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, ABSTRACT ,

Aluminum nitride - silicon carbide whisker composites with up to

20 vol% whiskers were fabricated by pressureless sintering (1750 °-

1800°C) and by hot-pressing (1700°-1800°C). Silicon carbide Whiskers

were found to degrade depending on the type rof protective powder bed

used during sintering. Whiskers were found to degraded in high oxygen

containing samples by reaction with sintering additives. Whisker

degradation was also due to the formation of silicon carbide -

aluminum nitride solid solution. No whisker degradation was observed

in hot-pressed samples, For these samples Young's modulus and

fracture toughness were measured.

A 33% increase in the fracture toughness was measured by the

indentation technique for a 20 vol% whisker composite. Operative

toughening mechanisms were investigated using scanning electron

microscopy. Crack deflection and whisker bridging were the dominant

mechanisms, lt was also shown that load transfer from matrix to

whiskers can be a contributing factor to toughening.
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I. INTRODUCTION

Aluminum nitride (AIN) is currentl'_, being developed for use as an

advanced electronic substrate material because of its high ,thermal

conductivity, high electrical resistivity, and its close thermal

expansion match to silicon. Aluminum nitride also has potential for

use as a structural ceramic because of its oxidation resistance, high

elastic modulus, and strength. But like many other ceramics, it has a

low fracture toughness, on the order of 2.6-3.0 MPa.m 1/2 [1-3].

The purpose of this study is to investigate the potential of

toughening AIN ceramics by reinforcing them with silicon carbide (SIC)

whiskers. The rationale for using SiC whiskers as the reinforcing

phase is twofold. First, SiC whiskers have improved the strength,

fracture toughness, and creep resistance of many ceramics such as

aluminum oxide (AI203) [4-13], mullite [4, 10, 14, 15], and silicon

nitride (Si3N4) [10, 16-21]. Many of these composites have fracture

toughnesses greater than 8 MPa.m 1/2, compared to toughnesses of = 3-

6 for the unreinforced material. Secondly, extensive solid solution

exists in the SiC-AIN system which may be used to tailor the AIN-SiC

whisker interface. This is significant since the properties of ceramic

composites are known to be dominated by the interface.

Published reports of AIN-SiC whisker composites are very

limited. Yarnada reported an increase in the effective fracture energy

at high temperature due to whisker pullout, but did not mention

microstructure, interfaces, or fracture toughness values [10]. In the

present study we seek to understand the effects of process conditions

on composite microstructure, interfaces, and operative toughening

mechanisms in addition to evaluating the toughening potential.
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II. LITERATURE REVIEW

A. Aluminum Nitride

A review of the current literature shows AIN to be of interest

mainly due to its potentially high thermal conductivity, which can be

greatly influenced depending upon the method of fabrication used. As a

structural ceramic, the physical properties of AIN are attractive;

however, its fracture toughness is low. The fracture toughness of

ceramics can be increased by the composite approach, e.g.,

reinforcement with whiskers. A review of the SiC-AIN system is given

below in order to assess the feasibility of an AIN-SiC whisker

composite and the potential for interface modification.

1..'Therm_ Conductivity

Hot-pressed AIN without additives has a thermal conductivity far

below that for pure AIN single crystals. The low thermal conductivity

of AIN without additives has been attributed to impurities. The effect

of impurities on thermal conductivity has been studied by Slack with

particular attention to oxygen impurity [22]. Slack proposed that the
i

incorporation of oxygen in AIN occurs by dissolution of AI203 by the

following reaction'

AI203 _ 2AIAI+ 3ON + VAi {1}

where V AI denotes a vacancy on an aluminum site. These aluminum

vacancies scatter phonons which effectively lower the thermal

conductivity. Improved thermal conductivity in sintered samples can
,

be achieved by reducing the oxygen content of AIN powders [23]

The most recent work on achieving high thermal conductivity Of

AIN ceramics has concentrated on removing dissolved oxygen from the

AIN lattice by the addition of sintering aids. Oxygen (AI203) is removed



from AIN grains by reaction with the sintering aid to form various

aluminate minor phase(s). Rare-earth oxides and alkaline-earth oxides

have been used to produce AIN ceramics with increased thermal

conductivity. Most of this work has concentr,_;_d on the use of Y203

and CaO additions. Cathodoluminesence has shown that the addition of"

Y203 effectively Iowet's the oxygen content within AIN grain_ [24].

Table 1 lists the thermal conductivity of several AIN ceramics.

Table 1. Thermal Conductivity of AIN Ceramics.

.... Coml_osition .... Fherm a_l-Conductivity:I References-"
.................. / .... (W/m-K) _1

AIH, single crystal 320 2 5
HP AIN 50 2 6
HP, AIN 85 2 7
HP, AIN + 2 wt% CaO 135 2 7
HF', A_N + 2 wt=/,,CaC2 1 80 2 7
HP, AIN + 2 wP/oY203 14 5 2 7
PL, AIN + Y203 > 150 28,29,30
PL, AIN + 2 wt% Y203 (2.3-1.1 wt% 02) 70-1 51 31
PL, AIN + 4 wt% Y203 (2.3-1.1 wt% 02) 1 07-1 93 31

PL, AIN + 2.1 w_%3CaO.AI203 1 7 5 3 2_ , -

HP = Hot-pressed
PL = Pressureless sintered

2. Fabrication

Aluminum nitride ceramics can be fabricated by conventional

techniques such as hot-pressing and pressureless sintering. Generally,

AIN can be hot-pressed to full density because the oxygen impurity of

1 the AIN powder aids in densification [33]. However, the oxygen ,

. impurity alone is not enough for pressureless sintering AIN to full

density. In this case, sintering aids are used. Many different sintering

aids have been used to fabricate AIN ceramics with most of the

f

_
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attention being directed toward the use of alkaline earth oxides and the

rare-earth oxides, particularly Y203. Table 2 lists various

compositions of AIN ceramics that have resulted in high density.

Table 2. Various Compositions of High Density AIN Ceramics.

Composition Density References

(g_ m3) i .............
'_io Ad¢litives

HP, AIN (< 2 wt% 02) up to 2000°C Low 3 3
HP, AIN (> 3 wt% 02) 1800°C Full 3 3
PL, AIN, 1800°-2000°C Poor 26
PL, AIN 85% Theo. 3 4
PL, AIN (1 wt% 02), tape casting, 1850°C 98.7% Theo. 3 2

Alkaline Earth Oxides

PL, AIN + 1 mol% CaO (or SrO), 1800°.-1900°C Full 26
PL, AIN + 1 mol% CaO, 1700°C Full 3 5
PL, AIN + 1 mol% LiO2, 1800°C Full 3 5

: PL, AIN + 2.1 wt% 3CaO.AI203, 18G0°C Full 3 2
PL, AIN+CaO+Y203+La203+CeO2+SiO2, 1600°C FuII 3 6

Rare-Earth Oxides

PL,, AIN + 1-4 wt% Eu203, 1800°C 9 7- 9 8% 3 7
PI., AIN + lanthanide oxides, 1850°C Full 3 1
PL, AIN + 3 wt% lanthanide oxides, 1800°C Full 38
PL, AIN + 2-12 wt% Y203, 1850°C 96-99.5% 3 1

, PL, AIN + 0.5 wt% Y203, 1800°-1850°C Full 38, i i, t......

. HP = hot-pressed
PL = pressureless sintered

These sintering aids react with AI203 on the AIN powder surface

to form intergranular liquid phase(s) during sintering. The postulated

sintering mechanism of AiN with Y203 is the formation of a liquid

phase above 1760°C as found in the Y203-AI203 system [39]. X-ray

diffraction (XRD) shows that Y203 additions form Y3AI5012 (yttrium

_

_
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aluminum garnet = YAG) as the main aluminate phase with Y4AI209

present with increasing Y203 addition [27, 31, 38].

Another phase that is observed in AIN ceramics is a y-aluminum

oxynitride (y-AION) phase, y-AION is an intermediate compound

between AIN and AI203, of the approximate composition Ai23027Ns,

that forms above 1700°C [40]. The presence of both YAG and AION in

sintered AIN h_._sbeen reported [41].

Sintering o,_ AIN is typically done in a nitrogen atmosphere to

suppress decomposi_.ion. The use of AIN powder as an embedding

medium to create a self-stabilizing atmosphere during sintering is also

commonly used [3, 31, 35-37, 42].

3. Prooerties

Aluminum nitride is a covalent compound with a hexagonal

crystal structure of the wurtzite type (space group P63mc). The cell

parameters (a = 3.111 A; c = 4.979 A) vary slightly with oxygen content.

Its theoretical density is 3.26 g/cm3 [43], and its average thermal

expansion coefficient (100°-1000°C) is 5.7 x 10"6/°C [44]. Aluminum

nitride is reported to decompose congruently to the elemental gases in

the temperature range of 1580°-1707°C [45].

In air or oxygen, AIN sintered without additives generally begins

to oxidize towards 800°C [45], with oxidation becoming significant at

1100°C [46]. From 1200°C-1450°C the oxidation kinetics are parabolic

as a compact scale of AI203 is formed which adheres well to the

' substrate. Above 1500°C kinetics become linear while the oxide

coating is no longer protective due to AI203 grain growth [45].
.

Aluminum nitride sintered with oxide additions has an oxidation

behavior in air which is about the same as that of AIN without

" " ...... IPI'"" ..... IT" 'Iii'



additives. However, oxidation resistance is normally lowered at higher

temperatures because of early crystallization of the aluminate phases,

which results in microcracking of the protective scale [45].

The mechanical properties of hot-pressed and sintered AIN have

been reported. Young's modulus, strength, and fracture toughness of

AIN ceramics are listed in Table 3.

Table 3. Mechanical Properties of AIN Ceramics.

Composition and Conditions Value Reference

Young's Modulus GPa

HP, AIN (parallel to HP direction) 3 24 2
HP, AIN (perpendicular to HP direction) 342 2
HP, AIN 322 4 7
HP, AIN 314 1
PL, AIN + 3 wt% Y203 (>98.5% dense) 308 4 8

Strength MPa
HP, AIN 3 77 3
HP, AIN 310 2
HP, AIN 2 55 4 9
HP, AIN + Y203 +SiO2 (fibrous grains) 400- 690 5 0
PL, AIN + 2 wt% CaO (fine gr./coarse gr.) 31 3/2 70 3
PL, AIN + CaO (or Y203) - at 1300°C for 48 hr. 200 4 5

Fracture Toughness M Pa.rn 1/2

HP, AIN (3 pr. bend) 2.6 1
HP, AIN (3 pt. bend) 2.7 2
HP, AIN (biaxial testing of disks) 3.6 3
HP, AIN (indentation,98 N) I .8 3
PL, AIN + 2 wt% CaO (biaxial testing) fine gr. 2.9 3

. PL, AIN + 2 wt% CaO (biaxial testing) coarse gr. 3.1 3
PL, AIN + 2 wt% CaO (indentation,98 N) fine gr. 1.5 3
PL, AIN.+ 2 wt% CaO (indentation,98 N) coarse gr. .... 1.8 3

HP- Hot-pressed
PL = Pressureless sintered
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B. Silicon Carbide- Aluminum Nitride System , _

For any potential composite, knowledge of individual phase

stability (thermally, chemically, etc.) as' well as interface stability is

needed. This knowledge can be used to avoid detrimental reactions or

cause beneficial reactions which modify the interface; therefore, the

literature concerning the SiC-AIN system is reviewed below.

Silicon carbide is a high temperature structural ceramic that has

also attracted interest for its electrical properties. In the past decade

there has been increasing interest in possibilities for alloying of SiC

with other ceramic compounds in order to modify and control various

mechanical and physical properties and to improve sinterability. A

number of compounds such as boron carbide (B4C), AI203, boron nitride

(BN), and beryllium oxide (BeO) have been added in small amounts as

sintering aids, while other compounds such as AIN and aluminum

oxycarbide (AI2OC) can be added in large amounts to form extensive

solid solutions with SiC and modify its properties. Zangvil and Ruh [51]

recently reviewed those additives to SiC that can potentially modify

properties (other than sinterability) by the formation of solid

solutions, control of microstructure development, formation of

compounds, and control of polytype stability.

Silicon carbide is a covalent compound which can exist in the

__ cubic or hexagonal crystal structures. Silicon and carbon are in
t

tetrahedral coordination, and crystal structures are comprised of

layers of these tetrahedra. The stacking sequence of tetrahedra

determines the symmetry [52]. The structure can be described using

o Ramsdell notation where the number is the number of close-packed Si-

C double layers and the letter denotes the crystal symmetry. The 3C

=

b;



polytype is cubic and designated 13-SIC, whereas hexagonal or

rhombohedral forms (2H, 4H, 6H, 15R, 21R) are designated s-SiC.

Aluminum nitride is also a covalent compound which has the hexagonal

2H (wurtzite) structure and lattice parameters very close to those of

SiC. Table 4 lists the lattice parameters of SiC and AIN, as well as

their elastic moduli (E) and thermal expansion coefficients (¢).

Table 4. Lattice Parameters and Physical Properties o_ SiC and AIN.

Material SpaceGroup Lattice Parameter E (GP_i o_ (10"6/°C}
a (A) c (A) (20-1000°C)

SiC Fd3m(cubic) 4.398 - 4.45 [53]
SiC P63mc (2H) 3.076 5.048 410 (a-SiC) [54] 3.63 [53]

AIN P63mc (2H) 3.111 4.979 322 [47] 5.7 [44] ,,.

, Aluminum nitride has been shown to stabilize a number of SiC

polytypes. A tentative phase diagram for the SiC-AIN system as

presented by Zangvil and Ruh [55] is shown in Figure 1. In thts work

phase relationships were determined by x-ray diffraction (XRD) and

analytical electron microscopy of local equilibria among adjacent

phases in hot-pressed samples and in diffusion couples. A wurtzite-

type 2H (8) solid solution was found to extend from an impurity-
_=

sensitive lower limit of 17 to 24 mol% AIN up to 100 tool% AIN. Solid

solutions were shown to have the general formula (SiC)I.x(AIN)× and

- belong to the SiC-AIN pseudobinary system. Mechanical properties of
=

: some SiC-AIN solid solutions (SS) and two-phase composites have been

reported and are listed in Table 5. The elastic modulL_s was found to

decrease with increasing AIN content, and to be greater in solid

solutions compared to the equivalent two-phase compositions [47].
_

=.

=

=

=
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Figure 1. Tentative Phase Diagram of the SiC-AIN System. [55]

Table 5. Mechanical Properties of SiC-AIN
Solid Solutions and Two-Phase Composites.

Solid Solutions (SS) /Composites E (GPa) Reference ' .

SiC + 10.2%AIN t SiC + 10%AIN 407 / 396 47
SiC + 36.9% AIN / SiC+ 37.5% AIN 391 / 371 4 7
SiC + 49.4% AIN / SIC + 50%AIN 365 / 349 47
SiC + 79.8%AIN / SiC + 75%AIN 350 / 338 47

" KIc

(MPa,m 1/2)
SiC 4.5 5 6

: SiC + 20% AIN (SS) 3 5 6
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Analytical electron microscopy shows that defect-free or nearly

free 13-SICcannot dissolve more than 1% or 2% AIN. Lattice parameter

data also supports this finding [56]. Some 13-SICwith up to 4% AIN was

found in samples hot-pressed at 1850°-2100°C, but this was always

heavily faulted 13-SIC; i.e., it included a large proportion of hexagonal-

type sites, which seems to be a condition for extensive AIN solubility

in SiC [55].

The transformations from 13and from various (z polytypes into 2H

solid solutions occur by diffusion-controlled transformations through a

layer-displacement mechanism with transformation zones up to 30 nm

wide [55]. The 13-phase would either first transform into (_ and then

into the 2H solid solution, or would remain as 13,but develop faults in

the cubic structure and gradually incorporate AIN. This transformation

is delayed at low temperature (< 2100°C), and thus very low apparent

diffusion rates of AIN into SiC are measured [57]. Difficulty in

measuring the diffusion of AIN into SiC was also due to the formation

of a series of pelytypes with compositional "steps". In general, the

= diffusion depth, and therefore the diffusion coefficient, of AIN in SiC

were considerably lower, by an estimated one order of magnitude, than

those of SiC in AIN. This is in agreement with the fact that SiC is more

strongly bonded than AIN.

" Estimates Of SiC diffusion into AIN were made in diffusion

couples in the high temperature range (2100°-2300°C) and in hot-

, pressed samples in the low temperature range (1850°-1950°C) [57].
i.

Scanning transmission electron microscopy (STEM) and energy-

dispersive x-ray spectroscopy (EDS) of silicon and aluminum, with an

estimated analytical lateral resolution of less than 100 nm, was used
'3

=
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to measure the diffusion distance of SiC into AIN. Figure 2 shows

these results as a function of temperature. Extrapolating these results

over the temperature range used in the present stu'dy (1700°-1800°C),

the expected diffusion distance of SiC into AIN is < 0.2 l_m.
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Figure 2. Approximate Diffusion Distance
of SiC into AIN, based on data from [57].

The presence of a miscibility gap within the SiC-AIN system was

proposed by Ranfaniello et al. [56] and is shown in Figure 1. lt exists

below = 1900°C from between 10 mol% AIN and 90 mol% AIN. This is

also the operating temperature and composition range of the present

study and may be relevant to microstructural development.
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C. Ceramic Whisker Composites

Reinforcing ceramics with other ceramic phases is the basis of

a class of composite materials known as ceramic matrix composites

(CMC's). A variety of lreinforcements can be used such ,as particles,

fibers, and whiskers. Whisker reinforcement, particularly SiC

whiskers, has gained popularity in recent years. Silicon carbide

whiskers have significant potential as reinforcements for ceramic

matrix composites because of their strength, high elastic modulus, and

stability at elevated temperatures. S;licon carbide whiskers can be

made by a vapor-liquid-solid (VLS) process [58] or a more economical

process involving the pyrolysis of silica and carbon from ground rice

hulls [59]. VLS processed SiC whiskers are typically 5 to 6 I_m in

diameter and up to 100 mm in length, whereas whiskers produced from

rice hulls are typically submicron in diameter and range from 10 to 80

I_m in length. VLS-processed whiskers are not currently as widely used

as whiskers derived from rice hulls because of limited availability and

the presence of catalyst balls from the VLS process which can result in

large defects in the compGsites.

Nutt [60] recently studied the defects in SiC whiskers produced
i

from rice hulls. These whiskers are a faulted 3C (13,phase) with the

whisker growth axis along the [111] direction. A high density of planar

faults, such as stacking faults and narrow twins, were found to lie on

close-packed planes perpendicular to the whisker axis. The faulting_

results in regions of complex mixtures of o_and 13polytypes arranged in

; thin lamellae normal to the whisker axis. These defects are manifest
=

as fine dark lines that resemble lattice fringes. Small cavities,

generally 5 to 10 nm in size, are often observed; they are usually
=.
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confined to the core region of the whisker. Calcium inclusions are also

often observed in that region.

The mechanical properties of SiC whiskers have been reported.

The high elastic modulus (E) and high strength of SiC whiskers are

listed in Table 6.

Table 6. MechaniCal Properties of Silicon Carbide Whiskers,

Dimensions (l_m) Mechanical Properties

Make Diameter, length E (GPa) Strength (GPa) Reference

VLS = 5 i_m,5mm 581 7-32, 8.4 avg. 6 1
SC-9 Arco 0.6, 10-80 689 6.89 62

Tateho 0,6, 10-80 4 82 2 0 62
VC-1, Versar 1-10, 20-400 551 18 62 . ,

D. Indentation Fracture Toughness

A popular experimental technique for measuring or estimating the

fracture toughness (K_c) of ceramic materials is the indentation

method. This involves the loading and unloading of a Vickers diamond

point indenter onto the polished surface of the test sample and the

subsequent measurement of the crack lengths extending from the four

corners of the residual diamond indentation. "Figure 3 is a schematic of

the indentation process and the residual crack pattern. The attraction

of this technique is the ability to test samples of small size and its

relative simplicity.

Calculation of the fracture toughness by Vickers indentation is

based on two premises [63, 64]'
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_Ytckersi
Indenter

m

_.l I._

Figure 3. Schematic of Vickers Indentation
with Half-Penny Shaped Cracks of Length 2c.

: (1) The cracks are well-developed, half-penny in shape.

(2) Half-penny cracks are centrally loaded with a crack-opening
point force.

The first requirement above'is satisfied at the lower limit by the

minimum requirement c >_2a and the upper limit by material chipping or

limitation of material thickness. The second premise requires a

, properly aligned indenter and parallel sample surfaces with the

indenter b_ing perpendicular to the sample surface. Also implicit in

the indentation fracture toughness equations is indentation of a

homogeneous isotropic material.
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When the above two requirements are satisfied, the radius of a

half-penny crack (c)is related to the indentation load (P) by
#

c = kP2/3 { 2}

The driving force for crack growth is characterized by a residual stress

intensity factor of the form [65]:

Kr = ZrP/c 3/2 {3}

where Zr is a constant. Based on this, Lawn and Fuller [65] presented

the following equation for calculating K_c assuming penny-shaped

cracks"

Kzc = [1/(_3/2 tan _)]P/c 3/2 {4}

where _ is the half, angle of the Vickers indenter, equal to 68°. lt is

noted that the fracture toughness equation contains no materials

parameters.

Lawn et al. [66] investigated the importance of the residual

stress field around a sharp indenter. The residual stress field

consisted of two superposable components to the net driving force of

. the crack system: an elastic (reversible) and a residual (irreversible)

component. At the indentation surface the elastic component is

compressive and the residual component tensile. Thus, the radial ,

cracks grow to their final lengths as the indenter is unloaded.

Considering this and a residual stress intensity of the form determined

by Lawn and Fuller [65], the following equation for Kzc was proposed'

Kzc ,=ZrP/co 3/2 = t_(E/H)I/2P/co 3/2 { 5}

; where E is the elastic modulus and H is the hardness. Anstis et al. [67]

" determined the material-independent dimensionless constant (t_)to

equal 0.016 + 0.004 from curve fitting data for a number of ceramic

materials.
=

1

_
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The need for a simple method for determining the elastic

modulus-to-hardness ratio (E/H) prompted Marshall et aL [68] to

develop a method using Knoop indentation, This method is based on the

measurement of elastic recovery of the in-surface dimensions of Knoop

indentations. When fully loaded, the ratio of the diagonal dimensions (a

and b) of the Knoop contact area is defined by the indenter geometry

(a/b = 7.11). On unloading, elastic recovery reduces the shorter

diagonal length (a), but leaves the longer diagonal (b) relatively

unaffected, The extent of recovery depends on the hardness-to-

modulus ratio, a measure of which is given by the distortion of the

residual impression characterized by the ratio b'/a'. The ratio b'/a' is

related to the indentation by

b'/a' = b/a-(_H/E {6}

where oc = 0.45 was obtained by fitting experimental data from various

ceramics. The ratio H/E is then given as

H/E = (0.141-b'/a')/0.45 {7}

where a' and b' are the measured dimensions of the residual Knoop

impression. The estimated error in determining H/E is < 10% when H/E

_>0.03.

As mentioned, implicit in the indentation fracture toughness

equations is the indentation of homogeneous, isotropic materials, lt is

not clear if these equations can be strictly applied to a composite

material, especially to a whisker composite where there tends to be

preferential orientation of the whisker during processing, Recently

indentation fracture toughness measurements were made on hot-

pressed AI203-SiC whisker composites [69]. Values of the fracture

toughness were found to vary greatly depending on the orientation of

=
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the indentedplane relative to the hot-pressed direction because of

preferred whisker orientation. Nevertheless, it is common to use the

aforementioned indentation techniques for composites, and in the

present work we will assume that this is valid in a CMC with

homogeneously distributed particles or whiskers, provided that crack

lengths are much longer than the interparticle separation.

E. Toughening Mechanisms.

The toughening of ceramics by whiskers generally includes

contributions from crack deflection, debonding, crack bridging, and

pullout [70, 71]. Each of these contributions places different

requirements upon the microstructure. While the contribution from

crack deflections is only governed by reinforcement shape and volume

fraction [72], the other contributions depend on the mechanical

properties of the interface, the whisker strength/toughness, and the

whisker radius, as well as volume fraction [73].

1. Crack Deflectioj_

The following discussion on crack deflection toughening was

proposed by Faber and Evans [72]. Second phase particles near a crack
c

o tip cause a reduction in the stress intensity by perturbing the

propagating crack front. Two dominant perturbations exist; crack

-- bowing, which produces a non-linear crack front, and crack deflection,

, which produces a non-planar crack. Crack deflection is assumed to be

the dominant perturbation.

Toughening by crack deflection arises when the crack front

" interacts with the microstructure, producing a non-planar crack that is

subject to a reduced stress intensity. Crack deflection can occur due
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to the presence of residual strains or from the existence of weakened

interfaces. Residual strains result from elastic modulus and/or

thermal expansion (o_) mismatch between the matrix and reinforcing

particles. If the particles have a smaller (z, hoop tension and radial

compression exist in the matrix and the particle is under compression.

This is the expected situation in AIN-SiC whisker composites since

_SiC < (XAIN(_SiC = 4.5 x 10"6/°C, (ZAIN= 5.7 x 10-6/°C). In this case, the

crack is attracted to the particle and interfacial compressive stresses

arise which increase the effective shear resistance of the interface. If

the particles have a larger (z, hoop compression and radial tension exist

in the matrix and the particle is under tension, in this case, the crack

is deflected around the particle. The direction of crack deflection

appears, however, to have little effect on the magnitude of the

toughening [72].

When a crack approaches a second phase particle it will

characteristically tilt out of its original plane. Subsequent advance of

the crack may result in crack front twist. Tilted and twisted cracks

are subject locally to mixed mode loading; the tilted crack has Mode I

(opening) and Mode Ii (sliding) contributions to the stress intensity

while the twisted crack has Mode I and Mode III (tearing). The increase

in fracture toughness imparted by deflection of the crack is determined

from the local stress intensities at the tilted and twisted portions of

the crack front.

Toughness increase due to crack deflection was found to be

- independent of particle size, but dependent on second phase shape and

volume fraction. Rod shaped particles of high aspect ratio (length to

: diameter) were shown to be more effective in toughening than
_

i
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spherical or disk-shaped particles. A maximum fourfold increase in
L

fracture toughness was predicted with the majority of this increase

due to crack twist rather than tilt. Toughening was predicted to

increase with volume fraction of the second phase, asymptotically

approaching a maximum at 20 vol%. Reduced toughness would occur at

higher concentrations due to particle overlap.

The crack deflection model was confirmed experimentally in a

barium-silicate glass ceramic containing a spherical crystalline phase,

and in hot-pressed Si3N4 [74]. increased toughness in the glass

ceramic with spherical particles was consistent with predictions. The

aspect ratio of Si3N4 grains was varied by changing the relative
,,

amounts of o_-Si3N4and _-Si3N4 in the starting powder. Toughness and

deflection angles monotonically increased with aspect ratio, in

agreement with theory. The crack deflection mechanism has been

observed in hot-pressed SiC-AI203 and SiC-ZrO2, where crack

deflection along grain boundaries (weak interfaces) showed a r_3tabie

increase in toughness compared to sintered ¢z-SiC which fractured

transgranularly [75].

2. Crack Bridging

• Toughening by bridging is induced by debonding along the fiber

(whisker)/matrix interface [70]. The debonding allows the whiskers to

remain intact within a smalJ bridging zone behind the crack [70], as

shown in Figure 4. The magnitude of the toughening depends on the

extent of debonding, the mode of reinforcement failure, and residual

stress effects [70, 77].
=

" Initial debonding ,_long the interface requires the ratio of the

interface to whisker fracture energies ]-'i/['f to be small enough to lie



20 ¸

tKI
'-_'' YI_

, ///

/L/ //F

/// /IF
_4 /// F4-Sliding ///. . . ///

I _ I JJJ

. T i Jr/

f ff.f

///

Debonding Crack
Front
Debonding

Figure 4. Schematic of a bridging
zone in a reinforced composite [76].

within the debond zone at the proper whisker orientation, as defined in

Figure 5 [76]. When there is no elastic mismatch between the whisker

and matrix, and ¢ = 90 °, debonding occurs when Fi/Ff is less than = 0.25.

As $ decreases, debonding occurs at higher ]"i/rf ratios. Debonding

tends to occur at higher ]"i/rf ratios when there is positive elastic

• mismatch, and at slightly lower ]"i/rf ratios when there is negative

elastic mismatch.

Matrix J

_- / Whisker
c

Figure5. Whisker Orientationfor Initial
Debonding Along the Interface [76].
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The extent of debonding is influenced by residual stresses and the
i

whisker radius. Debonding is typically small when the interface is

under residual compression, but can be extensive when the whiskers

are smooth.

Continuation of the initial debond along the interface is

influenced by additional variables such as residual stress and the

whisker radius. Debond growth is most prevalent in the crack wake

[78, 79]. For interfaces under residual tension, debonding in the crack

wake is unstable and encourages the extensive debonding of smooth
J

whiskers. Debond growth occurs when the stress (t) on the whisker

reaches a critical value t*, given by t* ,,, 2.2 EfeT, where Ef is the
J

elastic modulus of the fiber and eT is the misfit strain. When t > t*,

the debond propagates unstably up the interface.

Residual compression and/or irregular whisker morphology

causes stable debonding [76]. As in the previous case, a threshold

stress must be exceeded before debonds can further propagate in the

wake. In this case, when the threshold stress is exceeded, debonding

occurs stably, to an extent determined by the friction coefficient along

the previously debonded interface (t_) and the residual strain, until t --)

Efem/t) (t) is Poisson's ratio for the whisker), whereupon the interface

separates and further debonding occurs unstably.

The steady-state toughening (bGc)imparted by whiskers can

be considered to have four essential contributions, as shown in Figure

6, and represented by the following [73]'

&Gc/fd = S2/E - EeT2 + 4(['i/R)/(1-f) + ('_/d)7_,i(hi2/R) {8}

where d is the debond length, R the whisker radius, f the volume

fraction, S the whisker "strength", hi the pullout length, and _ the

/L
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Figure 6. Schematic indicating the Various
Contributions to the Steady'State Toughness [73].

sliding resistance of the debonded surface. The first term (S2/E) is

simply the strain energy stored in the whisker over the debonded length

on both sides of the matrix crack before the whisker faigs. This strain

: energy dissipates as acoustic waves, and thus contributes positively to

the toughening. The second term (EeT 2) is the residual strain energy in

each composite element within '[he debond length, as governed by the

o misfit strain (eT). This strain energy is lost from the system when the

whisker fails, and thus detracts from the toughness, independently of

the sign of eT. The third term {4(]"i/R)/(1-f)} is the energy needed to

create the debond fracture surface, with ['i being the fracture energy

per unit area, which must be positive. The last term {(_/d)7_,i(hi2/R)} is

the pullout contribution, with hi being the pullout length and _ the

sliding resistance of the debonded surface. This term is also positive

because heat is generated by the frictional sliding and the interfaces.
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The various contributions to toughness represented in the above

equation were examined by direct measurements of h, d, R, and f in

AI203-SiC whisker where the interfaces are subject to residual

compression and Si3N4-SiC whisker composites with interfaces in

residual tension [73]. Debonc! lengths were found to vary between 2R

and 6R in the AI203-SiC whisker composite and R and 3FI in the Si3N4-

SiC whisker composite (R = whisker radius). Observations in the

AI203-SiC whisker indicated the bridging zone size to be about 3 to 4

o whisker spacings. Usually the second whisker behind the crack tip was

fractured in the Si3N4-SiC whisker composites, indicating that the

bridging zone was very small. The pullout contiibution in both

composites was negligible since only a small fraction oT whiskers

exhibit this phenomenon.

Observations by Campbell et al. [73] indicated that nonaligned,

inclined whiskers typically fail by bending and do not provide a pullout

contribution to toughening. As a consequence, composites with

randomly oriented whiskers cannot normally be expected to exhibit high

toughness. Given this limitation, a useful increase in toughness is still

_. possible with the major toughening mechanisms being the fracture

energy consumed in creating the debonded interface and the stored

_. strain energy in the whiskers at failure which is dissipates as acoustic

waves. Thus, enhanced debonding is desirable. The contribution to AGc

from the energy of the debonded surfaces is expected to be weakly

dependent on the whisker interface energy (Fi) and insensitive to

- wt_'_ker radius, but should increase as the w_alsker strength increases.
]1

; The bridging contribution, however, should increase appreciably as

_" either :ri c_creases or the whisker radius increases and should become

-Z_
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the dominant contribution to toughness for small ]"t and large R,

provided that the "strength" (S)is also high. This "strength" of the

whiskers is not simply related to the uniaxial fracture strength of the

whiskers, and its relation to it is not clearly understood at this time.

Campbell et. al, [73] also pointed out that while small T'l and large S

clearly enhance debonding, such variable as residual strain, surface

roughness, and friction coefficient could be important in determining

the debond length.

Grains can also participate in bridging. Bridging grains can be

induced in two ways: grain boundary debonding and residual stress [80,

81]. Low fracture energy grain boundaries can allow debonding, as in

whisker reinforced materials, such that toughening involves the same

terms described in the equation for &Gc given above [82].

Residual stress-induced bridging occurs because circumferential

compression causes the crack to circumvent local, highly stressed

regions. Evans [82] reports that it has been shown that such a bridging

process increases the steady-state toughness according to'

Z_Kc = 2.5fEAo_&T(R) 1/2 { 9}

where f is the volume fraction of highly stressed grains that result in

. bridging elem_,"ts; _e_and AT are the changes in thermal expansion and

temperature, respectively, and 2R is the grain diameter. This increase

in toughness arises because ligament failure occurs unstably and

energy is dissipated in this process as acoustic waves, partly negated=

by some reduction in residual strain energy.

Load transfer from a matrix to high strength fibers is the

fundamental basis of polymeric and metal matrix composites. 'The
=
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extent of toughening due to load transfer generally increases as the

ratio of fiber elastic modulus to matrix modulus (Ef/Em) increases and

the volume fraction of fibers increases [83]. The lower limit at which

meaningful toughening can be obtained is .when Ef/Em ==2. Maximum

load transfer requires a high volume fraction of unidirectionally

aligned fibers. Toughening by load transfer in whisker reinforced

composites is possible because of the high elastic modulus of the

whisker (500-700 GPa).

The extent of strengthening (and hence toughening) due to load

transfer to unidirectional fibers can be estimated by [84]'

ao = ainu {1 + Vf [(Ef/Em) - 1]} {10}

where ao is the stress at which microcracks appear, Orau is the ma_;rix

stress at its breaking strain, Ef and Em are the elastic modulus of the

fiber and matrix, respectively, and Vf is the volume fraction of fibers.

The strength of composites reinforced with random discontinuous

. fibers has not been treated in detail in the literature. However, the

variation of the elastic modulus has been investigated and

: experimental results suggest that the variation in strength correlates

well with variations in the modulus [85]. The case of reinforcing with

random mats of fibers in both 2 and 3 dimensions has been studied by

Cox [86]. He found the increase in modulus of the composite (E) to be

affected by (EfVf)/3 for the in-plane random case and (EfVf)/6 for the 3

dimensional case. Therefore, the strength increment should be reduced

to 1/3 and 1/6 its aligned value for planar and 3 dimensional random

orientations, respectively, in the planar case, this is equivalent to

assuming that only whiskers with their axes between -30 ° and 4.30°

away from the applied stress directions contribute to strength
_
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increase. Therefore, the strength increase would be given by the

following equation:

ao'= amu {1 + (Vf/3) [(Ef/Em) - 1]} {11}

Iii. EXPERIMENTAL PROCEDURE

A. ProcesSing of Composites

Processing of the composites includes raw material

characterization, powder mixing, and composite fabrication by

sintering and hot-pressing.

1. Raw Materials Characterization

A fine grain AIN powder 1 was used in the present study. The

chemical composition of the powder as given by the manufacturer is

listed in Table 7.

Table 7. Chemical Composition of AIN Powder.

Element ,. Amount,(wt%/

AI balance
N 33.1
C 0.07
O 2
Fe 0.018

other metals < 0.02

The reported average grain size (FSSS) and surface area (BET) are

1.0 I_m and 5.1 m2/g, respectively. The x-ray diffraction (XRD)2

indicated AIN as the only phase present. A coarse grain AIN 3 (3-5 I_m)

1GradeC, H.C. Starck,W.Germany.

2RigakuD/Max,Rigaku/USAinc., Danvers,MA.

3GradeA, H.C. Starck,W.Germany.

=
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was used as a protective powder bed during sintering. A _-SiC 4 + 20

wt% graphite powders bed was also used during sintering.

Yttrium oxide (Y203) 6 was added as a sintering aid The average
,,

particle size (Coulter) and surface area (BET) are 4.2 _m and 9.5 m2/g,
t

respectively. XRD showed Y203 to be the only phase present.

13-SICwhiskers7 were used in this study. No manufacturer data

about the whiskers was given. Figure 7 is a scanning electron

microscope (SEM) micrograph of the SiC whiskers as received from the

manufacturer. The average whisker is ,_ 0.5 _min diameter and 20-

i00 _m in length. Generally the whiskers had a smooth surface;

however, a very small fraction of the whiskers had stacking defects

observable by SEM.

XRD indicated the presence of 13-SICwith a small amount of (z-

SiC. Whisker surface chemistry was analyzed by x-ray photoelectron

spectroscopy (XPS).B XPS analysis showed the surface to be rich in

silica. Impurities of N (_ 4.3 at%) and Ca (==0.71 at%) were detected.

2. Powder Mixing

Because of potential health hazards from inhaling SiC whiskers,

the manufacturer would not make large quantities of whiskers

available for batch processing, but they agreed to mix the composition

batches themselves. They suggested 3 wt% Y203 as a sintering aid and

4Grade Bl0, H, C. Starck, F. R. Germany.

5Grade #38, Fisher Scientific Co., Fair Lawn, NJ.

6Grade 5600, Molycorp, White Plains, NY.

7Grade F9, Advanced Composite Materials Corp., Greer, SC.

8Model PHI 5400, Perkin Elmer/Physical Electronics Div., Eden Prairie, MN.
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Figure 7. Silicon Carbide Whiskers as Received From the Manufacturer.
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10 vgl% SiC WhiSkers (composition design_:,t',:,_fas A3Y10W) as a

Composition that, from a preliminary investigation, hot-pressed to full

density [87]. Batch compositions of 0 and 3 wt% Y203 and 0-10 vgl%

whiskers were ,mixed by wet ball milling (8-16 hrs) in denatured

methyl alcohol in a plastic jar using plastic media.' After milling the

alcohol was dried by evaporation, and the batch, was dry milled (- 30

rain) to break agglomerates, This resulted in a fine powder mixture. A

20 vgl% SiC whisker batch (A3Y20W) was mixed by using the A3Y10W

batch as a base composition and increasing the SiC whisker content.

The 20 vgl% SiC whisker batch was then mixed under conditions similar

to those batches mixed by the whisker manufacturer. Figure 8 is an

SEM micrograph of the composite starting powder. The average AIN

powder size is 1-2 _m, although some large agglomerates up to = 10

i_m could be seen. Figure 8 shows the aspect ratios (length to diameter

ratio) of the 10 and 20 vgl% SiC whisker batches to be 20-50 and 15-

30, respectively.

3. Composite Fa];E.j.c.,J_i_

Pellets for pressureless sintering were formed and cold

asootatacally pressed g at a pressure of 172 MPa. Pressureless

sintering was done in a tungsten resistant heated furnace lo at 1700°-

1800°C under 0.5 atm Ar with the pellets packed in a protective powder

bed in a graphite crucible with a lid. The lid was not sealed tight.

Temperature was monitored by a type C thermocouple (W-Re).

gAutoclaveEngineersinc.,Erie, PA.

1°Model 300-MC,Thermal Technology/Brew Div., Concord, NH.
J
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a

b

Figure 8. SEM Micrograph of the Mixed Starting Powder.
(a) 10 Vol% SiC Whiskers.
(b) 20 Vol% SiC Whiskers.

1
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Hot-pressing 11 was done in a graphite die, 3.81 cm in diameter,

lined with Grafoi112 under a pressure of 27.6 MPa at 1600°-1800°C in

either vacuum or 0.5 atm Ar atmosphere. The temperature was

controlled using a two color infrared pyrometer focused on the outside

of the die wall. The times and temperatures used in sintering and hot-

pressing the samples are shown in Table 8.

B. Composite Characterization

1. Property Measurement

Physical and mechanical properties of the composites were

measured. These include fluid displacement density measurements,

elastic moduli measurements using a pulse echo ultrasound technique,

and fracture toughness measurements using the indentation technique.

(a) J_P_t,Y.. Composite densities were measured using the

Archimedes principle of fluid displacement. Pressureless sintered

samples were cleaned using an abrasive unit13 to remove any adhering

powder from the protective powder bed during sintering. Sintered

samples were typically ground prior to density measurement, and hot-
..

pressed samples were cut from the hot-pressed billets using a low

speed diamond saw.14 Ali samples were weighed on an electronic

balance15 to :1:C.002 g.

1130 ton vacuum hot-press, GVA Corp./Vacuum Industries Div., Somerville, MA.

12GTA-5 mil, Union Carbide, Carbon Products DbJ., Cleveland, OH.

13Model-K, S. S. White Abrasive Unit/Pennwalt, Piscataway, NJ.

14Isomer Low-Speed Saw, Buehler, Lake Bluff, IL.

15.Mett!er PJ 300, Hightstown, N.J.
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Table 8. Composite Processing Parameters.

Processing Sample Composition ......
Conditions

A3Y A3Y10W A3Y20W AOY10W

PL 1800°C, 4 hr X X
PL 1800°C, 2 hr X X
PLH 1800°C, 2 hr, no powder bed X X X
PL 1800°C, 2 hr, no powder bed X X X

PL 1800°C, 2 br, SiC+C powder bed X X X
PL 1800°C, 0.5 hr X X
PL 1750°C, 2 hr X X
PL 1750°C, 1 hr X
PL 1750°C, 0.5 hr X

PL 1700°C, 2 hr X X

HP 1600°C, 1 hr, vac X X
HP 1700°C, 1 hr, vac X X X
HP 1800°C, 0.5 hr, 0.5 atm Ar X X X X

A3Y = AIN + 3wt% Y20 3 A3Y10W = AIN + 3wt% Y203 + 10% whiskers
A3Y20W = AIN + 3% Y203 + 20% whisker AOY10W = AIN + 10% whiskers

HP = hot-pressed PL = pressureless sintered
PLH = pressureless sintered in the hot-press
AIN powder bed used, unless otherwise stated.

Sample density was calculated using the following formula:

Density = (dry wt. x density of liquid)/(dry wt. - suspended wt.) { 1 2}

with samples suspended in toluene. Low densities showed weight

changes with time while suspended due to the saturated of toluene

associated with open porosity. The densities of these samples were

measured from weight and dimensions of ground samples.

(b) Elastic Moduli. Elastic moduli were measured by the pulse

echo technique [88] on the as-processed hot-pressed billets using a

- commercial ultrasonic testing system.IS Sample thickness was

16NDT-150, Nortec Inc., Kennewick, WA.
I
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measured to the nearest 0.01 mm using a micrometer. The billet

surfaces were nearly parallel with thickness varying only + 0.01 mm

over the ultrasonic transducer contact area. The longitudinal and shear

wave velocities of the sample were determined by measuring the

round-trip time of travel of an ultrasonic pulse (1-5 MHz frequency)

between the transducer and the back of the sample. Pulse time travel

was measured to the nearest 0.1 ,_sec using a calibrated oscilloscope

by observing the time between reflections of the initial pulse.

Longitudinal wave measurements and shear wave measurements

were made using a compressional wave transducer and a shear wave

transducer, respectively. Both transducers were = 1.4 mm in diameter

and coupled to the sample using a commercial coupling agent. 17 The

equations for calculating the shear modulus and Young's elastic

modulus are given below"

The longitudinal wave speed (Cl) is given by:

c1= (2t)/tl {13}

where t is the sample thickness and tl is longitudinal time. The shear

wave speed (c2)is given by:

c2- (2t)/t2 {1 4}

where t2 is the shear time. The shear modulus (G) is given by:

, G = pc22 { 15}

where p is the sample density. Poisson's ratio (_)) is given by'

t) = [2-(t2/t1)2]/211-(t2/tl) 2] {16}
=

Young's elastic modulus (E) is given by"

E = 2(I+t))G {1 7}
_=

17SWC CouplingAgent,Panametrics,Waltham,MA.

_



34

(c) Indentation Fracture Toughness. Sample fracture toughness

was measured using the indentation technique With a Vickers diamond

point indenter. Samples approximately 0.5 cm x 1 cmx 0.2 cm thick

were cut from hot-pressed billets using a low-speed diamond saw.

Surfaces perpendicular to the hot-press direction were ground parallel

and polished 18 to a 1 I_m finish with diamond paste.

Indentation measurements were made using a commercial

hardness testerlg fitted With an ocular measuring scale.

Approximately ten indentations were made at loads of 7 kg (68.6 N) and

8 kg (78.4 N). Since the calculated fracture toughnesses at each load

were nearly identical, the crack length measurements for both loads

were added together to determine Kzc. The fracture toughness in

Pa.m 1/2 was calculated using two equations. The first equation was

proposed by Lawn and Fuller [65]:

Kzc = [1/(_3/2 tan ¥)]Pic3/2 {4}

where _ equals 68° for a Vickers indenter, P is the ' indentation load (N)

: and c is the crack length (m). The second equation was proposed by

Anstis et aL [67]:

Kzc = 0.016(E/H)1/2P/c3/2 {5}

where E is Young's modulus (GPa) and H is the hardness (GPa). Figure 9

shows a typical Vickers Indentation in the hot-pressed 20 vol% SiC

whisker composite. The cracks are well behaved and emanate from the

fou_' corners of the indentation. Ali indentations showed that the

condition for validity of the above equations was met, i.e., c > 2a. In

18Ecometzii with Autometattachment,Buehler,LakeBluff, IL.

19Model3212.01,Zwick, Mark V LaboratoryInc., East Granby,CT.

.:
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Figure 9. A Typical Vickers Indentation in the 20 Vol%
__ Whisker Hot-Pressed Composite Showing the c > 2a.
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order to calculate K_c using the second equation, the ratio of E/H is

needed. The ratio of E/H was determined by indentation using a Knoop

diamond point indenter according to the following equation [68]:

H/E = (0.141-b'/a')/0.45 {7}

where a' and b' are the short and long dimensions of the residual Knoop

impression, respectively.

C. Microstructure and Microchemistry

Microstructural and microchemicai characterization included

powder x-ray diffraction of raw materials and composites, scanning

electron microscopy of fracture and indentation surfaces, and

transmission electron microscopy with and without energy dispersive

x-ray analysis of the composites.

1. _-ray Diffraction

Powder x-ray diffraction (XRD) 2o with a Cu x-ray source and a Ni

" filter was used to determine the crystalline phases in the raw

materials and fabricated samples. X-ray diffraction samples were

prepared from composites by sectioning with a low speed diamond saw,

and were generally ground to a 30 _m to !5 I_m surface finish. Powder

and whisker samples were made by packing the powder into the x-ray

sample holder against a glass slide.
_

2. _-._ MicroscoDy
#

Powder particle size, whisker morphology and aspect ratio,

composite fracture surfaces, and interaction of Vickers induced cracks

with the microstructure were observed by high resolution scanning

20RigakuD/Max,Rigaku/USAInc., Danvers,MA.
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electron microscopy (SEM), 21 Powder and whisker samples were

prepared by placing a drop of a powder/whisker-acetone slurry onto an

aluminum stub. After the dispersion dried, the powder/whiskers were

coated with carbon using a conventional evaporator.22 F_'acture

surfaces were obtained by manually fracturing thin samples. Fracture

and indentation samples were mounted on aluminum stubs using

colloidal graphite 23 and coated with carbon.

3. __TransmissionEle_tr.on Microscopy

Transmission electron microscopy (TEM) 24 was used to study the

composite microstructure and microchemistry using ultra-thin window

(UTW) energy dispersive spectroscopy (EDS). Samples for TEM were

prepared by cutting slice_ about 100 _m thick and mechanically

polishing 25 down to 80-90 I_m thick with a final polish of 3 _m

diamond paste. Three millimeter disks were then cut using an

: ultrasonic disk cutter 26 and dimple ground 27 with 3 I_m diamond paste

to a thickness of 40-50 _m. Final thinning of the sample was

performed by argon ion milling 2s to perforation at a voltage of 6 kV and

21HitachiS-800,HitachiLtd.,Tokyo,Japan.

22ModelKDTG-3P,NewYorkAirBrakeCo./KinneyVacuumDiv.,Boston,MA,

23DAG154,AchesonColloidsCompany,Port Huron,MI.

24philips EM-4201equippedwith EDS from EDAX InternationalInc., PrairieView, IL,
and PhilipsCM-12,electronmicroscopes,PhilipsInstrumentsInc., Eindhoven,the

Netherlands.=

25Minimet,Buehler,Lake Bluff, IL.

26Model601,Gatantnc.,Pleasanton,CA.

27Model656 precisiondimplegrinder,G_tan Inc.,Pleasanton,CA.
=

28Model600dual ionmill,GatanInc.,Pleasanton,CA.

.
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1 mA beam current and a gun tilt of 15-25 °. A thin coating of carbon on

the samples eliminated any charging problems.

]IV. RESULTS AND DISCUSSION

A. Density and Phase Composition

Table 9 lists the processing conditions used to fabricate the

composites, along with the measured density and percent of theoretical

density. Measured densities of hot-pressed (HP) samples were often
i

greater than that estimated by using the weight fractions of AIN, Y203,

AI203, and SiC and their respected densities. These values were

attributed to the presence of a number of minor phases. Accurate

values of density would require the knowledge of the volume fraction

and crystal structure of ali minor phases, which were not available.

Therefore, an approximate correction of theoretical density values was

performed, based on the assumption that HP A3Y samples (1600°C and

1800°C) were fully dense (100%) and that ali samples with 3 wt% Y203

contained similar types and amounts of minor phases,*
=

In general the density increased with temperature and holding

time. Full density was achieved for A3Y hot-pressed at 1600°C for 1

' hr, but decreased to ,= 92% with the addition of 10 vol% SiC whiskers

(A3Y10W). Hot-pressing at 1700°C for 1 hr resulted in full density for

A3Y10W and 96% for the 10 vol% SiC whisker composite without Y203

(AOY10W). Hot-pressing at 1800°C for 0.5 hr resulted in a slight drop

in density for the A3Y10W composite due to the shorter holding time,

however full density for AOY10W (==99%) was obtained under these

t

The types and amounts of minor phases were found to vary depending upon processing
conditions, as will be mentioned later. However, the above mentioned correction was still
used.
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Table 9. Densities of Fabricated Samples

Compos!tion I:;'rocessing .......... ':rheoretlcal Measured Cor'reeted Pe'rcent of
Conditions* Density Density Theoretical Corrected

(gtcm 3) (g/cm 3) Density Theoretical

......... (g/cre 3) Density

A3Y HP 1800°C, 0.5 hr, 0,5 atm Ar 3,320 3.39 3.380 100
HP 1600°C, 1 hr, vac 3,320 3,37 3.380 100

PL 1800°C, 4 hr 3.320 • 3.28 3,380 94 7
PL 1800°C, 2 hr 3.320 3.23 3.380 94 4
PL 1800"C, 0.5 hr 3 320 3.29 3.380 97 3

PLH 1800°C, 2 hr, no pb 3 320 3.28 3,380 97 0
PL 1800°C, 2 hr, no pb 3 320 3.23 3,380 95 6
PL 1800°C, 2 hr, SIC+C pb 3 320 3.21 3.380 95 0

PL 1750°C, 2 hr 3 320 3.25 3.380 96.2
PL 1700°C, 2 hr 3 320 2.30 3.380 68.0

A3Y10W HP 1800°C, 0.5 br, 0,5 atm Ar 3.309 3.32 3.369 98.5
HP 1700°C, 1 ht, vac 3.309 ,. 3.40 3.369 100
HP 1600°C, 1 hr, vac 3.309 3,11 3.369 92.3

PL 1800°C, 4 hr 3.309 3.21 3.369 95.3
PL 1800"C, 2 hr 3.309 3.15 3.369 93,5
PL 1800°C, 0.5 hr 3,309 3.22 3_369 95,6

PLH 18000C, 2 hr, no pb 3,309 3.14 3.369 93.2

PL 1800°C 2 ht, no pb 3.309 3.15 3.369 93.5
" PL 1800°C 2 hr, SIC+C pb 3.309 3.08 3.369 91,4

PL 1750°C 2 hr 3.309 3.15 3.369 93.5
PL 17500C 1 hr 3,309 2.85 3.369 84.6
PL 1750=C 0.5 hr 3.309 2.20 3.369 65.3
PL 1700°C 2 hr 3.309 2.61 3.369 77.5

A3Y20W HP 1800°C, 0.5 hr, 0.5 atm Ar 3.298 3.29 3.357 98,0

4

PLH 1800°C, 2 hr, no pb 3.298 2.27 3,357 67.6
PL 1800°C, 2 ht, no pb 3,298 2.38 3.357 70.9

PL 1800°C, 2 br, SIC+C pb 3.298 2.00 3.357 59,6
=

AOY10W HP 1700°C, 1 ht, vac 3.278 3.15 3.278 96.1
HP 1800°C, 0.5 br, 0.5 atm Ar 3.278 3.24 3.278 98,8

A3Y = AIN + 3% Y203 A3Y10W = AIN + 3% Y203 + 10% whiskers
= A3Y20W = AIN + 3% Y203 + 20% whisker AOY10W =AtN + 10% whiskers

HP = hot-pressed PL = pressureless sintered
PLH = pressureless sintered in hot-press
•AIN powder bed (pb) used, unless otherwise stated.
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conditions. A density of 98% was measured for the 20 vol% SiC

whisker composite (A3Y20W) when hot-pressed at 1800°C for 0.5 hr.

The addition of 10 vol% SlC whiskers did not hinder densification

by pressureless sintering (PL). 'Densities of 95-97% were measured for

sintered A3Y samples, while A3Y10W samples had densities of 93-95%.

However, composites containing 20 vol% SiC whiskers could not be

sintered to densities above = 70%. These observations are consistent

with those made by Tiegs and Becker [9] where it was observed that

AI203-SiC whisker composites could be sintered to high densities

(z_95% theoretical) when the whisker loading was ._10 vol%. Above 10

vol% the density decreased dramatically and sintered materials

without closed porosity were obtained. They concluded that in order to

fabricate dense composites from powder with high whisker contents,

some type of encapsulation (for hot-isostatic pressing) and pressure

assistance appeared to be required.

The type of protective powder bed used during sintering also

affected the sample density. Generally, samples sintered in an AIN

powder bed [PL(PB=AIN)] or without a powder bed [PL(NO PB)] had higher

densities than those samples sintered in a I_-SiC + 20 wt% C (graphite)

powder bed [PL(pa=sic.c)]. This was due to the relative amount of oxygen

impurity within the samples with higher oxygen amounts resulting in

higher densities. Specific effects of the powder bed on sample density

and microstructure are discussed later.

The phase composition of the samples was investigated by XRD.

]able 10 lists the phases present in A3Y10W samples; these phases

were, however, present in ali samples under the same conditions. Minor

phases identified include yttrium-aluminum-garnet (YAG) and 7-
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aluminum oxynitride (y-AION). Ali samples containing Y203 showed the

presence of YAG, The composition without Y203 (AOY10W, not shown in

' Table 10) showed only y-AION. Little or no 7-AION was identified below

1800°C, consistent with the appearance of 7-AION above =, 1700°C in

the AIN-AI203 system [2,1,2.20]. The sample sintered at 1800°C for 4

hours showed no 7-AION. This is most likely due to extensive reaction

between phases found in this sample, which will be mentioned later,

The XRD of SiC is also discussed later.

Table 10. Phase Composition of A3Y10W Composites.

Procei_sing .......... Phase; Present '
Conditions

AIN SiC YAG /M.ON

PL i800°C, 4"hr ..... Y N Y N
PL 1800°C, 2 hr Y N Y Y
PLH 1800°C, 2 hr, no powderbed Y Y Y Y
PL 1800°C, 2 hr, no powderbed Y N Y Y
PL 1800°C, 2 hr, SIC+C powderbed Y Y Y Y
PL 1800°C, 0.5 ht Y trace Y Y
PL 1750°C, 2 hr Y N Y trace

HP 1700°C, 1 hr, vac Y Y Y N
HP 1800°C, 0.5 hr, 0.5 atm Ar Y Y Y Y

HP = hot-pressed PL = pressurelesssintered
PLH ,= pressurelesssinteredin the hot-press
A1Npowder bed used, unlessotherwisestated.

4

B. Microstructure

1..C_neral Feat_/res

1 Figure 10 shows typical areas within HP composites.

Preferential orientation of the SiC whiskers was observed in TEM and

confirmed by XRD in HP samples. Whiskers in TEM thin foils prepared
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Figure 10. (a) TEM Micrograph of a Typical Area in HP Composites.
(b) Cross-section of a SiC whisker,
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from planes perpendicular to the HP direction were observed to lie

within the sample plane, while thin foils oriented parallel to the HP

direction showed whiskers in cross-section. Stacking faults,

dislocations, and inclusions within SiC whiskers are also clearly seen

byTEM.

Whiskers were usually observed in grain boundaries as shown in

Figure 11, but a small number of whiskers were found embedded within

single AIN grains. Minor phases, such as YAG, were usually found near

SiC whiskers in grain boundaries. Porosity was also observed at grain

boundaries and along SiC whiskers. Fracture surfaces of AIN grains

observed by SEM show predominantly intergranular fracture, both in

monolithic AIN and in the AIN-SIC whisker composites. Whisker pulloutI

was observed in the compositesas shown in Figure 12. Matrix grain

growth was observed with increased sintering time as seen in Figure

13. The grain size was estimatedfrom SEM and TEM to be=, 2 I_mfor

HP samples.

2. Oxygen Content

The type of protective powder bed used during sintering, as well

as the type of furnace affected the oxygen content of the samples. The

oxygen content was qualitatively measured in the TEM using UTW EDS.

Initially, sintering was performed in a refractory metal furnace with

compacts embedded in an AIN powder bed. This was done to create a

self-stabilizing atmosphere and limit AIN decomposition from the

samples. Sintering AIN in an AIN powder bed is a common practice

[3,31,35-37,42].

_11 hglf, J",r,, ' .... iiI , r I, ,i,Aqllllrl_, ,,, qlr Iq, _ _, _ ',q' qll, ilrzPlr 'J'l,'r,,Ir _z If " _' , ,h_, *, 11;, ',11,_ I!]_lpz?,'=f, I,Ii r '1' :FI,i1, ri H, ,,_
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Figure 12. Fracture Surface of A3Y20W HP 1800°C
.£_mnlA .e,hnwinn,, Whisker Pullout (arrows).-__ .w_,,, r. ..........

._

__

_
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. Figure 13. Fracture Surface Showing Matrix Grain Growth.
(a) A3Y10W PL 1800°C 2br in an AIN Powder Bed.
(b) A3Y10W PL 1800°C 4hr in an AIN Powder Bed.

t
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A very high oxygen content was observed in [PL(PB=AIN)]samples as

shown in Figure 14. The high Si peaks are also significant as discussed

later. Oxygen most likely comes from the decomposition of AIN in the

powder bed. A measured weight loss (,= 1-2 %) and the formation of

small, light blue colored crystals on the inside surface of the graphite

crucible indicate decomposition of the powder bed. Crystals matching

this description were identified by Foster eta/. [44] as aluminum

oxycarbide (AI2OC) and were reported to form when AIN was sintered in

furnaces containing graphite. The composition of the crystals observed

in the present study was not checked, but they are thought to be AI2OC.

The oxygen content of samples sintered without a powder bed

[PL(No PB)] was not measured. From results discussed later it will be

shown that these samples also had a high oxygen content. However, the

PLH samples, which were sintered in the hot-press without a powder

bed, showed only a small oxygen peak. This was due to a better vacuum

in the hot-press than in the refractory metal furnace before back

filling with Ar gas. This effectively lowered the oxygen content within

the furnace.

The oxygen content could be reduced during pressureless sintering

' by substituting a _-SiC + 20 wt% C (graphite) powder bed for the AIN

powder bed or no powder bed. Figure 15 shows the relatively low

oxygen content of the [PL(pB=sic.c)] sample. The oxygen is lower in

these samples compared to the PL(p_A_N)samples because the oxygen

impurity can react with the carbon powder to form CO. Additionally,

the oxygen impurity of the SiC powder (< 1 wt%) is less than that of the

; AIN. Carbon powder' was not added to the AIN powder bed in order to

avoid the formation of AI2OC.

=
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Figure 15. EDS Measurements Showing a Low Oxygen Content.
(a) Hot-Pressed Composite.
(b) Sample Sintered in a Protective Powder Bed.
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Also shown in Figure 15 is a HP sample. No oxygen was detected

in any HP samples because the applied pressure during hot,pressing

would tend to force the oxygen impurity out of the sample.

C. Stability of SiC Whiskers

1. X-Ray Diffraction of SiC

Table 10 (page 41) shows the relationship between the processing

conditions and the observance of SiC peaks by XRD. The low oxygen

content samples (HP, PL(pa=sic+c), and PLH) ali show the presence of SiC.

No SiC was detected in PL(pa=AIR) samples unless the sintering time was

kept very short (1800°C, 0.5 ht). No SiC was detected in the PL(No Pa)

samples indicting they also contained a high oxygen content as alluded

to earlier.

The XRD results indicate that the SiC whiskers can degrade. This

is also seen in the EDS measurements where Si is be detected in high

oxygen samples (see Figure 14). These Si peaks were measured in areas

without SiC whiskers; therefore, the Si peak is not due to a nearby

whisker. Conversely, samples low in oxygen show little or no Si. The

occurrence of a high oxygen peak and a Si peak suggests that SiO2 is

present, conceivably from the oxidation of SiC whiskers. Although a

SiO2 layer was not observed around the SiC whiskers by TEM, whisker

degradation products formed by the reaction of SiO2 with the sintering

additives were observed.

2. Reaction of SiC with Matrix; and Additives

The reaction of SiC with the sintering additives is clearly seen in

the high oxygen PL(ps=AIR) samples as shown in Figure 16. Here a phase

containing Y203 and AI203 (Area B) has surrounded an area rich in Si
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(SiO2) (Area A). Remnants of SiC whiskers are often Seen at grain

boundaries and triple points, as shown in Figure 17. EDS showed these

to contain Y, AI, Si.

Three types of reaction product phases were observed by selected
,.

area diffraction (SAD) and EDS, as shown in Figures 18 and 19,

respectively. The products were a yttria-alum!na-siiica glassy phase

(a) and two crystalline phases. One of the crystalline phases contained

Y and Si (b) and was identified by d-spacing as o_,Y2si207. The other

crystalline phase contained Y, AI, and Si and has a hexagonal crystal

structure (c), but could not be positively identified by SAD, ' However,

the EDS spectra suggests Y2SiAIOsN (Y203.AIN.SiO2) as a possible

formula.

In the low oxygen content samples, there was no evidence of,

reaction between the whisker3 and the minor phases by high resolution

electron microscopy (HREM). Figure 20 is representative of the YAG-

SiC whisker interface in HP and PL(pB=SiC+C)samples. The interface in

these samples is clean and the 0.74 nm lattice spacing of the YAG is

clearly observed.

Evidence of reaction in a sample that had high oxygen but still

contained SiC whiskers was sought. Figure 21 shows the YAG-SiC

whisker interface in PL(pB=AaN),sintered at 1800°C for 0.5 hr. There is

no clear evidence for reaction, although the interface does look rougher

than that in Figure 20. Samples which showed no SiC by XRD were not

investigated by HREM because only remnants of SiC whiskers existed in

areas too thick for HREM.
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Figure 17. Remnant of SiC whiskerin Triple Point (arrow).
(A3Y10W Composite PL(PB-AIN) 1800°C, 4 hr)
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The variation in the amount of the minor phases in samples can be

clearly seen by SEM in Figure22. Extensive grain boundary phase exists

in the PL(pB=AIN) samples (a), while little or no boundary phase is

observed in the HP or PL(pB=sIc+c) samples (b). This accountsfor the

decreased density of the PL(pB=sIc+c) sample compared to the PL(pB=AIN)

sample. This grain boundaryphase should containSi (based on TEM/EDS

results), but due to its small size it could not be analyzed by EDS in the

SEM.

Further evidence of whisker degradation is seen in fracture

surfaces viewed in the SEM. Figure 23 shows that whisker morphology

is unchanged in HP samples from that of the raw material; the whisker

surface is smooth, confirming no degradation. Whisker morphologyhas

degraded slightly in.the PL(pB=stc+c) sample; the surface is no longeras

smooth, as shown in Figure 24 (a). Similar whisker morphologywas

observed in PLH samples. In these samples, there are a large numberof

whiskers. This is in contrastto PL(PB=A=N)and PL(NoPB)samples, where
t.

the number of whiskers was very low. Those whiskers that were

observed possess a very jagged morphology,as seen in Figure 24 (b).

3. Formation Qf SiC-AIN Solid Solution

Although no evidence for reaction between the whiskers and

additives exists in the PL(pB=slc.c) sample, Figure 24 shows that the

morphology of the whiskers has changed. This is due to solid solution

formation between the SiC whisker and AIN. Evidence of solid solution

formation is given by HREM and EDS measurements of SiC diffusioninto

AIN grains.



_ 59

b

Figure 22. SEM Micrograph Showing the Relative Amount of Minor
- Phases in .A3Y10W Composites Sintered at 1800°C, 2 hr.

(a) High Oxygen Sample [PL(pB--AIN)]
II..,_I ,-._,t*_w,r,,._n_mnl_ rpl,,-,,-,,-,.,-,.,-,,I

!
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Figure 23. Fracture Surface of A3Y10W HP Composites.
No Whisker Degradation is Seen.
(a) HP 1700°C, 1 hr
(b) HP 1800°C, 0.5 hr
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a

Figure 24. SEM of A3Y10W Composites Sintered at 1800°C, 2 hr.
(a) Slight Whisker Degradation is Seen in the Low Oxygen Sample.
(b) Extensive Whisker Degradation is Seen in the High Oxygen Sample.
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Figure 25 is a high resolution micrograph of an AIN-SiC whisker

interface in the PL(pB=sic+c) sample, which shOws whisker degradation.

There is no evidence of a reaction layer, nor was there any contrast

change near the interface when the sample was tilted, both of which

suggest solid solution formation.

The extent of SiC diffusion into AIN was measured along the

indicated line in Figure 26. The amount of Si/{Si+AI) and, therefore,

SiC/(SiC+AIN) decreases from a value of 9 at% at a distance of _ 0.2

_m to a value of 6.5 at% at a distance of ,= 1.2 _m. The amount of SiC

observed in the AIN grains (6-9 at%) is consistent with the proposed

phase diagram for the SiC-AIN system [2.3-3], where a solid solution is

predicted at 1800°C for a composition of 90 mol% AIN and 10 tool% SiC.

The Si content at distances less than ,= 0.2 I.i.mwas not measured in

order to avoid error due to beam spread. Distances greater than = 1.2

: _m were also not measured because of intersection with grain

boundaries or other whiskers.

A diffusion distance of > l_m is ==6 times the expected value of _<

0.2 I_m at 1800°C, as extrapolated from data by Zangvil and Rub [2.3-5].
f

Possibly the increased diffusion distance is due to the addition of Y203

and the formation of a liquid phase during sintering, which would aid in

diffusion. However, there was no evidence of minor phases near the

SiC whiskers where these measurements were made.

No Si was measured in AIN grains in the HP samples, even at a

" distance of 0.2 _m. The interface in HP samples shows no whisker
c

-- degradation, as seen in Figure 27. Evidently, the 0.5 hr hot-pressing

time at 1800°C was not long enough to permit extensive diffusion,

t
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Figure 26. Measurement of SiC Diffusion into AIN.
(Measurements Were Made Along the Indicated Line)



i_ iiI¸



66

despite the formation of a liquid phase. If solid solution exists in the

HP samples, the diffusion distance is < 0.2 _m and could not be

accurately measured.

The diffusion of SiC into AIN could not be accurately measured in

high oxygen containing samples because of a background level of Si/AI

0.085 throughout the sample. However, evidence of solid solution in

these samples comes from the morphology of whiskers which are

, embedded within AIN grains, r Figure 28 shows that embedded whiskers

have a very irregular morphology; sometimes whole segments Of the

whisker have disappeared. Because there is contact between the

whisker and the AIN grain, the irregular whisker morphology is most

likely due to solid solution formation. Irregular whisker morphology

was not seen in the HP samples, confirming limited diffusion.

D. Property Measurement

Because the SiC whiskers in HP samples were not degraded, the

elastic moduli and fracture toughness of these samples were measured.

1.

The elastic modulus was measured by an ultrasonic pulse echo

technique [88]. Table 11 lists the elastic moduli as a function of SiC

whisker content. A value of 321 GPa for AIN matches values given in
i

the literature. Virtually no increase in Young's modulus with

increasing SiC whisker content was observed, despite a modulus of

, 500-700 GPa for SIC whiskers. For both 10 vol% and 20 vol% SiC

whisker samples a value of 326 GPa was measured. Using data from

' Ruh et al. [2.3-6], a zero porosity correction for Young's modulus, based
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Figure 28. SiC whiskers Embedded within AIN Grains Show
Irregular Morphologies, Suggesting Solid Solution Formation.

(A3Y10W Composites PL(PB=AIN) 1800°C, 0.5 hr.
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on AIN, was made and is shown in Figure 29. Limits given by the rule of

mixtures (REM) are also shown.

400

E(u.b.) . / _ _0
300

£ ,

, 340

E(].b.)
320

• Measured(',vi(h porosHy oorreo_ton)
• 300 - ' _ ,' .... i " • _ '

0 I0 20 30
SiC Vhisker Content (VoI_)

Figure 29. Young's Modulus as a Function of SiC Whisker Content.
[Assuming Ewhisker(Ew) = 700 GPa, EAIN matrix(Eta) = 322 G,_a]

,,

' The elastic modulus of composites carl be estimated by a rule of

mixtures (REM). An upper bound [E(u.b.)] ReM exists based on two

_- phases being parallel to the test direction (iso-strain condition), while

a lower bound [E(I.b.)] ReM is based on two phases being perpendicular

to the test direction (iso-stress condition). Equations 18 and 19 show

the relationships for the two cases, respectively [89].
z

El, = E1VI+ E2V2 {18}

E.L = (El E2)/(E2V1 + E1V2) {19 }

where El, Vi, E2, and V2 are the Young's elastic modulus and volume

fraction of phases 1 and 2, respectively.
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If the phases are not unidireotionally oriented but are randomiy

oriented in planes, the composite modulus (E)can be simply estimated

from the above two cases as [89].

E ,, 3/8 E, + 5/8 E± {20}

The spread in the two limits depends on the value assumed for the

modulus of the SiC whiskers. The modulus for the SiC whiskers (Ew)

was assumed to lie between 500 and 700 GPa (700 GPa assumed here),

' while the modulus of the AIN matrix (Ern) used was 322 GPa. The zero

porosity corrected composite data has a better fit with the lower

bound (Equation 19). This can be explained by the fact that the Young's

modulus was tested parallel to the hot-pressing direction and

considering the tendency for whiskers to slightly align perpendicular to

the hot-pressing direction.

The discrepancy between the data and the above equations

_oarticularly for the 20 vol% SiC whisker sample, which had a modulus

below the lower bound) is most like0y associated with porosity not

accounted for in the zero porosity correction. The zero porosity

correction was based only on AIN and, therefore, should account for

matrix porosity in the composites. However, some porosity was

observed in composites near SiC whiskers at grain boundaries, and

between whiskers that were not homogeneously dispersed but

agglomerated together. This porosity, which affects load transfer and

perhaps makes the iso-strain assumption invalid (and therefore, the E lt

value invalid) is not accounted for in the matrix correction. A non-
r

homogeneous distribution of whiskers would also differ from the ROM
d

calculation based on a homogeneous distribution of phases. The data

° also does not seem to match the equation based on an in-plane random
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orientation well (Equation 20). The measured value for the 20 vol% SiC

whisker composite also falls below the value predicted by this

equation. Since Equation20is based on Eli and Ez, lt is not surprising

that it also does not fit the data even though the SiC whiskers tend to

have in,plane random orientation after hot-presslng.

2, Fracture Toughness

The indentation fracture toughness as a function of SiC whisker

content is shown iri Figure 30. Crack length data for indentation loads

of 7 and 8 kg (686 and 78.4 N) were averagedtogether. Two equations

were used to calculate Kzc in Pa.m1/2. Equation4 Was proposedby

Lawn and Fuller [65], and Equation5 was proposedby Anstis et al. [67],

Kic = [1/(=3/2tan 68°)]P/c: 3/2 {4}

Kic = 0 016(E/H)1/2P/c3/2 {5}

where P is the indentationload (N), c is the crack length (m), and E is

Young's modulus(GPa), and H is the hardness(GPa), The Lawn and Fuller

equation better matches the literature Kzc values for AIN of ,= 2.7

MPa.ml/2 measured in three point bend [1, 2]. Both equationsshow a

higher value for AIN than a value of 1.8 MPa.ml/2, reported by Witek et

a/., [3] measured by indentation for AIN sintered with 2 wt% CaO at a
!

load of 98 N.

The Lawn and Fuller relation shows a steadily increasing fracture

toughness with SiC whisker content with a maximum increase of = 33%.

The Anstis et a/. relation shows a maximum increase in fracture

toughness of = 18%, with only a very slight increase between the 10

- and 20 vol% SiC whisker composites. By including the material
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Figure 30. Indentation Fracture Toughness
As a Function of SiC whisker Content.

parameters E and H in the calculation of the fracture toughness, lt

' appears that the Anstis relationmay be more sensitive to the sample

microstructure, particularly the density; the increase irl the fracture

toughness of the 20 vol% SiC whisker samples is nearly offset by its

lower density. Another reason for different values from the two

equations may be the introduction of error in determining the E/H ratio

by Knoop indentation. This ratio is only used in the Anstis equation.

The moderate increase in the fracture toughness indicates the

potential for toughening in the AIN-SiC whisker sYstem. These

composites could be considered as engineering materials, but with an
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emphasis on applications where a high thermal conductivity and/0r high

electrical resistivity material is needed.

E. Operative Toughening Mechanisms

Indented samples were viewed in the SEM to observe the Vickers

crock-microstructure interaction and assess the operati_e toughening

mechanisms. BecaUse the thermal expansion of the SiC whiskers is

less than AIN, (¢SiC = 4.5 × 10"6/°C, (ZAIN= 5.6 x 10"6/°C) hoop tension

and radial compression in the AIN matrix and compression in the SiC

whiskers are expected, in this case the crack is attracted to the

whisker. Figure 31 shows that the cracks are attracted to the whisker

and impeded until fracture of the whisker occurs.

In many instances, strong bonding between matrix and whisker is

seen, as in Figure 32. Strong bonding suggests some strengthening, and

hence toughening, can occur by load transfer to the stronger whiskers

since Ew/Era = 2 [83] assuming Ew = 700 GPa and Em = 322 GPa.

_ssuming that the whiskers are oriented randomly in planes

perpendicular to the hot-pressing direction, the strength, increment

(and toughening contribution) can be estimated from Equation {11}:

Go'= ainu {1 + (Vf/3) [(Ef/Em) - 1]} {1 1 }

where Go' is the stress at which microcracks appear, amu is the matrix

stress at its breaking strain, Ef and Em the elastic modulus of the fiber

and matrix, respectively and Vf is the volume fraction ,'_ the fibers

(whiskers). Assuming Ef/Em = Ew/Era = 2 for and Vf = 0.20, Go'= 1.07

_mu or an increase in strength of ,= 7%.

Bridging mechanisms also contribute to the increased toughness

_ uf the ....... '.... '- ..... ,,,, ._L............ '-'--'-_-:-- by ....
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, Figure 31. SEM Micrograph Showing Cracking Around
-! Whiskers in A3Y20W HP 180O°C, 0.5 hr Composites.

__

_

__m
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Figure 32. Strong Bonding Between Matrix and Whiskers
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operates in unreinforced AIN. Some grain bridging was also observed

within the matrix of the composites. Crack bridging by whiskers is

shown in Figure 34. A maximum debond length of -- 2R was observed,

where R is the whisker radius. This compares to debond values of

between 2R and 6R in AI203-SiC whisker composites and between R and

3R_in Si3N4-SiC whisker composites [73]. In AI203-SiC whisker

composites, the interface is under residual compression, While the

interface in Si3N4-SiC whisker composite s is under residual tension.

Interfaces in AIN-SiC whisker should also be under residual

compression (due to thermal expansion mismatches) but the observed

debond length is much less than that in AI203-SiC whisker composites.

Campbell eta/. [73] point out that since residual strain is

invariably detrimental to deb0nding and bridging, matched thermal

expansions (between matrix and whisker) are desirable. In this regard,

the closer match of thermal expansions between AIN and SiC than AI203

(_ = 7.5 x 10-6/°C) and SiC should enhance debonding and bridging.

However, the limited debond length indicates that the interface is

relatively strong, which suggests that some solid solution between the

SiC whisker and AIN has occurred even in the hot-pressed samples.

i

|

,liI
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: Figure 34. Crack Bridging by Whiskers in A3Y20W Composites.
A Maximum Debond Length of _ 2R is Observed (R = Whiskers Radius).
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¥. SUMMARY

1. Aluminum nitride + 3 wt% Y203 (A3Y)can be hot-pressed to full

density at 1600°C. Pressureless sintering at 1750°-1800°C

resulted in densities of 95-97%.

2. Aluminum nitride+ 3 wt% Y203 + 10 vol% SiC whiskers (A3Y10W)

composites hot-pressed at 1700°C and 1800°C to densities >98%

and sintered to densities of 93-95% at 1800°C. Aluminum nitride

+ 10 Vol% SiC whiskers (AOY10W) showed densities of 96% and

99% when hot-pressed at 1700°C and 1800°C, respectively.

3. Aluminum nitride + 3 wt% Y203 + 20 vol% SiC whiskers (A3Y20W)

composites hot-pressed to a density of 98% at 18000C, but

sintering densities did not exceed 70%.

4. The type of protective powder bed used during sintering affected

the amount of oxygen withinthe samples. A high oxygen content

was measured in samples sintered in an AIN powder bed or

without a powder bed. A low oxygen content was found in

samples sintered in a SiC + 20 vol% C powder bed. No oxygen was

detected in hot-pressed samples.

5. Degradation of SiC whiskers was observed in high oxygen

containing samples, but not in low oxygen content samples. This

degradation was manifest as reaction products from the reaction

of SiC whiskers and sintering additives.
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6. Measurements of SiC diffusion in AIN and HREM observations gave

evidence of SiC-AIN solid solution formation in pressureless

sintered low oxygen content samples. SiC could be measured in

AIN at distances > l_m from the whisker. No SiC diffusion in AIN

was measured at distance as small as ,, 0.2 _m. Diffusion of SiC

in AIN could not be measured in high oxygen content samples due

to a high background level of Si.

7. Young's modulus showed only a slight increase from 322 GPa for

AIN to 341 for the 20 vol% SiC whisker composite. Values were

somewhat below those predicted by composite theory.

8. Fracture toughness measurements by the indentation technique

showed a 33% increase in K_c when calculated using the Lawn and

Fuller equation and 18% increase in K_.c when calculated using the

equation proposed by Anstis et al.

9. Operative toughening mechanisms include crack deflection and

crack bridging. A maximum debond length of one whisker

diameter was observed is HP composites. A contribution of = 7%

tothe toughness due to load transfer was estimated.

10. The moderate increase in the fracture toughness indicates the

. potential for toughening in the AIN-SiC whisker system. The

limited toughness in AIN-SiC whisker composites is a

consequence of whisker degradation. Reducing the oxygen

impurity within the composites has been shown to be successful
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in reducing whisker degradation by eliminating the reaction

between the SiC whiskers and the sintering additives, However,

it appears that the formation of SIC-AIN solid solution cannot be

avoided, and results in a moderate toughness increase due to

strong bonding between the matrix and whisker. Therefore, it

would appear that AIN-SiC whisker composites might only be

considered in engineering applications where a material with high
i

thermal conductivity and/or high electrical resistivity is needed.
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