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ABSTRACT

Silicon carbide ceramics are susceptible to corrosion by certain industrial

furnace environments. It is also true for a new class of silicon carbide-particulate

reinforced alumina-matrix composite (SiCtp/A^Os) since it contains more than 55% of

SiC paniculate within the composite. This behavior would limit the use of SiQp/A^Os

composites in ceramic heat exchangers. Because oxide ceramics corrode substantially

less in the same environments, a laser-induced reaction alumina coating technique has

been developed for improving corrosion resistance of the SiC(p/Al203 composite.

Specimens with and without the laser-induced reaction alumina coating were subjected

to corrosion testing at 1200 °C in an air atmosphere containing NaaCOa for 50 ~ 200

hours. Corroded specimens were characterized via x-ray diffraction (XRD), scanning

electron microscopy (SEM), and energy dispersive spectrometer (EDS).

The uncoated SiCp/Al203 composite samples experienced an initial increase in

weight during the exposure to Na2C03 at 1200°C due to the oxidation of residual

aluminum metal in the composite. There was no significant weight change difference

experienced during exposure times between 50 and 200 hours. The oxidation layer

formed on the as-received composite surface consisted of Si and AI2O3 (after washing

with a HE solution). The oxidation layer grew outward and inward from the original

surface of the composite. The growth rate in the outward direction was faster than in

the inward direction. The formation of the Si/Al203 oxidation layer on the as-received

composite was nonuniform, and localized corrosion was observed.
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The coated samples experienced very little mass increase. The laser-induced

reaction alumina coating effectively provided protection for the SiCp/Al203 composite

by keeping the corrodents from contacting the composite and by the formation of some

refractory compounds such as Na20Al203Si02 and Na2Al22034. After exposure to

1200°C for 200 hours, the bonding between the laser-induced reaction alumina coating

and the composite appeared to be unattacked. For both the coated and uncoated

samples, porosity within the composite increased after exposure due to the reaction:

3Si02(s) + 4A1(1) —^ 2Al203(s) -I- Si(s).
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CHAPTER 1

INTRODUCTION

With the development of modem industry, ceramic materials applications have

been increasingly important and are being considered for high-temperature stmctural

applications, such as heat exchangers, heat turbines, heat engines and

magnetohydrodynamic (MHD) generators. Materials used in these systems are exposed

to high-temperature corrosive condensed alkali salt environments. Nonoxide silicon-

based ceramics, including SiC, Si3N4 and SiC(P)/Al203, currently appear to be the

leading candidate materials for use in these severe environments due to their high-

temperature strength and creep resistance which are superior to those of metals or

intermetallics; their thermal conductivity, thermal expansion and thermal shock

resistance are also superior to those of refractory oxide ceramics.^'^ In particular, SiC

particulate-reinforced AbO^-matrix composites have the potential to combine the

corrosion resistance of the alumina with the excellent mechanical and thermal properties

of silicon carbide. These materials are not thermodynamically stable in air but when

placed in highly oxidizing environments obtain adequate oxidation resistance from the

formation of a protective Si02 film. This film separates the underlying ceramics from

the environment.^^^ The rate of subsequent oxidation is limited by the slow diffusion

transport (up to 1,300°C) through the Si02 film.'^^

In spite of these unique properties, it has been reported that SiC, Si3N4 and

SiC/Al203 were unstable under condensed hot alkali environments.^"*'^^ When



contaminates in the environment interfere with the formation of a protective film, these

materials may be attacked at a higher rate.'^^ Alkali compounds are abundant in

incompletely combusted coal gas or complex fused slags. These alkali elements (such

as sodium) have been shown to substantially increase the rates of oxidation of silicon

carbide and silicon nitride."® '^^ On exposure to incompletely combusted coal

environments, a volatile, nonprotective oxide of silicon (SiO) may be formed. The

protective silica film also could be dissolved in fused coal ash slags, resulting in a

nonprotective liquid film on the surface. Alkali-accelerated corrosion of silicon-based

ceramics is usually associated with the formation of liquid silicate or sulfate on the

surface of ceramic by "hot corrosion."*'^"'^' It is possible that the oxidation rate of

silicon ceramics will be accelerated due to the continual removal of the protective layer

of Si02, for example, by erosion, by dissolution in a glassy coating formed by impinging

bed materials, or by the formation of SiO vapor rather than Si02. A possible remedy to

the corrosion problem is a protective coating on the ceramics.

Oxide ceramics have superior corrosion resistance when compared with SiC and

Si3N4. In several tests where silicon-based ceramics corroded severely, oxide ceramics

corroded substantially less.*'^"'^* Alumina ceramics were particularly resistant to

corrosion because the transport of aluminum and oxygen through alumina is extremely

slow compared to transport through most other oxides.^' For example, it has been

reported that dense alumina ceramics have two to four times greater corrosion resistance

than SiC in an advanced glass melting environment.'^'^ Federe and Jones reported that

while SiC corroded at a projected rate of 0.5 mm/year in an aluminum remelt furnace.



alumina was essentially unaffected.'"' Although the oxide ceramics have greater

corrosion properties, their lower thermal conductivity and often inferior thermal shock

resistance makes them less desirable than the silicon-based ceramics for heat transfer

materials.

In an alternative approach, ceramic oxide coatings could be applied to silicon-

based heat exchanger tubes combining the superior thermal shock resistance and

thermal conductivity of SiC or Si3N4 with the improved corrosion resistance of the

oxide. For this approach to be successful, however, coatings must be adherent to the

SiC substrate and possess adequate resistance to thermal stresses generated during

service of the recuperator. Thus, the most effective method to develop oxidation

resistance in alloys and coatings at high temperatures above 900°C is to form a

continuous layer of a-alumina."^'"' To be successful, however, the effective use of

alumina in the development of these scales and their adherence to various ceramic

substrates must be resolved.

Few research efforts related to ceramic coatings on ceramics have been reported

in the available open literature, partly due to the inherent problems associated with the

process. The conventional methods used are chemical vapor deposition (CVD),

physical vapor deposition (PVD), sol-gel, air spraying and plasma spraying, electron

beam-physical vapor deposition (EBPVD). None of these processes is fully satisfactory

because the coatings produced suffer from excessive porosity, inclusions, microcracks,

coating segmentation and poor adhesion. This leads to premature cracking, degradation,

and failure by internal sulfidation, spallation, reduced mechanical strain, pitting
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eye

corrosion, condensed salt penetration, and oxygen penetration at high temperature/

Poor adhesion appears to be the major problem because all of these coatings produced

by conventional methods are mechanically bonded with the substrate.

Laser-induced cladding, a fairly new technique, provides the possibility of an

improved method for the deposition of high-quality coatings, and offers the following

advantages:

•  the ability to control dilution and produce ultrafine and/or metastable

microstructures;

the ability to deposit a wide range of materials of high and low melting points;

the minimal distortion and damage of the underlying substrate;

the possibility of selectively coating inaccessible and localized areas;

a rapid deposition rate;

ready automated;

a metallurgical bonding between the coating and the substrate (the most

important aspect).

Direct melting of condensed alumina powder by a laser in a wide range of power

densities (lO"* - 10^ W/cm^ ) and interaction times ( 0.032 - 2.5 s ) has resulted in a

dense surface layer, but in most instances adhesion of the layer to the metallic substrate

has been inferior and in all cases the layer was highly cracked In the current

research, aluminum powder was used instead of alumina powder. At the same time.



aluminum will transform to alumina by a laser-induced reaction in the presence of

oxygen.

The objective of this dissertation is to explore the feasibility of laser cladding

ceramics on ceramics for high temperature corrosion resistance. It presents preliminary

observations and evaluations from a study in laser cladding of AI2O3 on the

commercially available SiC(p/Al203 substrate by an in-situ reaction technique.

Mechanical bending testing and hot corrosion testing (exposure at 1200°C with a thin

sodium carbonate film sprayed on) were conducted on the samples before and after laser

coating.

This work is funded by a joint university/industry research grant from the US

DOE entitled, "High Performance Materials in Coal Conversion/Utilization". This three

year grant was awarded to UTSI in October of 1993. The University of Pennsylvania

and Lanxide Corporation are both subcontractors under UTSI program management.

The stated objective of the grant is to "test, analyze, and improve the heat and coal slag

resistance of Lanxide's SiC(p/Al203 DIMOX™ ceramic composite tubular materials".

In addition to the studying the application of the protective coating, the strength of the

material before and after exposure to coal slag at elevated temperature was also

investigated at UTSI. Researchers at the University of Pennsylvania were charged with

developing a theoretical model of the reactions which occur when the composite

material and monolithic SiC were exposed to a hot stream of coal combustion products.

In addition to supplying the materials needed for the other tasks, Lanxide Corp.



explored new ways to produce the composite materials which may result in reduced

cost, improved properties, and better dimensional tolerances.



CHAPTER 2

BACKGROUND

2.1 High Temperature Corrosion of Ceramies

A. Oxidation

Many engineering operations are conducted at high temperature in an air or

oxygen environment. While the oxides and stoichiometric silicates are typically stable

at such high temperature in an oxygen or mixed oxygen-nitrogen atmosphere, most of

the carbides, nitrides, and borides are not. Si3N4 and SiC, which are becoming

important commercial ceramics, are typical examples.

At elevated temperature, oxygen interacts with any exposed surface of SiC or

Si3N4. If the oxygen partial pressure is roughly 1 mm Hg or higher, SiOa will form a

protective layer at the surface. This is referred to as passive oxidation. The chemical

reaction to form silica on silicon carbide and silicon nitride are:

.  2SiC (s) + 302 (g) ̂  2Si02 (s) -I- 2C0 (g) (2-1)

Si3N4 (s) -h 302 (g) ̂  3Si02 (s) -h 2N2 (g) (2-2)

Formation of Si02 will initially be rapid, but will decrease as thickness of the

layer increases. Under these conditions, oxidation will be controlled by oxygen

diffusion through the Si02 layer and will be parabolic. The oxidation rate increases as

temperature increases. At low partial pressure (1 mm Hg or below) of oxygen,

inadequate oxygen is present to form a protective Si02 layer. Instead, SiO (silicon

monoxide) gas forms:



SiC (s) + 3O2 (g) ̂  SiO (g) + CO (g) (2-3)

Si3N4 (s) + 3/2O2 (g) ̂  3SiO (g) -I- 2 N2 (g) (2-4)

This is called active oxidation. It is roughly linear and continuous and the

component can be completely consumed. Active oxidation conditions are not common

but must kept in mind.

The kinetics of passive oxidation were initially determined by weight gain and

dimensional change measurement. More important for some applications such as heat

engines, however, is the effect of oxidation on the strength of the material. Depending

on the ceramic, the temperature, and the initial surface condition, oxidation can

increase, decrease, or not affect the strength.'^®' For example, a study was performed in

which specimens with grinding grooves parallel to the length (longitudinal) and thus

parallel to the stressing direction were shown to be much stronger than those with

grinding grooves perpendicular to both the length (transverse) and stressing direction.

Low-temperature oxidation (1000°C) significantly increased the strength for the

transverse machined specimens by blunting or reducing the severity of the surface flaws

associated with the grinding damage. High-temperature oxidation completely removed

the grinding grooves, but resulted in formation of surface pits, which had an equivalent

or worse effect on the strength.

B. Gaseous Corrosion

At high temperatures a material may not be stable in the presence of some gases

(i.e. metals in oxygen); the degradation of a material by reaction with gases is called

gaseous corrosion. Most high temperature corrosion of ceramics can be attributed to



gaseous corrosion and hot corrosion. Gaseous corrosion of ceramics may occur through

a variety of mechanisms just as in the case of the gaseous corrosion of metals and alloys.

Moreover, the corrosion processes are ultimately controlled by the nature of the

products that are formed as a result of the reaction between the gas and the ceramic.

In metals and alloys, the reaction with the gas is almost always characterized by

metallic elements being oxidized via transfer of electron to reducible in the gas. Since

the cations of the ceramics are already in the oxidized state and the following corrosion

processes can be proposed.

First, the cations may be oxidized to higher states which in the case of oxygen as

oxidant would result in oxygen being incorporated into the ceramics. Such a process

could result in the formation of new phases or merely a change of stoichiometry of the

phase being oxidized. This plays a major role in the degradation of chrome-based

refractories subjected to temperature and particularly atmosphere cyclings.

Second, the atoms or molecules of the gas may form more stable compounds

with the cations of the ceramics, for example, silicon nitride reacts with oxygen to form

silicon dioxide and nitrogen. This type of reaction will depend on the properties of the

products formed upon the surface of the ceramic but the effects produced by the

elements displaced by the oxygen can also be very important.

A third possibility involves the formation of volatile species such as the

reduction of Si02 (s) to SiO (g). Such reactions probably would involve diffusion

through gaseous boundary layers and could proceed rapidly compared to those of

processes involving the formation of condensed phases on the surface of the ceramics.



Finally, molecules in the gas such as SO3, CO2 or H2O may possess a significant

affinity for the cationic component or its oxide and react to form compounds such as

sulfates, carbonates or hydrates. The rates of such processes will be dependent upon

transport through corrosion products and rather complicated mechanisms may prevail.

The possible reactions are:

Si02 (s) + CO (g) ̂  SiO (g) + CO2 (g) (2-5)

SiC (s) + CO (g) ̂  SiO (g) -t- 2C (s) (2-6)

2SiC (s) + CO2 (g) ̂  2SiO (g) + 3C (s) (2-7)

SiC (s) + CO (g) + N2 (g) + H2 (g) SiO (g) + 2HCN (g) (2-8)

Si3N4 (s) + 3C0 (g) -> 3SiO (g) + 2N2 (g) -1- 3C (s) (2-9)

Si3N4 (s). -h 3C02(g) 3SiO (g) + 3C0 (g) + 2N2 (g) (2-10)

Si3N4 (s) 3H2S (g) -> 3SiS (g) + 3H2 (g) -t- 2 N2 (g) (2-11)

Si3N4 (s) + 3H2O (g) ̂  3SiO (g) -I- 3H2 (g) + 2N2 (g) (2-12)

The gaseous corrosion of ceramics is expected to be similar in some respects to

the corrosion of ceramics in metals, a subject which has been studied extensively in the

literature.''^"-^'*^ and which is usually modeled as a dissolution process. The kinetics

involves the transport of reactions and products which often determine the overall rate

of the corrosion process. The corrosion reaction rate depends on the relative corrosion

rate of the various phases, the viscosity of the liquid, the density gradient in the liquid,

the concentration gradient in the liquid, the porosity of the solid, the wettability of solid

phases by the liquid, the boundary layer at the interface and the geometry of the system.

The grain size and the pore structure are major factors in controlling the rate of

10



dissolution. Fine grain materials dissolve faster than coarse grain materials. The liquid

may penetrate into the grain boundaries resulting in engulfment of the solid grains by

the liquid.^^'' As a result, the influence of the microstructure on the corrosion more

complicates the interpretation of corrosion experiments so that for fundamental studies

simple systems with simple geometries and microstructures must be used. This is valid

also for gaseous corrosion studies since, except for the wetting effect, the grain size, the

pore structure and the grain boundaries should play a role similar to liquid corrosion.

There is great deal of literature regarding the oxidation of silicon nitride and

silicon carbide, however, the only literature on gaseous corrosion of simple oxides

appears to be on their reduction and volatilization, particularly for silica. Silica at high

temperature under low oxygen pressures volatilizes forming SiO (g) by thermal

decomposition and/or by reaction with hydrogen or For instance, significant

weight losses were observed in wet hydrogen at 1400°C.

Alumina is much more resistant to conditions of this type and tends to lose

impurities such as sodium at high temperatures. Significant losses of alumina are only

observed at very high temperatures, of the order of 1900°C.*'^^

C. Hot Corrosion

In combustion systems, various compounds such as NaiCOa, Na2S04 may be

generated in addition to combustion gases. Below some temperatures these compounds

condense in the engine and often enhance the gaseous corrosion in a complex process

named hot corrosion. At their melting points, both Na2C03 and Na2S04 dissociate

easily to Na20:

11



NajCO., (1) NazO (s) + CO2 (g) (2-13)

Na2S04 (1) ̂  NazO (s) + SO3 (g) (2-14)

These alkali oxides, such as Na20, in turn react with silicon-based ceramics to

form low melting glass phases with a resultant loss of structural integrity. When

normally protective Si02 films are contaminated with Na20, a lower viscosity and

higher oxygen diffusivity result. This allows active oxidation to occur at the Si02/SiC

interface as the following reaction, causing surface recession of SiC.

2Si02 (s) + Na20 (s) ̂  Na20-2(Si02) (1) (2-15)

Little hot corrosion has been observed in Na2S04/S03 environments for high

purity Si3N4 and SiC at 1000°C since Na2S04 environment tends to cause impurity

effects in ceramics to become a problem at lower temperature than does simple

oxidation. However, other studies have revealed that thin films of Na2C03 lead to

thick glassy products on SiC at 1000°C. This result is consistent with the removal of

the normally protective Si02 film to form a non-protective silicate melt.*'^®' The Si02

layer is unstable in the presence of Na2S04 at 1000°C for high oxygen ion activities.

Additionally, the penetration of contamination ions (Na, S) down grain boundaries was

postulated to lead to altered mechanical properties.^"^^^

Exposed to a steel soaking pit environment for 800 hr. at ~1250°C, sintered a-

SiC forms a silicate-based slag on its surface, but with no measurable loss of a-SiC

material; a slight increase in fracture strength following the exposure has been

observed. Corrosion of a-SiC by a basic coal slag at 1200°C proceeds by Si02

dissolution and formation of low melting silicates, which leades to large corrosion pits.

12



The pits are responsible for a time-dependent strength degradation of the a-SiC

material.*'^'^^ Exposure of SiC and Si3N4 to a coal-fired gas turbine environment for from

100 to 1000 hours at 1200 to 1425°C results in corrosion/oxidation pits and loss of

strength.

McKee and Chatterji'''^^ have systematically studied the reaction of SiC with

various gas and molten salts. They identify three specific cases for molten salts:

For an acidic salt film, such as Na2S04, little or no reaction occurs. This is due

to the presence of a stable Si02 layer between the salt melt and SiC.

For a basic salt film such as Na2C03, the protective Si02 layer is dissolved and

accelerated corrosion occurs.

The third case is an oxygen-depleted (carbon-containing) melt. In this case SiO

(g) forms at the SiC surface and reacts to form Na2Si04, resulting in rapid corrosion

Blachere and Pettit'"^^^ have studied the corrosion of a variety of ceramics by thin

salt films of sulfate under SO3-SO2 and oxygen atmospheres at 1000°C. They examined

two forms of SiC — chemical vapor deposited (CVD) SiC and hot-pressed SiC. For the

Na2Si04/S03 films there is relative little reaction, except for Si02 globules under the

sulfate droplets on the CVD material. For the Na2Si04/02 case they report that the hot-

pressed SiC exhibits considerable corrosion. The products are rough and contain many

bubbles. These observations are consistent with the fact that the protective Si02 layer

should be dissolved by the more basic melt (i.e., Na2Si04/02).

13



D. Corrosion in Heat Engines

Recently interest has grown in the potential use of ceramics in heat engines as a

means of achieving higher operating temperatures and increased efficiency (decreased

fuel consumption). SiC and currently appear to be leading candidate materials

due to their unique combination of high strength and thermal conductivity, low thermal

expansion, and good high temperature stability.^'^^~^°'

SiC and Si3N4 are being evaluated in gas turbine engines for combustor liners,

stator vanes (nonmoving airfoil shapes that guide the hot-gas flow in the optimum

direction into the rotor), rotors, and a variety of liners for hot-gas flow through the

turbine. Although under operating conditions, these components are exposed to

oxidizing atmospheres flowing at moderate to high velocity, oxidation does not appear

to be a problem due to the formation of a passive Si02 surface layer. However,

corrosion can occur as a result of the combined effects of the oxygen plus gaseous,

condensed, or particulate impurities introduced via the gas stream. These impurities can

either increase the rate of passive oxidation (i.e., modify the transport rate of oxygen

through the protective scale), cause active oxidation, or produce compositions which

chemically attack the ceramics. The following mechanisms are of particular concern:'^'^

1. Change in the chemistry of the Si02 layer, increasing the oxygen diffusion rate;

2. Bubble formation, disrupting the protective Si02 layer and allowing increased

oxygen access;

3. Decreased viscosity of the protective surface layer, which is then swept off the

surface by the high velocity gas flow;

14



4. Formation of a molten composition at the ceramic surface that is a solvent for the

ceramics;

5. Localized reducing conditions, decreasing the oxygen partial pressure at the ceramic

surface to a level at which active oxidation can occur;

6. Formation of new surface flaws, such as pits or degraded microstructure, which

decrease the load-bearing capability of the component.

Singhal'"^ has evaluated the dynamic corrosion-erosion behavior of SiC and

Si3N4 in a pressurized turbine test passage operating at 1100°C, 0.9 MPa pressure, and

152 m/s gas velocity using Exxon No. 2 diesel fuel. After 250 hours of exposure, the

surface of the test specimens were smooth and free of adherent surface deposits.

Average surface erosion was only 2.3 |im for the SiC and 3 |j,m for the Si3N4 and no

strength degradation occurred. Other tests in the same turbine test passage with 4 ppm

barium present in the fuel produced drastically different results: massive surface

deposits containing barium silicates with iron, magnesium, nickel, chromium, and other

trace impurities. This example illustrates that small quantities of some impurities can

have a pronounced effect on the corrosion behavior. This is especially important in

applications where heavy residual fuels or coal-derived fuels are being considered.

Mckee and Chatterji'^^' concluded that SiC at 900°C is inert in H2, H2S, and

high-purity N2; that passive oxidation provides protection under normal gas turbine

operating conditions or when thin condensed layers of Na2S04 are present in an
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oxidizing atmosphere; and that corrosion occurs in the presence of NaaO, a

carbonaceous condensed phase, or a thick Na2S04 surface layer.

Richerson and Yonushonis'^'^^ have evaluated the effect on the strength of Si3N4

materials of 50 hr of cyclic oxidation-corrosion at specimen temperature up to 1200°C

using a combustor rig burning typical aircraft fuels with 5 ppm sea salt additions. Under

conditions where Na2S04 was present in the condensed form, corrosion resulting in

slight material recession occurred. This was accompanied by buildup of a glassy surface

layer containing many bubbles which appeared to be nucleating at the Si3N4 surface.

The strength of Si3N4 hot pressed with MgO was degraded by 30%. The strength of 2.5-

g/cm^ density reaction-bonded Si3N4 was degraded by as much as 45%.

These examples show that both SiC and Si3N4 are susceptible to corrosion at

high temperatures, especially if impurities are present. However, it should be pointed

out that the rates of corrosion are still much lower than for metal gas turbine alloys at

much lower temperatures.

E. High Temperature Heat Exchanger

The most efficient of the various types coal gasifiers under development is the

slagging design, which operates at relatively high temperatures for more complete

conversion of the powdered coal feedstock. The operating temperature is above the

melting point of the coal slag, which is tapped from the bottom of the gasifier. As a

result of operating at such high temperatures, however, as much as 20% of the energy in
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the coal is converted to sensible heat rather than synthetic gas. In order to recover this

energy, large heat exchanger systems may be utilized.

With current and projected energy conservation requirements, the use of heat

exchangers to recover waste heat is growing in importance. Heat recovered from the

exhaust of a furnace is used to preheat the inlet combustion air, so that additional fuel is

not required for this purpose. The higher the operating temperature, the greater the

benefit. In many cases, however, such as coal gasification, metal and glass melting

furnaces, incinerators, and coal-burning furnaces, the discharge gases are either too high

in temperature or too corrosive for metal heat exchangers. Thus two important design

requirements of the material are high-temperature capability and corrosion resistance.

Another is thermal shock resistance since industrial heat exchangers are massive and

involve substantial thermal stresses.

High thermal conductivity to maximize the rate of heat transfer and optimize the

efficiency of the unit is an additional desirable property of a heat exchanger material,

but it is usually of less importance than thermal shock resistance, temperature capability,

and corrosion resistance. The major material being used and evaluated for industrial

heat exchangers is SiC, primarily in tubular form. Other materials with potential for

various types of heat exchangers include Si3N4 and mullite.

The raw-gas outlet temperature can exceed 1300°C in slagging gasifiers. The

major components of the gas are carbon monoxide and hydrogen, such that relatively

reducing conditions exist. The low oxygen partial pressure is accompanied by a

moderate sulfur partial pressure, which is defined by the coal feedstock. The prevailing
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conditions at the heat exchanger inlet are known to cause structural material wastage via

corrosion, sulfidation, and oxidation, as well as degradation of mechanical properties

and heat transfer effectiveness as surface scales build up and/or spall off. Even the most

durable of the refractory materials cannot withstand extended periods of exposure at

temperatures greater than approximately 700°C. This is especially true in the highly

reducing coal gasification environments, where hydrogen embrittlement and alkali

attack are major problems.^^^"''^^

Easier'"' has studied the corrosion behavior of silicon carbide materials in a

simulated coal gasification environment. Specimens exposed at 1250 and 1300°C for

200 hours with acidic or basic coal-slag coatings exhibited weight loss and corrosion

pits. A greater weight loss and the more severe corrosion pits were observed in

specimens coated with the basic slag which resulted in decreased strength. A decrease

of about 15% was observed when samples were exposed without slag or with an acidic

slag coating. A 34% reduction in strength was observed for samples coated with the

basic slag.

Another application of heat exchangers is found in the energy intensive glass

industry which uses approximately 250 trillion BTU per year, of which 84% is supplied

by natural gas.'^^' Their gas-fired, regenerative open-hearth furnaces are only 37-45%

energy efficient and produce high levels of sulfur oxides, nitrogen oxides and paniculate

emissions. Because of rising fuel costs and increasingly stringent legislation limiting

pollution emissions, the glass industry has sought out innovative systems for melting

and forming glass, such as the Advanced Glass Melter (AGM).
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A vital part of the AGM design involves recuperative heat exchangers, which

produce preheated air for the burner from the hot exhaust gases. Since the flue gases in

the AGM have the potential to be very hot (in excess of 1000°C) and may contain high

concentrations of corrosive alkali compounds, the use of advanced ceramic materials is

necessary to meet these design criteria.

In a series of preliminary tests in a simulated AGM flue environment,'^^'^^^ a new

class of silicon carbide-particulate reinforced alumina-matrix (SiC/Al203)

composites'^'"''"''^ indicated promise as a material for the heat exchangers. In these tests,

sintered a-SiC had adequate thermal and mechanical properties, but was severely

attacked by the molten sodium silicate deposited from the combustion gases. High

density alumina had adequate corrosion resistance but was too susceptible to thermal

shock failure to be seriously considered. The SiC/AhOa composites have the potentials

to combine the corrosion resistance of the alumina with the strength and thermal

conductivity of the silicon carbide.

A more detailed investigation was conducted by Keret on the durability of the

SiC/AbOj composite in a simulated glass melting flue environment The dynamic

corrosion tests, which were performed at 1000-1300°C for 10-300 hours, consisted of.

continuously delivering sodium silicate in the form of micro-sized droplets onto

specimens at a 45 degree angle with respect to the horizontal. Results indicated that the

composite gained weight through the formation of A^Os/metal oxidation products at all

exposure conditions, and that the corrosion removal of material became significant only

during the exposure at 1300°C. The dynamic corrosion exposure also caused a
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significant loss in the strength of the composite at room temperature. The strengths of

the SiC/AhOs composite for the as-received condition and after the exposures to

dynamic corrosion for 300 hours at 1000°C and 100 hours at 1300°C are 480, 98, and

130 MPa respectively.

Magnetohydrodynamic (MHD) generators represent still higher temperature and

more severe corrosion requirements for ceramic materials. Operation temperatures are

in the range 1600 to 2500°C. The MHD generator produces electricity by rapidly,

passing a moving conductive gas through a magnetic field. Conductivity in the gas is

achieved at high temperature by seeding the gas with a salt such as K2SO4 or K2CO3

which has a low ionization potential. This can result in an electron density of lO'^ to

1^ ^2 2310 " free electrons per cubic centimeter (compared to 10" to 10 " for a metal

conductor). In an open-cycle MHD generator, the moving high temperature gas can be

supplied by coal or other fossil fuel combustion. In order to economically achieve the

desired efficiency in the MHD, a high temperature high pressure air heater will be

needed. Such a heat exchanger must work in such a severe environment that no current

metallic superalloy can be used and only ceramic materials can be considered. A variety

of ceramic and ceramic matrix composite materials have been investigated for use in the

high temperature air heater. Among those which have been tested in the MHD facility

at UTSI (from approximately 1100 to 1600°C) are silicon carbide, magnesia aluminum

spinel, zirconia, chrome magnesia, boron nitride, alumina and SiC/Al203 composite. Of

all of the materials tested, only one material yielded hopeful results, the SiC(p)/Al203

ceramic matrix composite fabricated by Lanxide. This material demonstrated a strong
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resistance to high temperature corrosion along with excellent resistance to thermal

shock. No significant loss of material was found to occur after several hundred hours at

exposure temperatures up to 1400°C. However, above 1450°C, rapid material removal

was experienced in a much shorter period of time than that below 1400°C.^^^^

In 1992, a study was conducted by Jon Winkler'^^^ at UTSI involving mechanical

testing of circular rings cut from a SiCfp/A^Os tube exposed during one of the MHD

tests. This study compared the properties of the material, as it was received from the

manufacturer, with samples which had been exposed to slag at a tube temperature of

approximately 1230°C for 107 hours. The tests showed a slight decrease in

characteristic strength after exposure and microscopic examination revealed an increase

in porosity associated with exposure temperatures. The porosity in the specimens

increased from the as-received samples approximately 2 volume % to 23 volume % for

the exposed samples.

A more detailed study was conducted by Peter LaRue'^^' at UTSI in 1995.

Tubular samples of SiC(P)/Al203 ceramic composite were exposed to a simulated coal

combustion environment, with Illinois #6 coal slag, at temperatures of 1100°C, 1260°C,

and 1400°C for a period of 200 hours. Additional samples were held at these same

temperatures without the application of slag. Subsequent strength testing found that the

strength of material decreased as the temperature of exposure was increased, with

additional decreases caused by exposure to the coal slag. Furthermore, at 1400°C, a

noticeable amount of the tube material was lost. Microscopic examination also

indicated that the porosity increased significantly as exposure temperature was

21



increased. It was postulated that active oxidation of silicon carbide could occur inside

the tube and result in the pore formation when the tube was exposed in the reducing

environment of MHD exhaust gas. Since the SiC particulate were preferentially

attacked compared to the alumina matrix, the corrosion rate of the composite was

probably partially limited by the rate of dissolution of the alumina matrix into the coal

slag. If the tube surface was continuously covered by an alumina coating, the corrosion

rate of the tube should totally be limited by the alumina because alumina possesses a

much higher corrosion resistance than that of silicon carbide

In a related program at Oak Ridge National Laboratory (ORNL) on the

development of ceramic materials for use in heat recovery equipment for high

temperature process furnaces, Federer*^^' found that silicon-based ceramics are corroded

by alkali compounds contained in combustion gases. Specifically, he found that silicon

carbide and silicon nitride ceramics are severely corroded by alkali vapor compounds

and the corrosion rates of oxide ceramics increase with increasing silicon dioxide

content. Federer attributed this alkali-induced corrosion to the formation of alkali

silicates which result from the reaction of alkali oxides, such as Na20 and K2O, with the

normally protective Si02 ceramic film. These alkali silicates, which are molten at

temperatures as low as 798 °C (e.g. Na20-2S02), cause softening of the Si02 film. The

resulting enhanced diffusion of oxygen through the altered film causes oxidation of the

silicon-based ceramic. Similarly, for composite ceramics which combine silicon and

oxide components, the alkali oxides react with the silicon component to form lower

melting point silicates, which dissolve the more refractory oxide components, such as
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AI2O3 and Zr02. Therefore, Federer suggests that the oxide-based ceramics, such as

alumina and zirconia with limited amounts of Si02, are the best candidate ceramic

materials for heat exchangers for use with combustion gases which contain alkali

vapors.

2.2 Laser Coating Processing

The use of high power energy lasers for surface cladding has been acknowledged

as a possible method of surface modification for the last twenty years. A 1976 patent^®^'

entitled "cladding" involves the use of direct wire feeding under a scanning laser beam.

British researchers, however, claim the "shadowing" effect of solid wire does not seem to

couple the laser energy as effectively as powder and, hence, powder would be the

preferred consumable for surfacing. Powell, for example, has published work using Ni-

Cr-Si-B powder fed continuously under a laser beam with a manual powder torch

modified to use an argon carrier gas rather than oxy-fuel combustion.'^'^' Other variations

have been devised for direct powder feed into a laser beam (known as direct cladding or

cladding).'^ Another possibility involves preplacement of powders onto a substrate

prior to laser fusing instead of attempting to solve problems of "feeding" a powder

consumable directly under or in front of an advancing laser beam. Thermal spray

methods, such as oxyacetylene flame spray*^^^ and plasma spray^^^~®°^ have been used to

preplace powder onto a substrate for subsequent laser fusing (known as laser sealing).

The direct cladding by laser was accomplished by melting a limited layer of the

underlying substrate and blowing a stream of fine particles of the cladding material which

may or may not melt during laser scanning. The laser-induced direct cladding process
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produces a metallurgically bonded coating on the substrate. On the other hand, the plasma

sprayed layer is primarily mechanically bonded to the substrate and even after the laser

sealing process, this layer still maintains mechanical bonding with the substrate. Hence,

the laser-induced direct cladding layer has much stronger bonding with the substrate than

that of laser sealing. This characteristic is very helpful in obtaining higher corrosion

resistance and erosion resistance because of its higher adherence.

Many studies have been conducted on laser interactions with metals and

semiconductors, but little has been done in the processing of conventional ceramics with

lasers. The laser has been used in the growth of crystals and in the formation of ceramic

powders, but attempts to heat ceramic bodies with a high density laser beam have usually

resulted in crack formation and degradation.'®" Because of this problem, in comparison to

studies on metals, a great deal more care will be required in the building up of ceramic

layers or changing surface characteristics of ceramic bodies using a laser. Certain

observations of laser interactions with materials suggest possible uses of the laser in

ceramic processing. For example, it has been demonstrated that laser power can be used

to modify the plasma-sprayed ceramic thermal barrier coatings.'®^' During that study,

when a less intense beam and/or larger beam and a faster sample speed were used, the

surface of the coatings could be densified.

Laser-induced cladding has been used successfully to modify surface properties of

materials, particularly for improving wear and corrosion resistance (including high

temperature). Up to the present time laser-induced cladding has been mainly used on

metal surfaces. It appears that no work has been reported on the laser cladding on a
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ceramic substrate surface. In this study, aluminum powder will be used to replace high

melting point alumina powder as a coating material so that it is possible to use a less

intense beam to lessen or avoid causing cracking of the ceramic substrates during

processing.
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CHAPTER 3

EXPERIMENT PROCEDURES

3.1 Laser Coating Processing

A. Material and Specimen

Substrate material and specimens Lanxide Corporation's SiC(p/Al203

DIMOX™ Ceramic Matrix Composite was used as the substrate material. The material

was obtained in tubular form with a 50 mm outside diameter and a wall thickness of 5

mm. Lanxide's material designation for this materials was 93-X-3015. It has a density

of 3.4 g/cm^ The composite contains about 45% (by volume) of SiC particulates

(which have diameters from 3 to 20 microns), 52% AI2O3, 1.6% residual aluminum

alloy (left over from the fabrication process), and 1.4% porosity. Characteristics of the

SiC(P)/Al203 substrate are summarized in Table 3-1. Figure 3-1 gives surface and cross

section views of the substrate material. Specimens of approximate rectangular prism

shape, 5 mm thick, 10 mm wide and 30 mm long, were cut from the tube with a

diamond saw. All specimens were ultrasonically cleaned in an acetone bath and then

thoroughly dried in air.
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Material Characteristics

SiC content, volume % 45

AI2O3 content, volume % 52

Residual aluminum alloy content, volume % 1.6

Porosity content, volume % 1.4

—  Y'

Density, g/cm" 3.4

Tube Dimensions, mm

Outside diameter 50

Inside diameter 40

Wall thickness 5

Specimen Dimension, mm

Length 30

Width 10

Thickness 5
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Figure 3-1. Scanning electron micro-graphs of the as-received substrate material: (a)
surface view and (b) cross-sectional view.



Aluminum Powder A commercially available atomized aluminum powder

from the ALCOA Company was used as the precursor material for coating. The particle

size was from 1 |im to 5 jim, and the average size was 2.5 |j,m. Figure 3-2 shows the

particle features. The powder was dried by heating at 120°C in a electric resistance

furnace for 5 hours and then cooled at room temperature prior to coating experience.

X

1  10 /xm

Figure 3-2. Scanning electron micro-graph of aluminum powder.

B. PVD Precoating

In order to create a sound bond and higher wettability between the substrate and

the coating material, a bond coat was first deposited on the ceramic substrate prior to the



laser coating process. A bond layer about 5 |xm thick of either titanium or aluminum

was deposited on the SiC(p/Al203 substrate using physical vapor deposition (PVD)

technique prior to the laser coating process. PVD was applied with a commercially

available Dayton Vacuum unit. Multiple samples were produced simultaneously. The

sample stage was inclined at 45° and was continuously rotated at 30 rpm around the

vertical axis. This arrangement provided the condition for deposition of a uniformly

thick bond coat on the substrate surface. The parameters employed for PVD are given

in Table 3-2.

Table 3-2. The parameters used for PVD coating of titanium and a uminum

Coating Material Current (amp) Voltage (volt) Vacuum (torr) Time (min)

Titanium 25-30 80-95 2x10"^ 5

Aluminum 15-20 25-40 2x10"^ 5

C. Laser Processing

The experimental arrangement for laser coating is shown diagrammatically in

Figure 3-3. The experimental set up consists of two units: the laser and the powder

feeder system. The laser system, a Rofin-Sinar RS3000 CO2 laser, was employed for

this experiment. The RS3000 laser is a fast axial-flow, radio-frequency (27.12 MHz)

excited CO2 laser with an operating power range from 200 to 3700 Watts. It may be

configured to produce TEMoo, TEMm, TEM20, or TEMoi* spatial modes in a beam

which is circularly polarized with external optics. An optical beam delivery system with
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Figure 3-3. Schematic diagram of the experimental set-up for laser coating



a 150 mm focal length gold-plated copper off-axis parabolic mirro provides focusing of

the beam to a 300 pm diameter spot size. The laser may be operated in one of four

modes: full CW, 5 kHz modulated power, pulse (25 kHz Max.), and superpulse (25

kMz, Max.). A computer numeric controlled (CNC) five-axis Aerotech workstation

was used to translate the work-table during laser processing while also providing control

of the laser and associated equipments such as flow valves for the cover gas. For the

experiments carried out in this study, the laser was operated in 5 kHz modulated power,

a quasi-continuous wave (Q-CW) mode. Argon was blown through the nozzle to

shroud the work area and also to protect the lens.

As depicted in Figure 3-3, a dynamic fluidized-bed powder feeder (designed and

fabricated in the laboratory) delivered the precursor aluminum powder at the laser-

substrate interaction region. A pneumatic vibrator in conjunction with high-pressure

air/gas separates the powder clusters into individual particles by breaking the weak

electrostatic forces between them. The high-pressure air/gas also fluidizes the powder

particles apd entrains them to the laser-material interaction region via a delivery tube.

An air filter at the top of the powder container avoids excessive pressure build-up while

ensuring a continuous and smooth powder flow. The air/gas flow rate controls the

powder delivery rate. A efficient powder delivery can be achieved by selecting a proper

combination of the inlet air/gas flow rate together with the frequency of the pneumatic

vibrator. In addition, the inlet gas being a carrier for the powder, it can provide a

reactive environment at the laser-material interaction region for conversion of aluminum

into an AI2O3 ceramic.
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Laser in-situ reaction coating of AI2O3 with an aluminum powder was initially

conducted on an as-received, and a bond-coated (titanium or aluminum) SiC(p/Al203

substrates. The best pre-existing surface condition was then chosen according to the

coating quality. The laser beam, defocused on the sample surface, was scanned

continuously with some overlap between consecutive passes to cover the entire surface.

The laser processing was carried out with a slight overpressure of oxygen. The main

parameters in this coating process are beam power, beam diameter, traverse (or

scanning) speed, powder flow rate, and overlap rate. These parameters were varied to

identify the optimum conditions for obtaining complete coverage, and a smooth and

adherent coating. Large areas of the substrate were covered by making a series of

parallel overlapping tracks. The laser processing parameters used are tabulated in Table

3-3.

Table 3-3. Laser Processing Parameters

Laser Power (watts) 150- 1500

Beam Mode TEMio

Traverse Speed (mm/s) 20-30

Focal Position (mm) 5-25 above substrate surface

Shielding Gas (1/min) Argon (coaxial), 2

Reaction Assist Gas (1/min) Oxygen, 2

Overlap (%) 30-60

Powder Feeder (mg/s) 50 - 250

Powder Outlet Nozzle Angle 30 - 60° to the horizontal
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D. Post Processing of the Samples Treated by Laser Coating Processing

The initial laser-coated samples were cross-sectioned and mounted in epoxy.

Each sample was metallographically prepared by polishing with a series of grit papers

for microstructural evaluation. The final polishing was done with a 1 |im diamond

paste.

Microstructures and surface topography were studied by optical and scanning

electron microscopy (SEM). Chemical composition and phases were determined by

energy dispersive spectroscopy (EDS) and x-ray diffractometery (XRD). Throughout

these analytical techniques, the optimum conditions (parameters) of laser processing

were determined for obtaining a high conversion rate of reaction, complete coverage,

and a smooth and adherent coating. All the rest of the samples were laser processed

with these optimum parameters and then mechanically and corrosion tested.

3.2 Mechanical Testing

The strength of ceramic materials is generally characterized by bend testing (also

referred to as flexure testing). The test specimen can have a circular, square, or

rectangular cross section and is uniform along the complete length. Such a specimen is

much less expensive to fabricate than a tensile specimen.

Bend testing is conducted with the same kind of universal test machine used for

tensile and compressive strength measurements. The test specimen is supported at the

ends and the load is applied either at the center (3-point loading) or at two positions (4-

point loading). The bend strength is defined as the maximum tensile stress at failure
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and is often referred to as the modulus of rupture, or MOR. The bend strength for a

rectangular test specimen can be calculated using the general flexure stress formula:

Mc
G =

I

where M is the moment, c the distance from the neutral axis to the tensile surface, and I

,  bd^ d , .
the moment of inertia. For a rectangular test specimen I = —— and ̂  = where d is

1 ̂  ^

the thickness of the specimen and b is the width. Figure 3-4 illustrates the derivation of

3-point flexure formulas for rectangular bars.

M =
L P

2 2
7 =

bd'

12

i
C=d/2

t b

Mr 3PL

—PT ~ ̂ OR =
I ~ 2bd^

Figure 3-4. Derivation of 3-point flexure formulas for a rectangular bar
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The mechanical testing performed in this study was not designed to produce an

absolute measured value but rather to detect any difference in the mechanical properties

between the as-received material and the laser-treated material (laser induced reaction

coated) due to high thermal shock to the material during laser processing. Due to the

limitation of small dimensions of testing material available, the three-point bend was

used.

Two sets of samples for strength testing were produced from each as-received

and laser-induced reaction coated samples. Each set included coupons of approximately

30 mm long and 10 mm wide on the outside surface (the inside surface width was not as

the outside surface to be). Figure 3-5 gives sample coupon dimensions. The coupon

was roughly considered as rectangular and B ( B = (a -I-£>) / 2) as its width. The bend

strength is given by:

a =
3PL

IBc^

(30 mm)

B

Figure 3-5. Sample dimensions
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Ten of these coupons from each of the as-received and laser-induced reaction

coated samples were selected for bend testing using an Instron testing machine. Table

3-4 gives the test parameters used in the three point bend tests. Table 3-5 and Table 3-6

give the sample dimensions.

Load Speed Normal Load Record Chart Speed

0.5 mm/min 250 kg. 130 mm/min

Table 3-5. As-received Sample Dimensions (L=22.66 mm)

Sample # a (mm) b (mm) c (mm) B (mm)

1 9.94 8.26 4.96 9.10

2 9.88 7.52 5.08 8.70

3 9.72 8.84 5.30 9.28

4 9.52 7.68 4.62 8.60

5 10.54 8.72 4.96 9.63

6 9.26 7.62 4.76 8.44

7 9.34 7.90 5.40 8.62

8 12.30 9.58 5.04 10.94

9 9.22 7.26 5.04 8.24

10 10.80 8.26 5.42 9.53

Average 10.05 8.16 5.06 9.11
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Table 3-6. Laser-Induced Reaction Alumina Coated Sample Dimensions (L=22.66 mm)

Sample # a (mm) b (mm) c (mm) B (mm)

1 9.70 8.42 4.80 9.06

2 10.34 8.48 5.04 9.41

3 9.70 8.16 4.82 8.93

4 10.30 8.24 5.40 9.27

5 10.58 8.64 5.44 9.61

6 9.80 8.46 5.24 9.13

7 10.52 8.44 4.94 9.48

8 10.50 9.26 4.96 9.88

9 9.80 8.76 5.14 9.28

10 10.70 9.26 4.80 9.98

Average 10.19 8.61 5.06 9.40

3.3 Hot Corrosion Experiment

The experimental techniques used in hot corrosion studies of ceramics are

similar to those in hot corrosion studies of metals. There are two common approaches:

(1) Burner studies with a salt solution aspirated in the burner and (2) Laboratory furnace

studies with thin salt films.

A burner system comes closer to duplicating actual environments than a

laboratory furnace, but burner experiments are expensive and it is difficult to precisely

control all operating parameters.
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The laboratory furnace corrosion study was employed in this investigation. In a

laboratory corrosion study, a thin salt film is sprayed on a ceramic coupon. Then the

coupon is placed in a laboratory controlled-atmosphere furnace. Such experiments are

inexpensive and allow precise control of temperature, pressure, and salt chemistry. The

kinetics of reaction can be followed by continuous weight change measurements or by

pulling samples for chemical analysis after various time intervals. The major drawback

to these experiments is that they involve a one-time deposition of salt and not a

continuous deposition as would occur in an actual condition.

Eight coupons for hot corrosion testing were prepared from both as-received

samples and laser-induced reaction coated samples. The sample dimensions were

approximately 5 by 10 by 30 mm. All the specimens were sprayed with 2-3 mg/mm^

coatings of Na2C03 (basic salt) from a saturated aqueous salt solution because a basic

salt caused higher corrosion rate than acid salt. The specimens were then exposed to

1200 °C in air for 50, 100, 150 and 200 hours respectively. The exposure temperature

was achieved and maintained inside a Pereco™ electric resistance furnace. The furnace

was brought up to the 1200°C at a rate of approximately 100°C per hour. Once that

temperature was reached, it was held constant (1200 ± 10°C ) for the designated period.

The hot corrosion testing performed in this study was designed to determine if there was

any difference in the corrosion resistance in a basic environment between the as-

received material and the laser-induced reaction coated material.

Post-exposure evaluation of the specimens included measurement of weight

change, x-ray diffraction (XRD), and scanning electron microscopy (SEM) equipped
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with energy dispersive spectrum (EDS) analysis. Initially, the corrosion product layer

surface was examined. Next, the corrosion product layer surface was removed with a

10% volume HF in H2O solution for six hours at 90°C, then the etched substrate was

examined. Control samples of the uncorroded as-received SiC(p/Al203 composite were

also subjected to this HF dissolution treatment for comparison purpose. Very little

dissolution for the uncorroded samples was observed from weighing the sample before

and after the HF dissolution treatment on an analytical balance with a sensitivity of 0.01

mg.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Laser-Induced Reaction Alumina Coating

Some of the laser-induced reaction ceramic coating runs were initially conducted

on samples with different pre-existing surface conditions, such as the as-received, Al,

and Ti PVD surface coating using some of the laser processing parameters given in the

Table 3-3 at different powder feeder nozzle angles (30-60°). These experiments

showed that the samples with Ti PVD pre-coating appeared to have the highest

wettability for the laser-induced alumina coating. The nozzle angle variation had a great

influence on the reaction coating quality with the best coating results being achieved

when the nozzle angle was at 55°. Therefore, the Ti PVD pre-coating and 55° nozzle

angle were chosen for all of the later laser-induced reaction alumina coating

experiments.

In order to obtain a set of optimum process parameters, laser-induced reaction

alumina coating tracks were produced using the range of laser processing parameters

given in Table 4-1. Various resulting features were investigated such as surface quality,

transformation of aluminum, topography, microstructure and phase formation. The

observations showed that an effective coating (smooth, pore free and good bonding)
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could be achieved within a selective range of the laser process parameters. It indicated

that the complete laser-induced reaction alumina coating (the aluminum powder was

completely oxidized into alumina) could be obtained only when the aluminum powder

was delivered by pure oxygen gas. This results in very low laser power needed for the

reaction coating.

Figure 4-1 shows an overview of the samples from trial 1 to 31. Figure 4-2 is a

higher magnification view of some of the samples in Figure 4-1. Figure 4-3 is a high

magnification view of Figure 4-2 (c). It appeared that trials 27-31 produced an

adherent, relatively smooth and crack-free coating of AI2O3 on the SiC(p/Al203

substrate surface and so their process parameters were considered as the optimum. The

marked difference in the surface roughness of the as-received and the laser-induced

alumina coating may be seen from comparing Figure 3-1(a) and Figure 4-3. Outside the

optimum range, problems appeared such as: samples breaking during laser processing, a

rough surface coating layer, metal beads forming on the surface, and incomplete

aluminum'transformation into alumina.

Although there were some microcracks within the coating as seen in Figure 4-3,

these cracks are very shallow. Few of them penetrated further into the coatings or

substrate as illustrated in Figure 4-4. The cross-sectional view shows a defect free

interface and the coating appeared uniform with a limited amount porosity. The laser

induced transformation of the aluminum into the ceramic coating was confirmed by

using x-ray diffraction. Figure 4-5 shows the x-ray diffraction analysis of the laser-

induced reaction transformed alumina coating on the SiC(p/Al203 substrate.
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Figure 4-4. Cross-sectional view of the laser-induced reaction-coated SiC(P)/Al203
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The x-ray pattern indicates the existence of AI2O3 peaks and the absence of any other

phase within the sensitivity of the instrument.

Rippling effects on the surface of the laser coating were observed as illustrated

in Figure 4-3. The main rippling effect is perpendicular to the traverse direction.

Similar features (often called chevrons) have been studied in detail by various

researchers for a variety of metallic alloys subjected to laser surface melting. The

phenomena involved are complex, and depend on the surface tension driven flow and

the resonant wave length of the melt pool, and is essentially a function of the

temperature dependence of the surface tension. This may explain the differences

between the rippling in laser melted metals and the laser coated ceramics. The ripples

in metals have a herring bone formation with respect to the traverse direction, whereas,

in the case of the laser ceramics coating, they are nearly perpendicular. This may be a

consequence of the low thermal conductivity of the ceramic and the fact that, unlike

most metals, the conductivity of alumina is effectively invariant with temperature.

These characteristics of the conductivity will affect the temperature gradient, and hence

/ OC\

surface tension differences. "

Initially the aluminum and titanium bond layer was deposited using the PVD

(physical vapor deposition) technique because this nanoscale particle layer provides a

strong interface via formation of reaction products (phases) with the base ceramic. It

also provides a resilient metallic buffer zone to the very high thermal stresses developed

between the ceramic substrate and the ceramic coating during the laser-induced reaction

treatment. The absence of surface cracks and the strong adherence of the coating
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indicate that both bond coatings have served their purpose in the present case. In

practice, wetting may also be improved by adding other reactive elements, especially

titanium. The beneficial effects of reactive additives on wettability have been mainly

addressed as due to a reduction of interface energy. It was observed in this study that

the titanium bond coat provided better wettability than the aluminum bond coat.

The formation of AI2O3 during laser treatment in an oxygen atmosphere

primarily occurs according to the following reaction:

4A1 (1) + 3O2 (g) 2AI2O3 (s) (4-1)

The Gibbs free energy of the above reaction is:

AG° = -1,676,000 + 320T (J) for 973-1800K^®^^

where T is the temperature in K

The formation of AI2O3 in the above reaction can occur by either of two possible

mechanisms: 1) self-diffusion of aluminum through a thin surface layer of alumina with

oxidation occurring at the alumina-oxygen interface, or 2) diffusion of oxygen through a

thin surface layer of alumina with the oxidation occurring at the alumina-aluminum

interface. However, the diffusivity Dm, for aluminum diffusion in alumina (9.48x10"'^

cmVsec) is higher than the diffusivity for oxygen (Doxygen) in alumina (4.4x10"'^

cmVsec),'^^^ indicating that the aluminum transport dominates.

The initial supply of oxygen is such that other oxides in addition to AI2O3 also

are formed via reactions of the type'®^^

2M(alloy) + O2 (g) 2M0 (s) (4-2)
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where M indicates other metallic elements. So in order for the AI2O3 to form,

the following additional reaction must be favorable:'^^"^®^

2A1 (alloy) + 3MO ̂  AI2O3 + 3M (alloy) (4-3)

The amount of oxidation depends upon the composition of the alloy, the stability of the

oxides formed, the growth rate of the oxide, and the diffusion of aluminum to the alloy-

oxide interface. For Equation 4-3 to proceed, the standard free energy of formation of

AI2O3 must be more negative than that of MO, and the activity of aluminum at the alloy-

oxide interface should be large compared to the activity of M. In the present case,

although the oxide of silicon or titanium is quite stable, AI2O3 is more stable than these

oxides because it has a lower standard free energy of formation than Si02 and Ti02.

This warrants the formation of AI2O3 through precise control over processing

parameters such as laser power and the powder feeder rate.

The formation of other possible undesirable products such as Si02, Ti02 and

AI4C3, due to the reaction between oxygen, aluminum, titanium, and SiC(p/Al203, is

ruled out. The phase AI2O3 has a substantially lower free energy of formation than Si02

and Ti02 over a full range of temperatures up to 1800°C,'^'^ which reduces the chances

of the formation of Si02 and Ti02 over AI2O3 (Figure 4-6). The possibility of the

reaction

4A1(1) + 3SiC(s) ̂  Al4C3(s) + 3Si(s) (4-4)

between aluminum and SiC to form AI4C3 is ruled out, especially at high temperatures

(>650°C), because SiC has a lower free energy of formation over the full range of

temperatures up to 1600°C*^'\Figure 4-7). These arguments are substantiated by the x-
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ray diffraction analysis of the laser-induced reaction coated ceramic substrates (Figure

4-5), which showed the existence of only AI2O3 peaks.

4.2 Mechanical Testing

Table 4-2 and Table 4-3 present the mechanical testing results and Table 4-4 presents

the summary of average values for the two sample sets. As seen in Table 4-4, a

reduction of about 14% in the flexure strength (a) of the laser coated sample compared

to the as-received sample is realized. Such a reduction may be due to a single or

combination of factors such as: thickness of the coating, physical characteristics

(porosity and cracks) of the interface between the coating and the substrate, soundness

of the coating (pores, cracks and inclusions), surface topography of the coating

(roughness, cracks and pores) and chemical phases at the interface between the coating

and the substrate. The evaluation of the relative strength provides a tool to choose a

combination of materials and processing parameters at optimum levels for the

production of sound and strong coatings.

As-Received Samples

Sample Fracture load P a a

# (lbs) (Kpsi) (MPa)

1 322 31.49 217.13

2 366 35.75 246.48

3 360 30.28 208.81

4 338 40.35 278.25

5 408 37.76 260.39

6 291 33.37 230.09

7 496 43.23 298.06

8 400 31.56 217.58

9 324 33.94 234.05

10 474 37.13 256.00

AVG. 378 35.49 244.68
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Table 4-3. Three-Point Bending Test Results for the Laser Coated Samples
Laser Induced Reaction Coated Samples

Sample
#

Fracture load

P (lbs)
a

(Kpsi)

o

(MPa)

1 275 28.84 198.83

2 315 28.90 199.26

3 381 40.27 277.67

4 468 37.97 261.78

5 422 32.50 224.09

6 294 25.72 177.32

7 288 27.30 188.23

8 288 25.98 179.15

9 323 28.85 198.89

10 286 27.23 187.74

AVG. 334 30.35 209.30

Table 4-4. Summary of Three-Point Bend Testing Results

a (Avg)
(MPa)

StDev

(Mpa)
Relative Value

As-received Samples 244.68 27.31 1

Laser-Induced Reaction

Coating Samples
209.30 32.87 0.86

As mentioned in the manufacture's product catalogue, when a SiC(p/Al203

composite is heated to 1000~1500°C, its strength will reduce about 36% due to

temperature (compared to the strength at room temperature)^^^^ The study by Jon

Winkler*^^' indicated that the strength of the SiC(p/Al203 composite was degraded by

24% after the composite was exposed in the MHD furnace at 1150°C for 107 hours.

The research by Peter LaRue'^^^ showed that the strength of the SiC(p/Al203 composite

was degraded by 30-65% after the composite was exposed at 1100, 1260 and 1400°C

with slag for 200 hours (the mechanical strength was also measured at 1100, 1260 and
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1400°C). Research conducted by Breder and Parten'^"^^ indicated that the strength of the

SiC(p/Al203 was degraded by 25% after the composite was exposed at 1260°C with slag

for 500 hours (the mechanical strength was measured at 1260°C). These reductions in

strength mentioned to be due to corrosion effects on the samples during their exposure

to high temperature corrosion environments. On the contrary in the present study, the

bending tests showed only 14% reduction of strength after laser-induced reaction

alumina coating. In view of this, if the coating provided corrosion protection for the

composite, the relatively less reduction of strength (14%) is acceptable compared to the

strength loss due to corrosion.

4.3 Corrosion of SiC(P)/Al203 Composite

Figure 4-8 shows the changes in weight for the composite specimens with and

without a laser-induced reaction alumina coating after 50, 100, 150, and 200 hours of

exposure at 1200°C to a Na203 layer. Each data point represents the mean values of two

test specimens. The samples were soaked in a HP water solution to remove Na-based

corrosion products (silicates) prior to weight change measurement. All of the specimens

exhibited an increase in weight. The samples without the laser-induced reaction

alumina coating gained 30-32 mg/cm , while the laser-induced reaction alumina coated

samples experienced marginal increase in weight, only 7.8-9.3 mg/cm . Note that there

was no significant effect of exposure time on the weight change from 50 to 200 hours.

This may be due to the limited amount of residual Aluminum in the Composite.
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A. Corrosion of the SiCp/A^Os Composite without the Laser-induced Reaction

Alumina Coating

The increase in weight of the non-coated specimens was due to the growth of a Si/Al203

oxidation product which had a morphology very similar to that of the matrix of the

composite itself. Figure 4-9 is an optical microphotograph of the surface region of a

specimen which had been exposed at 1200°C with a Na2C03 layer for 150 hours. It

appears that the oxidation product in the upper portion of the Figure 4-9 differs from the

original SiCp/Al203 composite only because it does not contain SiC particulate. There

are more white-bright particles on the top of the oxidation product layer and more pores

on the bottom of the oxidation region (explained later). The source of aluminum for the

oxidation process was apparently residual metal contained in the composite, and this

oxidation can be thought of as an uncontrolled resumption of the liquid metal oxidation

process by which the composites were originally fabricated.*^ The occurrence of

such oxidation product depend on the prior history of the sample and can be explained

by following possible mechanism.

The SiCp/Al203 composite was made by the directed metal oxidation

(DIMOX™) of a molten aluminum alloy through a porous SiC preform. The

microstructure of this material consists of SiC particles surrounded by a matrix of

continuously interconnected AI2O3 formed by the oxidation process and residual metal.

The composite is approximately 45% SiC, 52% AI2O3 and 1.6% residual metal Al-alloy

by volume. While the exact composition of the starting alloy is proprietary, it is a
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hypereutectic aluminum- silicon alloy (to minimize reactions with SiC during

fabrication) doped with magnesium and zinc to promote the directed metal oxidation. It

is expected that the SiC in the composite along with the residual metal gives the

material a high thermal conductivity, strength and toughness, while the interpenetrating

AI2O3 skeleton provides corrosion resistance at high temperature.*^"^^ In this study, it

was found that the composite consists of four phases. Along with the SiC, AI2O3, and

residual A1 mentioned above, there exists another phase. Si. (Figure 4-10 shows the x-

ray diffraction data for the as-received composite; it indicates the presence of a silicon

phase).

Figure 4-11 is a phase diagram for the Al-Si system.^^^^ There are only two

phases: a phase and p phase, at room temperature. The a phase is a solid solution of

silicon in aluminum. At the eutectic temperature, 577°C, the maximum solubility of

silicon in aluminum is 1.65wt%, and only 0.05wt% at room temperature. Since the

solubility of silicon in the a phase is very low and the properties of the a phase are very

similar to those of pure aluminum, it may be considered the same as the A1 phase. The

p phase is a solid solution of aluminum in silicon. Because the solubility of aluminum

in the p phase is extremely low, the p phase may be considered as pure silicon. When

the amount of silicon in the Al-Si alloy exceeds 12.6%, it becomes the hypereutectic

composition. During the solidification of the hypereutectic Al-Si alloy, the first

solidification phase is p, called initial or primary Si, at 577°C, eutectic (a-i-p) appears

and usually the P in eutectic (a-t-P) is called eutectic Si. Because the residual aluminum
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in the SiCp/AliOa composite is the hypereutectic composition, there should be some

silicon or P phase existing in the composite at the room temperature.

When the composite was exposed to high temperature, initially, some of the

molten residual Al-Si alloy was drawn to the surface of the composite by capillary

forces, but was not able to spread over the surface due to the relatively low surface

energy. As the composite was further heated, the exposed SiC particles along with

primary Si and /or P phase were oxidized to form a thin layer of Si02 causing an

increase in the surface energy. Molten Al-Si alloy from the interior of the composite

was then most likely drawn to the Si02, where it was able to spread over the surface and

undergo rapid oxidation to form a solid AI2O3 thin film on the liquid metal surface.

With an increase in exposure time, the oxidation film becomes thicker to form an

oxidation layer and the silicon content in the residual liquid metal becomes richer. The

growth direction of the oxidation product is from the inside surface to the outside

surface of the composite. This indicates that the top of the oxidation layer has more Si

than the bottom of the oxidation layer (refer to the Figure 4-9). The growth rate of the

oxidation layer on the outside of the composite surface should depend on the extrusion

rate of the molten liquid Al-alloy to the outer surface.

At the same time, in the wetting of the liquid A1 on the Si02, the following

chemical reaction occurred at their interface:

3Si02(s) + 4A1(1) ̂  2Al203(s) -I- 3Si(s) (4-6)

(AG = -472 kJ/mol, 1200°C)
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Based on this reaction, it results in the volume of the ceramic substrate being reduced by

38% from 3Si02 to 2AI2O3. In addition to this, following two more scenarios can be

envisioned with relation to this reaction. If the Si formed from the reaction (Eq 4-6)

becomes melted in the aluminum liquid (the solubility of Si in Aluminum is 67wt% at

1200°C) and if this liquid is then drawn to the surface of the composite during exposure,

the volume of the substrate will be reduced by 58% from (3Si02 + 4A1) to 2AI2O3.

Even if all of the silicon stays at the original location, the volume is still reduced by

28% from (3Si02 + 4A1) to (2AI2O3 + 3Si). As a consequence, the AI2O3 grains formed

in the substrate are separated by cavities along the boundaries due to the volume

shrinkage. Some of the liquid metal would diffuse easily into these cavities. In front of

the wetting triple line, surface cavities may be induced due to the shrinkage of the

ceramics substrate during the reaction. This may hamper a further spreading of the

liquid drop over the surface. Meanwhile, A1 and the Si liquid alloy may diffuse to the

surface cavities through the boundary cavities of the AI2O3 grains. A further reaction

will then occur in front of the triple line. In this way, the chemical reaction takes place

on the surface of Si02 before the spreading of liquid metal and leaves the cavities on the

surface of the SiC particles. Under this condition, the growth direction of the corrosion

product, Si/Al203, is from the original surface of the composite to the inside of the

composite. This indicates that the protective Si02 layer on the SiC is also removed by

aluminum (Eq 4-6). The unprotected SiC is then attacked by the oxidizing atmosphere

and molten salt. The growth rate of the oxidation layer inside the composite might

depend on at the rates of two reactions: First is the oxidation of SiC particles to become
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Si02. Second is the dissolution of Si02 through the reaction (Eq 4-6). It is obvious that

the growth rate of the oxidation layer on the outside surface of the composite is faster

than in the inside of the composite.

The chemical reaction (Eq 4-6) also explains why there was a much higher

increase in porosity within the composite after it was exposed at high temperature since

the reaction (Eg 4-6) can also occur at the inside of the composite. Jon Winkler^®^^

observed that the porosity increased from 1.95% (volume percent) in the as-received

SiCp/Al203 composite to 23.24% after the composite was exposed to a high

temperature with coal slag. The residual aluminum in the as-received composite was

only about 7.16%. If all the residual aluminum was drawn out from the composite, the

porosity should not have been more than 10% for his experiment. In the present study,

the initial residual aluminum was about 1.6%. The porosity increased from 1.4% for the

as-received composite to 4.78% after exposure at 1200°C with a layer of Na2C03 for

200 hours.

Part of the silicon produced through reaction (Eq 4-6) will be dissolved in the

aluminum liquid until the liquid saturates with silicon. At 1200°C, the maximum

solubility of silicon in aluminum is about 67wt%. The surplus silicon will precipitate

out just like the initial Si.

Figure 4-12 shows x-ray diffraction patterns of the SiCp/Al203 composite after

exposure at 1200°C for different time increments (The specimens were washed with a

HP solution prior to x-ray analysis). The diffraction patterns indicate that there is no

residual

67



S
c
a
n
 P
ar

am
et

er
s:

 3
0
 K
V
,
 1
5
 m
a
,
 2
0-
80
 d
eg
, 
0.
02
 d
eg

/s
te

p,
 1
 s
ec

/s
te

p

c 3 o O

5
0
0
-

(
/
)

■
*-

»
C 3 o O

5
0

0
-

O
v

o
o

c 3 O O

50
0-

(0 c 3 O O

5
0

0
- O-
t-

302IA

1

302IA

OC
O

CM

<

OC
O

(N

 ,1 8 J

OC
O

CM

 >i 1 I

302IA

OC
O

CM

J

rc
C

c<

<OC
O

CM

<

Ico
On(ICM

 OC OCll<
O O ?11CM O CM 1 11

CO < S5 < y*^

Sample:  deJxcrroc ta 001/C°0021hr  tuohtiwlaser  animulacoating after dehsaw
r>

O
CN

<
O(

O
CM

<

 ^1. i

n
C

c^

<

OC
0

CM

1 "  .yi 7

"*C
C

c

8 «
k § A J

55O
CM

<

 ,h

dc

OC
O

11 1 A

OC
O

CN

<

OC
o

CM

]i  -§ ̂ i A 0(< w < y \

Samole:  dedorroc ta 051/C°0021hr  tuohtiwlaser alumina  gnitaocafter dehsaw
CO

CM

<

1 »
 3i

.

OC
qc

«

1 1̂ S "  n1 yv

OC
C

CN

<

c

 lliJ
8 CM

8<
8 8
UlA  1.Jv

Sample:  dedorroc ta1200°C/200 hr  tuohtiwlaser  animulacoating after dehaw

 OC1
0

—

1 I 11 1 1 1 r

OC
O

CM

<

OC
O

CM

<

c
C

c^

1§ A JS r r f"

! c
 OCr
o ?CM J

 11
OC

§

11—
CO  0<11^ o . o /U oww / n

<0 <  OC< y I 2
-T

h
e
ta

Fi
gu

re
 4

-1
2.

 X
-ra

y 
di

ffr
ac

tio
n 

pa
tte

rn
s 

of
 th

e 
sp

ec
im

en
s 

w
ith

ou
t t

he
 la

se
r-i

nd
uc

ed
 re

ac
tio

n 
al

um
in

a 
co

at
in

g 
af

te
r t

he
 c

or
ro

si
on

pr
od

uc
ts

 w
er

e 
re

m
ov

ed
 w

ith
 a

 H
P 

so
lu

tio
n



aluminum in the surface layer and all of the aluminum extruded from the substrate to the

surface has been oxidized into AI2O3. There are minor amounts of Si and SiC existing

in the oxidation layer. The presence of Si in the oxidation layer is consistent with the

above discussion.

Figures 4-13 and 4-14 are cross-section SEM views of some corroded samples

and their elemental x-ray maps. These pictures provide further proof concerning the

existence of silicon and its distribution within the oxidation layer. Both Figure 4-13(d)

and Figure 4-14(d) indicate that there is more silicon in both the top and the bottom of

the oxidation layer than in the center of the layer. The elementary x-ray maps of Si in

Figure 4-13 and Figure 4-14 also show that some of the SiC was attacked in the

interface between the oxidation layer and the substrate composite as the interface is

rough compared to the Si x-ray map in Figure 4-21 for the sample coated with the laser-

induced reaction alumina coating.

Selective oxidation could result in selective corrosion. It is well known that SiC

is resistant to oxidation because it forms a protective SiOa film. However, silica is

soluble in basic salt melts according to the reaction :

Si02 + 0-2->Si0j2 (4-7)

The growth of the oxidation layer was not uniform. There were regions on the

surfaces where it was absent or very thin, and other regions where it was up to 300 |im

thick. The areas where none or a thin Si/Al203 oxidation product formed were subject

to corrosion by the sodium salt. Figure 4-15 is a cross-sectional microphotograph of the
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SiCp/Al203 composite after 50 and 200 hours corrosion at 1200°C respectively.

Corrosion of the composite is indicated by surface roughening and recession.

The corrosion begins with selective oxidation of the SiC particles on or near the

surface (to form SiOi) and the aluminum metal (to form AI2O3) in the composite

followed by dissolution of the oxides in the molten salt. Because AI2O3 is generally

regarded as much more corrosion resistant than SiC, the corrosion rate appears to

controlled by the corrosion resistance of the AI2O3 matrix. There are some areas on the

surface containing more SiC particles and less AI2O3 than other areas since the

distribution of SiC particles is not uniform from a microcosmic view. Consequently,

there was more Si02 formed in these local areas. In the presence of Na2C03, Si02 can

react directly with Na2C03 melt to form low melting compound at exposure

temperature:

Na2C03 (1) + xSi02 (s) Na20-xSi02 (1) + CO2 (g) (4-8)

where x = 1 or 2

For x=2, the reaction product is Na2Si205 whose melting point is 837°C.^^®^ Na2Si205

can further react with AI2O3 to form a still lower melting eutectic NaAlSi04(l/2

Na20 Al203-2Si02) whose melting point is 760°C'^^^ according to following reaction:

Na20-2Si02 (1) + AI2O3 (s) ̂  Na20 Al203-2Si02 (1) (4-9)

Repeated oxidation and dissolution reactions at these local areas probably occur

until all of the Na2C03 is depleted. A characteristic feature of SiC corroded by alkali

compounds is the presence of a previously molten silicate glass layer containing alkali

oxides. Figure 4-16 shows some localized regions of the silicate glass layer which form
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100 |im

Figure 4-16. SEM photograph of surface view of specimen exposed at 1200°C for 50
hours showing glassy layer in center part (before the corrosion products were removed
by a HP solution).



on the specimens. Figure 4-17 is a magnified view of the glassy area in Figure 4-16 and

its elemental x-ray maps showing that the major constituent element is silicon. EDS

analysis provides the composition of the glassy phase: 68.27 Si, 26.05 A1 and 5.68 Na

(by wt%). X-ray diffraction phase analysis also indicates that corrosion products

contain some Na2Si205, NaAlSi04, and Na2Al22034- The melting point of Na2Al22034 is

more than 2000°C.*"* Figure 4-18 shows the x-ray diffraction pattems of the specimens

before the corrosion products were removed by the HF solution. Figure 4-18 indicates

that sodium silicates with a low melting point will disappear when the exposure time is

increased. This may occur because these sodium silicates are liquids at the exposure

temperature and they will flux away with time.

Figure 4-19 is a surface view of the structures underlying the glassy phase

(glassy phase removed with a HF solution) and elemental x-ray maps. It also shows a

localized pattern of attack on the surface. Some SiC particles were missing, leaving

voids and some SiC particles were incompletely attacked due to the depleted Na2C03

layer. This result is consistent with Figure 4-12 which indicated there was still some of

the SiC phase existing on the surface of the specimens after the corrosion test.

B. Corrosion of SiCp/AUOa Composite with Laser-induced Reaction Alumina

Coating

The weight change for the composite with the laser-induced reaction alumina

coating after exposure at 1200°C for 50, 100, 150 and 200 hours is shown in Figure 4-8.

Each data point for the coated samples is based on the mean values of two test
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specimens (same as uncoated samples). Compared with the uncoated samples, the

alumina coated samples experienced a much smaller weight increase. The edge areas of

the specimens were not processed during the laser coating processing, thus these areas

should experience the same corrosion as the specimens without the laser-induced

reaction alumina coating. This edge effect would attribute to some of the weight

increase for the laser coated specimens. If the surface of specimens was totally covered

by the laser-induced reaction alumina coating, the weight change would be even less.

Figure 4-20 shows optical micro-photographs of cross-sectional views of the

specimen coated with the laser-induced reaction alumina coating and the specimen with

the laser-induced reaction alumina coating exposed at 1200°C for 200 hours corrosion

after washing with a HP solution. Figure 4-21 is SEM photograph of the cross-sectional

view and elemental x-ray maps of the SiCp/A^Os composite with a laser-induced

reaction alumina coating corroded at 1200°C for 50 hours after washing with a HF

solution. Both Figures 4-20 and 4-21 show that the laser coated samples experienced

very little attack on the outside surface of the coating, no defects appeared in the joint

interface between the substrate and the coating after the corrosion test, and none of the

composite under the coating was attacked. This indicates that the laser-induced reaction

alumina coating provided an effective protection to the composite and that the bonding

between the composite and the laser-induced reaction alumina coating was excellent. It

also prevented aluminum from extruding to the composite surface as there was no

Si/Al203 oxidation product formed on the surface of the coating. This might be the
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reason that the weight change of the coated specimens was much less than the uncoated

specimens.

Figure 4-22 pictures x-ray diffraction patterns of specimens with the laser-

induced reaction alumina coating before corrosion products were removed by a HP

solution. It shows Na20Al203Si02 and Na2Al22034 formed on the surface of the

composite during corrosion testing. Both Na20Al203Si02 and Na2Al22034 are highly

refractory due their high melting points. The melting points are approximately 1500°C

and 2000°C,'^^' respectively. Therefore, the laser-induced reaction alumina coating

protects the SiCp/Al203 composite from corrosion by at least two means: Firstly, the

coating is almost an impenetrable layer to corrodents such as salt and oxygen.

Secondly, the coating lessens the effect of the reaction by becoming part of the

corrosion product. By introducing one or more refractory compounds into the corrosion

product, the refractoriness of the Si02-rich layer is increased. For example, all

compositions in the Na20-Si02 binary system are partially or totally liquid at

temperatures above approximately 1200°C,'^^' whereas certain compositions in the

Na20-Si02-Al203 ternary system are solids at the same temperature.*^^^ A coating

containing a high AI2O3 content might equalize beneficially with the chemically altered

Si02 layer. Figure 4-23 shows x-ray diffraction patterns of the specimens with the laser-

induced reaction alumina coating after the corrosion products were removed by a HF

solution. It indicates silicon and silicon carbide was detected by the x-ray diffraction

analysis. The trace amount of Si and SiC detected are attributed to the edge effect (no

coating) of the alumina coated specimens.
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CHAPTER 5

CONCLUSIONS

1. An alumina coating of about 50 micron thickness was successfully deposited on the

SiC(p/Al203 ceramic composite substrate using a laser-induced reaction technique.

The coating appeared to be adherent to the substrate and free of cracks and porosity,

although a few surface microcracks were observed. X-ray diffraction analysis

indicated that the entire coating was alumina.

2. The evaluation of the coated samples in comparison with the as-received samples

based on three-point bending test results indicated a strength reduction of about

14%. This may be due to thermal shocking and micro-cracking introduced by the

laser coating process.

3. For the uncoated samples:

A. The SiCp/AbO? composite initial experienced an increase in weight during

the exposure to NaaCOs at 1200°C due to the oxidation of residual

aluminum metal in the composite. There was no significant weight change

difference experienced during exposure times between 50 and 200 hours.

B. The oxidation layer formed on the as-received composite surface consisted

of Si and AI2O3 (after washing with a HP solution). The oxidation layer

grew outward and inward from the original surface of the composite. The

growth rate in the outward direction was faster than in the inward direction.
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C. The formation of the Si/A^Os oxidation layer on the as-received composite

was nonuniform, and localized corrosion was observed.

4. For coated samples:

A. The laser-induced reaction alumina coating effectively provided protection

for the SiCp/AbOj composite by the keeping corrodents from contacting the

composite and by the formation of some refractory compounds such as

Na20Al203Si02 and Na2Al22034.

B. After exposure to 1200°C for 200 hours, the bonding between the laser-

induced reaction alumina coating and the composite appeared to be

unattached.

5. For both the coated and uncoated samples, porosity within the composite increased

after exposure due to the reaction: 3Si02(s) -i- 4A1(1) —> 2Al203(s) + Si(s).
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