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ABSTRACT

THE PROCESSING AND CHARACTERIZATION

OF

FeCrAlY/A1203 COMPOSITES

By

Julian E. Ambriz

FeCrAlY matrix composites reinforced with FP A1203 fibers were fabricated using a

colloidal suspension process. The process takes advantage of the interparticle forces

present when particles are in a liquid medium. By optimizing the suspension pH in accor-

dance with theoretical predictions, the matrix particles are coated onto the fiber eliminat-

ing the need for a binder. The processing design allows thoroughly mixed composites

with an improved distribution of fiber and matrix to be produced. Matrix powders of dif-

ferent morphology and particle size were used in the composite fabrication and their

effects on the fiber volume fraction and distribution were observed. Consolidation was

carried out using vacuum hot pressing under various times and pressures to improve fiber

alignment and minimize fiber damage as well as achieve full density. Tensile testing was

performed at room and elevated temperatures to detect increases in composite strength.

Optical microscopy results showed improvements in processing parameters led to

increased volume fraction of fiber, improved fiber distribution, and less fiber damage.

Tensile data showed some strength improvement. However, low strength values were also

evident, mainly due to areas of incomplete consolidation.
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1. INTRODUCTION

The current and future demands of the aerospace and automotive industries require

materials to be lightweight, stiff, and able to retain strength at high temperatures. A signif-

icant weight to volume reduction coupled with high strength at elevated temperatures

allows engines to operate more efficiently. Metal matrix composites (MMCs) are increas-

ingly being used to meet these structural requirements because of the density reduction

due to the strength to weight ratio of the reinforcement. However, many areas remain to

be investigated before the full potential of these materials can be utilized.

A great potential exists in interrnetallics and superalloys for use as matrix materials in

advanced composites. They offer high melting points, high elastic moduli, and oxidation

resistance at elevated temperatures as well as low densities which are mainly in interme-

tallics. The disadvantages of these materials lie in low strengths at elevated temperatures

and low room temperature ductility, especially in interrnetallics. Thus, the need for rein-

forcement of these materials is apparent.

For structural applications involving unidirectional loading, continuous fiber rein-

forced MMCs offer a combination of properties which allows the matrix material to dis—

play its high melting temperature and oxidation resistance while achieving increased

strength from the reinforcement. Fibers are manufactured in large diameters (> 100 um)

and small diameters (<25 um). Large diameter fibers are in the form of monofilaments or

individual fibers while small diameter fibers are multifilament bundles containing up to

several hundred filaments per bundle. It is not clear whether large or small diameter fibers

are better for optimizing the mechanical properties of composites. In some cases, large

diameter fibers allow increases in toughness such as refractory fibers in metals [1] and
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many processing methods have been established for incorporating large diameter fibers

into metallic matrices. Small diameter fibers are generally stronger due to the lower prob-

ability of flaws and have higher aspect ratios (l/d) which allow a large load transfer from

the matrix to the fiber. They also provide more flexibility allowing more complex shapes

to be produced [2].

Perhaps the most critical aspect to the development of these MMCs is the processing

stage. The microstructure, distribution of the reinforcement, fiber/matrix bonding, and the

porosity level dictate the mechanical properties of the composite and all of these factors

are affected by the processing method. Ideally, the composite would be fully dense and

the reinforcement would be uniformly distributed. However, areas containing fiber rich or

matrix rich regions are of concern, especially in small diameter fiber reinforced compos-

ites [3]. Economic considerations must also be taken into account because the cost of the

fibers and matrix powder can be high and many processing routes are complex and slow

which lead to increased production costs [4]. Therefore, it is important that the processing

methods be cost effective as well as provide optimum mechanical properties.

The objective of this study is to develop the processing techniques necessary to pro-

duce fully dense, fine diameter, fiber reinforced MMCs using a binderless, suspension pro-

cess. The suspension process allows the matrix powder to thoroughly infiltrate the fiber

tow resulting in a uniform fiber distribution, eliminating the need for a binder. The com-

posites will be consolidated and characterized to determine the volume fraction of rein-

forcement, density, fiber distribution and tensile properties. From these results, it will be

determined whether this unique processing method provides an efficient and effective

means to produce composites with improved strength.



2. LITERATURE REVIEW

2.1 Mechanical Behavior

To better understand the relationship between processing techniques and mechanical

properties, it is important to understand the strengthening mechanisms and the basic

mechanical behavior of fiber reinforced composites. Although theoretical concepts are

not the focus of this project, a basic knowledge of these concepts will allow an under-

standing of how processing methods can be tailored so mechanical properties can be opti-

mized.

1.4mm

The primary strengthening mechanism in a fiber reinforced composite is the load

transfer between the fiber and matrix. To understand this relationship, Lilholt [5] used the

following model to relate the load transfer to the balance of forces during the exchange of

load between the fibers and matrix, and the load distribution between them. For the condi-

tions of load transfer, it is assumed there is no change in the external load, the sum of the

work is equal to zero and the fiber and matrix are well bonded. Equation 2.1 represents an

incremental step of load transfer.

(—om,Am)Azm, + (of,Af)Alf, = 0 (2.1)

During matrix deformation AIM, the stress on the matrix decreases by -O',,,,, and during

fiber deformation Alf, the stress on the fiber increases by Ofl. All strains are elastic and the

deformations are very small (Al<<lo). A," and Af represent the cross sectional areas of

matrix and fiber respectively. Relating the stress 0' and defamation Al in terms of strain,



Equation 2.1 can be expressed as:

(-Em8mt)Am10£mt+(Efeft)Af108ft = 0 (2-2)

or

Al 1E 2 Al 1E 2—o
(— m0)§ memt+( fo)§ feft — (2.3)

where Ex is the elastic modulus and ex the strain. Using the relationship between volume,

area and original length, and a work parameter describing the relationship between energy

and volume,

Alo = volume = v

W = éEt»:2 = energy/volume

Equation 2.3 can be rewritten as:

—vme+vaf = O (24)

Equation 2.4 shows that transferring the load from the matrix to the fiber requires a large

displacement in the matrix and suggests a small displacement in the fiber. If the fibers are

required to carry the majority of the load, the stress- strain relationship (modulus) must be

higher for the fibers. Thus, the matrix displacement must be larger to balance the force.

Similarly, Lilholt [5] analyzed the load distribution between the fiber and matrix under
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elastic deformation. Written in terms of stresses and areas, the total load of the composite

is expressed as:

Acoc = Afof + Amom (2.5)

If it is assumed ec=em=efi rearranging:

A A

EC = A—fEf+A—:‘Em (2.6)

C

which can be written as the rule of mixtures for stiffness of a unidirectional composite.

EC = vaf+ VmEm (2.7)

A more detailed analysis of load transfer attributed to Cox [6] by Kelly [7] and

Piggot [8] shows the variation of stress along the fiber for an elastic stress transfer. Figure

1 (a) schematically shows a single fiber embedded in a matrix in an unstressed state. As

stress is applied, it is assumed that the matrix is strained homogeneously. However,

locally along the fiber, the uniform stress and strain is disturbed by the transfer of load as

shown in Figure 1 (b). The tensile stress distribution Obtained by differentiating the load

transfer from the matrix to the fiber is:

_ _ coshB((l/2)—-x)

6 _ Ef8(1 coshB(l/2) ) (2'8)



 

  
., Sher embedded in a composite in an unstressed state (a) and a

stressed stated (b). Adapted from [7].
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where B is a constant related to the fiber packing array, matrix, and moduli. Similarly, the

shear stress 1: in the matrix at the fiber-matrix interface is:.

l G ‘hB((I/2>—x)= E m \sm .

T f8 (Ef21nR/ro) cosh [3(1/2) (2 9)

where Gm is the shear modulus of the matrix, r0 is the fiber diameter, R the distance from

 

the center of the fiber axis, and x the distance from the fiber end. Figure 2 shows the vari-

ation of the stresses from equations 2.8 and 2.9.

6,1:

 

  x=0 x=l

Figure 2. Variation of the tensile stress s and shear stress t along a fiber. Adapted

from [8].
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The largest tensile stress occurs in the middle of the fiber and the largest values of the

shear stress occur at the ends of the fiber, where the shear stress is minimum. From Equa-

tions 2.8 and 2.9, Piggot also derived a stress-strain relationship for an idealized compos-

ite [8].

Cox’s model [6] which shows that the stresses built up along a discontinuous fiber in a

matrix, is applicable in understanding the mechanical behavior of continuous fiber rein-

forced composite because fibers can be broken during processing or loading. For a contin-

uous fiber, Rauch et a1. [9] determined the shear stress to be constant along the fiber length

and of a low magnitude for uniaxial tension. Similarly, the tensile stress would be con-

stant and equal to the maximum value obtained in a discontinuous fiber. Further analysis

by Rauch et al. [9] also determined that because the interfacial shear stresses and fiber ten—

sile stresses are non uniform, composites reinforced with continuous fibers are always

stronger than those reinforced with short discontinuous fibers. The conclusions made by

Rauch et al. are based on theory developed by Kelly and Davies [10] relating the load

transfer to the length of the fiber and deriving a critical fiber length ([6) necessary for full

load transfer. This concept has also been explained by Deiter [1 l] and Chawla [1].

Was

The longitudinal strength of composites can sometimes be predicted using the rule of

mixtures [1 l]. The ultimate tensile strength of a composite can be written as:

0c = <5fo+°me (2.10)

where Vfand V", are the volume fractions of the fiber and matrix, Ofis the ultimate
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strength of the fiber, and 0'", is the ultimate strength of the matrix. The ultimate strength

of the composite varies linearly with Vfas shown in Figure 3. However, Equation 2.10 is

valid only if the failure strain of the matrix and fiber are equal. In most MMCs where the

reinforcement is usually a strong and brittle fiber, the fiber failure strain is much less than

that of the matrix. Equation 2.10 is thus modified to:

66 = ofo+o*,,,Vm (2.11)

where 6*," is the matrix stress when the applied strain reaches the failure strain of the fiber

(e'in Figure 4) [12].

Ef= 27 x 106 lb/in2

25 (— Em: 9x 1061mm2

Unit Strain

 
 

Figure 3. Variation of ultimate strength of MMC with fiber volume fraction Vf

Adapted from [12].
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Figure 4. Stress-strain curve of a continuous fiber reinforced MMC where brittle

fiber and ductile matrix are used. Adapted from [13].

Figure 4 depicts the stress strain relationship of a MMC containing a ductile matrix

and brittle fiber and shows the variables in Equation 2.11. Experimental results from cop-

per/tungsten fiber composites obtained by Kelly and Tyson [14] agree with the prediction

of the rule of mixtures from Equations 2.10 and 2.11. McDaniels et al. [15] modified

Equation 2.11 slightly so the stress of the composite could be predicted at any strain for

composites with fibers aligned parallel to the tensile axis. This is shown in Equation 2.12.



6* = 0*fo+o*,,,Vm (2.12)

The O*’s represent stresses at any value of strain taken from the stress-strain curves of the

components in the condition in which they exist in the composite. McDaniels et al. also

experimentally verified the predictions using a copper/tungsten composite. However, in

many cases, the rule of mixtures prediction cannot be accurately tested because of the

variability in strength of ceramic fibers which is due to their variation in flaw density [16].

Curtin developed a model [17] for the ultimate tensile strength of fiber reinforced compos-

ites which takes into account the statistical aspects associated with ceramic fiber strengths.

The comparison of predicted strengths with measured values of systems with weak, slid-

ing fiber/matrix interfaces were in good agreement.

Other factors also contribute to the difference between the predictions and experimen—

tal results because the predictions do not take into account the effects of interfacial reac-

tions between the fiber and matrix, residual stresses, fiber damage due to fabrication, and

the dimensions of the phases [l6].

hen'

Generally, the strength and modulus of the composite can be increased by incorporat-

ing a higher volume fraction of fibers, and the extent of toughening due to load transfer

can be increased by the increasing E/Em ratio [18]. However, the strength and toughness

are also dependent on the bonding between the matrix and the fiber. Thus, the fiber/matrix

interface properties have a major effect on the mechanical properties because the load is

transferred through the interface.
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The properties of interfaces have been characterized by the fracture energy for fiber/

matrix debonding, and the frictional sliding stress along the debonded regions [19,20].

Evans [19] characterized a strongly bonded interface as one having a large fracture deb-

onding energy such that cracking of the matrix or the fiber does not lead to debonding

along the interface, and a weakly bonded interface as one having a fracture debonding

energy which complies with debonding requirements in the presence of fiber-matrix

cracks. Although weak interfaces are generally described as ones that debond, their

behavior varies due to the frictional sliding stress. These mechanisms have been analyti-

cally modeled by Evans and Marshall [20], and Thouless and Evans [21]. The results of

these studies describe the mechanical behavior of ceramic matrix or brittle matrix com-

posites.

The requirements for strong and tough composites have been discussed by DiCarlo

[22] and Friend [23]. For a brittle matrix composite, a weak interface is desired so that

crack propagation will be prevented due to fiber debonding and crack bridging [22] as

shown in Figure 5. As the fiber debonds, the amplitude of the stress in the fiber along the

matrix crack front is reduced. This allows the crack to bypass the fiber, leaving the fiber

intact in the crack wake. The intact fiber inhibits crack propagation and toughening occurs

[24]. The sliding resistance 1: controls the rate of load transfer from the matrix to the fiber.

The mechanisms of fiber bridging and toughening have been well documented [24-27].

For a MMC, a strong interface is required for appropriate load transfer [23] and to allow

the ductile matrix to absorb sufficient plastic deformation energy from a propagating crack

along the fiber direction [28].



Crack Front

Debonding

 
Figure 5. Schematic illustrating the debonding of fibers at the crack front and crack

wake. Adapted from [23].

The size of the reinforcement also influences the toughness response [23]. In an inves-

tigation of a B/Al system attributed to Signorelli and McDaniels [29] by Friend [23], the

toughness increased as the fiber diameter increased. This was due to the extended matrix

region around the fiber providing an additional constraint on the fracture when the matrix

plastically deformed. DiCarlo [22] stated that large diameter fibers also maximize fiber

spacing which can exploit the crack blunting abilities of a ductile metal matrix.

Smaller diameter fibers coupled with a high volume fraction of reinforcement insure

enough fibers bridge any matrix cracks in a brittle matrix composite and also decrease the

critical fiber length necessary for full load transfer [21]. Additional strength advantages

also come from a lower probable flaw density [2].
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As previously mentioned, it is not clear whether or not which type of fiber reinforce-

ment provides better properties. In the case of some MMCs where the matrix is brittle at

room temperature but ductile at higher temperatures such as those with an interrnetallic or

superalloy matrix, it is possible different strengthening mechanisms may be active at dif-

ferent temperatures [30]. Another point to consider is that is difficult to make a true anal—

ysis of size effects because it can be difficult to separate the size effect of the fiber from the

chemistry effect [23]. The chemical nature of monofilaments often differ significantly

from that of multifilament tow. SiC fibers are a good example. Monofilarnents are pro-

cessed using chemical vapor deposition (CVD) around a carbon core and multifilament

tows are processed using polymer precursors [2]. More importantly, the processing meth-

ods for large diameter fiber MMCs are different from those used for multifilarnent MMCs

and thus the microstructures produced will differ because the fiber distributions will be

varied as well the porosity level, or any segregation effects in the matrix [23].

E ‘1 B l .

To better understand the mechanical properties in relation to the structure and process-

ing required, Ochiai [31], and Ochiai and Osamura [31-36], examined the factors affecting

the tensile behavior of unidirectional fiber reinforced MMCs. Through the use Of a

computer aided Monte Carlo simulation method, the behavior of the composite was pre-

dicted. The simulation method was used as a means to overcome some experimental diffi—

culties due to the many factors involved in the tensile strength of unidirectional MMCs.

When one component is varied, the other factors also vary [31]. Figure 6 shows the fac-

tors affecting the tensile strength.

The tensile strength of fiber reinforced MMCs has been predicted in relation to
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Figure 6. Factors affecting the tensile strength of a unidirectional MMC. Adapted from

[31].
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interfacial bonding strength and the matrix ductility [32]. A ductile matrix with a low

yield stress and a strong interfacial bond resulted in a composite with high strength. Con-

versely, a ductile matrix with a high yield stress and too strong of a bond resulted in a

composite of lower strength. For low bonding strengths, the crack propagation was sup-

pressed due to fiber debonding and bridging, but the critical fiber length required for full

fiber/matrix load transfer was increased which also caused a strength reduction [32].

The variation of fiber strength has been shown to strongly influence the tensile

strength as well as the interfacial bonding strength because of stress concentrations in

fibers that are adjacent to broken ones [33]. The results showed that the larger the scatter

in fiber strength, the more sensitive to interfacial bonding strength the composite becomes.

The critical length of the broken fibers becomes dependent on the bonding strength. Weak

bonding increases the critical length due to the debonding along the interface. This serves

to reduce the strength of the composite. However, the stress concentrations are also

reduced which raises the strength. Thus, the two opposite effects compete to determine

the strength [33]. An increase in variation of fiber strength was also shown to reduce the

composite strength due to cumulative fracture of the fibers. This was evident in both cases

of composites with weak and strong interfacial bonds [33].

The uniformity of fiber spacing also influences the tensile strength because stress con-

centrations develop in intact fibers which are near broken fibers where the spacing is nar-

row [34,35]. In an investigation on a SiC reinforced A] composite attributed to Towata

and Yarnada [38] by Ochiai and Osamura [34], the strength of the composite was shown to

improve by increasing the fiber separation. This an important factor to consider since

multifilament fibers are supplied in a bundle and composites reinforced with them usually
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tend to contain a relatively non-uniform spacing. Results from the Monte Carlo simula-

tion study by Ochiai and Osamura [35] showed that the strength of composites with non

uniform spacing was lower than those with uniform spacing. Furthermore, as the variation

of fiber strength increased, the difference in strength between composites with uniform

fiber spacing and those with non uniform fiber spacing also increased. This was due to the

cumulative fracture mode for a large scatter in fiber strength coupled with the increased

stress concentrations in areas with narrow fiber spacing.

Non-uniform interfiber spacing can also contribute to interfacial damage. In

MacKay’s investigation of a SiC fiber/Ti-15V-3Cr-3Al-3Sn composite [39], radial crack-

ing at the fiber/matrix interface was prevalent between fibers spaced closer together. The

investigation revealed the majority of the cracking occurred during cooldown after hot

consolidation. It was not determined at the time what kind of effect the cracking would

have on the mechanical properties, but the cracks could probably propagate during loading

and thus should be considered as potentially damaging [39].

The effects of stress concentrations in fibers containing different diameters were also

examined by Ochiai and Osamura [36] because the diameters of fibers is also character—

ized by a size distribution in many functional composites. It was shown quantitatively that

fracture of thicker fibers led to high stress concentrations in neighboring thinner fibers

resulting in premature fracture of the thinner fibers. The critical length for load transfer

was also larger in thicker fibers, thus reducing load transferring efficiency. Modeling of

the composite tensile behavior [37] showed the larger the variation in fiber diameter: the

lower the composite strength. The model used could not be directly applied to practical

composites because the size of the model was much smaller in comparison to actual
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composites and the fiber configuration used for the model is not regularly found [37].

l m e on 'der tion

It is important that the tensile strength be maintained at elevated temperatures if the

composite is to undergo any elevated temperature usage. However, at these temperatures

the strength of the composite is usually reduced because the interfacial strength is affected

by reaction products or fiber strength degradation occurring during isothermal exposure

[40,41], or by reduction in the load carried directly by the matrix since the strength of met-

als typically decreases at elevated temperatures.

Wright and Intwala [40] investigated the effects of elevated temperatures on B/Al

composites. Exposing the composites to 600° C over increasing periods of time reduced

the tensile strength significantly. An initial pronounced drop in strength was followed by a

gradual decrease in strength with time up to four hours. Prolonged exposure at 600°C

resulted in a reaction layer at the fiber/matrix interface and a corresponding decrease in

modulus was observed.

Kyono et al. [41] examined the toughness of B/Al composites after exposure to 500°C

and found that the toughness decreased with increased exposure time. TEM, SEM, and

X-Ray analysis revealed A1B2 reaction products on the fiber. Tensile tests on the fibers

revealed a decrease in strength directionally proportional to exposure time as a result of

the formation of reaction products.

The preceding discussions showed that many factors affect the tensile behavior of fiber

reinforced MMCs, and they can be adjusted or improved through careful material selec-

tion and the processing method (which is the focus of this study). In the following sec-

tions, fabrication processes for continuous fiber reinforced MMCs will be discussed along
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with the importance of consolidation parameters and fiber damage during processing, the

theory behind the process used for this study, and the selection of the materials used in the

research project.

2.2 Processing Methods

A wide range of methods are used to fabricate fiber reinforced MMCs. Thermal spray

[42-46], foil-fiber—fiber [44,45], powder cloth [44,45], and vapor deposition [42, 44, 47]

methods are used to make preformed sheets or plies which are then consolidated by hot

pressing. Liquid methods such as pressure casting involve infiltrating fibers or fiber pre-

forrns with molten metal [44,47-49].

BMW

A thermal spray operation such as are spraying or plasma spraying involves spraying

molten metal onto a single layer of fibers wound on a drum to form a monotape. The

monotapes are then cut, stacked and consolidated into panels or shapes by vacuum hot

pressing (VHP) or hot isostatic pressing (HIP). The process is usually performed in an

atmosphere controlled chamber to prevent oxygen contamination [42-45]. An arc spray

process is schematically shown in Figure 7. The composite monotapes are formed by

melting a wire of the matrix by means of an electric are between the wire and a cathode

located in the spray head. The molten drops are then sprayed onto the fibers wound on the

drum in a controlled atmosphere. The drum is rotated and translated to provide a uniform

coating [43]. The technique is used to fabricate tungsten fiber reinforced superalloys.

The plasma spray process differs from the arc spray process in the spraying device and

the form of matrix material used [44]. Molten particles are produced using prealloyed

powder instead of a wire feedstock and plasma forming gases such as Ar, He, N2, and H2
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Are Spray Head

  

  

Power \ Drum

Vacuum Chamber

Matrix Spool

Figure 7. Schematic of arc spray process. Adapted from [41].

are injected between two electrodes which produces the plasma flame to melt the powder.

The device is widely used and can be used to spray all materials onto any substrate [44].

The main advantages of these two methods are that fibers can be uniformly spaced and

no organic binders are used which eliminates any potential contamination and added pro-

cessing time for binder removal [45]. In addition, plasma sprayed films show higher hard-

ness than do pure metal films because of the rapid cooling of the metal droplets when they

make contact with the fiber [44].

The disadvantages of thermal spray processes are that they are limited to large diame—

ter fibers and can be expensive [45]. The are spray process is limited because of the lim-

ited availability of the matrix material in the form of a wire. Plasma spray coatings also
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tend to have porosity and greater surface roughness [46] and fibers may be damaged by the

impact of the droplets [47].

' - ' - il

The foil-fiber-foil (F-F-F) method is widely used to fabricate intermetallic matrix com-

posites (IMCs) [45]. The matrix material is in the form of a rolled foil and unidirectional

fiber mats are placed in between alternate layers of the matrix foil. The fiber mat is pro-

duced by holding the fibers in place with a wire or ribbon interweave. The composite is

then consolidated by VHP. One advantage of this process is that there is no need for

organic binders because the matrix is already fully dense and the fibers are held in place

by the interwoven wire. The disadvantages of this process are the high cost of the foils and

the unavailability of some alloys which are difficult to work in foil form [47]. The inter-

weave material must also be the same composition of the matrix to avoid any damaging

chemical reactions [47].

Wilmer:

The powder cloth process is used to fabricate IMCs and is schematically shown in

Figure 8 [45]. The prealloyed matrix powder is mixed with a binder and wetting agent.

Then the mixture is rolled into thin sheets or cloths which are cut to the specimen dimen-

sions. The fiber mat is made by winding the fibers onto a drum and coating them with

another binder. The mats are then cut to size and stacked in alternating layers and consol-

idated by VHP. The advantage of this process is that matrix powders are readily available

making it applicable to a wide range of materials. The disadvantages of this process are

that accurate fiber spacing is difficult [47] and the potential contamination problems asso-

ciated with binders such as toxic by-products and residue after consolidation [45].
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Figure 8. Schematic of powder cloth process. Adapted from [45].
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Chemical vapor deposition (CVD) [42,47] and physical vapor deposition (PVD) [42]

processes are used to coat the fibers with matrix material. The processes are more atomis-

tic and offer better control of the coating composition over plating, where a liquid is

involved in some phase of the process. There is also no need for organic binders since the

fibers are coated with matrix [42].

The main difference between CVD and PVD is the manner in which the vapor is gen-

erated [42]. CVD involves the reaction of a gaseous phase with other vapors or a sub-

strate to form a coating on that substrate. The process is usually carried out at elevated

temperatures so that certain reactions can be activated [47]. Although useful in producing

coatings for fine diameter multiflament fiber bundles, the process time can take up to

weeks. The process cannot easily deposit complex matrices such as solid solutions or ter—

nary oxides, is limited to alloys with liquid or gaseous precursors, and is highly dependent

on the control of the precursors [42,47].

PVD utilizes evaporation or sputtering techniques to coat the fiber [47]. No chemical

reactions are used and alloy, multilayered or graded composition films can be produced.

Evaporation processes involve vaporizing the coating material through resistance heating,

electron beam evaporation, or radiation heating, and then depositing it onto a substrate

[42]. Sputtering utilizes techniques where the coating material is a target or cathode and

vaporized through a momentum transfer in a gas glow discharge. Vapor sources include

magnetrons or ion beam guns [42]. PVD contains several advantages. Lower tempera-

tures are required than CVD which can be useful in fabricating composites with reactive

matrices such as Al/C where carbides might form [47]. There is also the potential for
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more versatility in the microstructure and composition of the coating because coatings can

come from pure metals, compounds, or alloys from alloy targets.

The volume fraction of the matrix is controlled by adjusting the thickness of the coat-

ing. Partridge and Ward-Close [47] obtained fiber volume fractions of up to 80% and uni-

form fiber spacing for Ti-6Al-4V/SiC composites. Despite the control over the

microstructure and versatility, the machinery required for PVD can be costly and com-

plex, and deposition rates can be slow [42].

Blessuze Casting

Pressure casting is commonly used in the fabrication of fine diameter fiber reinforced

MMCs. The process is schematically illustrated in Figure 9. Molten metal is poured over

a fiber preform and infiltration is forced by the application of pressure. The composite is

then solidified under pressure. The process is widely used for low melting point matrices

such as Al and Mg [47] and has been successful in producing IMCs as well [48].

Nourkbakhsh et al. [48] achieved a fiber volume fraction of approximately 0.6 in a

NiAl/A1203 composite.

The pressure casting process has the advantage of being inexpensive. However alloy-

ing additions or precoating of the fibers are often required to promote wetting of the fiber

by the molten metal [47]. Liu and Chao [49] have found the addition of Mg to an Al

matrix improves infiltration and decreases porosity of the composites. It was also found

that increased additions of Mg increased the tensile strength of the composites. Compos-

ites produced by this method tend to contain a large variation in fiber spacing and frequent

fiber/fiber contact or fiber bonding [47,49].
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MEWS:

Suspension processing can be likened to dipping or immersion. Here, continuous or

long fibers are immersed into a bath or suspension and then removed. A fiber preform is

not used. The suspension can be a molten metal bath, slurry, sol, or organometallic pre-

cursor [42]. Shah and Anton [50] fabricated fine diameter A1203 fiber reinforced NiAl

composites by submersing the fiber tows in a liquid suspension containing matrix powder

and a volatile binder. The tows were then laid up and consolidated using low pressure hot

pressing. Microstructures of the composites showed excellent consolidation and a uni-

form distribution. Shah and Anton attributed the use of organic binder for efficient infil-

tration of the fiber tow. Although the binder proved to be beneficial to this particular

system, the potential problems associated with binders [47] are still a concern. One of the

main advantages of the suspension process designed for this research project is that no

binder is needed. Therefore any potential problem associated with binders is avoided. The

reasons for this will be explained in a later section concerning the theory involved in the

process.

One of the obstacles in processing fine diameter fiber reinforced MMCs is thoroughly

infiltrating the tow with matrix so that a uniform distribution can be obtained. The fabri-

cation of MMCs using a suspension without a binder was done by Kohara and Moto [51]

for SiC fiber reinforced aluminum. The suspension contained aluminum powder and

sodium alganate which was used as a dispersant. There was considerable difficulty in

infiltrating the fiber tows. Crevices remained inside the bundle leading to problems with

residual pores.

A unique processing technique was developed by Wilson et a1. [52], and Suydam [53]
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to produce continuous fiber reinforced IMCs using a binderless, suspension process devel-

oped by Crimp [54], Crimp et al. [55], Wilson [56], and Wilson and Crimp [57]. FP

A1203 multistrand tows were drawn through a FeAl suspension containing matrix powder

and an electrolyte solution. The results showed a uniform coating of matrix on the fibers

and the tow thoroughly infiltrated with matrix powder. This was accomplished by theoret-

ically examining the matrix and fiber interactions with the aid of a computer program to

predict the suspension conditions at which the matrix would adhere to the fiber. Although

only a green compact was produced, the results provided enough evidence that a compos-

ite could be produced in this manner. The process design is the same one used for this

research project and the theory behind it will be discussed in Section 2.4.

2.3 Consolidation

W

The most common method used to consolidate MMCs is hot pressing which is usu-

ally carried out in an inert atmosphere or vacuum. The process achieves bonding through

the application of pressure and temperature and enhances the composite density by remov-

ing voids [44]. The main parameters of interest are temperature, pressure and time. Some

typical pressing conditions used are temperatures from 50 to 90% of the matrix solidus

temperature and pressures ranging from 15-110 MPa (2.2—15.9 ksi) [42].

The consolidation conditions have a great effect on the composite properties and it is

important to understand the processing history in order to understand the material proper-

ties [39]. In optimizing the composite’s performance, the best parameters must be

selected. Bhagat [58] examined the effects of hot pressing parameters on the strength of

Allstainless steel composites. The change in tensile strength was correlated with
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variations in temperature, pressure, and time. One parameter was varied while the other

two were held constant. Composites fabricated under optimum processing conditions

showed an ideal interface with good metallurgical bonding and an improved tensile

strength over that predicted by the rule of mixtures for up to 40% of fiber volume fraction.

Information on processing parameters is available in open literature, but some is lim-

ited mainly for the following reasons: government restrictions and commercial distributors

that consider the fabrication process as proprietary information [42] in order to retain

their competitive edge. The federal government has recognized MMC processing technol—

ogy as vital to national security interests and prevents distribution of this information to

foreign nationals without a valid export license [42].

flherllqmge

One of the major problems in the manufacture of fiber reinforced MMCs is fiber dam-

age [59]. Several models [59-63] have been developed to describe the factors involved in

fiber fracture during consolidation. Nicalou et al. [59] developed a model to describe the

cause of fiber fracture in MMCs consolidated from foil-fiber-foil layups. Fiber breakage

during consolidation was shown to occur due to bending induced by cross weave wires.

The model also verified that breakage may occur at low levels of pressure such as those

applied to keep the fiber mats in place during the initial heat-up prior to consolidation.

Nicalou et al. proposed several guidelines to avoid fiber fracture during foil-fiber-foil

MMC processing: the use of smaller diameter fibers so the Weibull modulus and bending

strength will be increased, and smaller diameter cross weave wire or thin cross weave rib-

bon to minimize the stress concentrations.

Elzey et al. [60] and Groves et al. [61] examined the causes of fiber fracture in plasma
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sprayed MMC monotapes. The monotapes were SCS-6 SiC fiber reinforced, Ti based

composites. Both studies showed fiber fracture to occur due to stress concentrations cre-

ated in the fiber when it comes in contact with an asperity. Elzey et al. [52] developed a

model to predict the number of fractures that occurred during consolidation and simulate

fractures which occur due to fiber bending. The results from the investigation by Groves

et al. [53] showed the density of fiber fractures to be directly proportional to the applica-

tion pressure and inversely proportional to the processing temperature. The study also

used a model to predict that increases in fiber strength, diameter and stiffness; decreases in

matrix yield and creep strength and decreases in monotape surface roughness will lower

the fiber fracture density.

Koss et al. [54] analyzed fiber fracture in sapphire reinforced MMCs. The basis of the

analysis was that fiber fracture occurred during consolidation as a result of tensile stresses

generated in the fibers due to metal flow along the fiber axis. The matrix flow creates ten-

sile stresses in the fiber large enough to fracture the fiber into fragmented lengths. A

model of this probable cause of fiber fracture was developed for two cases: the case in

which fiber bonding occurs and the case where fiber matrix bonding does not occur and

frictional sliding is present. In both cases the ratio of the fiber strength to matrix yield

strength was critical to controlling the fragmentation length. The predictions were com—

pared to experimental observations for a variety of composite systems and were found to

be in good agreement. Koss et al. also suggested conditions which should minimize fiber

fracture during processing such as using a soft, compliant interlayer, hot pressing such that

the fibers are positioned transverse to the die channel so the matrix will not flow in the

fiber direction, and hot pressing at a temperature high enough where the flow stress of the
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metal is low. However, the fiber strength degradation due to thermomechanical interac—

tions with the matrix and interlayer must be evaluated and the analysis by Koss et al.

ignored these other forms of fiber damage.

Warren et al. [63] investigated the fiber damage during the consolidation of PVD

coated, fine diameter A1203 fibers. The fiber tows were coated with a Ti-6Al-4V matrix

and then consolidated using HIP and interrupted VHP cycles. The VHP cycles were var—

ied to examine the effect of the loading rate on the fiber damage during the early stages of

consolidation. The results from fragmentation analysis showed that fiber damage was sig—

nificantly lower when the processing load was applied gradually or at a slower rate. The

fiber damage mechanisms identified were microbending and fracture of the fiber and reac-

tion between the fiber and matrix. A model was developed to understand the observed

fiber damage by simulating the fiber bending and failure mechanism in a representative

unit cell. From the model and experimental observations, it was concluded that in order to

consolidate the system while avoiding fiber breaks the processing cycle must be designed

so that there is sufficient time for matrix creep to eliminate void volume within the speci-

men. This could be accomplished if the time frame required to transfer the matrix to the

void space is within the tirneframe of the cycle, the necessary matrix strain rates are attain—

able at loads which do not cause excessive fiber bending, significant matrix grain growth is

inhibited during processing, and fiber strength is retained during high temperature pro-

cessing.

2.4 Suspension Process Theory

The theory behind the suspension process used for this study is based on colloidal the-

ory concerning interparticle forces, surface energies and their interaction. Forces acting
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upon particles include repulsive forces due to electrical charges on the particle’s surface,

van der Waals attractive forces and stearic forces occurring from adsorbed solvent on the

particles [64]. The stearic forces can be caused by the addition of copolymers which are

adsorbed by the particles [65]. However, the suspension used in this study does not con-

tain copolymers so the effect of these forces will not be considered. Balancing the attrac—

tive and repulsive forces determines the stability of the suspension. Stability can be

defined by the amount of flocculation or coagulation that takes places within a suspension.

A suspension is considered stable if the particles within are dispersed. Conversely, an

unstable suspension is one in which flocculation occurs. The following subsections

briefly discuss the main points of the colloid theory involved in this process. A more in-

depth review of the theory can be found in literature by Heimenz [64], Hunter [65], and

Shaw [66].

l k' 'c henomen

When particles are immersed in a liquid medium, they spontaneously ionize and

acquire a surface charge [66]. This is schematically shown in Figure 10. In this case,

fibers and matrix powder particles are used to illustrate the application toward a composite

system. Ideally, the fibers lie parallel, not crossed. Each particle acquires a distribution of

ions or an “ionic cloud” which is known as an electric double layer. The electric double

layer consists of an inner region that includes ions adsorbed at the particle's surface and a

diffuse outer region in which ions are distributed according to the influence of random

thermal motion and electrical forces [66]. The thickness of the double layer extends from

the particle surface and is measured by a parameter known as the Debye-length [67].

The combination of particle motion in the fluid medium and the electrical effects on
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particle

 
Figure 10. Schematic illustrating particle interactions and surface charges that develop

when components are immersed in a suspension.
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the particle result in electrokinetic phenomena [68]. Several types of electrokinetic

phenomena exist, but only one type, electrophoresis, will be discussed because it is rele-

vant to the process used for this study.

Electrophoresis describes the movement of charged particles in a colloidal suspension

when an electric field is applied [68]. By using the mobility, an experimental parameter

known as the zeta potential (C) can be measured. The zeta potential is identified with the

double layer potential near the surface of the particle. Specifically it is the potential that

exists in a layer of fluid that remains attached to the particle during electrophoresis [68].

Zeta potential data is used to predict the stability of the suspension. It can be mea-

sured using electrokinetic sonic amplitude (ESA) [53,56]. In this technique an acoustic

wave is generated by oscillating particles in an applied electric field. This phenomena is

known as acoustophoresis. The formation of this wave is termed BSA and is measured as a

pressure amplitude per unit applied electric field. The zeta potential is obtained by using

the mobility with an added correction to reduce the velocity amplitude of particle motion

[57].

MMHMM

A theory developed by Deryaguin, Landau, Verwey, and Overbeek (DLVO) [69,70]

explains the interaction between particle double layers of length UK which provide stabil-

ity against flocculation. The theory is based on the electrostatic repulsive forces and

attractive forces present in a colloidal suspension. The total energy that exists between

two particles is the sum of the attractive and repulsive forces.

m=m+n (mm



34

where V, is the repulsive force due to overlapping of the diffuse double layer and Va is the

attractive force due to Van der Waals forces. This is graphically shown in Figure 11.

When particles approach each other and their double layers overlap, a repulsive force is

created and the range of repulsive interaction depends on the double layer thickness. The

Van der Waals forces have a particular range of attraction as well. If the particles get too

close to one another, they adhere and form agglomerates. The total force V, represents the

energy barrier that prevents flocculation. If the repulsive forces dominate, a stable suspen-

sion will exist as shown in Figure l 1. If the attractive forces dominate, flocculation

occurs. The magnitude of these forces can be controlled by altering the suspension

parameters such as pH, electrolyte concentration, and temperature [67].

t ' ' P i

The DLVO theory was further developed by Hogg, Healey and Furstenau (HHF) [71]

to develop a stability theory for a multicomponent system. The theory uses expanded force

equations to take into account the differences in the particle types [57]. The expression for

the attractive force is:

2
—A x + x + x

Va = 3|: 2 y + 2 y +210g2_y—:| (2_14)

x +xy+x x +xy+x+y x +xy+x+y

where A is the Hamaker constant which is calculated in order to determine the attractive

force due to Van der Waals forces. The variables x and y are functions of interparticle

distance and particle radii. The expression for the repulsive force for HHF is:

a a 2‘1‘ ‘1’

._12 2 2 0| 02 l+ex —KH
V =een ‘1’ +‘P )x ln—L-+lnl—ex -2xH

r 0 r [(a1+a2)1 0l 02 [ngpng 1~exp—KH ( p( D] (2.15)
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Figure 11. Plot representing the interaction of particle forces indicating a stable

suspension.
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where ‘PO is the particle potential, 80 is the permittivity in a vacuum, 8, is the relative per-

mittivity, H the interparticle distance, and K the Debye-Huckel parameter. By adding

Equations 2.14 and 2.15, the total interaction energy as a function of interparticle distance

for two spherical particles that are not identical can be calculated [57].

From HHF theory, a computer program, Suspension Stability©, was developed by

Wilson [59] to predict the stability of ceramic composite systems. The program was also

used in Suydam’s work [53] and in this research project. The program takes zeta potential

and other system and material data (particle size, Hamaker constant, pH and electrolyte

concentration) and calculates the stability prediction. The results are defined by a stability

ratio W and describe the interactions between the matrix particles themselves, the fibers

themselves and the interaction between the fiber and matrix. The overall stability WT can

be defined as:

 

2 2

n (l-n) 2n(l—n)
W = —

T [W11+ W22 + W12 j (216)

where W11 is the stability of the matrix particles themselves, W22 the stability of the fibers

themselves and W12 the stability of the matrix and fibers with respect to each other. The

results are plotted as log (W) vs. pH. Stability is defined as log (W) values greater than 10

[57].

The goal here is to predict the conditions at which the matrix powder will be stable

and adhere to the fiber, and the fibers will remain spread so the powder particles can infil-

trate the tows. By taking advantage of the interparticle forces present, fiber coating can be

accomplished without the aid of an organic binder.
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2.5 Material Selection

The main benefits of ceramic fibers as reinforcements for advanced composite materi-

als are their high temperature strength and modulus as well as their resistance to environ-

mental degradation. However, in choosing a suitable reinforcement there are two major

factors to consider, the chemical compatibility with the matrix and the difference in ther-

mal expansion between the fiber and matrix (coefficient of thermal expansion (CTE) mis-

match). A large difference in thermal expansion can result in cracking at the interface due

to the build up of thermal stresses [1]. Chemical reactions at the fiber/matrix interface can

also occur during processing and significantly reduce the strength of the composite [31].

Several studies on the chemical compatibility of ceramic reinforcements with interme-

tallics [72-74] have been conducted to determine the feasibility of these materials as com-

posites. Yang et al. [72] prepared diffusion couples of intermetallic compounds with

various reinforcement materials by vacuum hot pressing. The chemical compatibility

between the materials was then analyzed in the as received state and after prolonged heat

exposure. The results summarized in Table 1 provided a qualitative description of the

bonding in terms of reactivity and whether or not the reinforcements bonded or debonded.

From these results, the most favorable reinforcements appear to be A1203, Y203, and

TiBz which exhibited good bonding with most of the matrices and no chemical reaction

occurred. It was also concluded that the CTE mismatch between the intermetallic com-

pounds and the SiC/Si3N4 reinforcements may have led to the debonding of those materi-

als.

A similar compatibility study was performed by Shah et a1 [73], but with more focus

on the overall composite microstructure in terms of uniformity, fiber damage, and the
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Tablel. Interaction between intermetallic compounds and reinforcements. The abbrevia-

tions B-bonded, D-debonded are used for the bond character and R-reacted, NR-nonre-

acted are used for reactivity. Adapted from [72].

 

 

 

 

 

 

 

       

Intermetallics Reinforcements

SiC TiC Si3N4 A1203 Y203 TiB2

Cr3Si D, NR B, NR D, NR D, NR B, NR B, NR

Cosz D, NR B, R D, NR B, NR B, NR D, NR

Cerb D, NR B, R D,NR B, NR B, NR B, NR

szAl D, NR B, NR D, NR B, NR B, NR D, NR

MoSi2 D, NR B, NR D, NR B, NR B, NR B, R

 
 

microporosity. The intermetallic compounds used included NiAl, a complex niobium

based alloy NbX-15, and ternary titanium aluminides (Nb, Ti)2Al and (Nb, Ti) A12. The

reinforcements were A1203, SiC, Si3N4, TiC, and Y203. The composites were processed

by vacuum hot pressing pre-alloyed powder blended with the reinforcements. The obser-

vations were summarized in terms of the attractive features and potential problems of the

reinforcement. The A1203 reinforcements, FP multistrand fibers and Saphikon® monofil-

aments, were found to be most attractive in that they were chemically stable in almost all

the systems, showed no interdiffusion and exhibited a weak to strongly bonded interface.

The favorability of A1203 fibers was further shown by Draper et al. [74] in a compati-

bility study of intermetallic Fe-4OA1 (at%) with various large diameter fibers. Composites

were fabricated using A1203, SiC, B, W, and Mo-based fibers as reinforcements and their

compatibilities with the matrix were investigated using thermodynamic calculations

and experimental verification. A summary of the thermodynamic calculations showed
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A1203 to be completely compatible with Fe-40Al because no reaction products were

expected to form. Similarly,W was also found to be compatible even though 2% solubility

ofW in Fe-40Al was expected at 1500K. The microstructures for both composites

showed no visible reaction products after fabrication. However, after heat treatment for

25 h at 1500K, the W/Fe-40Al samples contained porosity attributed to a Kirkendall effect

whereas the A1203/Fe-40Al samples showed no reaction. The density of A1203 is much

lower than W (3.96 g/cc for A1203, 19.3 g/cc for W) and the CTE (9.4 X 10‘6/K for

A1203, 5.3 x 10‘6/K for W) is closer to that of Fe-4OA1 (21.8 x 10'6 /K). Taking these fac-

tors into account along with the availability of fibers, A1203 was chosen for Fe-40Al.

The selection of FeCrAlY for this project was primarily based on a developmental

study by Draper et al. [75] in which the viability of FeCrAlY/A1203 and FeAl/A1203 sys-

tems was investigated. From the comparison of properties in Table 2, FeCrAlY possesses

a higher room temperature ductility and lower CTE than FeAl as well as a higher oxida-

tion resistance [75,76]. The properties of FeCrAlY will be explained in more detail in the

following section. The composites developed by Draper et al. were fabricated using the

foil-fiber-foil method [44,45]. The fibers used were single crystal A1203 Saphikon®

monofilaments (150 um dia.). From microstructural observation, both matrices were

chemically compatible although the FeCrAlY composites showed some slight reaction

product after heat treatment.

Fiber pushout tests were used to determine the interfacial shear stress between the

fiber and matrix. The FeCrAlY composites displayed a much higher interfacial debond

strength and frictional shear strength than the FeAl composites indicating FeCrAlY/A1203
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Table 2. Properties of FeCrAlY and Fe-40Al [75,76]

 

 

 

 

      

Matrix Density Melting Pt- CTE Oxidation %elong

(g/cc) (0C) (10 '6 /K) resistance @ RT

FeCrAlY 7.2 incipient 1357 14 1500K 4 to 12

liquidus 1482

Fe-40Al 6.1 1450 21.8 1300K 2 to 5   

has a strong fiber matrix bond. The thermal properties also suggested FeCrAlY/A1203 to

be more favorable. Dilatometry results indicated matrix plastic deformation in the

FeCrAlY/A1203 samples relieving thermal stresses, and no cracking or debonding after

thermal cycling. The FeAl/A1203 samples exhibited debonding during dilatometry mea-

surements and large fiber displacements occurred during thermal cycling.

It is important to note that the previously cited works involved the use of large diame—

ter fibers as reinforcements. The focus of this study is to produce fine diameter fiber rein-

forced composites. As discussed earlier in section 2.1, fine diameter fibers offer many

advantages over large diameter fibers.

Wigs

FeCrAlY alloys have been developed as a result of studies on FeCrAl alloys which

have been known for excellent oxidation resistance properties [77]. This oxidation resis-

tance is due to a surface film of A1203 formed by selective oxidation of the aluminum.

However, during cyclic oxidation the oxides do not adhere well at elevated temperatures

and spalling occurs upon cooling. As a result, lateral growth of the oxide develops and a

complex, twisted structure is formed. Wukusick and Collins [76] have demonstrated that
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by adding yttrium to FeCrAl alloys, the oxidation resistance is improved as a result of the

adhesion of the surface oxides. However, the mechanism responsible was not clearly

identified. Oxidation tests report the alloy to be oxidation resistant at 1533 K and still

maintain a relatively good oxidation resistance at 1700K which is above the incipient

melting temperature. In a further study of this phenomenon, Golightly et al. [78] con-

cluded the addition of yttrium reduces the outward diffusion of the aluminum preventing

any oxide formation within the existing oxide layer and lateral growth does not develop.

The FeCrAlY alloy is a two phase structure consisting of a body centered cubic solid

solution matrix and a dispersion of an intermetallic compound, YFeg. Despite the advan-

tage of high temperature oxidation resistance, these alloys display low room temperature

ductility and the tensile strength varies considerably with temperature [77]. Wilson et al.

[79] prepared FeCrAlY alloys by mechanical alloying and reported elongations of 12%

and 6% at room temperature for Fe-25Cr-6Al-2Y and Fe-25Cr-11Al-1Y (wt%) alloys

respectively. These values remained constant until approximately 400 °C where ductilities

rose to a maximum of 30% at 600 °C for the Fe-25Cr-6Al-2Y alloy and 40% at 800 °C for

the Fe-25Cr—11Al-1Y alloy. The tensile strengths ranged from values as high as 1300

MPa at room temperature to as low as 70 MPa at 1000 °C. Wukusick [76] reported room

temperature elongation values as low as 5% and tensile strengths of 540 MPa at room tem-

perature and 20 MPa at 1000 °C for a Fe-25Cr—4Al-1Y (wt%) alloy. Although the tensile

strengths differ because of the heat treatments applied, the strength decrease trend is simi-

lar and also characteristic of ferritic stainless steels [77].
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FP alumina fibers (Dupont de Nemours) are fine diameter continuous fibers that

are almost pure alpha alumina (>99%). The density is 3.95 g/cc and the average diameter

is 20 um [80]. The structure is polycrystalline. The basic fabrication process includes

mixing a slurry with selected alumina particles with additives so that it is spinnable, dry

spinning the fibers from the slurry, and firing the fibers to densify them [2].

The mechanical properties of the fiber indicate a tensile strength of 1380 MPa and

a modulus of 380 GPa [80]. The use of the fiber is limited to 10000 C due to a decrease in

strength as a result of creep [80,81]. The presence of grain boundary sliding at elevated

temperatures results in creep failure.

The fibers have been successfully used as a reinforcement of light alloys, but the

production did not progress beyond the plant stage and commercial production has since

ceased [80]. However, it was chosen for this research project because of availability at the

time and chemical compatibility with the matrix. Since the goal of this project is to pro-

duce a fine diameter fiber reinforced composite, the materials selected would provide the

best choice to show the colloidal suspension process can be used to produce fiber rein-

forced composites.



3. EXPERIMENTAL PROCEDURE

This research project consisted of three main stages. First, the fiber coating parameters

were selected based on Electrokinetic Sonic Amplitude (ESA) measurements and stability

ratio calculations. Second, the fibers were coated and laid up as plys. Third, the composite

plys were consolidated. Following consolidation, the composites were then characterized

in terms of density, microstructure, and tensile properties.

3.1 Materials

Two different batches of prealloyed, atomized FeCrAlY powder supplied by NASA

Lewis Research Center, Cleveland, OH were used in this project. Figure12 (a) shows a

-325 mesh (45 um seive opening) powder. The irregular platelike appearance of the pow-

der is due to a prior cryomilling treatment to reduce the particle size which will enhance

the matrix infiltration of the fiber tow. A -500 mesh (25 um seive opening) powder is

shown in Figure 12 (b) and has a spherical morphology. The chemical composition in

atomic percent for each powder batch is shown in Table 3.

Table 3. Chemical composition of FeCrAlY powders in at%.

 

 

 

 

      

Powder Fe Cr Al Y

Size

-325 mesh balance 24.0 8.0 0.06

-500 mesh balance 24.0 7.6 0.10

 

FP A1203 fibers, supplied by E.I. Dupont de Nemours, Wilmington, DE, were used as

the reinforcement. The fibers in the as-received state are shown in Figure 13. The average

filament diameter is 20 um (i 4 mm) with an average of 60-70 filaments per tow.
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Figure 12. SEM micrographs of FeCrAlY powder batches (a) -325 mesh (45 um

seive opening) cryomilled and (b) -500 mesh (25 um seive opening).
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Figure 13. SEM micrograph of FP A1203 multistrand fibers.

3.2 Processing Method

ESA Data and Stability Predictions

Particle size analysis

To measure the zeta potential of the components, a particle size analysis was per-

formed because the ESA measurement is dependent on particle size [57]. SEM micro-

graphs were used in determining the average size of the powders. Several micrographs of

the powder samples were taken at the same magnification and the particles were sized

from each micrograph. This technique provided a statistical representation Of the powder

sample. Because of the irregular shape of the -325 mesh (45 um seive opening) powder,

an equivalent spherical diameter was calculated from the projected area of the particles

[82]. An example of this technique is shown in Figure 14.



46

 

 

 
 

 

 
Figure 14. Projected area and equivalent spherical diameter of an irregular, rounded

particle. Adapted from [82].

The equivalent spherical diameter DA is calculated by setting the projected areaA equal to

the equivalent area of the circle.

2

TED—A (3.1)
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4A 2

DA - (g) (3.2)

The average particle size obtained from the measurements and calculations was

32 um i 13.15 mm. The spherical morphology of the -500 mesh powder (25 um seive

opening) allowed the particle diameters to be measured directly from the micrographs.
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The average particle size measured was 6.8 pm i 4.4 um.

Particle size analysis was performed on the FP A1203 fibers after they were ball milled

in a methanol solution. Although the suspension process uses continuous fibers, the ESA

apparatus is only set up for particulate morphologies [52,53,56]. Thus, the zeta potential

measurements were made using data obtained from ground FP fibers that were used in

previous research by Suydam [53]. The average diameter measured was 1.06 um.

W

A Matec 8000 Electrokinetic Sonic Amplitude apparatus was used to perform the zeta

potential measurements for each of the components. Suspensions were prepared in 250

ml solutions of 10‘3 N KNO3 electrolyte and contained 0.5 v/o solid for the FeCrAlY sus-

pensions and 0.2 v/o for the FP fiber. The electrolyte concentration used was based on

results of Suydam’s experiments with an FeAl/A1203 system [53] where it was determined

that the ideal electrolyte concentration for the suspension was between 0.001 N and

0.0001N KNO3. The particle parameters of each component (density and radius) were

then input into the ESA program. Separate runs were conducted for each batch of

FeCrAlY powder. The zeta potential was measured over a range of pH values from 2 to

10. The pH was adjusted automatically by potentiometric titrations of either HNO3 to

lower the pH, or KOH to raise the pH. Once the ESA runs of the components were com-

pleted, the results were plotted and the data from the titration points entered into a com-

puter program, Suspension Stability© [56], to determine the optimum conditions to coat

the fiber.
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Zeta potential data from both the FP fiber and FeCrAlY powder were input into the

Suspension Stability© program and stability ratios calculated for the composite system.

The results were then plotted. This was done for both composite systems, the -325 mesh

(32 um i 13.15 pm) FeCrAlY/A1203 and -500 mesh (6.8 um i 4.4 pm) FeCrAlY/A1203.

From the plots, the ideal pH for maximum coating of the fibers with the matrix was cho-

sen by identifying the values at which the matrix/fiber interaction would be unstable.

Fiber coating experimeng;

To provide an experimental verification of the stability ratio results, fiber coating

experiments were carried out for each composite system. Suspensions of 150 ml 10"3 N

KNO3 electrolyte containing 25 v/o FeCrAlY powder were prepared and the pH value of

the suspension was adjusted from 3-10 in increments of 0.5 using either HNO3 or KOH.

Once the pH was adjusted, the alumina fibers were fed through the FeCrAlY suspension

and wound onto a teflon mandrel several times using a filament winding machine. The

tows were removed from the winding machine while still wet and cut into two inch seg-

ments. Several coated tows were then placed in an alumina boat and partially sintered at

1 100°C for 1 hour. Partial sintering was performed to facilitate handling of the specimens.

The coated fibers are very fragile once the electrolyte has dried and any slight touch dur—

ing handling results in the matrix powder falling off. After partial sintering was com-

pleted, sections from the composite were cut and mounted on aluminum stubs and the

cross sections were observed in a Hitachi S-2500 SEM to provide an indication of how

well the matrix infiltrated the tow.
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3.3 Composite Layup Process

The layup process was carried out using a filament winding system and throughout

the course of the project, modifications were made in order to make the process more effi-

cient. The basic design will be discussed in the following subsection. The subsection

describing the layup process will be divided into two parts, one part for the -325 mesh

(32 um i 13.15 pm) powder and the other for the -500 mesh (6.8 um i 4.4 mm) powder.

This will allow the modifications made to winding system to be shown more clearly.

Winding system design

The filament winding system, developed by Maglaya [83]and Suydam [53] is

schematically shown in Figure 15 (a) and the actual system is shown in Figure 15 (b). The

design is similar to that used in slurry methods for preparing long fiber reinforced ceram-

ics [84] where the fibers are passed through a slurry containing binder and other additives

and then wound onto a spool and dried. For this particular design, the fiber tow is passed

from the delivery spool through a series of adjustable guide rollers. The function of these

rollers is to lay down the tow and spread it as it enters the suspension bath. The rollers are

positioned so that the fiber tow travels over a maximum radius of curvature which reduces

the stress on the tow supplied by the tension as it passes over the rollers.

The tow is guided through the suspension by an adjustable roller unit housed in the

bath as shown in Figure 16. The unique properties of the suspension allow the fibers to

remain spread apart and the matrix to adhere to the fibers without the aid of a binder. A

halved 1000 ml Nalgene bottle is used to hold the suspension. The semicircular area

allows the tow to be coated more thoroughly because the suspension is more concentrated

in the area around the tow. The roller unit shown is the current modified version.
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Figure 15 (a). Schematic illustration of filament winding system

used to process continuous fiber reinforced MMCs.

 

Figure 15 (b). Photograph of winding system.
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Figure 16. Photograph of suspension bath and roller unit assembly.

The center groove in the right end roller guides the coated tow onto the take-up mandrel.

The mandrel is made out of virgin teflon to provide a non stick surface so a minimal

amount of matrix powder is lost when removing the fibers from the mandrel.

The mandrel assembly is schematically shown in Figure 17. Two Dayton DC gear

motors provide rotational and transverse movement to the mandrel. Each motor is pow—

ered by a HP E3612A DC power supply. This allows the movements to be independent of

each other so more accuracy could be obtained during winding. The mandrel is mounted

on a support plate attached to a base containing a threaded rod. The threaded rod allows

the assembly to move in a transverse direction. Attached to the base is a switching track

assembly. When the switch is activated, the polarity in the motor reverses causing the

assembly to move in the opposite direction. This allows winding in both directions. The
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Figure 17. Schematic of mandrel assembly.

position of the switches is also adjustable. This allows plys of varying width to be fabri-

cated. Grooves are located on the top and bottom of the teflon mandrel to allow cutting

the ply and removing it from the assembly.

The design principle is similar to that of a filament winding machine used by

Armstrong et al. [85] in the fabrication of W-1% Th02 reinforced FeCrAlY matrix com-

posites. A threaded rod connected to the take up drum was used to laterally advance a

fiber guide assembly across the rotating drum. However, the width of the ply and fiber

spacing was adjusted by switching gears in the guide assembly whereas the adjustments

for fiber spacing and ply width on the assembly shown in Figure 17 are made by the

switch position on the track and the transverse speed of the mandrel which is controlled by
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the power supply. It is important to note that the fibers used by Armstrong et al. were large

diameter fibers (250 pm). The fibers used for the current research are fine diameter fibers

and the spacing is mOre difficult to control. The features on the assembly shown in Figure

17 compensate for this and can be adapted for large diameter fibers as well.

-32 i

A 150 ml 35 v/o FeCrAlY, 10'3N KNO3 electrolyte suspension was prepared and

adjusted to pH 6 based on the results from the stability predictions and fiber coating exper

iments. The A1203 fibers were fed through the suspension and wound onto a mandrel

using the filament winding machine shown in Figure 15. The unidirectional plys or mats

were then cut from the mandrel while still wet and sectioned into the specimen sizes of

2” X 2” (50 mm X 50 mm), 2” X 6” (50 mm X 150 mm), and 2” X 8” (50 mm X 200mm).

The wet mats were placed inside stainless steel rings spotwelded to molybdenum sheets.

The rings provide constraint on the specimen during hot pressing to keep the matrix con-

centrated around the fibers and from flowing outward into the die. The sheet assemblies

are schematically shown in Figure 18. The specimens also had to be cut down slightly

from their original size to fit inside the area bounded by the rings. The ring thicknesses

used were 3/32” (2.4 mm) for the 2” X 2” (50 mm X 50 mm) and 2” X 6” (50 mm X 150

mm) samples, and 1/8” (3.2 mm) for the 2” X 8” (50 mm X 200mm) sample. Extra sus-

pension was spread evenly on the bottom of the assembly to provide a buffer layer to avoid

excessive force on the fibers during consolidation. Also, the extra suspension can replace

any matrix lost during removal of the mat from the mandrel. Once the specimens were

laid in the ring assembly, additional suspension was spread on top of the mat. A molyb-

denum face sheet was then placed on top of the specimen and secured with a clamp. The
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Figure 18. Schematic of the ring assemblies used in the layup process.

samples were then vacuum hot pressed.

To obtain an indication of the efficiency of the filament winding machine, an addi-

tional 2” X 6” (50 mm X 150 mm) specimen was laid up by manually coating the fibers.

Tows were drawn through the suspension individually by hand and laid into the ring

assembly until the area was filled.

During the layup of these composites, there was difficulty in keeping the particles

in suspension. Although there was no flocculation or agglomeration of the powder in the

suspension, the particles would settle and the suspension would become thicker and

impede the forward motion of the tow resulting in the tow agglomerating under the roller

and breaking. Thus, the suspension required agitation or stirring to keep the particles
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suspended. However, the bath roller design as schematically shown in Figure 19 (a) only

provided limited space to stir the suspension. The winding process had to be stopped and

the roller unit removed so the suspension could be stirred. This resulted in the tow having

to carefully be repositioned to resume the process. The roller unit was modified by remov-

ing part of the assembly and shortening the roller width as shown in Figurel9 (b). This

created additional space in the bath area and allowed the suspension to be stirred without

having to stop the winding machine.
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Figure 19 (a). Schematic of original roller unit.
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Figure 19 (b). Schematic of modified roller unit.
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A -500 mesh (6.8 pm i 4.4 pm) FeCrAlY powder suspension was prepared with

the same parameters used for the -325 mesh (32 um :1: 13.15 um) composite layup. The fil-

ament winding machine shown in Figure 15 was used to feed the A1203 fibers through the

suspension and form the composite mats. The mats were then cut to the specimen size and

placed in the ring assemblies for hot pressing. The specimen dimensions were 2” X 2”

(50 mm X 50 mm) and 2” X 6” (50 mm X 150 mm).

For this material, problems were encountered with the positive tension from the

take-up mandrel. Positive tension would break the tow, so the delivery spool was manu-

ally tumed to provide some slack to keep the tow from breaking. However, it became
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difficult to keep track of both the suspension and the delivery spool. To alleviate the prob-

lem, the delivery spool was modified using a belt drive system as shown if Figure 20. A

rotational ball mill was used to power the assembly. A belt was attached from the rollers

on the ball mill to the delivery spool to allow the spool to rotate freely and provide slack in

the line. The rotational speed was slightly faster than that of the mandrel and to minimize

the resulting slack, a remote switch was connected to the ball mill so it could easily be

turned off and on again.

 

Figure 20. Modified delivery spool assembly.
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Malawian

All of the specimens were consolidated by vacuum hot pressing. This stage was

carried out at NASA Lewis Research Center, Cleveland Ohio. The initial hot press param-

eters used for the composites were 15 ksi (103 MPa) at 19500 F (10660 C). A 2 ksi

(14 MPa) clamping load was applied to the specimen until the consolidation temperature

was reached. Then the consolidation pressure was applied and held at temperature for one

hour. After examining the microstructure and mechanical data from a number of speci-

mens, the hot press schedule was varied for the subsequent batch of specimens so the opti-

mum parameters could be found that would yield a composite that was fully consolidated

with minimal fiber damage. The pressures used were 7.5 ksi (52 MPa), 10 ksi (69 MPa)

and 15 ksi (103 MPa) and pressing times varied from 1 hour to 1.5 hours. The pressure

was also slowly ramped over a period of one hour to consolidation pressure to reduce fiber

damage. The temperature was held constant at 19500 F (10660 C) because this consolida-

tion temperature was close to the maximum use temperature of the hot press. Also, the

properties of PP fibers degrade at 1000°C (18320 F) [80].

3.4 Characterization

The composites were characterized using non destructive evaluation (NDE), den-

sity measurements, optical and scanning electron microscopy, and tensile testing, to

determine if the colloidal processing method used to fabricate the composites was suc-

cessful in obtaining dense composites with well distributed reinforcements and improved

mechanical properties.
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We:

X-Ray radiography was performed on some of the specimens to qualitatively mea-

sure any porosity or density differences, fiber damage, and alignment on a macroscopic

scale [85,86]. This procedure was performed at NASA Lewis Research Center with the

assistance of G. Baklini. The specimens were ground along the edges so they could be

positioned flat, but it was not necessary to remove the stainless steel ring. The X-ray tube

voltage used was 60 KV with a current of 0.25 mA. The object distance and exposure

times were adjusted so a clear image could be obtained. The object distances used were

24 inches and 30 inches and the exposure times were 20 min., 30 min. and 40 min.

W

To quantitatively measure the density of the specimen, Archimedes’ method [87]

was used. The stainless steel rings were ground away so only the composite density

would be measured. The specimens were weighed in air and the mass was recorded. The

samples were then weighed suspended in water and the mass was recorded. The following

equation was used to calculate the density:

_ Mapw-wa
" 3.3M..— M... ( ) 

where M refers to the mass in grams, p the density in g/cm3, and the subscripts a and w

refer to air and water respectively. The density values used were 1.0 g/cm3 for water and

0.001205 g/cm3 for air. After the densities were measured, the specimens were prepared

for metallography.
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M h Ima e nal sis

The specimens were sectioned using a Beuhler Isomet low speed saw and a

Struer’s Accutom 5 high speed saw. The sections were cut so that both transverse and lon-

gitudinal areas could be viewed. This provides information on the distribution, volume

fraction, and whether there was fiber damage. Metallography was also carried out on the

longer specimens but only on limited areas because these specimens were mainly used for

mechanical testing. The areas were selected so the information obtained would be a gen-

eral representation of the entire specimen. Areas were also chosen based on NDE results

to correlate areas of uniform and non uniform densities. Preliminary specimens were

mounted and polished at NASA Lewis Research Center. All other specimens were pol-

ished at Michigan State University using the following described procedure.

The specimens were mounted in epoxy or bakelite. Specimens were placed in

plastic mold cups and a 5 to l epoxy resin/hardener mixture was poured into the mold and

the specimens were allowed to cure for 24 hours at room temperature. A LECO mounting

press was used for the specimens mounted in bakelite. The specimens were placed inside

the press mold and two teaspoons of bakelite powder were poured in over the specimen.

The specimens were compressed at 4200 psi (29 MPa) and 285—3000 F (141-1490 C) for 5

minutes. The specimens were then removed from the press and allowed to cool.

The samples were polished using silicon carbide paper and cloth with diamond

paste compound. Specimens were first ground on 120, 180, 240, 320, and 400 grit paper to

remove any excess layer of epoxy or bakelite formed during mounting and to provide a

rough polish. Final polishing was accomplished using 15, 9, 6, 3, and 1 mm diamond paste

and a Metaserv mechanical polisher.
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Optical microscopy was carried out using a LECO Olympus benchtop metallo-

graph. Both the transverse and longitudinal sections of the samples were examined and

micrographs were taken using Polaroid 55 film to record the observations. After viewing

some of the longitudinal areas, it was noted that there was some porosity. However, this

was not apparent on the transverse areas. To determine if the porosity lies only on or near

the surface, 50 to 75 um of material was removed from the surface of the longitudinal area

by grinding with silicon carbide paper. The specimens were then polished, viewed under

the optical microscope and micrographs were taken.

The volume fraction of fiber in the composite could not be determined prior to pro-

cessing because of the nature of the continuous process. From the Archimedes’ measure-

ments, a volume fraction could be calculated. However, if the sample contained porosity,

the value calculated would be invalid because of the porosity making the volume fraction

of fiber appear higher. To obtain a more accurate measurement of the fiber volume frac-

tion, A LECO Neophyte optical microscope and LECO 2001 image analysis software

were used. Transverse areas of the samples were viewed and field measurements were

taken throughout the specimen so the volume fraction of the entire plate could be deter-

mined. The number of field measurements varied between 20 and 60 depending on the

size of the specimen. A histogram was then plotted for each specimen to show the mean

and standard deviation of the fiber volume fraction, The results obtained were correlated

with those from the density measurements and the amount of porosity was determined.
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To determine the mechanical properties of the composite, tensile testing was per-

formed at room and elevated temperatures. The tests were performed at NASA Lewis

Research Center. Dogbone specimens were cut from 2” X 6” (50 mm X 150 mm) and

2” X 8” (50 mm X 200 mm) plates using a water jet cutter. The tensile bar design and

dimensions are shown in Figure 21. An Instron Series IX Automated Materials Testing

System was used to test the specimens. A full scale load range of 2,000 lbs and a cross-

head speed of 0.005 in/min were used as the machine parameters. The sample parameters

used were a 0.5” (12.5 mm) gauge length, a 0.25” (6.35 mm) gauge width, and a grip dis-

tance of 3.5” (88.9mm). The thickness was entered as measured. After room temperature

testing was completed, elevated temperature testing was conducted at 700 K (427°C) and

1 100 K (827°C).
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Figure 21. Schematic of tensile bar design.
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Scanning Electron Migmsgggx

Fracture surfaces from the tensile specimens were examined using a Hitachi

S-2500 scanning electron microscope. A thin layer of gold coating was applied to the

specimens to eliminate charging effects from the fibers. The fracture areas were viewed to

determine the type of fracture, i.e. ductile or brittle failure of the matrix, and whether or

not the fibers were weakly or strongly bonded to the matrix.



4. RESULTS AND DISCUSSION

The results of this investigation will be presented as follows: the zeta potential data,

stability predictions, and the results of the fiber coating experiments for both powder types

will be grouped together. The processing parameters predicted were the same for both

powder types and the coating experiments yielded similar results. The microstructure and

mechanical testing results for the consolidated samples will be grouped according to

matrix powder size.

4.1 Suspension Process Parameters

Zeta Eatentigl

The zeta potential values for the both matrix powders and alumina fiber are plotted

versus pH in Figure 22. The zeta potential for the —325 mesh (32 um i 13.15 pm) powder

increased in magnitude from 40mV at pH 3 to 80 mV at pH 10. The zeta potential for the

-500 mesh (6.8 pm i 4.4 pm) powder gradually increased from 22 mV at pH 2 to33 mV at

pH 10. Although the trends of the curves are similar, the magnitude of the zeta potentials

are significantly different as well as the distribution of data points. The difference in zeta

potential value was due to the difference in the particle size of the powder. Larger particles

may have a higher zeta potential value because the ESA measurement is dependent on the

particle size input [57]. The ESA uses an inertial correction to the dynamic mobility the

particle. This factor is inversely proportional to the particle radius. A larger radius input

would underestimate the inertial contribution of the correction factor resulting in a larger

zeta potential value [57]. The variation in data points on the -325 mesh (32 um i 13. 15

um) curve is a result of the wide size distribution of the powder and particles agglomerat-

ing or settling out during measurement. The density of the powder (7.2 g/cc) is much

64
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larger than that of powders commonly used in this type of measurement such as SiC and

Si3N4. This effect has also been seen in results of FeAl/A1203 experiments by Suydam

[53] and Wilson et al. [52].

The data for the ground A1203 fiber shows a curve where the zeta potential gradually

decreases as the pH increases [54]. At pH 8.5, the curve reaches 0 mV. This point is

referred to as the iso—electric point and represents a zero net potential on the particle’s sur-

face.

ta il ' r d ' i

The zeta potential results were input into the computer program, Suspension

Stability©, and the calculated stability plots are shown in Figures 23 and 24. Figure 23

shows the stability curve for the composite system containing the -325 mesh (32 um i

13. 15 um) FeCrAlY powder. The FeCrAlY is predicted to be stable or dispersed through-

out the pH range because the log (W) value is greater than 10. Using this criteria to indi-

cate stability, the A1203 fibers are predicted to be stable with respect to themselves at pHs

less than 7.5. The FeCrAlY/A1203 interaction is unstable at pHs greater than or equal to

8, thus the FeCrAlY should coat the fibers at those pHs. Since the fibers become unstable

at pHs greater than 7.5, it would appear the optimum coating conditions are near pH 7.5.

This would allow the fibers to remain separated from themselves so the powder could

infiltrate the tows.

The curves for the ~500 mesh (6.8 pm i 4.4 um) composite system in Figure 24 are

similar to those shown in Figure 23. The A1203 remains stable at pHs less than 7.5. The

FeCrAlY powder, however, is unstable and forms agglomerates until approximately pH 8

where Log (W) gradually increases and becomes stable.
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The reason for this behavior is not understood. Sedimentation experiments were con-

ducted where suspensions of FeCrAlY powder were allowed to settle at various pHs. The

tests confirmed the stability behavior of the powder [89]. It is believed that the changes in

stability behavior are attributed to differences in particle size and size distribution. The

FeCrAlY/Ale3 interaction predicts that fiber coating or heterocoagulation should occur

at pHs greater than approximately 7.5. Once again, the optimum conditions were pre-

dicted to be near pH 7.5 because the fibers remained separated from themselves.

'n Ex 'me

The optimum coating conditions were experimentally determined to be at pH 6. Fig-

ures 25 and 26 are SEM micrographs of partially sintered composite sections. Figure 25

shows a partially sintered composite section made using the -325 mesh (32 um i 13. 15

um) powder. The fibers are separated from each other and the powder has infiltrated the

tows. In Figure 25, the outer fibers do not show any coating on them. This was due to

handling during specimen preparation for SEM observation. However, this does allow one

to see the infiltration by the matrix.

Figure 26 shows a composite section made with -500 mesh (6.8 um i 4.4 urn)

FeCrAlY powder. The smaller particle size shows better infiltration of the tow than the

coarser -325 mesh (32 um i 13.15 pm) powder. In addition, the spherical morphology

provides a more uniform coating because the particle packing is closer than the irregular,

platelike -325 mesh (32 um i 13.15 urn) powder.

It is also apparent from Figures 25 and 26 that there are no crevices or areas within the

tow that are particle free. This is attributed to the attractive forces present on the particle

and fiber and also to the winding system providing tension and squeezing the tow together
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Figure 25. Partially sintered—325 mesh FeCrAlY/A1203 composite processed under

optimum conditions at pH 6 showing infiltration of the tows and coating of

the fibers.
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Figure 26. Partially sintered -500 mesh FeCrAlY/A1203 composite processed under

optimum conditions at pH 6 showing infiltration of the tows and coating of

the fibers.
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when it is removed from the suspension and wound onto the take up mandrel.

Analysis of the stability predictions show the FeCrAlY powder to be stable at pH 6 for

the -325 mesh (32 um i 13.15 pm) powder (Figure 23) and flocculation to occur at pH 6

for the -500 mesh (6.8 um i 4.4 um) powder (Figure 24). It is not known whether or not

the powders are flocculated as predicted because the powders’ state of stability cannot be

determined conclusively from Figures 25 and 26. This would require further research

[89].

Suspensions were prepared at pHs 3 and 8.5 and the fibers were drawn though the sus-

pensions to show that the coating process is due to maximizing the colloidal attractive

forces between the fiber and matrix and not due to surface tension effects. The results are

shown in Figures 27 and 28 for pH 3 and pH 8.5 respectively. It is apparent that the parti-

cles do not coat the fiber at these pHs. Heterocoagulation between the fiber and matrix

was not predicted to occur in the low pH range for both systems. At pHs greater than 7.5

the A1203 fibers are unstable and clump together. Thus, the matrix is prevented from thor-

oughly infiltrating the fiber bundle.

The experimental results are in agreement with some aspects of the stability predic-

tions. However, there is a discrepancy between the optimum experimental conditions and

the predicted stability. For both systems, the optimum pH was predicted near 7.5 because

that is where heterocoagulation would be maximized yet the experimental results showed

the optimum conditions to be at pH 6. The reasons for this are not conclusive at this time,

but some understanding can be gained by examining the micrographs of the FeCrAlY

powders in Figure 12. The average particle sizes were determined to be approximately 7

pm for the -500 mesh (6.8 mm :L' 4.4 urn) powder and 33 um for the -325 mesh
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Figure 27. Partially sintered FeCrAlY composites processed under non-optimum

conditions at pH3 for (a) -325 mesh powder and (b) -500 mesh powder.
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Figure 28. Partially sintered FeCrAlY composites processed under non-optimum

conditions at pH8.5 for (a) -325 mesh powder and (b) -500 mesh powder.
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(32 um i 13.15 pm) powder. During processing, the larger particles settle out of the sus-

pension and do not participate in the coating. The ESA measurements are dependent

upon the particle size and particle size is also an input parameter for the stability calcula-

tions. As a result, it is probable that shifts toward lower pHs between stability and insta-

bility occur [89].

4.2 Consolidated Specimens, -325 mesh Matrix Powder

These results will be divided into three subsections. The first two sections will discuss

the NDE and microstructural results for the specimens made by manually coating the

fibers and specimens made using the filament winding machine. The third section will

combine the tensile test results and fracture surfaces from both types of composites

because only four tests were run.

imens ' M nual t' Fi er

NDE results

The X-ray radiograph in Figure 29 shows a longitudinal view of a 2” X 6” (50 mm X

150 mm) specimen laid up by manually coating the fibers. The hot press parameters used

were 19500 F (10660 C) at 15 ksi (103 MPa) for one hour. The arrows pointing to the light

areas on the specimen indicate regions of nonuniforrnity. The average thickness mea-

sured was 0.94mi 0.03 mm. Thickness measurements showed these lighter areas to be

thinner than the other or darker regions. This was a result of the uneven placements of

extra suspension above and below the ply during the lay up. It was observed during the

fiber coating that some tows contained more coating than others. This is believed to be

due to the variation in which the tows were drawn through the suspension as a result of the

manual process. Tows were drawn through one at a time and placed into the ring assembly.
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Figure 29. X-ray radiograph of FeCrAlY/A1203 specimen laid up by manually coating

the fibers.
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The fiber alignment is not uniform, exhibiting some wavy areas. The non-uniform

alignment is attributed to the manual process. From Figure 29, it cannot be determined

whether fiber damage occurred during processing. The fibers are too fine to examine with

the naked eye. Microscopic evaluation of the specimen would provide a better view.

Microstructure

A transverse section of the composite is shown in Figure 30. The micrograph repre-

sents areas of the darker regions near the top and bottom of Figure 29. The middle section

of the sample was used to make a specimen for tensile testing because it appeared most

dense. The composite section shown in Figure 30 appears to be fully dense. The fiber vol-

ume fraction of the specimen is low, approximately 8%. The fiber distribution is not uni-

form and there are some areas on the micrographs where groups of fibers are touching

which are indicated by the arrows. An SEM micrograph in Figure 31 shows these areas to

contain small pores and within the pore, unconsolidated particles. However, the areas

which have these defects are very few with respect to the whole specimen. Longitudinal

sections are shown in Figure 32 (a) and 32 (b). Figure 32 (a) shows the fiber alignment is

mostly straight with some slight waves. Figure 32 (b) shows a different section with a

few fiber breaks.

A micrograph representing the white areas in Figure 29 is shown enlarged in Figure

33. Porosity is evident in this transverse section indicating the NDE is a valuable aid in

locating problem areas within the specimen. SEM was used to provide a clearer picture of

the porosity. Longitudinal sections are shown in Figures 34 (a) and 34 (b). Figure 34 (a)

shows a wavy fiber alignment and porosity along the fiber and within the matrix. Figure

34 (b) is an enlarged area near the fibers. These porous areas are of concern because the
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Figure 30. Transverse section of the 2” X 6” (50 mm X 150 mm) FeCrAlY/A1203

composite fabricated by manually coating the fibers. Arrows indicate

where fibers are touching.
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Figure 31. SEM micrograph of the 2” X 6” (50 mm X 150 mm) composite. The area

shown is an enlarged area representative of where fibers are touching in

Figure 30. These areas contain small pores and unconsolidated particles.
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Figure 32. Longitudinal sections of the 2” X 6” (50 mm X 150 mm) FeCrAlY/Al203

composite laid up by manually coating the fibers showing aligned, undamaged

fibers with slight waves (a), and (b), a region containing a few fiber breaks.
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Figure 33. SEM micrograph of a transverse area from the 2” X 6” (50 mm X 150 mm)

FeCrAlY/A1203 composite laid up by manually coating the fibers showing

porosity.
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Figure 34. SEM micrographs of a longitudinal section from the 2” X 6"

(50 mm X 150 mm) composite showing porosity and wavy alignment

in (a) and (b) is an enlarged area near the fibers showing porosity.
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elastic modulus, fatigue and fracture toughness are dependent on the density [82]. For this

specimen, the porosity was limited to certain regions. Fiber damage was not apparent in

the regions examined and could be attributed to the low volume fraction of fiber present.

Volume Fraction and Density

The average fiber volume fraction measured using image analysis was approximately

8%. Figure 35 shows a histogram obtained from the measurement. The plot shows the

number of counts vs. the volume fraction of fiber. The x-axis represents the fiber volume

fraction. The left y-axis represents the number of times a specific volume fraction was

read. The right y—axis is the percentage of counts out of the total number of measurements

which was 20. The number of measurements varied according to the specimen size that

was mounted. From the mean value of fiber volume fraction, a composite density of

6.94 g/cc was calculated using the Rule of Mixtures [l]. The density value obtained from

the Archimedes method was 6.86 g/cc and the difference is attributed to the porosity

present. The amount of porosity determined was approximately 1.2%

There is a slight error involved in the density measurement. The Archimedes mea-

surement showed some instability in the measurement of the sample when it was weighed

in water. The scale used was very sensitive to vibration and the decimal in the thousandths

place tended to drift. The difference caused a change in the final density by a few hun-

dredths of a g/cc. The image analyzer also added some error in areas where fibers were

clumped or pores were connected to fibers because the image analyzer measures the con-

trast differences and if the pores are connected to the fibers or in between clumps of fibers,

the image analyzer measures it as a whole. The error was minimal for this specimen

because of the low volume fraction of 8%.
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Figure 35. Histogram showing the fiber volume fraction of the 2" X 6” (50 mm X 150 mm)

composite laid up by manually coating the fibers.
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Snecimens Laid Q2 using Filnment Winding Mnghine

NDE results

The X-ray radiographs in Figures 36 (a), 36 (b), and 36 (c) show a longitudinal view

of a 2” x 2" (50 mm X 50 mm) plate (a), 2” x 6” (50 mm X 150 mm) plate (b), and a

2" X 8” (50 mm X 200 mm) plate (c). Different dimensions were used to see if any con-

sistency could be maintained between the lay-up and the microstructure. The hot press

parameters used for all of the specimens were 19500 F (1063° C) at 15 ksi (103 MPa) for

one hour. The average thicknesses were 0.91 mi 0.03 mm for the 2” x 2” (50 mm X 50

mm) specimen, 0.97 m i 0.05 mm for the 2” x 6” (50 mm X 150 mm) specimen, and

1.9 mm i 0.05 mm for the 2” x 8” (50 mm X 200 mm) specimen. Although thickness

variations were still present, the specimens appeared to be more dense than the manually

laid up specimen with the exception of the center region in Figure 37 (b). Problems still

existed with the placement of extra suspension above and below the ply because that was

done manually and there was an inconsistency in that stage of the process.

The fiber alignment was slightly improved using the winding process. Laying up the

ply in the ring assembly as a whole ply instead of one tow at a time allowed more control.

However, as the specimen size increased, the harder it became to lay the ply into the ring

assembly. The difficulty in the lay-up does not reflect problems with the powder size or

winding. It is a handling problem.

Microstructure

The microstructure of the 2” x 2” (50 mm X 50 mm) plate (a), 2” x 6” (50 mm X 150

mm) plate are shown in Figures 37 (a) and 37 (b). The fiber volume fraction of both

plates is increased to approximately 10% and the fiber distribution is improved. There are



 
Figure 36. X-Ray radiographs of specimens (a) 2” X 2" (50 mm X 50 mm), (b) 2” X 6”

(50 mm x 150 mm), and (c) 2” x 8” (50 mm x 200 mm) fabricated using the

filament winding system.
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(50 mm X 150 mm) plate (b) fabricated using the filament winding

machine. Volume fraction is approximately 10%.

Figure 37. Transverse sections of the 2” X 2" (50 mm X 50 mm) plate (a) and the

2” x 6"
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Figure 38. Transverse portion of center region in the 2” X 6” (50 mm X 150 mm) plate

showing porosity.
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also fewer regions of fiber clumping. Both sections from the plates appear fully dense.

Figure 38 shows a portion of the center region of the 2” x 6” (50 mm X 150 mm) plate.

The extent of the porosity was not known because most of the specimen was used to

machine tensile bars. A possible reason for the porosity is due to the uneven suspension

above and below the ply, uneven pressure application throughout the specimen and void

creation. The gradient which exists may be too high for the flow of the matrix to compen-

sate for, especially in areas where fibers are spaced closer together. There was concern

about the mechanical behavior of the tensile bars from this region. One of the bars was

HIPed to see if the pores could be removed. The parameters used were the same as those

for the VHP.

For the 2” X 8” (50 mm X 200 mm) plate, an optical micrograph of the transverse sec-

tion is shown in Figure 39. The fiber volume fraction increased to approximately 13%.

The fiber distribution is similar to that of the other samples and the specimen appears fully

consolidated.

Figure 40 (a) and 40 (b) represent the longitudinal views of the specimen. The obser-

vations were similar for all three specimens. Figure 40 (a) was taken from the 2” X 8”

(50 mm X 200 mm) plate and Figure 40 (b). was taken from the 2” X 6” (50 mm X 150

mm) plate. The plates contained regions of straight and undamaged fibers such those seen

in Figure 40 (a), and regions of damaged or fragmented fibers in Figure 40 (b).

The damaged fibers are of concern because fragmented fibers cannot provide effective

reinforcement because the fibers would not be able to carry their portion of the load and

stress concentrations would be created in adjacent fibers which could lead to premature

failure [31]. In figure 40 (b), the broken fibers are aligned and there is matrix between the



is approximately 13%.

Figure 39. Transverse section of a 2 X 8” (50 mm X 200 mm). Fiber Volume fraction
II
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Figure 40. Longitudinal sections representing specimens fabricated using the filament

winding machine. (a) shows aligned and undamaged fibers from the 2” X 8”

(50 mm X 200 mm) plate and (b) shows aligned and damaged fibers from

the 2” X 6” (50 mm X 150 mm) plate.
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fibers indicating the fragmentation could be a result of pressure. Fiber breakage also

occurs during the lay up process, but the segments are much longer and random. There

was also concern that the fibers could have been damaged when the face sheet was

clamped to the ring assembly to hold the composite in place for transport. The broken

regions tended to extend from where the clamp was placed. Referring to Figure 36, the

clamps stretched from the edge of the specimens to the center length wise. One clamp was

used for each side. The clamps were placed on the sides and the ends. Micrographs were

taken from areas near the clamp and away from it depending on what part of the sample

was not machined for tensile testing. It was decided for the next batch of specimens that

rubber bands would be used instead of clamps to avoid fiber damage.

A direct correlation between the micrograph in Figure 40 (b) and the critical length

necessary for full load transfer could not be made because the interfacial shear strength

data was not available for this particular composite. However, an estimate was made

using interfacial shear strength data from fiber pushout tests for a FeCrAlY/A1203 com-

posite reinforced with Saphikon® fibers [90]. The expression for the critical length (IC) is:

do

1 = __f“ (4.1)
C 21,-

where of“ is the ultimate fiber strength, d the fiber diameter, and 1:,- the interfacial shear

strength [1, 10, 11].

The average fiber length measured from the segments in Figure 40 (b) was approxi-

mately 87 :t 40 um. Only the segments which had both ends square were measured
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because it could not be determined whether the fragments with conical ends were portions

of longer segments. Using the ultimate strength value and diameter of PP A1203 fibers

(1380 MPa, 20 um), and an interfacial shear strength value of 191 i 18 MPa, the critical

length was calculated to be approximately 73 i 7 urn. This suggests that the fibers can

still be loaded to their maximum strength except for those with segments less than approx-

imately 66 um. However, this estimate does not take into account the frictional shear

stresses involved. The surface of Saphikon® fibers are smooth and result in a frictional

shear stress value of 11 1 i 11 MPa. FP fibers have a rough surface [80] and it is expected

that the frictional shear stress of FP fibers is higher and could possibly influence the inter-

facial shear strength enough to reduce the critical length so all of the fibers can achieve

their full load (even the shortest fibers in the 87 i 40 um range). Thus, it appears that the

fiber damage shown in Figure 40 (b) may not be detrimental to the mechanical properties.

It will be shown that this is consistent with the lack of fiber pullout observed on the frac-

ture surfaces (see sections entitledW9.

Volume Fraction and Density

The histogram in Figure 41 represents the 2” X 2" (50 mm X 50 mm) plate and dense

regions from the 2” X 6” (50 mm X 150 mm) plate. The density calculated from the histo-

gram was 6.86 g/cc. The density measurement yielded a value of 6.75 g/cc. The amount of

porosity was approximately 1.6%.

Figure 42 shows the mean volume fraction obtained from the 2” X 8” (50 mm X 150

mm) plate to be approximately 13%. The density calculated was 6.77 g/cc and the density

measured was 6.70 g/cc. The difference was 1%. The error involved in the measurement

of these samples was very small and the microstructure show the regions to be fully
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Figure 41. Histogram representing the fiber volume fraction of the 2" X 6"

(50mmX150mm)plateand2”X2"(50mmX50mm).
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Phase #1 - Count vs Area %
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consolidated. Porosity is still evident in some portions of the plate but distributed

throughout the matrix away from the fiber.

Mechanical Testing

Five specimens were tensile tested at room temperature. One test from this batch

was thrown out because of a computer malfunction. The reason for the limited amount of

specimens was because only three plates were hot pressed that were large enough to make

tensile bars. With these being the first specimens produced using this process, the focus

was placed more on the microstructure evaluation to see if the process actually worked.

The stress—strain curves for the four successful tests are shown in Figure 43. The curves

display a variation in tensile strength from approximately 850 MPa to 250 MPa. The val-

ues are shown in Table 3.

The composite processed manually with 8% fiber reinforcement displayed a yield

strength of approximately 650 MPa. The ultimate tensile strength was 766 MPa and the

tensile elongation approximately 2%. The modulus value obtained from the test was 241

GPa. The values for monolithic hot pressed FeCrAlY [90] are also given in Table 3. The

strength of the FeCrAlY for the samples containing 8% and 13% fiber volume fraction

has been improved significantly by the reinforcements. Using a room temperature

strength of 1380 MPa for FP fibers, ROM calculations (Eq. 2.11) predicted a composite

strength of 596 MPa (the matrix strength at the fiber failure strain is used). For a fiber fail-

ure strain of 0.4% [80], the strength of the matrix is at approximately the yield strength,

which is 528 MPa. The actual strength of the composite is much greater indicating the

strain hardening of the matrix contributed to the strengthening of the composite as well.

Using Equation 2.10, ROM predicted a UTS of 727 MPa. In both cases the measured
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Figure 43. Plot of Stress Strain values for FeCrAlY/Ale3 composites
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values exceeded the predicted amount.

The composites produced by winding show significant differences. The specimen

from the 2” X 8" (50 mm X 200 mm) plate displayed a much higher tensile strength of 841

MPa and yield strength of approximately 800 MPa. The strength increase corresponds to

an increase in reinforcement. The volume fraction for this specimen was 13%. There also

was a decrease in elongation to approximately 0.6%.

This difference in values between ROM and the observed could be attributed to rea-

sons previously mentioned in the literature review such as the variability fiber strength and

reactions at the fiber matrix interface. In addition, the microstructure shows an uneven

distribution and it is possible that areas within the tensile gauge contain more fibers. The

image analysis measurement gives a mean value so some field measurements will be

higher. However, the measurements from the image analyzer provide a value representa-

tive of the entire plate which corresponds to the close agreement with the density

measurements.

The specimens from the 2” x 6” (50 mm X 150 mm) plate which contained a fiber vol-

ume fraction of 10% failed at much lower strengths than predicted. This premature failure

can traced directly to porosity as shown in Figure 46.

Figures 44-46 show the fracture surfaces from the tensile specimens. The fracture sur-

face from the manually processed sample is shown in Figure 44. It shows some fiber pull-

out and plastic flow around the fibers. There is also noticeable plastic deformation in areas

lacking fibers. The fracture surface from the specimen containing 13% fiber volume frac-

tion is shown in Figure 45. There is limited fiber pullout and noticeable deformation in

areas of fewer fibers as shown in Figure 44. These features are consistent with the critical
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Figure 44. Fracture surface from manually processed sample. Fiber volume fraction is

approximately 8%. The UTS of the specimen was 766 MPa and exceeded

ROM by 29%.
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Figure 45. Fracture surface from specimen containing 13% fiber volume fraction.

Specimen was fabricated using the filament winding machine. The UTS

of the specimen was 841 MPa and exceeded ROM by 32%.
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length calculations discussed in the previous section.The distribution of the 13% fiber vol-

ume fraction sample is much improved due to the winding process.

The fracture surface representing the wound samples which failed at low strengths is

shown in Figure 46. The SEM micrograph in Figure 46 shows a porous area near fibers

clumped together as indicated by the arrows. There are also areas in which the FeCrAlY

does not appear to be fully consolidated.

The results of the study at this point indicate that the process needs improvement in

consistency of the lay—up, the fiber volume fraction, and the consolidation parameters to

minimize the fiber damage and achieve maximum density. However, the results provided

several positive indications. The microstructures showed that the colloidal suspension

process was successful in infiltrating the fibers without a binder. The fibers were separated

and the matrix particles were indeed attracted to individual fibers. Improvements in vol-

ume fraction and fiber distribution were shown in samples produced by automatically

winding the fibers through the suspension. In addition fiber alignment was improved by

using the filament winding machine.

The mechanical was testing was inconclusive because of the number of specimens and

the variation in microstructural features and defects. However, the results are encourag-

ing because two of the samples showed better than ROM strength even though there was

porosity and fiber damage in portions of the plate from which they were produced. With a

better process control it could be anticipated that improved mechanical properties could

be obtained using this process.
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Figure 46. Fracture surface from specimen containing 10% fiber volume fraction showing

porosity and areas which appear to be partially consolidated indicated by

arrows. The UTS of the specimen was 255 MPa and 42% ROM.
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4.3 Consolidated Specimens, -500 Mesh Matrix Powder

Steps were taken to optimize the fabrication process. First, a smaller size, -500 mesh

(6.8 pm i 4.4 pm) FeCrAlY powder was obtained to increase the fiber volume fraction. A

smaller size powder would decrease the area in between fibers. In addition, the winding

system’s bath design was modified to improve efficiency. The pressing parameters were

varied to minimize fiber damage and achieve full consolidation. This included slow ramp-

ing to the consolidation pressure and utilizing different pressures. In the earlier experi-

ments, it was determined that the consolidation pressure was being applied over two

minutes. This had not been taken into consideration when the hot press schedules were

evaluated. Loads applied quickly during the early stages of consolidation are more likely

to create stress concentrations when the matrix is not sufficiently deformable [42].

Smaller size specimens (2” x 2” (50 mm X 150 mm)) were used for this part of the study

to minimize material waste and because only microstructural evaluation and density mea-

surements were performed. Two plates of approximately equal thickness (1 mm) were

hot pressed for each set of conditions to try to gain consistency in the processing tech-

nique. Once the optimum parameters were determined, then larger specimens would be

made for mechanical testing.

The results for this section will be divided into subsections according to the pressing

parameters used. Then, separate subsections will cover the mechanical properties, and

final observations.
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0 so 'd ° n Parameters: 1 0° F, Ramn to 2.5 ksi over 1h, Hold for I hour

The microstructures representing the plates processed at these parameters are shown

in Figures 47 and 48. Figure 47 shows the transverse sections from each plate to be simi-

lar in distribution and volume fraction. The volume fraction of fiber has increased as

result of the finer powder size of the FeCrAlY. The distribution was relatively uniform but

still showed limited regions of nonuniformity. There is significant improvement in the

microstructure over the previous samples processed with the -325 mesh powder. Porosity

is evident in both the matrix and around the fibers. Figure 48 shows a longitudinal sec-

tion. Two micrographs were used to extend the view so that the extent of the undamaged

fibers could be seen. Substantial porosity is present along the fibers.

The volume fraction was measured in regions which contained lesser amounts of

porosity. This was done because if pores are connected to the fiber, the image analyzer

distinguishes it as one whole shape. This results in a higher volume fraction reading. The

histogram in Figure 49 represents a mean volume fraction of approximately 19% and a

calculated density of 6.60g/cc. This value was significantly different from the measured

density which was determined to be 6.30 g/cc. This implies that the amount of porosity

present is at least 5%. The extent of porosity made it difficult to use the image analyzer so

only a rough approximation for the fiber volume fraction could be obtained.

Slow ramping to the consolidation pressure over one hour reduced the fiber damage

significantly. However, the pressure used was too low because of the amount of the poros-

ity present. The results did provide a good starting point in the parameter optimization and

in the following sections the improvement is significant.
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Figure 47. Transverse sections of a composite consolidated at 7.5 ksi (52MPa) using 3

1h ramp to consolidation pressure. Porosity is evident in the matrix and

around the fibers.



107

 

 
 

           

Figure 48. Extended longitudinal view of composite consolidated at 7.5 ksi (52MPa)

using a 1h ramp to consolidation pressure. No fiber damage is apparent, but

there is porosity along the fiber.
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Phase #1 - Count vs Area %
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Figure 49. Histogram representing fiber volume fraction of composite processed

at 7.5 1:81 (52 MPa) using a 1h ramp to consolidation pressure.
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Qonsglifltion Parameters; 12§Q° E flame to 10 ksi over 1h, Hold tor I honr

Increasing the consolidation pressure to 10 ksi (69 MPa) resulted in the microstruc-

tures shown in Figures 50 and 51. The transverse sections in Figure 50 show a more dense

composite. The distribution is similar to the specimen consolidated at 7.5 ksi (52 MPa)

and the volume fraction is approximately the same indicating that some consistency was

maintained in the processing. Although the distribution is uneven in some areas, the fibers

do not touch. The longitudinal section in Figure 51 displays no fiber damage and only

slight porosity in the matrix.

The volume fraction histogram is shown in Figure 52. The mean value is approxi-

mately 17%. and the calculated density is 6.66 g/cc. Density measurements gave a value

of 6.56 g/cc which corresponds to a porosity of approximately 1.5%.

The results from this section are a significant improvement over the plates processed at

7.5 ksi (52 MPa). The porosity value, although small is still a concern, especially in a cen-

tral region as shown in Figures 36 (b) and 46 and the corresponding strengths.

W°MWLWv 0 r r

The microstructures in Figures 53 and 54 show the greatest improvement. The trans-

verse sections in Figure 53 show a higher volume fraction. The distribution remains

uneven in limited areas but the fibers do not touch each other in regions containing a

higher fiber volume. Most noticeably there is a matrix region near the bottom of the sec-

tion. The transverse section in Figure 54 shows aligned fibers and the matrix to be fully

dense. There are some fiber breaks but these breaks are not typical. The segments are

much longer indicating it is suitable for maximum load transfer.
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1h ramp to consolidation pressure showing features similar to Figure 47.

Figure 50. Transverse sections of a composite consolidated at 10 ksi (69 MPa) using a
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Figure 51. Longitudinal sections of a composite consolidated at 10 ksi (69 MPa) using a

1h ramp to consolidation pressure. There is slight porosity in the matrix.
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Phase #1 - Count vs Area %
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Figure 52. Histogram representing fiber volume fraction of specimen consolidated at

10 ksi (69 MPa) using 21 1h ramp to consolidation pressure.



and improved distribution.

Figure 53. Transverse sections of a composite consolidated at 15 ksi (103 MPa) using a

1h ramp to consolidation pressure showing increased fiber volume fraction
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Figure 54. Longitudinal sections of a composite consolidated at 15ksi (103 MPa) using

a 1h ramp to consolidation pressure showing minimal fiber damage and

excellent consolidation.
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The histogram in Figure 55 represents a fiber volume fraction of approximately 21% and

the calculated density is 6.52 g/cc. The measured density was 6.5 g/cc. The density values

showed excellent agreement and are almost exact. Thus, this specimen is fully consoli-

dated. These observations indicated a suitable set of parameters for consolidating speci-

mens for tensile testing.

The preceding results indicated that the optimum hot pressing parameters were slow

ramping to 15 ksi (103 MPa) over 1 hour, and holding for one hour at 1950° F (10660 C).

Also, the use of a smaller size matrix powder increased the volume fraction significantly

and improved the distribution. However, there still remained limited areas of unevenness

in the distribution. One common feature was matrix dominated areas near the top or bot-

tom edge of the specimen. As previously mentioned, the uneven suspension placements

above and below the ply probably account for this feature.

Another factor to consider is what happens to the specimen after it been placed in the

rings. The sample at this point is wet. The ply is laid in the ring assembly over a layer of

extra suspension which is evenly spread on the face sheet. Then extra suspension is placed

on top of the ply. Some material is lost during handling so suspension is placed on areas

lacking and then spread evenly. The interparticle forces still act as long as the sample is

wet. Once the top face sheet is in place, the sample is carefully put away to transport it to

NASA LeRC by automobile. By this time the green plates are dry and fragile. Coating

experiments have shown the slightest touch to knock the powder off. In some cases, vibra—

tion from a carbon coater has knocked the powder off the fibers. It is possible the vibra-

tions from the automobile during the road trip can cause some of the matrix to shift to the

bottom.
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Figure 55. Histogram representing fiber volume fraction of specimen consolidated at

15 ksi (103 MPa) using a 1h ramp to consolidation pressure.
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Mechanignl Testing

Five 2” x 6” (50 mm X 150 mm) plates were hot pressed using the optimum parame-

ters and three tensile bars were machined from each plate. Only eleven tests were run

because the other samples broke during machining which indicated something was wrong

with some of the plates. Table 5 shows the strength values obtained from the tests. All the

specimens failed at low strengths and very low strains, less than that of the fiber failure

strain. The data also shows a substantial deviation in strength. There was a strength

increase at 1100 K compared to the unreinforced FeCrAlY value of 51 MPa [90]. How-

ever, at this temperature, the fiber is the main source of strength. Though the composite

strength was higher, the fibers failed at a low load and strain. This type of behavior was

also exhibited in a Saphikon fiber reinforced FeCrAlY composite investigated by Draper

et. a1 [90].

The reason for these low strength values can be seen in the fracture surfaces in Figure

56 (a) and 56 (b). Figure 56 (a) displays limited fiber pullout and ductility similar to the

fracture surfaces in Section 4.2. The fibers are also well distributed. Figure 56 (b) shows

a region of unconsolidated FeCrAlY particles indicating that the specimens were not fully

consolidated. Every specimen contained areas similar to these. This also explained why

some specimens broke during machining.

The results clearly were not reflective of the processing parameters and the lay up pro-

cess had been identical to the previous ones. The plates were hot pressed using a different

press. However, the parameters used were the same and should not have had any bearing

on the results.

A decision was made to hot press 3 more plates under the same conditions and then



Table 5. Tensile Properties of -500 mesh FeCrAlY/A1203.
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Fiber volume fraction is approximately 18%.
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Room 670 296 i 136 681 41 0.15 i 0.07

700 K 520 209 i 127 576 36 0.3 i 0.2

1100K 50 99 -_l- 28 281 35 0.2 i 0.2
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Figure 56. Fracture surfaces representing the tensile specimens processed under optimum

conditions showing consolidated (a) and unconsolidated regions (b).
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HIP them using the same parameters to see if that would remedy the problem. After the

samples were consolidated, it was discovered that the vacuum hot press used to consoli-

date the specimens was calibrated incorrectly. The hydraulic line which supplies the pres-

sure was not connected properly. This resulted in a false pressure reading. Instead of

15 ksi (103 MPa), the actual pressure applied was approximately 5 ksi (34 MPa) [91].

Of the 3 plates, only one was used for tensile testing. One plate was severely bowed

and could not be machined and other plate produced bowed tensile bars which were not

tested because they were deformed slightly. The bowing out occurred during the HIP

cycle and is attributed to nonuniformities or irregularities in the material [91]. NDE was

performed on the specimens and the results verified the nonuniformities. If the plate

underwent an initially bad hot press run, it is probable these nonuniformities were created

during the hot pressing sequence and then magnified with the HIP. However, the fracture

surface from a tensile specimen in Figure 57 displays a similar distribution to the one in

Figure 52, uneven area near the edge of the specimen with regions of excellent distribution

as shown in Figure 58. The fracture surface is planar with areas of limited fiber pullout

and appears consistent with the critical length calculations. The composite also appears to

be fully dense. The measured density was 6.61 g/cc indicating a fiber volume fraction of

approximately 18%. These fiber volume fractions are consistent with the previous sam-

ples. The UTS values from the specimens were similar and the strength was reported at

approximately 614 MPa and an elongation of approximately 0.6% at room temperature.

This compares to a ROM UTS (Eq. 2.11) value of 681 MPa. This measured value is

within 10% of the predicted value. Despite the inconsistencies in the consolidation the

microstructures, the fiber volume fraction and minimal fiber damage remained consistent.
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Figure 57. Fracture surface of a composite hot pressed and HIPed at optimum parameters.

Fiber volume fraction is approximately 18%. The UTS is 614 MPa and 90%

ROM.
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Figure 58. Fracture surface of composite hot pressed then HIPed at optimum parameters.

showing a region containing an excellent fiber distribution with limited fiber

pullout.



5. CONCLUSIONS

FeCrAlY matrix composites reinforced with continuous fine diameter A1203 fibers

have been successfully produced and consolidated using a colloidal suspension process

without an organic binder. This was accomplished by adjusting the pH of the suspension

in accordance with predictions of a suspension stability program which utilized zeta

potential data to predict suspension stability for the fibers with respect to themselves and

instability or heterocoagulation for the composite system. Fiber coating experiments

showed the fiber tow to be thoroughly infiltrated with the matrix at a pH of 6. Two types

of matrix powders with different morphologies were used, an irregular shaped -325 mesh

(32 um i 13. 15 um) powder and a finer, spherical -500 mesh (6.8 pm i 4.4 um) powder.

Initial specimens were consolidated using the -325 mesh (32 um i 13.15 pm) powder.

The composites were characterized by a low fiber volume fraction, a non-uniform distri-

bution and some regions containing porosity. Porosity was identified by X-Ray radiogra-

phy and determined to be approximately 1-2%. Longitudinally, the specimens contained

regions of wavy fibers, aligned fibers and damaged fibers. A comparison was drawn

between a manually processed sample and several processed by winding the tows through

the suspension automatically. The fiber volume fraction was increased and the fiber distri-

bution was improved using the winding system. Preliminary tensile test results showed a

variation in data. Two specimens contained porosity and failed at low strengths and the

UTS of two specimens exceeded ROM predictions.

A smaller size powder was used to increase the fiber volume fraction and the hot press-

ing schedule was varied to determine optimum parameters that would produce a fully

dense composite with minimal fiber damage.
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The difference in morphology and size of the matrix powders had a significant effect on

the composites. Changing to a smaller, spherical powder improved the fiber coating which

led to increases in volume fraction from 13% to 21%. The fiber distribution was signifi-

cantly improved yet there still remained some uneven areas. However, the microstructural

features were common in all specimens indicating some consistency was maintained in

the lay up process.

The optimum hot pressing parameters were determined to be 19500 F (1063° C),

15 ksi (103 MPa) with a 1 hour ramp to consolidation pressure, and hold at temperature

and pressure for one hour. The microstructures exhibited minimal fiber damage as a result

of ramping to the consolidation pressure. Density measurements and volume fraction

measurements showed the composite to be fully consolidated.

Plates were hot pressed at the optimum parameters and tensile bars were machined

and tested. The specimens failed at low strengths for all conditions. Fracture surfaces

revealed regions of well consolidate areas and regions of unconsolidated or partially con-

solidated matrix particles which contributed to the failure of the composites.

An additional set of plates were hot pressed and then HIPed so complete consolidation

could be achieved. The HIP parameters used were the same as those used for the hot

pressing stage. Two of the three plates were deformed during the HIP cycle due to non-

uniformities in the composite. It was later found out that the hot pressing was not carried

out at the proper pressure due to an equipment error. The actual pressure used was

approximately one third of that required. This would account for the unconsolidated

regions in the previous plates which exhibited the poor mechanical properties.

The main goal of this project was to produce a fine diameter fiber reinforced metal



125

matrix composite using the colloidal suspension process. However, mechanical testing

results showed a large variation as a result of poor consolidation control. Although the

microstructures were consistent, some more improvements need to be made in the lay up

and handling of the green composite. Modifications were made to the filament winding

system throughout the course of the project and these improvements made the lay-up pro-

cess less time consuming. However, problems still existed in keeping the particles sus-

pended. Lastly, the consolidation process must be kept consistent. Optimum parameters

were chosen, but the parameters’ effect on the mechanical properties could not be evalu-

ated due to inconsistent consolidation.



6. RECOMMENDATIONS FOR FUTURE WORK

The winding process can be improved by making sure the delivery spool and take up

mandrel operate in sync. The current modification does work, but the delivery spool

rotates slightly faster than mandrel and the rotational speed of the ball mill. This causes

too much slack in the tow occasionally and the rotational ball mill it is attached to has to

be turned off and on periodically. Installing a motor on the delivery spool similar to the

one on the mandrel and connecting it to a power supply would allow them to rotate in

sync. However, this would necessitate another power supply. Another option would be to

connect the spool to the mandrel by means of a belt similar to the current design. This

way would be cheaper but would require more tinkering. With even tension between the

delivery spool and take up mandrel, the suspension can be monitored more effectively.

The particles must be kept in suspension to so that the fibers may be continuously

coated. This is difficult because the particles settle out rapidly due to their high density.

Stirring the suspension periodically helps but it also interferes with the process. Imple-

menting some mechanical device that could run across the bottom of the suspension back

and forth evenly would keep the suspension from settling down and becoming thick. With

these minor adjustments, the winding process should be able to operate smoothly with no

interruptions.

An improvement must be made in the removal of the ply from the mandrel, its place-

ment into the ring assembly, and handling of the green specimen until it is in the hot press.

This part of the process is the most difficult because of the fragile nature of the specimen.

Problems occur when the extra suspension is placed above and below the plys. This is dif-

ficult to quantify because of slight differences in the specimens. Some required more
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material than others as a result of inconsistent winding (the interruptions). It is anticipated

that a quantification of some sort can be accomplished if the adjustments to the winding

system are made. A better approach would be to use foils instead, but the material is not

available in foil form. The samples can be kept wet until they are transported. However, it

is not known how long it takes before the sample dries to a point where it becomes

extremely fragile.

The consolidation has been carried out at NASA Lewis Research Center as part of the

research grant and because the facilities required to consolidate specimens of the dimen-

sions used for this study are not available at the university. The samples had to be trans-

ported there by automobile and then there was a wait for them to be consolidated because

of priority considerations. This created a long turnaround time. Difficulties were experi-

enced due to the long turnaround time because it prohibited testing a wider range of pro-

cessing parameters. In addition, there was equipment downtime and then miscalibration

of the equipment which damaged two batches of samples. This precluded our ability

to obtain adequate results. If a smaller sample size can be used for mechanical testing, it

may be possible to consolidate the specimens here in a more timely manner and have

more control over the consolidation process.
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