unit at Brookhaven National
Laboratories. The KrF laser of 248 nm is generated in the orange rectangular box
and then it passes through lead glass exclusion zone having mirrors and lenses for
proper deflection and direction. Ablation takes place in the stainless steel vacuum
chamber.
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Figure 4.2. Pulsed Laser Deposition system equipped with rotating target and
substrate heating stage [9].
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Figure 4.3. Atomic Force Microscope at Stony Brook University.
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Figure 4.4. (a) Atomic Force Microscopy image showing “scratch-like” morphology
on machined HK40 substrate; (b) “dimple-like” appearance of shot peened HK40
substrate [9].
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Figure 4.5. (a) BSE (Back Scattered Electron) micrograph of Pulsed Laser
Deposition of SiC on machined HK40. Deposition was performed at room
temperature. High z-contrast areas (white) represent HK-40 (Fe-Ni-Cr) and low z-
contrast areas (dark) represent SiC coating. Poor adhesion and coverage are
apparent. (b) BSE micrograph of Pulsed Laser Deposition of SiC on shot peened
HK40. The substrate temperature was 500 C during deposition. Complete coverage
of SiC on HK40 is shown [9].
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Figure 4.6. BSE of scratch tested specimen. The specimen was tilted 45 degrees. The
dark region (low z-contrast) is the SiC film, the bright region (high z-contrast) is the
HK40 substrate [9].
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Figure 4.7. EDS (Energy Dispersive Spectroscopy) spectrum of coated HK40 (Fe-Ni-
Cr) substrate (grey) superimposed on target spectrum (black-dotted lines). In the
spectrum of the coated material (grey) note the presence of a strong oxygen peak at
0.5 Kev and weak Cr and Fe peaks at 5.4 Kev and 6.4 Kev, respectively [9].
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Figure 4.8. Comparison of X-ray Diffraction (XRD) pattern of 35Cr-45Ni-0.4C alloy
with Pulsed Laser Self-Ablated film of 35Cr-45Ni-0.4C.
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Figure 4.9. Comparison of X-ray Diffraction of SiC target with SiC film formed by
Pulsed Laser Ablation of the SiC target.
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Figure 4.12. X-ray diffraction geometry. Diffraction patterns were collected at
different y angles. Angle vy is used to calculate in- plane stresses. Both y and ¢ are
used to measure textural information [27].
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Figure 4.13. X-ray powder diffraction patterns collected with y = 0. Experimental
peaks matched PDF #47-1405 which were used to identify planes. Marked red boxes
show the peaks of interest [27].
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Figure 4.14. X-ray powder diffraction slip plane analysis at different y angles.
Deposition time 30 minutes. Side peak from film moves closer to the main substrate

peak and disappears at y =30 degrees [27].
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Figure 4.15. X-ray powder diffraction slip plane analysis at different y angles.
Deposition time 45 minutes. Side peak from film moves closer to the main substrate

peak and disappears at y = 30 degrees [27].
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Figure 4.16. High angle peak (222) used for x-ray residual stress analysis. As film
thickness increased, peak shifted to higher 20. Peak shift is indication of elastic

macrostrains [27].
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Figure 4.17. Interplanar spacing versus sin2\|! plot. As film thickness increases the
state of in- plane stress changes from compressive to tensile [27].
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Figure 4.18. Full Scan Electron Spectroscopy Chemical Analysis (ESCA) of Ceramic
SiC Film.
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Figure 4.19. Narrow Scan Electron Spectroscopy Chemical Analysis (ESCA) of Cl1s
peak.
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Figure 4.20. Narrow Scan Electron Spectroscopy Chemical Analysis (ESCA) of Si2p
peak.
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Figure 4.21. Example of acoustic emission signal (AE), the tangential force (Ft) and
the penetration depth (Pd) plot recorded versus the normal load. Also known as

MST (Micro Scratch Testing) plot.
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Figure 4.22. Micro Scratch Tester (Micro Photonics, Inc., USA).
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Figure 4.23. Adhesion test performed on specimen shown in Figure 4.5 b: (a) region
of initial failure; (b) complete delamination [9].
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Figure 4.24. Diffusion model for understanding the diffusion phenomena in Fe-Cr-
Ni-Si based alloy system. In the FCC matrix there is presence of M7C3 and M23Cé6
phases. The diffusion of carbon takes place from the surface. Activity of carbon
varies from 0.5 to 1.0.
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Figure 4.25. Plots of mole-fraction of phase versus distance in meters for HK40 alloy
at 900 C temperature and at activities of 1.0 and 0.5. Figures A and B are plotted for
a distance of 1 mm at activities of 1.0 and 0.5, respectively. Figures C and D are
plotted for a distance of 0.1 mm at activities of 1.0 and 0.5, respectively.
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Figure 4.26. Plots of mole-fraction of phase versus distance in meters for HK40 alloy
at 1200 C temperature and at activities of 1.0 and 0.5. Figures A and B are plotted
for a distance of 1 mm at activities of 1.0 and 0.5, respectively. Figures C and D are
plotted for a distance of 0.1 mm at activities of 1.0 and 0.5, respectively.
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Figure 4.32. Plots of mole-fraction of phase versus distance in meters for 35Cr-45Ni
alloy at 900 C temperature and at activities of 1.0 and 0.5. Figures A and B are
plotted for a distance of 1 mm at activities of 1.0 and 0.5, respectively. Figures C and
D are plotted for a distance of 0.1 mm at activities of 1.0 and 0.5, respectively.
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Figure 4.33. Plots of mole-fraction of phase versus distance in meters for 35Cr-45Ni
alloy at 1200 C temperature and at activities of 1.0 and 0.5. Figures A and B are
plotted for a distance of 1 mm at activities of 1.0 and 0.5, respectively. Figures C and
D are plotted for a distance of 0.1 mm at activities of 1.0 and 0.5, respectively.
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Table 4.1. Interplanar Spacing of Slip Plane Main and Side Peak [27].

W (degrees) dsidepeak dmainpeak
0 2.0909 2.0723
5 2.0867 2.0721
10 2.0790 2.0723
15 2.0775 2.0726
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Table 4.2. Binding Energies (eV) of 70% SiC-C films [31].

Possible Products C1s Si2p O1s
SiC 283.5 100.4
C-Si-O 101.8 532.7
Adsorbed C
Graphite 284 .4
Active C
C-Hy 286.2
SiO; 103.4 531.6
O-CH;
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Table 4.3. Settings used in the Micro Scratch Tester.

Loading range Oto6 N
Loading rate, dL/dt 6 N/min
Scratch length 4 mm
Scratching speed, dx/dt 4 mm/min
AE sensitivity, Sae 9
Indenter 50 um
Diamond reference number E-050
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Summary and Conclusion

The present studies begin with an introduction to tube failure mechanisms
(coking, carburization, creep, and oxidation) in pyrolysis heater radiant coils. Coking
which is the precursor for carburization can be catalytic, pyrolytic or in the form of
droplet condensation. The different materials of construction used in the pyrolysis
heaters: HK40, HP, HPM, 35Cr-45Ni and 36X alloys, were discussed. The important
selection criteria for tube materials are cost, accessibility, resistance to corrosion, and
manufacturability. In order to improve the life of the tubings used in the pyrolysis
heaters, coatings (i.e. silicon based ceramics and chromium/ silicon oxides) were
introduced and discussed.

The numerical analysis of the thermodynamical processes responsible for the
radiant tube failure at high temperatures using a commercial software package called
Thermo-Calc was presented. It can be clearly seen that as the process carbon diffuses into
the chromium-nickel-iron matrix at temperatures above 900 C, Cr,3Ce phase transforms
to Cr;Cs. Tie lines are drawn to calculate the percentage of chromium and carbon existing
in the FCC matrix. At the interface of graphite and Cr;C; phase, graphite precipitates out
of the FCC matrix; using this composition and the Wagner equation, the predicted time
for through wall carburization of 6 mm thick tubing was calculated to be 3 years, 2 years,
2 years and less than 1 year at 1100 C for 35Cr-45Ni, HP-Nb, HPM and HKA40,

respectively. Based on the assumption made in our calculations (¢ = 0.5; D¢ = 10~ cm?/
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sec; and v = 3) the time period for tube failures in petrochemical plants is different than
predicted. Magnetization, a non-destructive technique used to study carburization,
revealed that the service exposed centrifugally cast chromium-nickel-iron based material
changed from austenitic to slightly ferromagnetic. Destructive techniques such as X-ray
Mapping to understand the diffusion and precipitation phenomena indicated that there is a
strong correlation between the magnetization response of the material and extent of
carburization. It can be visually seen from the x-ray maps that depletion of chromium
clearly aids in the dominance of magnetic nickel and iron responsible for the hysteresis in
the carburized alloy.

One of the suggested solutions to handle coking is to deposit a coating either of
silicon based ceramics or chromium/ silicon oxide using pulsed laser deposition (PLD).
PLD is preferred over others coating techniques, as the source of laser is independent of
the deposition system that supports production of smart films. The X-ray Diffraction
patterns of the deposited SiC film did not match the target unlike the results from the self
chromium-nickel-iron based alloys deposition. A unique correlation was observed with
regards to the variation in the stoichiometry of SiC film as the position of the focusing
lens in the lead glass exclusion zone had an affect on the resulting stoichiometry.
Residual stresses studied on self-ablated chromium-nickel-iron based alloy onto itself
using synchrotron x-ray radiation showed a variation from compressive to tensile stresses
with the increasing film thickness. The (222) slip plane peak shift was found to be more
dominant than (111) slip plane in the synchrotron x-ray diffraction studies. Supporting x-

ray photoelectron spectroscopy (XPS) showed presence of Si-C, C-C, C-H; and SiO,,
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SiC, and Sip4C o6 or C-Si-O bonds on resolving Cls and Si2p peaks respectively. The
adhesion test, a destructive technique, conducted on SiC deposited films using scratch-
tester showed marginal adhesion suggest future work in the area of methodology for
adhesion improvement. The modeling of coking/ carburization behavior of coated
ethylene pyrolysis tubing was done using commercially purchased software using TTNi
and MOBNI2 databases. The mole-fraction of phases and U-fraction were calculated at
carbon activity of 0.5 and 1.0; and at temperatures of 900 C and 1200 C. The U-fraction
of silicon was the lowest for both in the case of HK40 and 35Cr-45Ni; but U-fractions of
iron and nickel were observed to be higher in HK40 than 35Cr-45Ni, respectively. In all
the U-fraction plots, except those of carbon, the U-fractions at higher temperature of Cr,
Fe, Ni and Si attain similar values when moving away from the surface at both 900 C and
1200 C. Furthermore, from plots for mole-fraction, there is a tendency for M;C; phase to
decrease and FCC A1l phase to increase on moving more towards the bulk at both

activities and both temperatures.
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5. Future Work

5.1.  Scaled Up Pulsed Deposition Technology and Controlled Random Search

5.1.1. Introduction

A preliminary study of the near optimal settings of the processing parameters for
pulsed laser deposition of ceramic SiC on heat resistant tubing traditionally used for
ethylene service were investigated using a semi quantitative controlled random search
methodology. Minimization of the objective function which was based on width,
thickness and coverage of the thin film resulted in an optimal deposition time of 4.3
minutes and surface finish of 272 nm.

James Greer of Raytheon Co. pioneered the scale up efforts by depositing thin
films on the internal surface of a cylindrical cavity [1] and over large areas by either
scanning the laser or substrate [2-5]. Rapid advancements in switching technology have
led to new developments in this technology. Currently, over 1000 Patents on pulsed laser
deposition technology exist. The idea of depositing adherent thin films on the inner
diameter of a cylindrical cavity has sparked our interest and has led us to investigate the
use of pulsed laser deposited SiC films as a potential barrier against corrosive
environments. SiC films deposited by conventional techniques require either a high
substrate temperature > 1250 C during growth (thermal spray, reactive sputtering [6],

radio frequency sputtering [7], and chemical vapor deposition [8-10]) or post deposition
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annealing (sputtering [11]) to achieve a stoichiometric crystalline structure. So, this lead
us to the belief that pulsed laser deposition can deposit stoichiometric SiC films at lower

temperature; and this was the driving force for the presented and future works.

5.1.2. Scaled Up Pulsed Laser Deposition

Figure 5.1 shows a schematic of a scaled up pulsed laser deposition system used
to deposit thin films on the inner diameter of tubing [12]. The AUTOCAD® designs for
facilitating the proposed scaled up PLD system are shown in Figure 5.2. The laboratory
prototype of the proposed scaled up pulsed laser deposition set up is shown in Figure 5.3.
External to the vacuum chamber; the input parameters are laser type, laser energy, pulse
length, pulse rate, and laser scan rate (if employed). When the laser enters the vacuum
chamber the following internal input parameters become significant: atmosphere
(vacuum condition, inert/ active gas, gas pressure), ablation target surface condition,
ablation target rotation speed, fluence (energy/ area), ablation target to cylinder inner
surface angle, ablation target to cylinder inner surface distance, nature of plume (transfer
of stoichiometry), cylinder inner surface condition, cylinder temperature, cylinder
rotation speed (equals ablation target rotation speed in our experimental setup), cylinder
translation speed, and deposition time. The external and internal input parameters play a
major role in optimizing the output variables: thickness, static deposition width (plume
width) and coverage/ adherence.

Near optimal settings for pulsed laser deposition of the tube inner surface

processing parameters were determined experimentally (using flat 6.5 mm x 6.5 mm x
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1.0 mm coupons) and by using a semi- quantitative controlled random search
methodology. Pulsed laser deposition experiments were performed in the Condensed
Matter Physics and Materials Science Laboratory at Brookhaven National Laboratory. A
Lambda Physik KrF (A = 248 nm) excimer laser was used to ablate a Hexoloy SA
ceramic SiC target and deposit thin films on 25Cr- 20Ni- Fe alloy coupons (removed
from tubing supplied by Ultra-cast Inc.). The external input parameters were as follows:
laser type, KrF excimer (A = 248 nm); energy, 500-600 mJ; pulse length, nanosecond;
pulse rate, 5-10 Hz; and the scan rate, stationary. The initial laser beam dimensions (v x
h, FWHM) were 24 x 6 to 12 mm®. The pulsed laser deposition system is equipped with
optics to scan the laser. Laser scanning is commonly used for larger area deposition [2-5]
and to produce composition gradient films to improve adhesion properties [13]. The later

is of experiment interest to the authors, but was not employed in this study. [14]

5.1.3. Control Random Search

The parameters of interest for our experiment are shown in Table 5.1 ([15]). In
this study; a limited number of thin films were deposited on coupons to obtain data for
the semi- quantitative controlled random search procedure. The near optimal conditions
for pulsed laser deposition of thin films on the inner surface of a cylinder can be obtained
using the experimental data and the semi- quantitative controlled random search
methodology. Details of the controlled random search methodology can be found in the

literature [16-18].
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Chauhan et al. in an earlier work [19] determined that the surface finish had a
significant effect on the adhesion properties. Data such as this is very useful in limiting
the number of search parameters in the random search procedure. In this initial study, all
parameters were fixed except the deposition time and specimen surface condition and the
objective function was formulated using the deposition width, thickness and coverage as

shown in Figure 5.4.

f=(Wqg— W)+ (Tqg—T)* + (Cq— C)° 0))

In the object function equation, Wy, T4, and Cq are the desired values and W, T,
and C are the values determined experimentally. In this work, the desired values are W4=
6.5 mm (coupon dimension), T4= 0.1 um (roughness dependant), and C4= 1 (where 0 is
no coverage and 1 is complete coverage). The input parameter ranges were deposition
time 80 to 540 seconds and specimen surface roughness was 10 nm to 400 nm. A set of 5
candidate solutions were randomly selected from our experiments as shown in the Table
5.2.

Based on the initial candidate solutions and experience of the authors [19], the
objective function equation is only dependant on the thickness of the deposited film.
From the initial candidate solutions the maximum (fy) and lowest (f.) objective functions
were found during experiments 3 (fy = 0.0049) and 1 (fi =0.0004) respectively. The two
initial candidate solutions randomly selected to comprise the simplex are 2 and 5 and thus

the simplex is composed of 1, 2, and 5. The initial candidate solution 5 becomes the pole
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of the simplex and the first centroid (deposition time, 258 seconds; surface roughness,
272 nm; and fp, ~ 0) is calculated from 1 and 2. These solutions produce a thin film with a
width of 6.5 mm, thickness of 0.1 um and complete coverage. Since fp is less that fi
initial candidate solution 3 is eliminated from the solution set and is replaced by the
centroid of the simplex. The methodology is continued until the processing conditions
(arbitrary f'value) are optimized.

A semi- quantitative controlled random search methodology is proposed as a
method of determining the near- optimal conditions for pulsed laser deposition of a thin
film on the inner surface of a cylinder. The objective function was based on the deposited
thickness, the width of the deposition and coverage. The input parameters, deposition
time and surface condition, were selected because these variables would most likely be

controlled during industrial processing. [14]

5.2.  Diffusion Modeling

A complete kinetic description of the multicomponent diffusion problem requires

mathematical solutions to the generalized Fick’s law [aC,. ;i D, ack] and the mass
a ="

n—1
balance equation[%Jrv oJ =0], Where J, = —z D,VC, . The semi infinite diffusion
k=1

couple is shown in the schematic Figure 5.5 and Figure 5.6. Figure 5.5 is a five
component, single phase semi-infinite diffusion model. The plot is between concentration
and distance, where Cs is concentration at the surface and C, is concentration in the bulk.

Five component multi-phase semi infinite diffusion model is shown in Figure 5.6. The
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number of phases increase going towards the bulk. The x = 0 plane is the free surface and

the length of the couple in the diffusing x direction is infinite compare to the diffusion

zone. The mathematics can be extended to evaluate multicomponent/ multiphase systems.

The general equation for a three component (third component is considered to be the

solvent) p- phase system is as follows:

-

i) ]

L2

s

(Cn)p=@)p+kzi(DD"k)” erf{iﬁ} _erf{ }

S
S

P P

wheren=1,2andp=1,2,3, .....,p, and

(DDu)p = L(QZ )p{a)p _@)p}O‘S(Dll - Dzz + D)p {ajp - (a)p }/(D)p 5
(0D,),=[C),-(©),-®),]. ©p,), = [C), - ©),-©.), ].

(DDzl)p = L(Ql)p {a)p - (a)p} O-S(Dzz - D11 +D)p{@)p - @)p :H/(D)p >

D

(D)p = [(Dn - D, )2 +4D12D211 > (Ul)p = O'S(Dll + D, + D),, ) (Uz),, =O-5(D11 + Dy~ D)p )
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Y al d¢ 2o It 1 d that (1) local ilibri ist bet
=—+,and{ =y = . 1S assume a ocal equilibrium exist between
2\/; Yy 2\/; q

adjacent phase separated by an interface; (2) the diffusion plane at a particular position
moves proportional to the square root of the annealing time; (3) volume changes due to
interdiffusion are neglected; (4) sequence of phases appearing during diffusion
corresponds to the isothermal phase diagram for the system; and (5) the composition of
the phases across a boundary correspond to the equilibrium values in the phase diagram.
In the Fe-Ni-Cr-Si-C system, sixteen diffusion coefficients will exist and the
interrelationship between them will be described.

If moving interfaces or boundaries exist, the mass balance equation must be
considered. The mass balance equation for a three component multiphase system will be
provided here and extended for a multicomponent/ multiphase system as part of the

proposed work. The mass balance equation at the (r—l)th and r'" interface is as follows:

c.).-€) Nre, =~ 3| 20,03 (D, (1m)

where k, n=1,2andr =1, 2, 3, ........ , p- This equation is valid for all interfaces
including the surface (if the surface is assumed to be stationary and {; = 0). If chemical

reactions occur at the surface (i.e. surface is moving) other factors must be considered in
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the equation. Once all the interface parameters are known, and the corresponding tie-
lines determined, the concentration profiles can be determined. [20]

As shown in Figure 5.7 Fick’s first law is

J=[Dy] — (Iv)

Here, flux J is proportional to the concentration gradient and the diffusivity constant is
denoted by Dj. As shown in the bottom of Figure 5.7, diffusivity is a 4 X 4 iron (Fe)
based matrix for a five component system. The schematic of diffusion of carbon taking
place at high temperature 1100 C in Cr-Ni-Fe based alloy (both coated and uncoated) is
shown in the center of Figure 5.7. In case of uncoated alloy carbon diffusion is interstitial
whereas it is both substitutional and interstitial for coated alloy. Also coating impedes
carbon diffusion. The backscattered scanning electron micrograph of the phases formed

when the process carbon diffuses in the matrix is shown in Figure 5.8.

5.3. In-Plane Stresses
Comparison of preliminary in-plane stresses of SiC coated HK40 alloy with

uncoated HK40 alloy are shown in Figure 5.9. The plot is between d gy and sin*y using

equation given by Noyan et al [21].

o 1+0 . v
2 = E O-¢SIHZW_E(O-11+O-22) V)
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From the plot it can be seen that the uncoated HK40 alloy shows uniaxial and
biaxial stresses depicted by the straight lines. The coated HK40 alloy gives textured
profile as shown in the plot. More work is suggested for understanding the in-plane

stresses on SiC coated films.

5.4. Proposed Design of Coating for Pyrolysis Heaters

Figure 5.10 elaborates on the proposed design of an ideal gradient coating for the
cast HP alloy (35 wt% Cr-45 wt% Ni) by stitching a coating of HPM wrought alloy (25
wt% Cr-38 % Ni- Mo- Si). The different geometrical shapes can be easily made by cast
HP alloy, not possible by wrought HPM alloy. The wrought HPM alloy has less carbon,
so less internal carbon diffusion and thus negligible formation of Cr;Cs ceramic phase
resulting in less embrittlement. HPM alloy creeps vigorously at high temperatures so
deposited coke in the petrochemical tubing can be easily removed by cycling the
temperature (1050 6 50 C) to breakdown the deposited coke.

Figure 5.11 elucidates on the procedure to develop a gradient coating as suggested
by Hou et al [13]. So, in order to deposit a coating of wrought HPM alloy over cast HP
alloy, a coupon made of cast HP alloy (shown in white color in the schematic) is glued to
the target made of wrought HPM alloy (shown as black). The alloys are stitched by
starting the ablation of the improvised target with the help of pulsed laser starting from

track 1 and gradually move to track 4 in the end. So, on ablation of track 1, only cast HP
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alloy is deposited on the substrate. On ablating track 2 and track 3, mixture of cast HP
alloy and wrought HPM alloy is deposited on the substrate and on ablation of track 4,

strictly wrought HPM alloy is deposited as the final layer.
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Figure 5.1. Schematic of scaled up pulsed laser deposition system to deposit thin
films on the inner surface of a cylinder.
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Figure 5.2. AUTOCAD® designs of shaft which holds both the ablation target and
the cylinder feeds through the rotation mechanism (hand) and translation bellows.
The bellows is attached to the vacuum chamber. The remaining components as
shown in the schematic Figure 5.1 are commonly found in most pulsed laser
deposition systems.
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Figure 5.3. Illustration of translation/ rotation stage (as shown in the schematic in
Figure 5.1).
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Figure 5.4. Thin film geometry [14].
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100pm

Figure 5.8. Backscattered scanning electron microscopy image. The phase
differences are due to z-contrast variation, where higher average atomic number
element appears to be lighter. The three layers observed are: outer is carburized
layer, second layer is chromium carbides and the rest is the bulk material. In the
bottom left inset image Cr,;Cg precipitates are observed at the grain boundaries.
Black scratches symbolize epoxy which means defect is present in the system.
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Figure 5.10. Future Work: Proposed Coating Design for Material Used in Ethylene
Pyrolysis Plants.
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ADHEREENT COATING

Figure 5.11. Methodology to stitch wrought HPM alloy over cast HP alloy, a coupon
made of cast HP alloy (shown in white color in the schematic) is glued to the target
made of wrought HPM alloy (shown as black). On ablation of track 1, only cast HP
alloy is deposited on the substrate. On ablating track 2 and track 3, mixture of cast
HP alloy and wrought HPM alloy is deposited on the substrate and on ablation of
track 4, strictly wrought HPM alloy is deposited as the final layer.
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Table 5.1. Internal Input Parameters in Pulsed Laser Deposition [14].

Atmosphere (argon) ~ 380 mtorr

Target rotation speed 10 rpm

Target surface condition sintered SiC (grain size < 10 um)
Fluence 140 — 170 mJ/mm?

Target to substrate angle 45°

Target to specimen distance | 40 mm

Nature of plume molecular transfer [15]

Substrate surface condition | 10 —400 nm rms

Substrate temperature 800° C

Substrate rotation speed stationary’

Substrate translation speed | stationary”

Deposition time <1 hour

* For deposition on the inner surface of tubing, the target and cylinder
rotation speeds are equivalent
** For a 4 inch cylinder, the translation speed would be ~1.7 mm/ min
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Table 5.2. Initial Candidate Solutions Using Controlled Random Search [14].
Experiment Number 1 2 3 4 5
Deposition Time (sec.) | 193 323 433 196 416
Roughness (nm) 146 398 395 123 248
Width (mm) 6.5 6.5 6.5 6.5 6.5
Thickness (um) 0.08 0.13 0.17 0.08 0.17
Coverage (%) 1 1 1 1 1
f 0.0004 0.0009 0.0049 0.0004 0.0049
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Appendix

Plume Analysis

The nature of plume of the Pulsed Laser Deposition unit (Figure 1) was studied
prior to film deposition (illustrated in section 4.2). A 5 mm x 5 mm x 25 um polyimide
thin film was fastened to a 6 mm x 6 mm x 1.6 mm silicon wafer using a dilute solution
(10 mg/ml) of 60,000 MW polystyrene dissolved in toluene. A 3 mm in diameter 600
mesh carbon / formvar supported copper grid was attached on the formvar side to the
polyimide film using a drop of the polymer solution mentioned previously. The silicon
wafer was fixed to the stage in a manner similar to the substrate (Pyro- Duct paste). The
procedure is depicted in Figure 2. [1] The 35Cr- 45Ni target was ablated onto the copper
grid for 15 seconds. After ablation, the assembly was removed from the chamber and the
copper grid was removed from polyimide film with a razor blade edge (the polyimide
film facilitated grid removal). The grid, shown in Figure 3 (c), was examined using a
scanning electron microscope (LEO 1550). Atomic, ionic, and molecular transfer can
occur when the target material consists of metallic bonds. [2] Clusters of atoms 10-20 nm
in size known as nanoparticulates were observed as shown in Figure 3 (a). Similar
procedure was followed for SiC target and no nanoparticulates were observed, using
scanning electron microscope, in the deposited film as can be seen in Figure 3 (b). Here
in SiC, an assortment of atoms and molecules (i.e. Si, SiC, SiC,, Si,C, C, C,, Cs, Siy, Si3)
are generated instead of ions; due to the breaking down of covalently bonded SiC [3].
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Figure 1. Photograph of plume inside the stainless steel vacuum chamber.
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o Polymer
Solution

Silicon Wafer

Figure 2. Polyimide thin film (Kaptan) adhered on silicon wafer using a polymer
solution. And on the top of the setup copper grid adhered using the same polymer
solution.
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Figure 3. Scanning Electron Microscopy of nanoparticulates in the plume (a), SiC
target (b), and copper grid (c). Deposition time 15 seconds [2].
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	Figure 4.2. Pulsed Laser Deposition system equipped with rotating target and substrate heating stage [9].
	Figure 4.3. Atomic Force Microscope at Stony Brook University. 
	Figure 4.4. (a) Atomic Force Microscopy image showing “scratch-like” morphology on machined HK40 substrate; (b) “dimple-like” appearance of shot peened HK40 substrate [9].
	Figure 4.5. (a) BSE (Back Scattered Electron) micrograph of Pulsed Laser Deposition of SiC on machined HK40. Deposition was performed at room temperature. High z-contrast areas (white) represent HK-40 (Fe-Ni-Cr) and low z-contrast areas (dark) represent SiC coating. Poor adhesion and coverage are apparent. (b) BSE micrograph of Pulsed Laser Deposition of SiC on shot peened HK40. The substrate temperature was 500 C during deposition. Complete coverage of SiC on HK40 is shown [9].
	Figure 4.6. BSE of scratch tested specimen. The specimen was tilted 45 degrees. The dark region (low z-contrast) is the SiC film, the bright region (high z-contrast) is the HK40 substrate [9]. 
	Figure 4.7. EDS (Energy Dispersive Spectroscopy) spectrum of coated HK40 (Fe-Ni-Cr) substrate (grey) superimposed on target spectrum (black-dotted lines). In the spectrum of the coated material (grey) note the presence of a strong oxygen peak at 0.5 Kev and weak Cr and Fe peaks at 5.4 Kev and 6.4 Kev, respectively [9].
	Figure 4.8. Comparison of X-ray Diffraction (XRD) pattern of 35Cr-45Ni-0.4C alloy with Pulsed Laser Self-Ablated film of 35Cr-45Ni-0.4C.
	Figure 4.9. Comparison of X-ray Diffraction of SiC target with SiC film formed by Pulsed Laser Ablation of the SiC target. 
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	Figure 4.12. X-ray diffraction geometry. Diffraction patterns were collected at different angles. Angle is used to calulate in- plane stresses. Both and   are used to measure textural information [27]. 
	Figure 4.13. X-ray powder diffraction patterns collected with  = 0. Experimental peaks matched PDF #47-1405 which were used to identify planes. Marked red boxes show the peaks of interest [27]. 
	Figure 4.14. X-ray powder diffraction slip plane analysis at different angles. Deposition time 30 minutes. Side peak from film moves closer to the main substrate peak and disappears at   30 degrees [27].
	Figure 4.15. X-ray powder diffraction slip plane analysis at different angles. Deposition time 45 minutes. Side peak from film moves closer to the main substrate peak and disappears at  30 degrees [27].
	Figure 4.16. High angle peak (222) used for x-ray residual stress analysis. As film thickness increased, peak shifted to higher 2. Peak shift is indication of elastic macrostrains [27].
	Figure 4.17. Interplanar spacing versus sin2plot. As film thickness increases the state of in- plane stress changes from compressive to tensile [27].
	Figure 4.18. Full Scan Electron Spectroscopy Chemical Analysis (ESCA) of Ceramic SiC Film.
	Figure 4.19. Narrow Scan Electron Spectroscopy Chemical Analysis (ESCA) of C1s peak. 
	Figure 4.20. Narrow Scan Electron Spectroscopy Chemical Analysis (ESCA) of Si2p peak. 
	Figure 4.21. Example of acoustic emission signal (AE), the tangential force (Ft) and the penetration depth (Pd) plot recorded versus the normal load. Also known as MST (Micro Scratch Testing) plot. 
	Figure 4.22. Micro Scratch Tester (Micro Photonics, Inc., USA).
	Figure 4.23. Adhesion test performed on specimen shown in Figure 4.5 b: (a) region of initial failure; (b) complete delamination [9].
	Figure 4.24. Diffusion model for understanding the diffusion phenomena in Fe-Cr-Ni-Si based alloy system. In the FCC matrix there is presence of M7C3 and M23C6 phases. The diffusion of carbon takes place from the surface. Activity of carbon varies from 0.5 to 1.0.  
	Figure 4.25. Plots of mole-fraction of phase versus distance in meters for HK40 alloy at 900 C temperature and at activities of 1.0 and 0.5. Figures A and B are plotted for a distance of 1 mm at activities of 1.0 and 0.5, respectively. Figures C and D are plotted for a distance of 0.1 mm at activities of 1.0 and 0.5, respectively. 
	Figure 4.26. Plots of mole-fraction of phase versus distance in meters for HK40 alloy at 1200 C temperature and at activities of 1.0 and 0.5. Figures A and B are plotted for a distance of 1 mm at activities of 1.0 and 0.5, respectively. Figures C and D are plotted for a distance of 0.1 mm at activities of 1.0 and 0.5, respectively. 
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	Figure 4.32. Plots of mole-fraction of phase versus distance in meters for 35Cr-45Ni alloy at 900 C temperature and at activities of 1.0 and 0.5. Figures A and B are plotted for a distance of 1 mm at activities of 1.0 and 0.5, respectively. Figures C and D are plotted for a distance of 0.1 mm at activities of 1.0 and 0.5, respectively.  
	Figure 4.33. Plots of mole-fraction of phase versus distance in meters for 35Cr-45Ni alloy at 1200 C temperature and at activities of 1.0 and 0.5. Figures A and B are plotted for a distance of 1 mm at activities of 1.0 and 0.5, respectively. Figures C and D are plotted for a distance of 0.1 mm at activities of 1.0 and 0.5, respectively.   
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	Figure 2. Polyimide thin film (Kaptan) adhered on silicon wafer using a polymer solution. And on the top of the setup copper grid adhered using the same polymer solution. 
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