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Abstract

The goal of this project was to fabricate submicron alloy structures by thermal degradation of
organometallic compoundspecifically iron pentacarbonyl and nickeloce@ganometallic compounds
were degraded at temperaturesf 80, 100, 200, 300 and 4UDto determine ideal mass losStructures
were analyzed before and after degradation uskiRD ad SEM. XR&f iron pentacarbonyl identified
Fe0,, F&0; andFe XRDof nickelocene identified NiO ardi. XRDof iron pentacarbonyl/nickelocene
mixturesidentified F&O,, Fe0;, NiO and Ni basedn organometalligorecursor ratio. SEMf degraded
iron pentacarbonyl andon pentacarbonyhickelocenemixturesshowfiber structureswith diameters

in the submicron rangelhrough the use of higher quality organometaliids feasible thasubmicron
fiber alloy structures can be genegat through thermal degradation of organometallic compounds
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1.0 Introduction
Multi-phase alloys with sulnicron structure characteristics have generated a great deal of attention in

recent times. It is known that minimization of structural propertieenfiineering components can lead

to significant gains in their performance. Critical engineering parameters such as melting point, thermal
conductivity, electrical conductivity, and magnetic properties at the submicron scale differ greatly from
propertiesobserved of bulk materials. Concurrently, alloyed materials at the submicron scale, such as
spinel ferrites of the form MR©,, exhibit novel properties that are not demonstrated by individual

species of their respective constituents.

Low dimensional metal complexes have significant potential in application for chemical sensors,
catalysis, energy storage and conversion, biomedical engineering, and separation technologies with
implications towards water and air purification. Magnetic pecties of nanopatrticles have significant
prospects in products magnetic products such as magnetic recording, high density data storage,
magnetocaloric refrigeration, contrast enhancement in magnetic resonance imaging and magnetically
guided drug deliverySpecifically, research promoting iron nanowires as a possible electromagnetic
wave absorber has been studied due to the wires high permeability and shape anisotropy. In
applications that are volume dependent, such as fuel cell technologies, solar atltphectors and

volatile organic compound catalyst, submicron two dimensional structures offer the benefit of having a
larger surface area to mass ratio, which allows them to perform more effectinelystigations of low
dimensional bismuth oxide fibesynthesizedy electrospinning have been established as a material
useful in the reduction of methyl orange pollutants in water by photocatalysis under UV and visible light

sources.

Investigators have conducted experiments examining the utilitizationetlorganic precursors in the

formation of metal complexes at the submicron level. Notable attention has been given to
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organometallic complexes formed with transition metals due to their nature their existence as a low
melting crystal, liquid or gas atrdient temperature. Several techniques that have been reported
successful in the formation of submicron metal structures from organometallic precursors include
electrospinninghigh temperature chemical vapor depositidaser assisted chemical vapor dejios,
plasma enhanced chemical vapor deposition, vdjprid-solid method, sefel technique andnetal
organicvapor phase epitaxyAlthough these methods have been tested to be appropriate in metal
deposition, excessive capital investment and operatiogts are preventative factors in the widespread
use of these techniques. Previous investigations of organometallic deposition techniques are generally
limited to single metal species. Experimental studies have established interest for applicationgignvolvi
catalyst metals, such as nickel and platinum, but research is largely undeveloped for binary metal

complexes.

If established as a means of producing alloyed deposition products, organometallic deposition could
significantly improve industrial processibsit are used tgroducethin films, nanoparticlesandfiber
complexes in engineering componenitigh temperature chemical vapor depositiohorganometallic
compounds offers a straightforward method of isolating metal species from organometallic reagent
that can be conducted without the necessity of highly monitored readimmospheresor excessively
high temperature. Additionally, this technique is well suited for scalability to industrial large scale

applications.

This study investigated the fabridan of alloyed metal/metabxide compounds by means of
thermally degrading an organometallic compound by direct heating. The degradation properties of
the chosen organometallic were analyzed by determination of weight loss at various graduation

temperatures and sample massesray diffraction, scanning electron micrograph, energy

11



dispersive xay spectroscopy, andray diffraction. Structures were benchmarked against steel

1018 whose chemical composition was known.
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2.0 Background

2.1 Alloyed Components
An alloy can be defined as a substance that has metallic properties and is composed of two or more

chemical elements where at least one element is a métgl Alloys composed of two elements are

known as binary alloy systems. From 45 of the most commaals)®©90possiblebinary combinations

can be generated. Alloys may exist in either homogeneous solution or as a mixture; homogeneous
solutions are constituted by one phase, where in a mixture multiple phases will be observed. In the solid
state, three posible phases may be observétl} Puremetal, [2] Intermediate alloy phase or

compound, and3] solid solution(1).A solution is composed of two parts: Solvent and a Solute. The
solute is the minor part of a solution or the material that is dissolved. A solid solutsolstion that

exists in the solid state consisting of two kinds of atoms within one type oédptice.(1). Metal alloy
casting can be traced back as far as 6000 B.C, with existing bronze pieces dating back to around 3000
B.C.(2). In this process, liquid metals are poured into a form and are allowed to cool. Powder metallurgy

is another procesdeveloped by the Egyptians around 3000 B3(.

Superior engineering characteristics have lead to the widespread use of alloys. These new age
techniques have been developed to more effectively take advantage of the ameliorative properties
alloys imbue ora engineering components. Modern techniques for generation of alloys include vacuum
deposition, chemical vapor deposition, electrospinning and electroplating. These techniques focus
primarily on the surface of the material, as the environmsatface inteactions control many

engineered parameters, such as wear resistance, corrosion, and other important surface phenomena.
2.2 Conventional Methods for Development of Alloyed Submicron Structures
Alloyedmaterials have superior properties when compared to toastituent metals that they consist

of. At submicron architectureslloyed components often exhibit better physical characteristics than

alloys formed by traditional method# variety of strategies have been developed to generate
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submicron alloy architeures for applications engineered components. These methods include

electrospinning, electrodepositigrmand thermal spraying.

2.2.1 Electrospinning
Electrospinning is an intimate process which spins fibers of various diameters, ranging from 10nm to

several hundred nanometekd). A diagram of electrospinning is shown in Figu(®)1

Polymer \
- sol}mon
...’...
MWW :
Syringe
Metering
Pump Taylor cone
High Voltage @ tC‘,‘tjallectors :c:;een )
otating or Stationa
c , Supply € Wl

Figurel: Schematic of Electrospinningpparatus

Through the process of electrospinning, a high voltage electric field is formed between a polymer
solution enclosed in a glass syringe and a collection target. As the vgitdjent increases it comés
a critical valueafter which surfae tension of the droplet is overconwausing the solution to jet across
to the collector platg4). From the time the droplet leaves the pipette until it reaches the collector
plate, it undergoes stretching due to electrical instabilities that causebiend and deform. In addition

to stretching, the liquidolventbegins to evaporate causing the diameter of the jet to decrdd¥e

Electrospinning has been established as a method of producing nanocrystalline ferrites; electrospinning

has been usedatproduce NiFg,, CoFg0,, MnFe0O,, and BiFgD, compoundq6). These materials are
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significant for their magnetic properties which lends to application in semiconductor materials. These
materials exhibit novel magnetic properties at small architectures. Studies conducted by Ponhan et al.
have documented successful attempts in fabricasngmicron fibrous structures that exhilghhanced
magnetic properties when organized as nanorods and nanowietlse of electrospinning is primarily
limited to the production of polymer and ceramic fibers as precise solution viscosity of precursor
solution must be achieved to form fibrous architectui@. Sample SEM pictures of electrospun

CuFgO;matricescan be viewed in th&igure Z6).

Figure2: SEMof SubmicronCuFe204#ibersGenerated by Electrospinning

NaCgO,materials have been investigated via electrospinning for the application of viesterecovery
in electronic devices. In this material, the G@alows for electrical conduction, where an insulating
layer of Na works as a charge reservoir to stabilize the crystal structure that unlike other candidates

remains resistant to oxidation and efficiency loss at high temperatui@s.
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2.2.2 Electrodepos ition
Electrodeposition is a surface process in wimatal ions suspended in solution are drawretdesired

substrate by means of dissimilar charges. When deposited, metals act as seed crystals from which other
metal species may agglomerate either by leation or surface diffusion. Figure 3 displays the basic

mechanismassociated wittelectrocrystalization that occurs during the electrodeposition pro¢@¥s

Chmex+

Figure3: SchematidescribingMethods of Oystal Growth in Hectrodeposition

Electrodeposition has been reported successful in producing metal and metal alloys including Ni, Co, Pd,

Cu, Zn, NP, NiFe, NiZn, CaW, CeFe, Pdre, NiFeCr,and FeCoNi(9).

2.2.3 Thermal Spraying
ThermalSpraying, oFlame sprayings aprocess where thin layers of metal are applied to a substrate

material, such carbon steel, by means of atomizing a liquid metal onto a substrate. This process is
desirable over other deposition methods for its higher throughput when compared to physital a
chemical vapor deposition techniquél0). This process creates an outer coating onto a component that
brings the benefit of imbuing the steel piece with resistance to oxidation by completely isolating the
base metal from the environment it is placed @ommonly Zinc, Aluminum and alloys are commonly
applied to steel parts as protective coatings. Aluminum alloys are desired for their formation of an
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insoluble hydrated aluminum oxide film which forms on the top most surface of aluminum materials
that guad against atmospheric corrosion, even in acid mediZmtoatings add the benefit of
outstanding atmospheric protection with added galvanic protection. These materials provide increased
longevity when compared to pufanc films while providing resistaa in marine environments that
surpasses that the puraluminum coatind11). Studies performed by de Rincon et al. determined that
alloy materials provided via thermal spray methods were superior to traditional methods of hot dipping
and electroplating11).

2.3 Organometallic

An organometallic is a compound that contains (at least one) direct carimial linkageg13). Most
organometallic compounds resemble organic compounds in their physical properties, rather than
inorganic compoundsOrganometallicompounds can often exist as a lomelting crystal, liquid or gas
because of the discrete molecular structures that can be formed by these compounds. These complexes
are often soluble in a wide variety of weakly polar solvétth. Two types of metainetal bonding can

be distinguished: homopolar bonding between metals of very similar electronegativities, typified by
R:SiSIR, RSnPbR and RAsAsR; and heteropolar bonding between very dissimilar metals. Examples

of systems containing multiple Tin atonmsa chain have been demonstratétb).

2.3.1 Metal Carbonyls
The class of binary metal carbonyl compounds, which exist in the general fg@®has been studied

extensively(15). These complexes are generally formed in a direct synthesis reattianing a
transition metal powder in an excessiggrbonmonoxide(CO)environment undeappropriate heating
(). This method is most appropriate for the formation of nickel and iron carbonyls; nickel will form
carbonyl complexes at near ambient pressure éemperature (estimated 30°C, 1 atm for Nickel

Tetracarbonyl). Iron and Nickel carbonyl species are volatile at room tempedsire
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Base metal atoms that have been documented include those from the 3d (Sc, Ti, V, Cr, Mn, Fe, Co, Ni) 4d
(Y, Zr, Nb, Mdl'c, Ru, Rh, Pd, and Ag) and 5d (Hf, Ta, W, Re, Os, Ir, Pt, Au) groups. Metals can form with
one or multiple metal atoms at the center of the molecule; 1, 2, 3, and 4 metallic atoms within a

compound have been reported.

2.3.2 Metallocene Complexes
Another @mmon organometallic ligand is the cyclopentadienyl ligagHs.G-or electrorcounting

purposes, a £ ligand can be considered to be either an aromatic anigHs ©r a neutral radical, €

(15). A cyclopentadienyl ligand can coordinate to a matam in two priciple structural arrangements:

- YSGFt O y -bbr#l Bddng bs addataHdfBcRigand the metal can forma a localized

Oe Ot 2 LIS y-hbhdRdwithyinShe tind15).

2.3.2.1 Ferrocene

Ferrocene (dicyclopentyl iron) is an organdaiéc compound with bonding sites between the
cyclopentadienyl group(s) and the iron atom. This compound is resistant to hydrolytic and oxidative
cleavage. It is oxidizable reversibly to the ferricinium {pnafid as an unsaturated organic derivative it

goes through substitution rather than addition, reactions. The rotational barrier of the two rings about
the GHs-Fe GHsaxis is low, but at ordinary temperatures, thiag of hydrogens istaggered. The

Y2t SOdzf I NJ 2NDAGEE | O002dzy Ay 3 F2 N ( Keleciréns fioin MblzO (i dzNJ f
cyclopentadienyl group to the hybridized2dNJD Aofithefiréhabut the back donation of electrons from

the filled d2 NJB Aofithefiréhdo the unoccupiednt bonding -electrons of the hydrocarbon rings. In
addition to Iron (Il) and Iron (111), titanium (IV), Chromium (1) cobalt (I1), nickel (II), and Copper (1) appear

to form complexes of the sandwich or halindwich typg15).

2.3.2.2 Nickelocene
Unlike ferrocene, nickelocene does not satisfy theele®tron rule; this compound remains stable with

an outer valence of 20 electroii$7). This compound is easily oxidized into the nickelocenium ion (19
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VE), which is probably due tbe electronic structure of the molecule; there is a general agreement that
the highest molecular orbitals have mainly 3d character with unpaired electrons occupying the
antibonding ggorbitals(17). Studies have investigated the feasibility of Nickel dpmm from

Nickelocene precursor on Silver and Copper substi@i®s

2.4 Degradation M echanisms in Organometallic Compounds

Organometallic compounds have been reported to degrade by various mechanisms determined by
experimental approach. In genettarms, Reactions can be classified as thermal decomposition
(pyrolysis) reactions, hydrogen reduction and coreduction, oxidation and hydrolysis, and carbidization

and nitridation reactions.

2.4.1.1 Thermal -Decomposition ( Pyrolysis) Reactions
Thermal decomegsition reactions involve the denaturing of reactants into more elementary molecules:

their respective metals and ligand groups. Due to the chemical structure of the free metal, a solid
powder is deposited and gas molecules are left maintained within tiver@nment(19). An explanation
of decomposition reactions can be viewed in Equations 1, 2, 3, 4.

Hydrocarbon Decomposition

CHy(g)— C(s) + 2Hs(g) Q)
Halide Decompaosition

WF6(g) — W(s) + 3F4(2)

Tily(g) — Ti(s) + 21,(z) @)
Carbonyvl Decomposition

N CO) g = Ni(5) + 4C0O(2) ©)

Hydride Decomposition
SiH,(g) — Si(s) + ZH,(g)

B.Hgg) — 2B(s) + 3H.(g) @)
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2.4.1.2 Hydrogen Reduction R eactions
Chemical reduction is the result of an element lowering its oxidation state by gaining an electron. This is

done by the reaction of a precursor molecule with a gas, usually hydrogen fde lsalinplexes due to
its ability to perform decompositions at low temperatures. Equation 5 depicts the reagents and final
products of the reaction. It should be noted that often intermediate reactions will occur; these reactions

were omitted for the sake adimplicity.

Hvdrogen Reduction
WF(g) + 3H(g) — W(s) + 6HF(g)

SiCly(g) + 2H,(g) — Si(s) = 4HCl(g) (5)

2.4.1.3 Hydrogen Coreduction R eactions
Similarly to (singular) reduction reactions, coreduction reactions can be observed by using two reagents

of similar morphology, which reduce to form an intermdtatompound and a byproduct gas. This

reaction is outlined in Equation 6.

Coreduction Reduction
TiCl,(g) + 2BCly(g) + 5H,(g) — TiB,(s) + 10HCI(g) ®)

2.4.1.4 Oxidation and Hydrolysis R eactions
Oxidation and Hydrolysis reactions are the result of nucleophillic attack by oxygen presertrin ai

water. These reactions are outlined in Equations 7 and 8.
Oxidation Reaction

SiHy(g) + Ox(g) — SiOyy, + 2Hy(g)

SiCl,(g)+ 2C0;(g) + 2Hy(g) - SiO(s) + 4HC(g) +2C0(g) 0

Hydrolysis Reaction

2AICI(g) = 3H.0(g) — ALOs(s) + 6HCI(g) @®)

2.4.1.5 Carbidization and Nitridation Reactions
Carbidization reactions are most commonly agkig as the result of the reaction of a metal halide

complex with a gaseous hydrocarbon such as methane. Similarly, Nitridation can be developed as the
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result of a reaction of a metal halide with ammonia due to its positive free energy of formation. These

reactions are being summarized in Equations 9 and19).

Carbidization Reaction
TiCls(g) + CH.(g) — TiC(s) + 4HCl(g) 9)

Nitridation Reaction
3SiC1(g) = 4NH:(g) — SizNi(s) = 12ZHCl(g) (10)

2.5 Metal -organic Chemical Vapor Deposition
Metal-organic chemical vapor deposition (MOCVD) is a process that refers to the deposition of thin

layers of compound material by qayrolysis of combinations of organometallic compounds and
hydrides. Particular interest has been leant to this method trenfation of alloyed semiconductor
materials as well as doping additives due to its high qugilitid andgrowth rate, which can be
controlled within the nanometer range; deposits of less than 10nm in thickness have been reported
(19). Additionally, MOCVDBas been documented as a method alloy aluminum/copper complexes for

semiconductor metallization in efforts to reduce electromigration in aluminum semicondu¢i®).

A variety of mechanisms have been studied in the pursuit of forming high purity ritetsl These
techniques primarily focus on the thermal degradation of an organometallic species to adsorb elemental
metals onto the surface of a desired substrate. These techniques include high temperature
organometallic chemical vapor deposition, laseniced chemical vapor deposition, laser ablation

chemical vapor depositigmltraviolent induced chemical vapor deposition, plasma enhanced chemical
vapor deposition, focused ion chemical vapor deposition, electron beam chemical vapor deposition,
fluidizedbed chemical vapor deposition, atomic layer deposition, and organometallic vapor phase
epitaxy.

2.5.1 High Temperature Organometallic Chemical Vapor Deposition

The principle of organometallic chemical vapor deposition is to vaporize a metal containing precursor,

organometallic compounds, which undergo thermal decomposition at higher temperatures. Metal
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precipitate is then deposited to form a thin metallic layer @ given substrate material. Deposition is
initiated on the substrate material by heating the organometallic compound to a temperature beyond
the stability of the organometallic compound, there by forming decompaosition products. Due to the
instability oforganometallic compounds, OMCVD can be performed at temperature ranges hundreds

degrees Celsius lower than methods that rely on other technig{2€y.

This method is not without drawbacks, as there is an associated likelihood of the inclusion of impurities
due to the norcombustion of organometallic constituents. A diagram describing the pgppeEOMCVD
can be viewed in Figue#e Numbers included in the diagram refer to the different stages of the

decomposition process. These steps are:

1. Convection of gase reagents
2. Diffusion of reagents towards the substrate
3. Adsorption of the reagents onto the substrate
4. Chemical reaction of the adsorbed species producing nuclei and reaction to give a metal
5. Desorption of the gas products of the reaction
6. Diffusion of thesgyas products through the boundary layer
7. Gas evacuation of the system.
(20)
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Figure4: Degradation for Organometallic Species by Chemical Vapor Deposition
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2.5.2 Laser Induced Chemical Vapor Deposition
Laser induced chemical vapogmbsition (LICVD) is a process that is similar to OMCVD in that

organometallics are deposited via degradation onto a desired substrate. The difference in this process is

that a low or high powered laser (depending on application) is used to initiate tipadation

mechanism of organic precursor.

Because of the controlled aperture of the laser, tight control of deposition of material onto the surface

can be achieved. Additionally, because the reaction is catalyzed by the laser, lower substrate
temperatures,generally 30100°C can be used. Growth characteristics of materials generated in this
process are generally faster than traditional OMCVD. Higher vapor pressure can be used in this
technique(20).This process has documented problems with photolysis duight exposure as well as
overheating of the substrate which can lead to laser desorptfy) The Figuré describes the

generalized lasesubstrate interaction for different laser powers.

low power high power
laser beam laser beam

y B

hot zone hot zone

Figure5: Depositionof Metal by Lowand High Powered Laser Induc&hemicalVaporDeposition
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2.5.3 Laser Ablation Chemical Vapor Deposition
Laser pyrolysis has been successful in producing magnetic iron oxides from organometallic precursors. In

this process a gaseous species is excitelddsr radiation acting as a catalyst. Nucleated patrticles

formed by the gas stream are collected at the exit. This process is discrete from laser induced chemical
vapor deposition because particles are formed in a dynamic process without substrate. imetthiod,

Iron pentacarbonyl is a common precursor material (decomposition into iron carbon monoxide), using
ethylene as a carrier gas. lron particles are then oxidized in air resulting inrthation of iron oxide

particles(21). A schematic describirthis process can be viewed in Figére

Filter
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Figure6: Iron OxideFormation by Laser Pyrolysis

2.5.4 Ultraviolent Induced Chemical Vapor Deposition
A process similar to Laser induced chemical vapor deposition is UV assisted Chapacdegosition.

In this process a UV lamp can be used to improve the nucleation process of deposited metals while
lowering the operational decomposition temperature. This process can be separated into two discrete

steps: deposition onto substrate surfaaad UV assisted decomposition via adsorption of
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organometallic to produce elemental metals. Marsh et al. were successful in producing a 6nm thin film

using this technique using a cyclopentyl trimethyl platinum solution as a precursor mé2éjal

2.5.5 Plasma Enhanced Chemical Vapor Deposition
Film purities approaching 100% have been achieved through the use of radio frequency generated

plasma. Degradation temperatures are low <Z&at 600m Torr vapor pressure with a substrate
temperature of 300C.(20).This mechanism uses energy imparted by radio waves to generate
degradation of precursors in a controlled manner, similar to that of laser induced chemical vapor
deposition(20).

2.5.6 Focused lon Chemical Vapor Depaosition

lon beams have been used to defiademental platinum from organometalljgrecursors witha

resulting resistivityl0-5000 times higher than that of pure platinum due to elemental impurities
trapped within the deposited structure. Impurities range from Carbon from organic precursor
component, oxygen from reaction in gas environment and metal ions residually impartedhe
substrate from the ion beam. Platinum (deposited) content was reported to be 46% in experimental

study performed by Telari et gR0).

2.5.7 Electron Beam Chemical Vapor Deposition
Electron Beam Chemical vapor deposition is a technology thataufsesised electron beam to degrade

organometallic precursors. This is not done by the primary beam, but by the secondary electrons
emitted from the substrates surface that cause dissociation of reagent molecules. In this manner,
guantum dots can be growfithe electron beam is not moved, similar to the deposition characteristics
of rapid prototyping on the macro scale. Because of the high aspect ratio, growth rates have been
highest reported at @m/min. Similar to focused icassisted chemical vapor deptisn, organic reagent

precursors are often included in produced structures. In spite of this, this technique is favored over
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other methods due to its relatively low level of impurities (~60%) and tendency not to degrade the

substrate material as in otheethniques

2.5.8 Fluidized Bed Chemical Vapor Deposition
Influidized bed chemical vapor depositiogas containing organometallic species is flown upwards

through a powder material allowing the degradation of the specified reagents allowing them tat collec
as a surface coating on the powder material. This technique is generally transport limited and growth
has been shown to be consumed within a few centimeters of the gases inlet. This however is mitigated
by the high degree of gasolid mixing during thenacess allowing for isothermal composition and

uniform distribution.

2.5.9 Atomic Layer Deposition
In this process, high temperature conditions are initiated through a substrate material which is

contained in an environment mixed with precursor organometaland air oxygen. The benefit of this
method is the controlled deposition which occurs layer by layer due to the limited supply of gaseous
reactants. Gas pulses thus control growth through this dimdited growth mechanism.

2.6 Technological Significan ce of Work

Extensive research has been carried out in many fields pertaining to submicron structures. Chemical
vapor deposition holds special interest in its technological importance in the fabrication of opto
electronic, high speed electronic devicesdes, PIN photodetectors, solar cells, phototransistors,

photocathodes, field effect transistors, and modulation doped field effect resigh@)s

Though individual metal deposition by chemical vapor deposition has been studied, degradation
mechanisms a poorly understood for many organometallic compoui@@3). Investigation of metal

chemical vapor deposition of multiple metals has not identified this technique as an established process
that can be used to produce novel alloy structures. Many processdartaken to better understand

deposition procedures are often costly and do not lend well to being scaled to industrial applications.
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This report aims to address problems currently experienced in the field of developing alloyed materials
through examinatin of degradation products of organometallic compounds and tpescursor

materials
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3.0 Objectives

1 Investigate degradation characteristicbtwo organometallic compounds viaassloss using
sample mass and degradation temperature as variables.

1 Charactrize degradation products of a degraded mixture of Iron Carbonyl and Nickelocene
using scanning electron microscope, electron dispersinayspectroscopy, andray diffraction

1 Establish feasibility of usiagh temperature degradationf organometallic compounds as a
means of forming submicron alloy structures
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4.0 Experimental Design

Selection of Metal
Species
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Figure7 describes the experimental design used for this study.

Figure7: Experimental Desigflow Chart

4.1 Selection of Precursor Metals
Identification of possible precursor metals for investigation was necessary in determining appropriate

organometallic complexes for investigatidlanufacturing Engineering Technolody Bd. was

consulted in order to generate a possiblstlof alloying elements that form low temperature alloys.
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Binary alloy formation was considerad appropriate for the scope of the projetiterature
documenting binary phase diagrams was consuliecuding{ YA 1 KSf f Qa4 aSilf wSFSNBy

Handbookof Binary Phase Diagrams.

Metal pairs with mutual solubility of >2% were identified. These metal pairs include Tin/Indium,
Lead/Tin, Lead/Tellurium, Zinc/Gold, Zinc/Silver, Zinc /Cadmium, Iron/Gold, Iron/Cobalt, Iron/Vanadium,
Iron/Rhodium, Iron/Chromiumiron/Platinum, Iron/Manganese, Iron/ Rubidium, Iron/Nickel, and
Iron/Osmium. Figures describing these phase diagrams can be viewed in the appendix of this report.
This preliminary list was then focused to metal combinations that had lead, zinc, tonadrthe metal
solvent based on pricing and availabilidylist potential organometallic candidates and their relative

cost can be found in Table

Tablel: Potential Organometallic Candidates

Relativecost
per

Organometallic Price (USD)| gram(USD)
Iron Pentcarbonyl 46.90/2509g 0.19
Tin (I) 2ethylhexanoate 19.10/100g 0.19
Ferrocene 24.20/50g 0.48
Tributyltin methoxide 33.40/25¢g 1.34
Tributyltin hydride 24.90/10g 2.49
Tetrabutyl tin 16.10/5¢g 3.22
Tributyl(phenylethynyl)tin 36.90/10g 3.69
Tetraphenyltin 25.30/5¢g 5.06
Dibutylmethoxidetin 34.10/5¢g 6.82
Nickelocene 36.90/5¢g 7.38
Tetraphenyllead 19.30/1g 19.30

4.2 Selection of Organometallic Compounds
The selection process was continued based availability of organometallic compounds available within

the prescribedb320budget afforded to the project from suppliers Fischer Scientific and Sigdrach.

Price for organometallic compounds can vary grelatiged orstochiometryand potential use;
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inexpensive metal compounds often can be found in complex, expensive morphologies as
organometallicsin addition to price, molecular structure and degradation temperature were also
relevant parametersExperimentalprocedure wagonducted to determine degradation characteristics
of selected organometallic complexéss a guideline, material flash point was used as an indicator of
degradation temperature; two organometallics with similar flash points were choserdlmasdata
provided in material data sheethitial candidates for investigation were limited by the selection criteria
of being less than fifty dollars for 5 gram quantities, existence as a low melting cnykitpiid at

ambient temperature, with similamorphologies.

It was determined that Iron Pentacarbonyl and Nickelocene would be suitable candidates for alloy
formation. The binary phase diagram shows limited mutual solubility, the compounds similar chemical
structures, and the two organometallics\easimilar degradation temperatures. These compounds can

be purchased for a relatively low amount of money; 2509 of iron pentacarbonyl was purchased for
$49.60 with additional shipping costs; 5g nickelocene was purchased for $36.90 with additional shipping
costs. The molecular weights of the two organometallics 48%6.90 g/mol for Iron Pentacarbonyl and

188.88 g/mol for Nickelocenelhe chemical structures of these two compounds can be viewed in

Figures8 and9.
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Figure8: Chemical Structure ofron Pentacarbonyl
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Figure9: Chemical Structure oBis(dicyclopentadienyl)nickel 1lCommon Name Nickelocene

4.3 Selection of Experimental Procedures
The selected organometallics were intended to be used to develop an alloy, so experimental procedures

were created to attempt to develop the alloy. Experimental procedures were fashioned to eliminate the
organic components in the organometallics. As$t&t LINS @A 2dzat e GKS YIGSNALFE &Q
to determine the degradation temperature of each of the organometallics and thermal degradation

experiments werdabricated

Solubility experiments were developed in order to establish the mutual dityubf the organometalllics
within each other. The phase diagram was consulted to determine the theoretical solubility. The
theoretical solubility was used to develop the experimental procedures used to create suitable solubility
experiments. Once théegradation and solubility experiments were developed, the two experiments
could be combined to develop the alloy.

4.4 Selection of Analytical Experiments

After obtaining adequate experiments to create the sought after sample, analytical experimental
proceduresneeded to be developed in order to determine what was contained in the generated sample.
Many different analytical techniques were considered, although in the end only three were accepted.
Scanningelectronmicroscopywas usedo determine the magcular structure of the generated samples,
Energy dispersiveray spectroscopyvas usedo determine the elements contained in the generated
samplesX-raydiffraction was usedo further determine the identity of the sample by comparing

experimental data against a setstindard data for all compounds.
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4.5 Design of optimized sample holder for XRD
To address concerns of background peak detection during XRD scans, a desmigar&y diffraction

sample holder made of a non crystalline plastic was designed. This sample holder was made to maintain
the 25x15x5mm specifications that are generally usedriydiffraction data collection and work with

existing lab equipment. AXD rendering of this fixture can be viewed in Figure 10.

FigurelO: Polystyrene XRD Sample Plate

Detailed drawing specificains can be viewed in Appendix 11.10
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5.0 Methodology

In this study, degradation mechanisms for variouganometallic compounds were consideré&ilie to
associated variables with each procdsigh temperature chemical vapor depositiaras identified as
logicalsolution for degrading organometallic spegiaad was best suited to the scope of this

investgation.High temperature chemical vapdepositionwill be implemented as method to isolate

metal species from organometallic precursors.

Various experiments were conducted to study the effects of degradation on organometallics and to
discover if mixing ffierent organometallics and thermally degrading them could possibly produce an

alloy. This section will describe the experiments conducted throughout this study.

5.1 Materials and Equipment
A variety of materials were used throughout this study. Thewognetallics needed for this study were

iron pentacarbonyl (Fe(Cé€))and bis(cyclopentadienyl)nickel, also knowmigkelocene (¢gHioNi).

These organometallics were obtained from Sigma Aldrich Co., St. Louis, MO. The Thermolyne 47900 lab
furnace, as seen in Figut®, was used for all thermal degradation experiments. All degraded samples
were measured on acale to measure mass losgeo time. The scale used was a Denver Instrument
company A250 as seen in Figuid. AJSM840 scanning electron microscope (SEM) with an energy
dispersive Xay detector (EDX) attachment (Keveay seen ifrigurel3, was used to gather pictures of

the molecular structures of our samples$n order to determine which elements were present in our

sample the XRay Diffraction Process needed to be completed using a General EXaetyic

Diffractometer as seen iRigure 4.
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Furnace

Figurell: Thermolyne Furnace
Figurel2: Denver Instrument Company-250 Scale

Figurel3: JSM840 Scanning Electron Microscope
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Figurel4: General Electric ;Ray Diffractometer

5.2 Effect of Container on Iron Pentacarbonyl Degradation
Initial experiments were conducted to characterize the degradation behavior of the organometallics.

Different crucibles were availabfer use in the laboratory and it was necessary to determine which
crucible was ideal to conduct future experiments. Three different types of cruciblesavailable for

use in the laba ceramic crucible aseen in Figure3, a glass crucible as seenFigurel6, and an

aluminum foil dish constructed from ordinary household aluminum foil as seen in Higur80mg of

Iron Pentacarbonyl was placed in each different type of crucible. Three trials for each type of crucible
were conducted. The sample®we placed in the furnace using metal tongs and were burned in thirty
minute intervals for ninety minutes to determine the weight loss over time. The furnace was turned to

200°C; this temperature was chosen because it was well over the boiling poiohdténtacarbonyl.

Figurel5: Ceramic Cruciblased in HighTemperatureDegradation
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Figurel7: Aluminum FoilDishused in High Temperature Degradation

Due to the relative sample weights being studied, it was determined that aluminum foil cups would be
more appropriate for degradation investigation. Thesmtainerswere easier to prepare than the
crucibles, were free of residual materigdgd provided a more even heating surface to the sample being

studied.

5.3 Effect of Time and Temperature on Iron Pentacarbonyl Degradation
For the purpose of this research, it waecessary that we understartegradation mechanisms for each

organometallic The duration of thedegradation process needed to be determirteddefinitively
understand degradation mechanisms of reagent materidlse Iron Pentacarbonyl was thermally
degraded using th&hermolyne Furnac&wo aluminum foil dishes were made and 200mg samples of

Iron Pentacarbonyl were placed in each dish. The samples were placed in the furnace set at 100°C and
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were heated directly The mass loss was measured and recoeftst 1 minute, 2 minutes, and 5
minutes. The mass loss vs. timas recorded for each intervahd the total mass loss vs. temperature

was also recorded. Additional experiments were condueti2D0°C, 300°C, 400°C, and 80°C.

5.4 Solubility of Nickeloc ene in Iron Pentacarbonyl
The goal of this research was to develop an alloy through thermal degradation of organometallics. In

order to develop an alloy using organometallics, mampatible metal elements were necessary
Nickelocene was chosen for tlagperiment because the FeNi phase diagram, as seen in Figlie

showed some solubility between nickel and iron. A 10mg sample of nickelocene was added to a small
beaker, then the Iron Pentacarbonyl was taken from the container using a pipette aratided to the
beaker a few drops at a time, measuring the added mass simultaneously. After every few drops of the
Iron Pentacarbonyl, the mixture was stirred. Only a total of 200mg of Iron Pentacarbonyl was added to
the 10mg of NickeloceneThrough thigprocedure a sample containing 200mg of Iron Pentacarbonyl and

10mg of Nickelocene was prepared.

Fe-Ni Phase Diagram
agr: Weight Percent Nickel
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Figurel8: FeNi Phase DiagrarDisplayingLimited Solubility of Nickel in Iron
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5.5 Nickelocene Degradation
Nickelocene samples wepgepared using aluminum degradatieontainers Experimental procedure

wasconducted omickelocene at masses of 200mg and 1g maasé&mmperatures of 300°C artD0°C.

5.6 Iron Pentacarbonyl/Nickelocene Mixture Degradation
Iron pentacarbonyl/Nickelocengrganometallic mixtures were prepared for degradation at 4D@t

various ratios. Irompentacarbonyimass was maintained at 1.0g and nickelocene mass was tailored to fit
the desired ratio for degradatiorRatios of precursor Fe:Ni 40:1, 20611,2.74:1,2.59:1,2.48:1,1:1
were tested for weight loss over time until samples demonstrated weight loss of less than five percent

their undegradedmass.

5.7 Effect of Super Cooling Prior to High Temperature Chemical Vapor
Deposition
To better understand the degdation mechanisms of iron pentacarbonyl, experimental procedures

were developed to investigate the effect of supercooling organometallic materials using liquid nitrogen
immersion of degradationontainers 200mgsamples were super cooled for 30 secondssuilamerging

the degradatiorcontainerafter which samples were placed directly into a 400°C oven. Samples were
measured against ambient specimens to determine correlations betwesght lossand temperature

prior to degradation.
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6.0 Results

6.1 Iron Pent acarbonyl Degradation Analysis
It was found that at all temperatures above the boiling point of Iron Pentacarbamghjority of the

observedmass loss occurred within the first minute of degradation. According to the MSDS, Iron
pentacarbonyl is highlydmmable, andapid degradation was observed within the first ten seconds of
heating Application of heat was often accompanied wathaudiblenoisehinting rapid degradation
inside the furnace. A noticeable amountlwfckcolored fumeghat exited the furnaceheating vent

were also observedMass Loss vs. Time graphs for 200mg samples can bandégare 9.
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Figurel9: Mass Lossf Degraded Iron Pentacarbongt 80°C
At 80°C, after the first minute only between 50%0% of the mass loss was lost, although after five
minutes almost 100% of the mass was lost. This is a possible result because it was observed that the
Iron Pentacarbonyill evaporate at room temperata: Figure20 describes data collected during

degradation studies conducted at 100°C.
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Figure20: Mass Lossf Degraded Iron Pentacarbongt 100°C

Unlike the 80°C trial, at 100&0majority of the observed massssoccurred dungthe first minute.

There werenegligiblemass losses recorded for the duration of heatiRigjure21 describes data

collected during degradation studies conducted at 200°C.
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Figure21: Mass Lossf Degraded Iron Pentacarbongt 200°C
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Similarly to the 100°C trial, at 20080mnajority of the observed mass loss occurred during the first
minute of heating. Samples heated at 200°C showed a mass retentighly 3%greater than samples

degraded at 100°@igure22 describes dat&ollected during degradation studies conducted at 300°C.
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Figure22: Mass Lossf Degraded Iron Pentacarbongt 300°C

For 300°Ca majorityof masdosswas observedn the firstminute. Masdossvalues were comparable
to that of 200°CsamplesFigure 3 describes data collected during degradation studies conducted at

400°C.
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Figure23: Mass Lossf Degraded Iron Pentacarbonglt 400°C

At 400°Caverage mass loss was about 5% less th@&9@tC The 84% average weight loss at 400°C was
not accurate because the aluminum foil sample holders did not contain the reaction happening inside
the furnace wellall generated reaction product was not contained within the degradatmmtainers A

figure shaving theaveragemass loss vs. tengpature can be seen in Figurd.2
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Figure24: Average Mass Loss of Iron Pentacarbofoyl Degradation Temperatures
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It was observedhat iron pentacarbonylapplied to different heating temperates had significant effect

on the rate and quality of degradatiomhematerials data safety sheet (MSDS) for iron pentacarbonyl
states that the boiling point of Iron Pentacarbonyl is 103°C. Five different temperatures were chosen for
the degradation expeéments: 80°C, 100°C, 200°C, 300°C, and 400°C. These temperatures were chosen
to determine what would happen to the sampleshiéy were degraded under the boiling point, at the

boiling point, and above the boiling point of the Iron Pentacarbonyl. Siveceemperature affected the
degradation, different results were seen from degradation at different temperatures. The results of

degradation at 80°C @W¥00°C can be seen in FiguBesidd Figure 8 respectively.

Figure25: Degiaded Iron Pentacarboyl at 80°C

Figure26: Degraded Iron Pentacarbonyl at 400°C

At 80°C the Iron Pentacarbonyl seemed to just evaporate and leave an orange brown stain on the
bottom of the aluminum foil dish. At 400°the Iron Pentacarbonyl had a chemical reaction of some sort
and the result was a blackish reddish fibrous structerainiscent of soat100°C, 200°C, and 300°C
degraded samples had appearances that were similar or indistinguishable to the sample generated at
400°CThemostobserved was the color was a differat the different temperaturessamples

generated at higher temperatures wereund to contain more red fiber structures, while samples

degraded at lower temperatures contained hues of indigo and vidlet. textural quality of the powder
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allowed the material to be compressed while still staying conjoined to the relative fiber nietsiomilar

to cotton balls.

6.4 Nickelocene Degradation Analysis
A 400°C degradation temperature for nickelocene was proposed based on experimental results taken

from iron pentacarbonyl studies, which was chosen as the given metal solvent for this study.
Investigation was undertaken to validate th#20°C would be an appropriate temperature for

nickelocene degradation studies.

Degradedsamples were observed tashow signs of degradatiomithin the first minuteof heating; these
indicators included a bladk emerald green fumes thascaped the ventilation hood accompanied with
visible fiber particles as well as a noxious smell that was similar to that of aromatic soMentaass

loss vs. timeftwo 200mg samples can be seen in Figufe 2
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Figure27: Mass Loss of Degraded Nickelocene at 400°C

Figure B shows the degraded Nickelocene in the aluminum foil dish after being degraded for five

minutes. The degraded Nickelocene looks clumpy and more like asfilthauslike the iton
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pentacarbonyl.Additionally the quality of the produced fiber had a gritty texture that was dissimilar to

the aerated fiber network produced by degrading iron pentacarbonyl.

L

T e
Figure28: Degraded Nickelocene at 400°C

6.5 Iron Pentacarbonyl and Nickelocene Mixture Degradation Analysis
Three different ratios were calculated for the organometallic mixture. ifdregpentacarbonyl and

nickelocene ratios were 2.48:1, 2.59:1, and 2.74:1. Mixtures with these compositions wereatbgtad
400°C to achieve the least amount of mass loss. Figusb@vs the mass loss vs. time for the three

samples of different ratios.
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Figure29: Mass Loss 020:1 [FeP:NiC]Mixture Degradedat 400°C

The majority of the mas los®f the degraded mixtureccurred within the first minutef heating Figure
28 showthat the 2.59 ratio had more than 10% more mass loss than the other two mixfRedstive
masses of materials are variable as substantial sample mass was lagjtitioer structures escaping
the ventilation hood of the furnace. Samples appeared as denser versions of the degraded iron
pentacarbonyl, but still maintained the pliability and coloration of the degraded iron carbonyl safple.

picture of the degraded mture at a ratio of 20:1can be seen in Figure 30

Figure30: Iron Pentacarbonyl and Nickelocene Mixtuigegraded at 400°C
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6.2 Iron Pentacarbonyl Rate of Reaction
Rate of reaction can be established through observation experimental data, namely observed mass loss

versus time. A bedit line was implemented to determine the slope of the active region measured

where mass loss was most noticeable. This number wasrtteegtified through application of molecular
gSAIAKEG 2F GKS YIGSNRLFE orulNErfonversidhBatef B igld alteyhR (G K S
which reflected mass loss in the unit [molecules/minute]. Application of this method yields the

experimental datadescribed in Table.2

Table2: Rate ofReaction Iron Carbonyl

Temperature (C)| Rate (g/min)| K value (molecules/min
80 0.2463 7.5713E+20
100 0.4454 1.36917E+21
200 0.8718 2.67993E+21
300 0.8635 2.65441E+21
400 0.877 2.69591E+21

6.3 Determination of Energy of A ctivation for Iron Pentacarbonyl
The Arrhenius equation is an empirical relationship that relates the rate of a chemical reaction to the

temperature under which the operation is carried out. The unmodified version ofdgtationship can

be defined as:

0= 6'§GYY (1
k represents the rate constanfirepresents a pre&xponential factorQ represents activation energy,
is temperature of reaction (in Kelvingrefers to the molar gas constafiR= 8.314472(15)JK** mol*'].
Given corollary values for mass loss given two different temperatures, as was determined by
measurement of experimental weights, equations can be developed to reflect the Arrheniusnshagi
between mass loss and temperature, assuming that the reaction fits this method. The generalized

equation that relates mass loss to temperature can be defined as:
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_RA,
x = A@ (12

By assuming that for any reaction has the same value constants A, and Q pitlea¢xponential
component and energy of activation, a modified for m that relates mass loss values of any two points

versus their temperatures can be developed:

= (13

Through algebraic manipulation this equation can be modified to simplified form:
a0

0- — €2 (14)

Through comparison between two points of known values for temperature and mass loss, as is provided

in Table3, experimental energies of activation can be determined.

Table3: CalculatedEnergy of Activation Iron Pentacarbonyl

Temperature 1 Temperature 2 | Massloss @ T1| Mass loss @ T2 Rate of Reaction

(K) (K) (%) (%) (J/mol)
353.15 373.15 99 95 -2259
353.15 473.15 99 91 -975.5

353.15 573.15 99 90 -729
353.15 673.15 99 84 -1015
373.15 473.15 95 91 -631.5
373.15 573.15 95 90 -480.7
373.15 673.15 95 84 -856.6
473.15 573.15 91 90 -249.1
473.15 673.15 91 84 -1060

573.15 673.15 90 84 -213
Average -1047
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6.2 Architecture Determination by Scanning Electron Microscope
In order to determine the molecular structure of the degraded samples, the samples were run through

the Scanning electron microscope (SEM). The SEM provided many pictures at very small scales to give

some detailed images of the structure of our samples.

6.2.1 Scanning Electron Microscopy of Degraded Iron Pentacarbonyl
Stanning electron microscopalysis of degraded iron carbonyl at 400°C yielded a micrograph that can

be viewed in Figurél.

Figure31: SEMof Degraded Iron Pentacarbonglegraded at 400C

At a relatively broad viewing range (50um) one can view that the degraded organometallic species

arranges itself into fiber structures.

50



Figure32: SEMof Degraded Iron Pentarbonyldegraded at 400Cat Low Magnification

In Figure32, it can be observed that though linkages between fibers exist, most fibers in the observed

samples are nonlinear autonomous structures that exist in a relatively thin, uniform area.

Figure33: SEMof Degraded Iron Pentacarbongegraded at 400Cat High Magnification

At higher magnification, as is observed in FifgBewe can obsem that degraded iron carbonyl

structures that are generated are less than 1 micron imeiter.
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Due to the conductive nature of the degraded material as is evident in its ability to produce visible
images, it can be surmised that metallic compounds are present in the observed sample. SEM, however,
cannot be used as a definitive tool to detemaithe structure of the metal species that is observed in

these micrographs.

6.2.2 Sanning Electron Microscopy of Degraded Nickelocene
Scanning electron micrographs of degraded nickelocene heated at 400°C. At a low magnification, it can

be observed thathe nickelocene when degraded forms a denser powder than the iron when degraded

at the same temperature. FiguB includes images that were taken in two different spots of the

degraded nickelocene sample.

Figure34: SEMof Degraded Nickelocendegraded at 400Cat Low Magnification

At higher magnifications, it can be observed that the graded material is sufficiently more agglomerated
than the degraded iron carbonyl sample. Fiber formations can be viewed off of lumped structures, but
diameters of these fibers are irregular and of nariform diameter. Figur&5 contains images of

degraded nickelocene at higher magnification.
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Figure35: SEMof Degraded Nickelocendegraded at 400Cat High Magnification

6.2.3 Scanning Electron Microscopy of Degraded Iron Pen tacarbonyl / Nickelocene Mixture
The mixture of Iron Pentacarbonyl and Nickelocene was also run through the SEM. Bidism8/s a

wide range micrograph of the degraded species. When compared to the species taken of degraded Iron
carbonyl at 50pm and 10pmagnifications, it is clear that the resultant structure of mixed
organometallics haa different structureobserved in the degradation studies of both iron carbonyl and
degraded nickelocene. The quality of the degraded mixture appears as a middle tpetwedn the

singular fibers as observed in the degraded iron carbonyl and the dense clusters observed in the

degraded nickelocene.
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Figure36: SEMof 20:1 [FeP:Ni-C]Mixture degraded at 400Cat Low Magnification

At highermagnifications, such as is observed at FiguteoBe can see that the structure viewed at 2um

is different than that of the degraded iron carbonyl and degraded nickelocene structures at the same
magnification. Whereas the individual iron species appea®isolated fiber particles of relatively
constant diameter, the mixture exhibits a tendency to form masses of interconnected dendritic
structures that are lumpier with small potat&haped projections, though fibrous sections are still
present. Concurrengi, the architecture of the degraded mixture is also significantly less dense than that

of the degraded nickelocene.

Figure37: SEM of 20:1 [F€:Ni-C] Mixture degraded at 40 at High Magnification
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Similarly to the degradenlon carbonyl structure, images were able to be generated without the
addition of a conductive coating, leading to the inference that this material contains metallic

constituents that give it the ability to conduct electricity.
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7.0 Analysis

7.1 Estimation of Weight L osses by Assumed Degradation Products
Prior to degradation study simple weight loss mechanisms were developed to model the change of solid

mass during degradation reactions. Theoretical data was generated for the two individual
organometallic ompounds as well as the combined mixture, and was compared to experimental results
with the impetus of discovering discernable results from observed degradation process product

measurements.

These anticipated degradation patterns can be classified raguti elemental metal, permutation of
possible oxide or as carbide. For simplicity, it was assumed that a complete reaction would be observed
and thus theoretical numbers reflect complete degradation. From identification of possible degradation
products, he following equations were developed to characterize the different possible routes of

degradationas described in Equations-B4.

Fe(CQ)= Fe + 5CO (15)
2Fe(CQ)+ 5Q = 2Fe + 10GO (16)
2Fe(CQ)+ 6Q = 2FeO + 10GO a7
6Fe(CQ)+17Q= 2Fg0,+ 30CQ (18
4Fe(CQ)+ 13Q= 2Fg0;+ 20CQ (19
2Fe(CQ)= 2Fe + 5CG 5C (20)
Fe(CQ)+02 = Fep+ 5CO (21
2Fe(CQ)+702 = 2Fe> 10CQ (22
Fe(CQ)= FeO + 2GO 3C (23
2Fe(CQ)= FeO; + 7CO + 3C (249
3Fe(CQ)+14Q= FgC + 14C9O (25)
2Fe(CQ)= 2Fe@+ 3CQ+ 7C (26)
Ni(GHs), = Ni +2(6Hs) (27)
2Ni(GHs), + 15Q= 2Ni + 20COr 10HO (28)
6Ni(GHs), + 69Q= 2N}C + 54CO+ 30HO (29
2Ni(GHs), + 16Q= 2NiO + 20CG- 10HO (30)
4Ni(GHs), + 53Q= 2NjO; + 40CQ+ 20HO (31

Hypothetical degradation reactions were analyzed for solid mass content in stages prior and post

degradation. These numbers were then used to formulate a mass retention percentage which can be
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applied to a sample mass (assuming complete reacticat)le4 reflects the relative percentages of solid

mass retention based on the equations given above.

Table4: TheoreticalMassRetention by Probable DegradationPath

Equation Theoretical Mass Retention (%)
Fe(CO)s = Fe + 5CO 28.509
2Fe(CQ)+ 5Q = 2Fe + 10GO 28.509
2Fe(CQ)+ 6Q = 2Fe0 + 10GO 36.677
6Fe(CQ)+17Q= 2Fg0, + 30CQ 39.396
4Fe(CQ) 13Q= 2Fg0; + 20CQ 40.758
2Fe(CQ)= 2Fe + 5C 5C 43.836
Fe(CQ)+02 = FeP+ 5CO 44.844
2Fe(CQ)+7Q = 2Fe@+ 10CQ 44.844
Fe(CO)= FeO + 2GG 3C 45.873
2Fe(CQ)= FeO; + 7CO + 3C 49.954
3Fe(CQ14Q= FeC + 14C9O 61.106
2Fe(CQ)= 2Fe@+ 3CQ+ 7C 66.302
Ni(GHs). = Ni +2(6Hs) 31.073
2Ni(GHs), + 150G:= 2Ni + 20COr 10HO 31.104
6Ni(GHs)2 + 69G= 2NiC + 54COr 30HO 33.192
2Ni(GHs)2 + 16G@= 2NiO + 20C3 10HO 39.544
4Ni(GHs)2 + 53@= 2NjO; + 40CQ@+ 20HO 43.782

7.3 Energy-Dispersive X -ray Spectroscopy (EDS)
Degradation products wergualititatively analyzed to determine elemental content using electron

dispersivespectroscopy.

7.3.2 Nickelocene Degraded at 400 °C
To determine elemental content of the degraded organometallics, endigpersive xay spectroscopy

was conducted on the dgaded nickelocene sample as viewed in the scanning electron micrographs
above. Two spots were analyzim elemental content. Figure8and 3 identify that the primary
element of the observed material as nickel with secondary elements oxygen and carbon also being

present.
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7.3.2 Iron -Nickel Mixture D egraded at 300 °C
Figure40represents data taken froralargearea scan of a sample prepared from Hditkel mixture

prepared by degradation at 300. In this diagram, a trace aontt of nickel can be observed. Strong
carbon peaks are present, though carbon associated with the adhesive tape used to prepare the sample
could contribute to this peak; when thicker areas of the sample were viewed, carbon peak was shown to

be less prominet.
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z

TN T Y T T T Y I Y Y Y™

-
H

Fe Kal

’clﬂ

LI
g

TTrrir

w
£

T T 11
g

O Kal

Kal

[\ Fe Lal

LILBLBLI

LI

CKode [ | Ni Lol

AN ~

LI

Figure40: EDS 020:1 [FeP:Ni-C]Mixture Degraded at 300C

7.3.3 Iron -Nickel Mixture D egraded at 400 °C
Figure4l represents data taken from an area scan of a sample prepared frorNiake! mixture

prepared by degradation at 400. From this graph, it can be clearly established that by degrading

mixture samples in this way, compounds that form consisting of ir@hrackel can be formed.
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Spectrum: Range:20 keV

Il I I . I I . I I ‘\I ' ' ' : : -lDOEI
Fe Kal -

I S

S e
1

g

e e e e e e e e e

I

O Kal | | i‘{

g

@] 1 11 Sy ] 1 ] S 1 11 S )

Fe KB1

g

Fe La2 [ :"l Ni Kal
L
;/Nﬂﬂ WWMM lw..ir \JN'K/KNI KB]-

€0 50 N &0 70 ' [(] 90 180 110 120

—+ - F 5 P73

< =i

=4

Figure41l: EDS 020:1 [FeP.Ni-C]Mixture Degraded at 400C

7.4 Compound Analysis by X-Ray Diffraction
Xray diffraction was used to identify different phases of products of degradatioay diffraction is

ideal for compound analysis because of the ample database of known materials as well as its ability to
identify different reflection planes within a given samplea) diffraction results that contained iron

were benchmarked against a cahled iron specimen.

7.4.1 Calibration Versus Known Sources of Iron
X-ray diffraction analysis can include erroneous information if systems are not properly calibrated. This

is especially important as the primary method of matching peaks to known materii@lson data
collected on different equipment, substrate material and other factors. Experimental scans were
conducted on bar form iron to assure that measured results correlated with accepted peak values as is

available via JCPDs Powder DiffractidesKPDFs). A small sample of 1018 St€ell%.20% Mn .60
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.90%; P <.04%, S<.08%9was used in this studyrigure42 describes experimental data collected

compared to that collected for Alpha Iron information as provided on PDFO®08259.

40 45 50 55 60 65 70 75 80 85
2-Theta (Degrees)

Figure 42: XRD of 1018 Steel Bar

Results observed from the comparison can be viewed in Eaklaidentified peaks were observed at
angle values 066.22° and 68.69These peaks were not identified, as suitable identification saftwa
was not available in the Washburn Laboratoriesy diffraction lablt is assumed that this reflection
corresponds to one of the dissolved interstitial elements included in the SteelstAi@ure, such as
carbon, manganese, phosphorus or sulfur. lPglaifting was observed by approximately 0.4° in all peak
values Error was tabulated by taking the quotient of the peak shift with accepted valles shift can

be contributed to stresses imparted in the steel lattice structure either caused by ini@ratoms or
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residual stresses imparted during shaping operati@reta regarding Reflection plane were taken from

information included in the Powder Diffraction File, which is included in the appendix of this report.

Table5: Observatons from Experimental Scan afon Bar

Measured Peaky Accepted Peak | Peak Shift Reflection Relative Intensity Error
(Degrees) Values (Degrees| (Degrees) Plane (hkl) (1.m [P3A] (%)
44.28 44.68 -0.4 (110) 100 0.90
64.62 65.02 -0.4 (200) 13.7 0.62
81.92 82.36 -0.44 (211) 24.4 0.53

Judging by the relative proximity of observed peaks versus expected peaks, it can be said with

reasonable accuracy that the Steel 1018 bar can be used as a satisfactory model as a benchmark for iron

models.However, because this sample exists in bulk form, powder samples must be generated to

guarantee that a powder sample can generate similar peaks when exposedci@psacan.

Iron Powder sample was prepared by mechanical filing of the Steel 1018 sanmgjeusardened steel

file available in the Washburn machine shops. Experimental runs were conducted at a step scan rate of

.5°/s in aRikaguX raydiffractometer. A silicorbased flexiglas sample holder was used for sample runs

to mitigate background peagk® { Ol y &

6 SNB Nizy

0SGs6SSy

experimental scan including software based pealtaiag can be viewed in Figur8.4

He O f dzSa
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In addition to the expected iron peaks, primary and secondary peaks for Alunginurh I' 978.69p

were also observed in this sample. Whereas the steel sample used to generate powders does not

contain aluminum, this contamination can be attributed to th&e of machine shop steels which

contributed small amounts of aluminum powder to the sample pow&ersults from powder

observations can be viewed in Table

Table6: Experimental Scan of Iron Powder versbgoectedPeak 2theta Values

Measured Values| Expected Valuey Peak Shift | Reflection Relative Error [Reak Shift/
(Degrees) (Degrees) (Degrees) Planes | Intensity (I./1) | Accepted Valug%
38.5 - - - - -
44.7 44.68 0.02 (110) 100 0.04
65.0 65.02 -0.02 (200) 13.7 0.03
82.3 82.36 -0.05 (211) 24.4 0.07
78.0 - - - - -
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7.4.2 Compound Analysis

of Degraded Iron Carbonyl

Experimental scans of degraded iron pentacarbonyl powder sample degraded at 400°C were run using a

RikaguNJ @ RAFFNI Ol 2YSGSNI dzaAy 3

20° and 90°. Experimental data was compared ag&imsivn powder diffraction peaks usidé\DE

Tt SEATE L A

al YL S K3

powder diffraction software. It was found that the degraded iron carbonyl powder was a mixture of

Magnetite (FeO,), Hematite (FgDs) and Iron. Figurd4 describes the result of experimental rate scan

conducted orthe Iron Pentacarbonyl sample.

Intensity(Counts)

Fe,0, (104)
Fe;0, (220)

Fe;0, (311), Fe,0; (110)

Fe;0,

Fe;0O,
(440)

(400) P05 Fes0,
(116) (511)

Two-Theta (deq)

Figure44: XRD of Iron Pentacarbonyl Degraded at 400

Table7 describes in greater detail the findings of this experimental study as a function of relative

accuracy of observed peaks versus matched values.
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Table7: SamplePeaksof Degradediron pentacarbonylvs. Peaks ofknown Materials

Measured| Relative | Magnetite | I(f) | Reflection| Hematite | I(f) | Reflection Iron I(f) | Reflection
Peaks | Intensity| Peaks Plane Peaks Plane Peaks Plane

(Degrees) (Degrees) (Degrees) (Degrees)
35.35 100.0 35.426 | 100.0f (311) 35.63 | 721 (110) - - -
33.05 44.6 - - - 33.162 | 100.0| (104) - - -
62.35 42.5 62.522 | 42.8 (440) - - - - - -
29.95 27.0 30.077 | 28.7 (220) - - - - - -
56.08 22.1 56.937 | 31.9 (511) - - - - - -
44.40 20.8 - - - - - - 44.673 | 100.0| (220)
53.90 20.1 - - - 54.074 | 50.3 (116) - - -
42.95 18.6 43.054 | 21.6 (400) - - - - - -
49.35 16.4 - - - 49.464 | 40.0 (024) - - -
24.00 14.5 - - - 2415 | 30.7 (012) - - -
63.90 13.7 - - - 63.99 | 33.2 (214) - - -
40.65 115 - - - 40.863 | 23.0 (113) - - -
89.41 8.4 89.6 14.3 (731) - - - - - -
36.90 7.9 - - - - - - - - -
73.71 6.3 - - - 71.962 | 12.1 | (1010) - - -
71.91 6.0 - - - 69.604 | 32.6 (300) - - -

Relative accuracy of sample data was compared for statistical error against proposed matche®. Table

describes data generated based on comparison of measured and accepted powder diffraction file

values.
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Table8: Accuracy oExperimental Scan ofDegradediron Pentacarbonyl

Observed Relative Magnetite | Hematite| Iron | Peak Shift (Degreey Error [Reak Shift/
Peaks Intensity Accepted Valug%
(Degrees) (I./Imax)

35.35 100.0 35.426 - - -0.08 0.21
35.35 100.0 - 35.63 - -0.28 0.79
33.05 44.6 - 33.162 - -0.11 0.34
62.35 42.5 62.522 - - -0.17 0.28
29.95 27.0 30.077 - - -0.13 0.42
56.08 22.1 56.937 - - -0.86 151
44.40 20.8 - - 44.673 -0.27 0.61
53.90 20.1 - 54.074 - -0.17 0.32
42.95 18.6 43.054 - - -0.10 0.24
49.35 16.4 - - 49.464 -0.11 0.23
24.00 14.5 - - 24.15 -0.15 0.62
63.90 13.7 - - 63.99 -0.09 0.14
40.65 11.5 - - 40.863 -0.21 0.52
89.41 8.4 89.6 - - -0.19 0.21
36.90 7.9 - - - - -

73.71 6.3 - 71.962 - 1.75 2.43
71.91 6.0 - 69.604 - 2.31 3.31

7.4.2 Compound Analysis of Degraded Nickelocene
Experimental scans of degraded nickelocene powder sample degraded at 400°C were rurRiging a

NI e
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90°. Experimental data was compared against knowndmwdiffraction peaks using JADE powder

diffraction software. It was found that the degraded nickelocene powder was a mixture of bunsenite

(NiO) and elemental nickel (Ni). Figdfedescribes the result of experimental rate scan conducted on

the Iron Pentaarbonyl sample.
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Figure45: XRD of Nickelocene Degraded at 200

Relative accuracy of sample data was compared for statistical error against proposed matches. Table
describes data generated based on comparison of measureaderepted powder diffraction file

values.

Table9: Sample Baks ofDegradedNickelocene vsPeaks ofknown Materials

2 Theta| L/l | Bunsenite| I./I | (hkl) | Nickel| I./I
43.25 | 100.0| 43.276 | 100 | (200) - -
37.15 | 62.4 | 37.246 | 64.7| (111) - -
62.8 | 45.3 | 62.863 | 51.3| (220) - -
754 | 154 | 75.394 |18.9|(311)| - -
79.3 | 11.6 | 79.386 | 14.2| (222) - -
44.4 | 10.0 - - - 44.508| 100
51.8 3.8 - - - 51.847| 40

7.5 Determination of Precursor Ratio
Based orexperimentalresults of energy dispersiveray spectroscopy andnray diffraction analysis, it

can be assumed that the primary degradation products formed by high temperature chemical vapor

deposition are oxide structures for iron and nickel. Observed include Hen{&&0s), Magnetite
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