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Abstract
Role of Al on the Microstmctme and Mechanical Properties of Hot-Pressed ABC-SiC
By
Qing Yang
Master of Science in Materials_ Science; and Engineering

University of California, Berkeley

Professor Lutgard C. De Jonghe, Chair

A 'systemati'c study was carried out to investigate the effect of aluminum additive
amount on the microstructure development and room temperature mechanical properties
6f hot-pressed silicon carbide. Two complementary approaches, i.e. varying the
aluminum content continuously or by steps, were employed.

An aluminum metal powder compact was placed in a B and C doped SiC green
compact, and a continuous aluminum concentration gradient was successfully generated
in the SiC after hot-pressing. As the concentration of aluminum decreases, the silicon
carbide grains change from (a) elongated with bimodal grain size distribution to (b)
uniformly elongafed'and then to (c) uniformly equiaxed. Both the bimodal region and the
elongated region have higher toughness and exhibit exteﬁsive crack deflection and crack
wake bridging. Regions with more equiaxed grains have a lower fracture toughness.

ABC-SiC with 3wt% to 7wt% aluminum addition were hot-pressed and the effect

of the aluminum content on the microstructure and room temperature mechanical



properties was invéstigated. When the aluminum content varies from 3wt% to 7wt%, the
elongated plate-like grains change as follows: the aspect ratio increases about 6 times, the
volume fraction éf the plate-like grains decreaseé, the length increases first and then
decreaseé with a maximum at S5wt% aluminum. The microstructural development is
related to the change 0f the grain boundary films from amorphous to crystalline as the
aluminum content increases. Room temperature indentation toughness increases with the
grain aspect ratio but decreases as the volume fraction of plate-like grains decreases. -
Fracture strength decreases with increasing grain size. ABC-SiC with 4wt% aluminum
addition shows the highest fraéture toughness (6.3MPaVm) as well as high fracture

strength (561MPa).




CHAPTER 1: Introduction

1.1 Silicon Carbide Properties

SiC is a covalently bonded material. The strong covalent bonds between Si and C
atoms result in a high decomposition temperature, high elastic modulus, high hardness,
and a low thermal expansion coefficient. In addition, SiC has good resistance to
oxidation, creep and wear, and has a low dgnsity. and high thermal conductivity.
Furthermore, the raw materials to make silicon carbide are abundant and relatively
inexpensi\}é. All these properties make SiC one of the most commonly used structural
ceramics. |

Historically, silicon carbide is mainly used as an abrasive in bonded wheels and
shapes because of its high hardness and refractoriness. Its high thermal conductivity,
high decomposition temperature, chemical inertnes's and low wettability by molten metals
also make silicon carbide a useful refractory material. Silicon carbide is used as heating
elements, and in ultra-pure doped form is an important high temperature semiconductor.
Other. applications of silicon carBide include pipe and pump components for corrosive
liquids such as HF or NaOH, rocket nozzles, aircraft journal bearings, thrust bearings,
etc. Yet other applications that take advantage of the heat-resistant and creep-resistant
properties of silicon carbide are aerospace high-temperature rocket nozzle throats, heat-
exchangers, furnace controllers, microwave and semiconductor processirig fixtures', etc.

3 and turbine

The more exciting and promising expectations are in diesel engines®
engines’. Table 1.1 lists some physical properties of a hot-pressed SiC, and a

commercially avatlable pressureless sintered SiC, Hexoloy SA.



Sintered SiC

Property Hexoloy SA Hot-Pressed SiC

Density (g/cc) : 3.10 3.21
Hardness (km/mm?) 3100 3100
Flexural Strength (MPa) _ 460 930
Young's Modulus (GPa) 410 . 440
Poisson's ratio ' 0.14 ~0.17
e e
e g »
Toughness (MPavVm) 25 not available

Table 1.1: Physical Properties of SiC.?

1.2 SiC Polytypes

SiC has numerous crystallo.graphic variants (polytypes) and .more than 200
polytypes have been identified. It is easier to understand the structure of all the polytypes
by examining the cubic SiC first. Cubic SiC has a Zincblende structure. Carbon atoms
reside at all the corners and face centers of the cube; Si atoms take up four of the
tetrahedral sites. Thé iattice of cubic SiC is f.c.c., where the Si and C "pair" consists of
the basis of each lattiée poiht. The close packed {111} planes are a crystallographic
abstract of Si-C double layers. The stacking sequence of the double layers in cubic SiC is
...ABCABC.... This cubic phase is denoted as the 3C-polytype (Ramsdell notation)
where the number 3 stands for 3 layers in a unit cell and C represents the cubic lattice.

By convention, 3C- polytype is called the B—phase, while the o~ phases represent
the hexagonal (H) and rhombohedral (R) structures. The variation of the stacking.

sequence of the Si-C double layer generates the numerous SiC polytypes. The common
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o—phases are 4H with the stacking sequence of ...ABAC..., 6H with ... ABCACB...

sequence, and 15R with ... ABCBACABACBCACB.... Figure 1-1 shows the crystal
structure of SiC and the stacking sequence for some common polytypes .5

The beta phase is generally considered to be the low temperature phase and o-SiC
the high temperature phase. P-phase transforms to one of the varioué a-polytypes at
elevated temperature. Upon sub_séquent cooling, the microstructure dées not revert back
to the cubic phase. This is believed to be a kinetically limited process as the a-phases at
room tempefature are thermodynamically unfavorable. The transformation temperature
can be varied by the dopants such as Al, B, etc-. The final crystallographic forms of the
o-phases are also very sensitive to the type and amount of the additives. It has been

8,9,10,11

found that the presence of boron favors the 6H polytype , whereas 4H usually

forms when the ‘environment is rich in Al>'%!%13,

The polytype transformations have
great importance in the microstructure evolution in SiC ceramics. The effect of additives
on the poiytype transformation -and hence the microstructure will bevaddressed in more
detail throughout this work.

The layers of close-packed pl‘ane-s are the same for the various alpha phases, just
the stacking sequence and hence long range order is differeﬁt. Therefore, the energy
difference between the various stacking sequences is very small. This is manifested by a
high degree of stacking faults and microtwins that the microstructure of silicon carbides

often exhibits. Typically, these planar faults form on one set of the close-packed {111}

planes in the B-phase and are parallel to the basal plane in the a-phase.

1.3 Densification of SiC Ceramics



The densiﬁcétion process eliminates free surfaces by forming grain boundaries.
Therefore, the thermodyﬁamic driving force for siﬁtering involves the difference between
the grain boundary energy and the surface energy. Kinetically, matter has to be
3 transported from the contact area (grain boundary) of the neighboring particles to thé
neck to eliminate the pores. In polycrystélline materials this process is accomplished
through either grain boundary diffusion or lattice difﬁlsibn froﬁi the grain boundaries to
the pores. On the other hand, matter can alsQ be transported from the surfaces of the
~pores to the neck through Ilattice/surface diffusion, and through evaporation-
condensation. These three routes are ‘non-den'siﬁcation processes, which cause grain
coarsening and pore growth.

Although the strong covalent nature of the Si-C bond is the >origin of the high
elastic modulus, hardness, strength, and chemical st.ability of SiC, this covalent bond also
makes the dénsiﬁcation of SiC veryl difficult. In SiC the difference between surface
energy and grain boundary energy is small so the thermal dynamic driving force is
limited. The diffusion rate of SiC is also low due to the strong.c‘ovalent bonds. Given no
sintering additives, dense SiC ceramic can be obtained only by hot-pressing at extremely
high temperatures (such as 2600°C)'*.  As a consequence, sintering additives are
introduced into the SiC system to increase the sintering driving force and sintering rate.

Prochazka et al. were the first ones who demonstrated that submicron SiC powder
can be pressureless sintered to high density at around 2040°.C with.less than 1 wt% boron

“and carbon'>'®

. According to Porchazka et al., boron is found to segregate at the grain
boundaries and therefore is believed to lower the grain boundary energy; carbon increases

the surface energy by reacting with the native oxide on the SiC particles. Tanaka pointed



out thaf a certain amouht of carbon is required regardless of the oxygen cdntént in the
starting SiC powders, suggesting that carbon might also participate in lowering the grain
boundary energy.'’

Another route to achieve high density at relative low temperatures is to introduce
a liquid phase during sintering and hence. increase the mass transportation rate. For
example, Lange18 (1975) hot-pressed Al,O3 doped SiC to high density at 1950°C. Al,O;
~ reacts with the native silica on the surface of SiC powder particles and forms a eutectic
liquid at temperatures several hundred dggrees lower than the sintering temperature..
Mass transportation is greatly enhanced by the liquid phase through a solution-
reprecipitation process. '° The typical densification temperature in liquid phase sintering
is in the range of 1800°C to 1900°C, which is significantly lower than that in solid state
sintering. Another common liquid-phase sintering additive is Al,O3 + Y,052%*'*2, where
Al,O3 and Y,03 form yttrium aluminum gﬁrnet (YAG). In liquid phase sintering, the
densification rate depends on the amount of the liquid, wettability between the liquid and

SiC, the size and shape of SiC particles, and the solubility of SiC in the melt.

1.4 In si‘tu toughened SiC

Although SiC has many deéiraﬁle properties, its fracture toughness is low, usually
in the range of 2-4 MPaVm. The inherent brittleness of SiC greatly limits the broad
application of SiC as structural components where reliability of the part is of great
importance. Fortunately, the low fracture toughness of SiC ceramics can be improved by

a processing technique called in situ toughening.




Suzuki and Sasaki (1987) * sintered p-SiC with 5 wt% ALO; in a high Ar
pressure (190 MPa) and got fully densified material with a tdughness about SMPavm,
almost twice of that of traditional sintered SiC with boron and carbon addition.- The
microstructure of this SiC is a mixture of elongated grains and small grains.** As in most
liquid phase sintered SiC, grain boundary films were detected along the long edge of thé
plate-like grains, either glassy or epitaxiai crystallized. The grain boundaries are rich in
aluminum and on the order of 0.5-2 nm thick.

Padture et al. (1994)*2% successfully pressureless sintéred B-SiC with Y503,
AlO5 and o-SiC seeds and obtained a microstructl:lre of uniformly distributed elongate-
shaped o-SiC grains and YAG as intergranular secondary phase. He named the material
in situ toughened SiC to differentiate the process route from toughening by adding
platelets or whiskers. The fracture is-intergranular due to the Wéak glassy phase YAG
around SiC grains. The d-seeds facilitafe the formation of coarse and elongated grains.
The material shows a tortuous crack path and extensive crack-wake bridging. The
drawback is the large amount of glassy secondary phase (~20 Vol%), which will cause the
mechanical prbpertieé to be substantially degraded at elevated temperatures.

More recently researchers at Lawrence Berkeley National Laboratory developeél
ABC-SiC by doping B-SiC powder with a small amount of Al, B, and C and hot-pressing

at 1900°C in Ar”’. The ABC-SiC has high toughness (~9 MPaVm), high fracture

8 30,31

at both room and

strength, excellent oxidation®, creep® and fatigue resistance

elevated temperatures. The microstructure consists of elongated plate-like grains that are

interlocked together. The as hdt—pressed material has ~ Inm thick amorphous grain -

boundary ﬁlms, which crystallize upon post sintering heat treatment®2. The relatively



weak grain boundary films cause the ABC-SiC to fracture intergranularly and the
elongated gfains enhance crack deflection, grain bridging, and pull-out3_3. |

In summary, the common features of in sftu toughen SiC are elongated grains
with high aspect ratio and a weak secondary phases at the grain boundaries. The size and

aspect ratio of the elongated grains have a great effect on the mechanical properties.

1.5 Al as a Sintering Additive
As pfeviously mentioned, sintering additives play important foles in processing of
SiC ceramics. The ideal sinfering additives should:
1) facilitate densification so that high density can be obtained at practically
achievable processing conditions, |
2) promote the development of elongated grains and weak grain boundary films to
enhance the toughness,
3) be effective af a sfnall bdose so that the secondary phases will not jeopardize the
strength, oxidation and creep resistance at both room and elevated températures.
Numerous researches have shown that Al is a very effective additive that can
-substantially reduce the densification temperéture and promote the B;to—oc transformation.
»Alleigro et al>* hot-pressed a- or B-SiC powdgr with 3wt% metal elements at 2149°C
and found that sémples with Al or iron metals achieved the highest density. Bocker et
al’® investigated the pressureless sintering of a-SiC containing various Al compounds
and concluded that atomized Al metal is the most effective additive.
The combination of Al, IB, and C is also found to be extremely effective,

providing enhanced densification at lower processing temperatures. Lin et al.® reported




in a brief communication that B-SiC was hot-pressed to 96% of theoretical density with a

fine-grained microstructure at 1650°C using 6wt%Al metal, 1 wt%B and 1 wt% C-black.

1236 studied in detail the microstructure development in

Williams and coworkers
pressureless-sintered B-SiC with Al, B, and C additions. 4H is confirmed to be the
favored high temperature form when aluminum 'is used. 6H and 15R were aleo detected,
but was considered as the interfnediate phases of the 3C to 4H transformation. The
“amount of Al in the study by Williams et al3¢ is about 1.5\th%, higher than the
solubility limit of Al in SiC lattice breported by Tajima and 'Ki.ngeryw. The excess Al
collects invpores and segfegates at grain boundaries as an Al-rich second phase, which
was identified as mostly AlgB4C. |

Some drawbacks of sintering additives require attention. First, although additives
such as Al or B lower the sintering temperatufe to 1706°C, they also cause massive grain
growth, which reduces surface areas and intergranular contact, and further densification
is retarded'”. The exaggerated grain growth found in SiC sintered with B+C'"!® or
Al+B+C>7 additives is caused by the extreme anisotropy of the interfacial energy between
a- and [3-SiC1.l'15 . As aresult, greét care must be taken to avoid overhee.ting or prolonged
sintering times. For SiC sintered with oiides, usually a big quantity (>10%) of additives

was used?>%,

Excessive additives are especially detrimental to the high temperature
mechanical propeﬁies. |

More recently Cao e? al. investigated in situ toughened SiC by hot-pressing B-SiC
powder with. Al, B and C addition®’. The effectiveness of such combination of additives

was confirmed again. Nearly full density was achieved with 3 wi% Al at temperature as

low as 1700°C, or with 1wt% Al at 1900°C. The B-to-o transformation in SiC with



3wt%Al-0.6wt%B-2wt%C starts at ~1700°C and is complete at 1950°C. The only a-
| phase detected is 4H. Quite interestingly, the lérge amount of Al (comparing to the
previous pressureless-sintering cases) does not inhibit the densification in hot-pressing
_process. No exaggerated grain growth of the a-grains was obsérved. Instead; the SiC
grains ére fine and uniformly elongated plate-like grains about 3~8um long and 7~8 in

| aspect ratio when hot-pressed at 1900°C for 1 hour.

1.6 Objectives

As mentioned previously, in situ toughened SiC has drawn great research intefest
due to its relatively high toughnessi compared to traditionally processed SiC. The
mechanical propcrties of in situ tougheﬁed SiC are in a large part determined by the
microstructure. The fracture toughness increases with the.aspect ratio of the interlocked
* plate-like grains; whereas the strength decreases as the grain size increases®’. To gét both
high strength and high toughness, the processing conditions have to be controlled
judiciously to obtain a microstructure with high aspect ratio and relative small grain size.

It is commonly accepted that aluminum lowers the densification temperature and
facilitates the p-to-o transformation and the formafion of highly elongated grains.
However, little effort has been made to systematically study the correlation between the
aluminum conteﬁt and the microstructure of in situ toughened SiC. In this study, the
effect of Al metal addition on the microstructure development of the ABC-SiC was
investigated. Our purpose is to optimize the microstructure by varying the Al content.
Room temperature mechanical tests .were carried out to corr_elate the mechanical

properties with the microstructure and to find out the optimal aluminum content. Two

10



processing approaches were employed to vary the aluminum content either continuously
(Chapter 2) or by steps (Chapter 3). Possible mechanisms for the dependence of

microstructure evolution with the aluminum content were also proposed.

11
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CHAPTER 2: SiC Ceramic with a Concentration Gradient of Al

2.1 Introduction

In this chapter a simple but effective approach is presented to examine the effect
of varying aluminum content on the microstructure of hot-pressed SiC. Our goal is to
produce a continuous concentration gradient of aluminum in the SiC sample, and to
compare the microstructure at different regions of this samplea The concentration
gradient is formed during hot-pressing but before the onset of any significant changes
such as densification, .phase transformation, and grain growth. Another approach thatv
will be discussed in Chapter 3 is the step method, i.e. study of a series of samples each of
which has a different aluminum content. Comparing to the step mcthod; ‘the continuous
method presented in this chapter has several advantages. First, only one.. sample is
needed. Second, since the aluminum content varies continuously, all the possible
microstructures will be recorded. Third, all the fluctuations of the experimental
conditions can be excluded. The drawback of the continuous method is that it is difficult
to separately characterize fhe properties of different regions. However, it can provide

guidance in the selection of aluminum concentration steps for the step method.

2.2 Experimental Procedure
2.2.1 Material Prdcéssing

The starting SiC powder was submicron B-SiC powder (H. C. Starck, Grade B20)
with a mean particle size of 0.15 um. The SiC powder was mixed With 0..6 wt% boron
(Callery Chemical, Callery, PA), and ~ 4 wt% Apiezon wax (Biddle Instruments,

Plymoth Metting, PA). The Apiezon wax was dissolved in toluene, and yielded
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approximately 2 wt% C upon conversion by .pyrdlysis.l "The slurry of SiC with the
additives was ultrasbm'cally agitated for ~ 10 minutes to break up .agglome.,rates, and the -
mixture ‘was stir—drisd in airﬂ using a magnetic‘ stir plate. The dried powders were ,ground
’ using a p.orcel_ain' mortaf and .pestle (Coors) and nassed through‘ a 200 Inésh 'sieve'
(maximum partiuls _sizé is ~75 nm). “ |

Different rnethods were tried to génerate a concentfation gradient of Al in the SiC. |
At first Al was sandwiched between two SiC green sompacts. However, it Was hard to V- '
~ control the nrope_r amount of Al. If the amount of Al is too much, Al is .squeezedv out and |
reacts with graphits surrounding the sample. If the amount of Al is too little, it is not -
enough ‘no prpduce a nice concentration‘ gradient of Al. An effective approach is‘to place
Al inside SiC pow&ér and then hot-press the sample. First, 1.1 grams of aluminum
powder (H-3, atomized, Valimet, Stockton, CA) was cold pressed by uniakial
compression at 35MPa in'a steel die set to form a disc 25.4mm in diameter and ~ 1.4mm
thick. ‘Then the aluminum disc was buried in 22 ‘gram's of boron— and carbqn—doped SiC
powder. The SiC powder with Al at the center was ;uniaxiaily pressed at 35 MPa to fonn
a gfeen compast 38.1mm_in _digmeter and ~ 9mm in héight. The cross section of the .

green compact is illustrated in Figure 2-1

 SiC+0.6 W% B-+4 wt% wax

‘Al metal powder compact,
~5 wt% of the SiC powder

Figure 2-1: Cross section of the green compact before hot-pressing.
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2.2.2 Hot-Pressing Conditions

The green compact wés hot-pressed in a graphite die lined with graphite foil at
1500°C for 30 minutes and then 1900°C for 1 hour. Figure 2-2 shows the temp_erature
program of the hot-pressing procedure. Thé purpose of holding at 1500°C ié to ensure
that enough aluminum has infiltrated into the surrounding SiC green compact. The
pressure at the highest temperature was 50MPa. The load was increased at a rate of
1111.3 N/minutes, starting at 1300°C, and was removed at a rate of 666.8 N/minutes,
starting at 5 minutes before the end of the 1 hour soak at 1900°C. The atmosphere was
flowing Ar gas Iat 1 psi. The system‘was heated under manual control to 400°C in
vacuum, and puml;ed overnight to remove the organics and any residual water in the
‘sample.' After being backfilled with Ar, the furnace femperature was controlled by a
Honeywell controller. The'temperatur.e of the furnace was monitored With a W-Rh
thefmocouple' below 1300°C, while a double wavelength optical pyrometer, sighted on

the graphite die, was emplofed for elevated temperatures. The optical pyrometer was

A

1900°C, 1hr

1500°C, 0.5hr 10°C/min

Temperature

Time
Figure 2-2: Hot-pressing procedure.
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calibrated by observing the .melting of pure Pt in an alumina crucible and Ar atmoéphere.
2.2.3 Characterization

- After hot-pressing, the sample was cut along the diameter and was polished using
diamond wheels and diamond polishing sﬁspensions of various grades to a 1um finish.
Microstructures were revealed by plasmav etching (Plasma-Prep II Model 11005, SPI
Supplies, PA) with CF4+ 4%0, as the reactant gas. Plasma etching is routinely used in
semiconductor industries. During a plasma etching process, the gas mixture is excited by
RF (radio frequenc&) power and some of the gas molecules are changed into chemically
active ions and free radicals. The ﬂuorine free radicals (F) react with Si and form
gaseous SiF4>. Oxygen enhances the etching rate by forming gaseoué phases with carbon
and other byproducts. The etch .rate of SiC grains and grain boundaries are different due
to their different compositions. The SiC grain have a higher etching rate than the silicon
deficient grain boundaries because CF4+0O, etchant is generally used to etch materials
containing silicon, such as silicon dioxide® and silicon hitride“. The microstructure of
SiC was revealed after a 15 minutes efch. Scanning electron microscopy and energy
dispersive spectroscopy (EDS) were empléyed to characterize the grain morphology and
the distribution of aluminum. |

The plate shape of the SiC grains makes quantifying the gfain geometry difficult.

In this study, the cross-sectional grain length (1) and width (w) were meésured fqr as
many gvrainszas possible (90 to 160) on a SEM micrograph. The mean value of the
. measured aspect ratio (I/w) was take'n. to be thé appareﬂt aspect ratio. It is worth noting
that the length or diameter of a plate-like grain is underestimated because the graiﬁ is

typically not sectioned through its middle. Conversely, the thickness of a plate-like grain
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is exaggerated unless it lies exactly normal to the plane being sectioned. As a result, the
aspect ratio determined from two-dimensional measurements tends to be smaller than the

actual aspect ratio.

2.2.4 Indentation

Vickers indentation was performed throughout the cross section of the sample to
study the effect of microstructure on the crack profile. The cross section was poliéhed to
Ium finish before indentation and was plasma betched to reveal the grains after.
indeﬁtatioq. Scanning electron microscopy Was used to examine the crack profiles.

Indentation toughness was calculated from relations (2-1) and (2-1):

1/2 3/2 ' 7
K, =0.016(§) (gj Q.1)°

_ . |
H = 1.854(d—2) (2.2)°

where P is the peak load, H is the hardness, K; is fhe toughness, and E is the‘velastic
modulus. d and ¢ are characteristic dimensioné of the indent "clS shown in Figure 2-3. The
elastic modulus E was taken as 430GPa’ for the calculations. In this study the peak load
Was 98 N. Values d ana c were
measqred using an  optical

microscope equipped with a \

eyepiece scale, whose accuracy is

0.5 um. All indents were placed at a2 c

A
Y

an orientation that two cracks are

Figure 2-3: Schematic of a Vickers indent.
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parallel to the aluminumllayer and the other two are perpendicular to the aluminum layer.
The distance from the center of the indents to the Al layer was also measured in order to

correlate the toughness to the microstructure and Al content.

2.3 Results and Discussion
2.3.1 Al Concentration Gradient in the SiC layer

. The hot-pressed sample is ~ 5 mm thick. The thickneés of the residual aluminum
layer after hot pressing varies from a few microns to ~ 15 pum. EDS was done on the as
polished cross section. As shown in F igure 2-4, an aluminum concentration gradieﬁt was
successfully produced in SiC. The aluminum concentration decreases as the disténce to

the original aluminum layer increases.

Al Content (wt%)
]
/

. ‘ .
1t SN
0 500 1000 1500 2000 _ 2500
Distance to the Aluminum layer (j.um)

Figure 2-4: Variation of the aluminum concentration in the SiC
sample as a function of the distance to the Al layer.

2.3.2 Microstructure Change along the Al Concentration Gradient
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Figure 2-5 illustrates the variation of microstructure with the distance to the
aluminum layer. According to the different microstructures, the cross-section of the as
hot-pressed sample is named by three regions: bimodal region, elongated region and

equiaxed region (regions a, b and c in Figure 2-5 d). It is worth noting that although all

*

Figure 2-5 Microstructure change in the SiC with the Al concentration
gradient. (a) ~ (c) are representative microstructures in regions a through
c as illustrated in the schematic drawing (d).
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Figure 2-5 continued.

Al layer

o
o

1800~

2000
Distance to the Al layer (um)

Figure 2-5 (d)

the regions in Figure 2-5 d are separated by dashed lines, the actual microstructure varies
gradually. In other words, a clear interface between neighboring regions does not exist in
the sample. Representative microstructures in the three regions are shown in Figure 2-5 a
through c.

Region a is closest to the Al layer and about 200 pm wide. Figure 2-5 a shows
the microstructure of SiC right next to the original Al layer. The average Al
concentration is about 6.3 wt%. Two distinct types of grains exist: big grains and small
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grains. The average grdin length and width aré 8.6 pm and 1.0 um for the big grains and
4.2 pm and 0.3 pum for the small grains. Although all the grains are elongated, the small
grains have higher aspéct ratios than the big ones. The average apparent aspect ratio of
the big grains is 9.6, about tWo thirds of that of the small grains (15.4).. No exaggerated
grain growth was observed.

Regionv b is about 1600 ~ 1800 pm wide. Figure 2-5 b shows the typical
microstructure in region b. The micrograph was taken in the area ~300 pm from the
original aluminum layer. The aluminum concentration is about 4.8 wt%. The
microstructure resembles the ABC-SiC obtained in an early research by Sixta®. Different
from region a, the grains are almost un’iférm >in size. Compared to the big grains in
Figure 2-5 a, the length and aspect ratio both decrease by about 40%, with the grain
| width similar.

Region c is the outmost layer, about 500 ~ 700 pm thick. Figure 25 ¢ was taken
in this region and was about 2.3 mm from the original Al layer. The Al concentration is
about 1.2 wt% and the .grains are'moétly equiaxed with an average aspect ratio of 1.7 +
0.8 and grain length 3.0 +1.4 pm.

Table 2-1 Grain size and aspect ratio of SiC grains in the three regions.

length width aspect ratio
I(pm) w (m) ' Iw
| 42420 03402 15.4+8.9
Figure 2-5 a :
8.6+2.5 1.0+ 0.4 9.2+3.1
Figure 2-5 b 5522 ©11£05 5.442.0
Figure 2-5 ¢ 30£1.4 19409 | 1.7+08

23



The corresponding grain size and aspect ratios of the three microstructures are
summarized in Table 2-1.

No stfong EDS single besides background noise could be detected from the black
spots in Figure 2-5 ¢, which indicates that these black spofs are pores. However, no pores
were found in regions a and b. Thesé regions are rich in aluminum and appear to be fully
densified. ED.S shows that the dark areas in Figure 2-5 g and b are aluminum rich
secondary phases. The amount of secondary phases in Figure 2-5 b is substantially less

than in Figure 2-5 a, which corresponds to the decreasing aluminum concentration.

2.3.3 Indentation Toughness and Crack Profiles

The microstruéture in the SiC sample varies in ‘the direction perpendicular to the
aluminum layer. Before calculating the indentation toughness, it is necessary to estimate
the area tested by an indent and see whether or not the variation of the microstructure can
be ignored. The typical. crack length ¢ is about 100 pm for in situ toughened SiC. So the
region being tested by the indent is about 200 um wide, which is comparable to the width
of rggion a. This méans that the variation of the microstructure can not be ignored.
Cracks from different corners of an indent experience different environments. A crack
propagating tbwards the alﬁminum layer "sees" increasing aspect ratios and grain sizes.
In contrast, a crack propagating away from the-aluminum layer develops info area with
smaller and smaller aspect ratios and grain sizes. As a consequence, the toughness
ébtained from an indent in region .a does not correépond to a certaiﬁ microstructure;

rather, it is some "average" value over the gradually changing microstructures.

24




Given the size of the indentor, it is not possible to get the true indentation
toughness values of the different regions in this gradient SiC. However, we can still
qualitatively e?aluate the effect of microstructuré on the toughness by comparing the
values calculated using Equation (2-1). Figure 2-6 shows the variation of. the indentation
toughness vs. thé distance to the Al layer. Most of the data points fall into a band as
depicted by the shadowed area. The band may suggest the general trend that the
indentation todghnéss decreases With the decreasing Al .content. Wifhin ~1100 pm to the
Al layer, most of the indentation toughness values are about 6 to 8.5 _MPa\/m. Two
factors may account for the high toughness: 1) elongated plate-like grains, especiaily the
unique bimodal region; 2) the high residugl Al content. The toughness value drops to ~

4.5 MPaVm in the region (~1400 to 1600 pm) that contains equiéxed grains and low Al

content. Several points in Figure 2-6 that located at ~260um have higher than usual

S V1

= I

[ ]

= 12

m -

= .

=~ 10t .

& -t

£ st

)]

g -

> 6_

=

S i

= 41

b

= A

% 2..'..1....1....|.
= 0 500 1000 1500

Distance to Al layer (pum)

Figure 2-6: Variation of the apparent indentation toughness
value as a function of the position to the Al layer.
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toughness values and are outside of the band. This may be caused by the residual
metallic Al secondary phases. As a semi-elliptical crack from a Vickers indent
propagates, it may encounter these residual metallic Al pﬁases, which deform plastically.
This may suggest that a ceramic-metal composite with in situ toughened SiC matrix may

have a combination of high strength and high toughness.

Figure 2-7: SEM micrographs of crack paths in (a) region a, (b) region b, and (c
transition area between region b and c. Note the difference in the grain-size an
aspect ratio. The horizontal arrow shows the direction of crack growth.
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Crack profiles have been widely used as a simple and convenient approach to
observe crack-microstructure interaction in ceramics. For example, cracks in an in situ
toughened ABC-SiC show‘extensive crack deflection at the grain boundaries and grain
bridging; by contrast, cracks in a low toughness SiC" are straight and transgranuiar, with
no indicatioﬁ of crack-wake bridging®. Cracks at different locations of the SiC sample
are compared in Figure 2-7. Plasma etching of the polished cross section after
indeﬁtation reveals the interaction between microstructure and crack profiles. Figure 2-7
a and b are }taken in the regions a and b, respectively. Extensive crack deﬂectioﬁ at the
grain boundaries and many grain bridging sites are evident in Figure 2-7 a and 5. In
cdntrast, the crack shown in Figure 2-7 ¢ develops mostly transgranulérly and is much

straighter, which indicates a low fracture toughness.

2.4 Conclusions

A continuous aluminum concentration gradient was successfully generated ih SiC
ceramic by hot-pressing a sample with an aluminum metal powder compact enclosed in
B- and C-doped SiC powder. The microstructure as well as the mechanical properties of
SiC change with the distance td the original aluminum layer.

Three regions were naméd according to the microstructure difference: bimodal
region, elongated region, and equiaxed region. Representative microstructures of each
regibn are shown in Figure 2-5 and simﬁnarized in Table 2-1.

- Both the bimodal region and the elongated region have higher toughness. The

crack profiles show extensive crack deflection and crack wake bridging. On the other

* Commercial SiC (Hexoloy SA) from Carborundum, Niagara Falls, NY.
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hand, regions with more equiaxed grains have lower fracture toughness. The cracks are
transgranular and straight.

Furthermore, this study demonstrates a simple but effective way to investigate the
qualitative aspect of additive composition on the miqrostructure development and the

microstructure-crack interaction.
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CHAPTER 3: ABC-SiC with Different Amount of Aluminum Addition
3.1 Introduction

The method presented in Chapter 2 is a simple way to study the effect of
alﬁminum content on the microstrﬁ‘cture of SiC. It also provides guidance on the range of
aluminum concentration selected for further study. However, because the microstructure
varies continuously, lots of important information such as polytypical compositioh,
stfength and toughness are difficult to obtain. In this chapter, a series of SiC sampies
with homogeneously distributed aluminﬁm addition will be discussed.

As mentioned previously, the mechanicai pfoperties of in situ toughened SiC are
in a large part determinéd by the microstructure. The fracture toughness increases with
the aspect ratio of the interlocked plate-like grains; whereas .the strength decreases as the
grain size increases'. The ideal microstructure will be one that has a high aspect ratio and
moderate grain size. The purpose of this study is to find out the optimal aluminum
content that facilitates the formation of high aspect ratio grains without causiﬁg massive
grain growth. Possible mechanisms of the microstmctﬁal changes with the aluminum
content will also be proposed to provide better understanding for the basics of

microstructure control.

3.2 Experimental Procedure
3.2.1 Material Proceséing

The sfcarting SiC powder was high purity cubic B-SiC (BETARUNDUM, Grade
ultra-fine, IBIDEN, Japan)‘ with a mean particle.size of 0.27 pm. The SiC powder was

mixed with 3 wt% to 7wt% aluminum metal powder (H-3, Valimet, Stockton, CA), ~ 3
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pum averége particle size, and 0.6 wt% boron, and ~ 4 wt% Apiezon wax, which yielded )
approximately 2 wt% C by pyrolysis.! The slurry was ultrasonically ‘agitated, stir-dried
and sieved through a 200 mesh screen. The sieved powder was (‘:Old pressed at 35MPa
and loaded into a graphite die. A maximum of fhree disks were sintered at a time,
f énclosed in graphife foils and separated by graphite spacers. The hot-pressing conditions
are exactly the same as in Chapter 2. The hot-pressed disks were 38 mm in diameter and

~ 4 mm thick.

3.2.2 Microstructure Characterization

Thg surfaces of the hot pressed pellets were ground off by ~ 500 um using a
surface grinder witﬁ a diamond wheel. One side of each sample was then polished to a
1pm finish. The densities of the spécimens were determined by the Archimedes method.
Theoretical densities of the matérials were calculated acéording to the rule of mixture.
X-ra}-' diffraction (XRD) was carried out on the polished surfaces of the disks over the
range 20 = 20° to 80° at steps of 0.05°, with a time constant of 1 second. The quantity of
the SiC polytypes in specimens was calculated using the series of equations presented by
Ruska ef al., > which aie listed in Table 3-1. The capital letters A th F stand for the
intensities of the diffraction corresponding to.the d spacing listed in the last column of
Tabel 3-1. The péak intensities were determined by integrating the areas under the peaks,
with background being subtracted first; a to d are the unknown quantities to be solved.
Théy are related to the amount of each polytypé: a for 15R, b for 6H, ¢ for‘ 4H, and d for
3C. A numerical method was employed to find the best fit of the equations. Soluﬁons

~ were double-checked by compafing them with the experimental diffraction spectra.
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15R - 6H | 4H 3C  Peak d(nm)

3.2a + 99¢ - —A 0266
112a  +  194b o - B 0263
26.0a 4+ 389¢ = C 0257
31.1a + 592b -+ 250+ 1000 = 0.251
18.1b - + 34.1¢ =E 0235
2.4a + 65b +  131d =F 0217

Table 3-1: Equations to calculate the SiC polytypes.”

Microstructures of the hot-pressed materials were studied by scanning electron -
r'nicroscopy (SEM) on polished and plasma etched surfaces, which were perpendicular tov
the direction of the load during hot-pressing. Surfaces parallel to the loading direction
were also examined and no texture was 0bs§rved. Microstructure characteristics,
including the grain size, aspect ratio; and size distribution, were evaluated using the séme
method as mentioned in Chapter 2. For the microstructures with bimodal grain size
distributions, area densities of different' types of grains, deﬁng:d as number of grains per
unit area, Were used to .describe quahtitatively the microstructure. The aluminum
distribution_‘ was determined .by EDS. Conventional and high resolution transfnission
electron microscopy (TEM and HR-TEM) was performed fo stgdy the polytypes, grain.

“boundaries and grain morphology.

3.2.3 Mechanical Tests

Four point bend strength were evaluated on beams of ~ 3 mm by 3 mm by 30 mm

sectioned from the polished disks. The tensile edges were beveled using a 6 pm diamond
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wheel to reduce the edge flaws. The flexural strgngth was tested using a four-point
bending jig with an inner span of 9.5 mm and an outer span of 254 mm. The crosshead
spee_d during the test was 0.05° mm/minute and fhe médulus of rapture (MOR) Was
éalculated from the following relation:

- 3Pa
K

(-1

o

where ¢ is the four-point bend strength, P is the -load at fracture, a is one-half of the
distance between the inner and outer spans, b is the width of the beam, and # is the height
of the beain. The bend strength for every aluminum content Was averaged over at least
six beams.

Fracture toughness was estimated by Vickers indentation method With a.peak load
of 98 N. At Jeast six indents were measured for each aluminum composition. Details of
the inden;[ation experiment have been provided in Chapter 2.

- SEM was used to examine the fracture surfaces and the crack profiles on indented

and then plasma etched specimens.

3.3 Results and Discussion
3.3.1 Effect of Al Concentration on MiCrostrugture Evolution -

Table 3-1 lists the compositions of samples and densities after-hot-pyessing.
Sémples were named according to additive content. A, B, and C stand. for aluminum,
boron, and carbon, respectively. The number designateé the Al wt%. Densities greater
than 99% theoretical density were reached for all samples. SEM micrographsvtaken on
the plasma-etched surfaces of each sample were shown in Figure 3-1 a through e. The

five silicon carbide materials show four distinctly different microstructures, with 6ABC-
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SiC and 7ABC-SiC having similar features. As the aluminum content was increased by
only 4wt%, the aspect ratio and size of elongated plate-like grains as well as the volume
fraction of the elongafed grains all changed drastically: It is worth noting that the aspect
ratios of the elongated grains in 4ABC-SiC to 7ABC-SiC are very high, in the range of

20 to 45, but the grain size is relatively small (less than 50pm). Although rapid gain

growth did occur for some aluminum contents, no abnormal grain growth®>*>® was found
in our materials.

Sample Designation SiC (wt%o) - Al (wt%) Density(g/cm?)
3ABC-SiC 94.4 3 3.18
4ABC-SiC 93.4 4 3.24
5ABC-SiC 924. 5 3.25
6ABC-SiC 914 6 3.13
7ABC-SiC . 90.4 7 3.15

All samples also contain 0.6 wt% B and 2 wt% C.
Table 3-2: Compositions and densities of samples

Slightly varying the aluminum content can drastically change the aspéct ratio and
length of the elongated plate-like grains. As shown in Figure 3-2 a, the average aspect
ratios of elongated plated-like grains increase from about 5 to over 30 as the aluminum
content changes from only 3 wt% to 7 wt%. Figure 3-2 b shows the variation of the
lehgths of the plate-like grains with the changing of the aluminum content. The grain
length first increases from 4.4 pm to 20 um as the Al wt% increases from 3 wt% to 5
wt%, then dfops to 9.1 pum as the aluminum content changes to 6 wt%, and slightly
increases when Al reaches 7 wt%. SABC-SiC shows the longest elongated grains and

3ABC-SiC the shortest. Comparing 4ABC-SiC with 3ABC-SiC, both the lengths and the
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Figure 3-1: SEM micrographes
showing the microstructures of
(a) 34BC-IBD, (b) 44ABC-IBD,
(¢) SABC-IBD, (d) 6ABC-IBD,

(e) 7ABC-IBD

aspect ratios of plate-like grains of 4ABC-SiC are 4 to 5 times of those in 3ABC-SiC,
although the aluminum content is raised by only 1 wt%. The thickness of the plate-like

grains is similar, about 1 pum, in samples with 5wt% and lower aluminum content.

6ABC-SiC and 7ABC-SiC possess thinner plates (about 0.3 to 0.4 um thick). Although
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Figure 3-2: Effect of the aluminum concentration on (a) the aspect ratio
and (b) the grain size of SiC.

the lengths of the elongated plate-like grains in 6ABC-SiC and 7ABC-SiC are

comparable to the grain length of 4ABC-SiC and about half of that of SABC-SiC, the

smaller plate thickness results in a big increase in the aspect ratios of those elongated

grains in 6 and 7 ABC-SiC. The results of grain morphology analysis were summarized

in Table 3-3.
Table 3-3: Results of Microstructural Analysis
. Elongated Plate-like Grains Equiaxed | Area Density of
Material - _ Grains Elongated
length width aspect ratio d (um) Grains (mm?)
! (um) w (um) lhw
3ABC-SiC 44+14 1.0+£03 47+1.6 — 85,000
4ABC-SiC 11.7+ 8.0 0.8+0.5 149+6.0 0.5+03 57,000
5ABC-SiC 200+ 6.4 0.8+0.3 232+6.8 0.6+0.2 45,000
6ABC-SiC 9.1+3.0 03+0.2 30.8£10.6 05+03 25,000
TABC-SiC 11.5+5.8 04+02 316 +154 06+03 23,000

Increasing the Al wt% not only affects the size and shape of elongated plate-like

grains of SiC, but also results in the variation of the volume percentage of the elongated
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grains. As shown in Figure. 3-1 a, 3ABC-SiC has slightly elongated grains with a
uniform grain size§ whereas in 4ABC-SiC a few submicron equiaxed grains can be
detected. SABC-SiC has more equiaxed grains distributed in the network of elongated
grains, and the equiaxed ‘grains becbme dominant in 6ABC-SiC and 7ABC-SiC. In a
word,- all the other materials besides 3ABC-SiC éhow bimodal grain size distributions.
The area density of the elongatéd grains as a function of the aluminum content is also
listed in Table 3-3 to reflect this change. The result démonstrates that sufficient
aluminum actually inhibits the formation of elongated plate-likf; grains. High aspect ratio
grains can be obtained without encountering severe grain growth.— '

" The fracture toughness of ceramics can be improved by incorporating rod-like or
plate-like reinforcements that generate a bridging zone in the crack wake’, as has been
demonstrated in numerous studies on ix situ toughened silicon nitride and silicon carbide.
Howeyer, the large reinforcement grains could readily act as flaws aﬁd result in
degrading the strength. Most in situ toughened silicon carbides shovs} a trade-off in
improving both fracture strength and fracture toughness®. Producing a bimodal grain size
distr.ibution can be a promising r.outev to improve the stead-state fracture toughness
without sacrificing the high strength of ceramics. Becher et al. ° judiciously controlled
the microstructure of a silicon nitride and achieved a fracture toughness 10 MPaVm and ,
fracture strength in excess of 1 GPa. The silicon nitride has a distinct bimodal
distribution of grain diameters and well dispersed elongated grains. In contrast, if a broad
grain -diameter distribution is generated, both the fracture toughness and fracture strength

10

undergoes a substantial reduction®'®. Many in situ toughened silicon carbide ceramics

811,12

also show bimodal grain size distributions However, the strength of these silicon
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_ carbide was either not reported or low. This is presumably because of the large amount
of additives (10~20wt%). Seedingg’” and prolonged post sintéring annealing'? were
commonly employed strategies to obtain a bimodal grain size distribution in SiC. In the
current study, the bimodal grain size distribution can be generated by simply varying the
aluminum content in the starting [ powder, with a small amount of additives (less than 10

wt%) and without annealing or seeding. Furthermore; the volume percentage of the
eldngated grains varies V\;ith the aluminum content. This processing stratevgy provides a
simple way for producing SiC with distinctly different microstructures for the study of

the relation between microstructures and mechanical properties.

3.3.2 Effect of Al wt% on B-to-o phase transformation

The volume percent of SiC polytypes is commonly quantified by XRD on the
polished surfaces of bulk samples. The accuracy of this approach is lifnited by the
complexity of the microstructures. First, the large plate-like grains prevent formation of
a random grain orientation. This nonrandom orientation problem becomes more severe
as the number of plate-like grain is reduced, as in 6ABC-SiC and 7ABC-SiC. Crushing
the sintered materials into. powder is not an effective solution to this problem because
intergranular fracture is common, especially when aluminum content is less than 6wt%,
as to be discuss‘ed later in the chapter. This will result in plate-like powders after
crushing. Upon being'pressed into a pellet, these plates will preferentially orient with the
basal plane normal to the direction of pressure. . In the current study, no pfeferential
orientations of microstructure were produced due to hot-pressing. Therefore, as polished

sample surfaces can actually provide a more representative XRD pattern.
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Figure 3-3. X-ray diffraction spectrum of the starting powder
and hot-pressed ABC-SiC samples with different Al content.

3

Although quantjtativé XRD are limited in terms of accuracy due to the complex
microstructure of SiC, it can still provider a statistically qualitative assessment of the
phase transfbrmation as a function of processing conditions. Figure 3-3 shows the XRD
spectra from polished surfaces of the five materials, together with the spectrum of the
starting powder. The starting powder only contains 3C. All of the five hot-pressed

materials have more or less a-phase, depending on the amount of aluminum addition.
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The major crystalline phase in

100

—e— 6H 3ABC-SiC is 4H, and no 6H were
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detected. The  polytype
composition of 3ABC-SiC is in

well agreement with the 3ABC-
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interestingly, 6H is the only'

detectable o-phase in -Si
Figure 3-4: Volume fraction of polytypes in hot- : phas 6ABC-SiC

pressed ABC-SiC materials as a function of Al wt%. . .
and 7ABC-SiC. Figure 3-4 shows

the volume fra;:tionsvof each SiC polytype, determined by Rusk:a's method?, as a function
of aluminum content. These results, together with data obtained by Cao', are also listed
in Table 3-4. No other SiC polytypes (e.g., 15R) and peaks of other material (e.g., Al,O3)
were evident in any composition that was procéssed in this study. |

In a previous study', Cao compared the volume fractions of SiC polytypes in
samples with 1 wt% and 3 wt% Al, both of which were hot-pressed at 1900°C for 1 hour.
Samples with 3 wt% Al has 75 vol% 4H and 25 vol% 3C, whereas samples with 1 wt%
Al did not transform at éll (100 vol% 3C). Cao's result shows that aluminum promotes

the B-to-o transformation. Many other researchers'>'*13!6

reached similar conclusion
regarding the effect of Al on the polytype transformation of SiC. However, in the current
study the volume fraction of 3C increases and that of ‘o-phase decreases as the Al wt%

increases from 3 to 6. In another words, in the range of 3 wt% to 6 wt%, aluminum

inhibits, instead of promotes, the‘ transformation of 3C to 4H. The 6H and 15R polytypes

5

are considered to be the intermediate products of 3C to 4H transformation'®. Therefore,
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the increase in 6H supports our ﬁnding that 3C to 4H transformation is retarded. 6ABC-
SiC and 7ABC-SiC have almost the same volume fraction of 3C and 6H, which might
indicate that further increasing the aluminum content will not substantially affects the [3-
to-o. transformation. Combining the results of the current study and those of Cao's, We
can say that aluminum enhances the pB-to-o transformation when its concentration is less.
than 3 wt%, and inhibits the transfofmation when greater than 3 wt%.

Table 3-4: SiC polytypes of different hot-pressed SiC materials.

- Materials Al" (Wt%) 3c* (vol%) 4H" (vol%) . 6H" (vol%)
ABC-SiC C1' 1 100 0 0
ABC-SiC B3' 3 25 75 0
3ABC-SiC 3 30 70 0
4ABC-SiC 4 58 23 19
5ABC-SiC s | 67 11 21
6ABC-SiC 6 76 0 24
7ABC-SiC 7 80 | 0 20

* Weight percentage of aluminum in the starﬁng powder.
# Volume percentage calculated based on XRD using the method by Ruska et al’.

In view of the limitations of quantitétive XRD analysis, selective area diffraction
(SAD) was carried out to determine the polytypes of different SiC grains. The elongated
grains in 4ABC-SiC and 5ABC-SiC are either 6H or 4H. Most elongated grains in
7ABC-SiC are identified to be 6H and a few elongated 4H or 15R grains are also

detected. The equiaxed grains in all the samples are 3C.

41




3.3.3 Correlation between Polytype Transformation, Microstructure Evolution and
Additive Content |

The elongated plate-like SiC grains are the result of pqutype transformations,
either from B to a, or from one type of a to another. The final microstructure, i.e. the
size, shape, aspect ratio, and grain size distribution of SiC grains, depends on the
nucleation and growth of grains of the new polytype. The fast grovﬁh of the plate-like
grains requires an effective path for mass transport. This condition can usually be met in
liquid phase sintered SiC. As a result, if the polytype transformation is favored, the
resulting microstructure is uniform, with fine and plate-like grains; if the polytype
transformation is not favored; the grains remain equiaxed. Whep only a small amount of
grains can transform, the result is a bimodal graiﬁ size distribution: transformed, big
~ plate-like grains, and untransformed small equiaxed grains. The microstructure-polytype
content relation of ABC-SiC is in good agréement with this argument.

The polytype transformation is usually explained by the extension of stacking

fault sequences' %1

that can be either preexisting or produced by the incorporation of
i.mpurities. Many mechanisms have been proposed.to explain the stabilization of the |
favored polytype, including the rﬂodiﬁcation of bond stfengths or lengths caused by
substitutional impurities®’, generation and ordering of point defects', and lowering of the
stacking fault energy by impurity or native defect interaction with the stacking faults of :
the parent polytype.”” Both boron” and aluminum® can promote the P to «
transformation in SiC when added separately to bure 3C SiC. The combined effect of

boron and aluminum doping on the polytype transformation is even more dramatic

because of the enhanced mass transport through liquid phase in Al-doped SiC. However,
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in our Al, B, and C doped SiC, a higher Al content inhibits the 3C to 4H transformation.
This indicates that the driving force for the nucleation and growth of stacking faults in
SiC lattice is reduced.

In the SiC lattice, boéon occupies both Si and C sites and leads to lattice
contraction, whereas aluminum substitutés Si and causes latticé expansi0n16. If local
lattice strain caused by the impurities is the primary driving forcev for the nucleation and
extension of stacking faults in SiC, then at some particular Al/B ratio, Al and B may
cancel out each other's effect on the lattice deformation. Heﬁce a slowdown of the f3-to-a
tfansition could be observed. The Al/B ratio in the SiC lattice can be affected by many
processing conditions that can change the solubility of the Al and/or B in SiC, such as
additive confent,_temperature, pressure, etc. In the ABC-SiC samples, it seems that the
critical Al/B ratio in the SiC lattice is reached after the overall Al content exceeds 6Wi%.

A direct prove/disprove of this assertion may be a s_eriés of experiments that
‘measure the change of lattice constant of SiC and stacking fault density as function of
Al/B rafio in the SiC lattice. This is out side of the scope of the current study. Instead,
the proposed model is tested indirectly. If the above assumption is true, then any process
than can change the Al/B ratio in the SiC lattice will result in vdifferent migrostructures
and polytype contents of SiC. Increasing or reducing the B additive amount is an obvious
approach. A variation in the carbon content may also affect the polytype transformation
and thé microstrubture since it will indirectly change the B content in the system. It is
well known that carbon is required for the sintering of B dopéd SiC bécause carbon reacts

3,25

with and removes the oxides™ such as AlLO; and SiO,, which always exist on the

metallic Al or SiC particles if the powders are handled in air. In the absence of carbon,
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| these oxides can react with B, produce gaseous B,0;, and remove B from the system.
Furthermore, Al and C can form stable compound Al;Cs. AH these reactions change the
chemical environment surrounding the SiC grains and affect f[he Al/B ratio in the SiC
lattice. Therefore, a higher carbon content is expected to increase the Al/B ratio in SiC
lattice.

To test this assumption, samples with same nominal Al content (6wt%) and
different B and/or C additive amount were hot-pressed and characterized. The additive
composition and polytype content of SiC after hot-pressing are summarized in Table 3-5
and the comparison of the microstructures are shown in Figure 3-5. The two boron rich
(0.9wt%) samples héve almost completely transformed to 4H. The 0.3wt% increase of
the boron content dramati.cally enhances the 3C-to-4H transformation. The resulting
microstructures are uniformly elongated plate-like grains, which is a common feature in

well transformed SiC ceramics.

Table 3-5. Effect of Boron and Carbon Additive Compositions on the Polytype Content of Hot-pressed SiC

Materials" B (wt%) C (wt%) 3C (vol%) 4H (vol%) 6H (vol%)
6A6B2C"* 0.6 2 76 0 24
6A6B3C 0.6 3 36 37 27
6A9B2C 0.9 2 0 97 3
6A9B3C 0.9 3 0 94 6

* All samples contain 6wt% aluminum and were processed under the same condition as described in
Section 3.2.1. ’
# This is the 6ABC-SiC in Table 3-2.

Increasing carbon content is also helpful for the B-to-o. transformation, although
the effect is much less dramatic than that of boron. Comparing to 6A6B2C, sample

6A6B3C has a higher a content, which resuits in the apparent bimodal grain size
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Figure 3-5. Microstructure of hot-pressed SlC with 6wt% Al but different B and C addltlon
content. (a) 6A6B2C, (b) 6A6B3C, (c) 6A9B2C (d) 6A9B3C. .

B

distribution_and much higher volume percent of elongated plate-like grains: Note that

carbon also affects the.grain size of the two boron rich samples: 6A9B3C has an

.

apparently'vsmallef grain size than 6A9B2C. This indicates a higher density of a-

pol}‘{type nuclei in the carbon rich sample 6A9B3C.

¢

Although the above experiment cannot rigorously prove our Al/B ratio model, our

results so far match-well. with the inferences of the model. In 'summary, changing the

f Do
. ¥ N -

additive content of ABC-SiC results in a change of the environment that SiC grains are
in. This causes the impurity A/B ratio inside SiC grains to vary. 'As a consequence, the

a

polytype transformation and grain morphology can be controlled by simply choosing the

“amount of Al, B and C additives. .o . .

- " PN
H

3.3.4 Effect of the Al Content on Grain Boundary Films
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Collaborative TEM work Zhang on 3, 4, 5, andb7ABC-SiC samples was carried
out with Dr. X.F. to study the grain boundary films. HRTEM found that grain boundary
films change from amorphous to crystalline as the overall Al content of the sample
increases. Figure 3-6 shoWs the HRTEM images of varibus grain boundaries in 3, 5 and
7ABC-SiC. The grain bounda-ries‘ in 3ABC-SiC are amorphous, which is common in
liquid phase rsintered SiC. Amorphous, crystallized, and partially crystallized grain

boundaries exist in 4ABC-SiC and SABC-SiC, the amount of crystallized grain

Figure 3-6: High resolution TEM micrographes: a comparison of the grain boundaries
in the hot-pressed SiC materials with different Al content. Courtesy of Dr. X. F. Zhang.
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boundaries is minimal, however. In 7ABC-SiC, only crystallized grain boundaries were
detected.

1.2 that the .A_l rich amorphous grain boundary

It has been found by Zhang et a
ﬁlmé in 3ABC-SiC crystallize during a post hot-press heat treatment. If one defines the
aluminum excess as the difference between thé area density of Al at the grain boundary
and the area density of Al in SiC grains, the Al excesé increases after grain boundary
films crystallized. This is possibly caused by the diffusion of Al from SiC grains or triple
points to the grain boundaries. Since the two approach, i.e. heat treatment and increasing
the overall aluminum content in the sample, have similar effects on the evolution of grain
boundary> films, it is plausible that the crystalline grain boundary films in this study have
higher aluminum content than the amorphous grain boundary films. However;
quantitative EDS did not show an apparent difference in the Al excess of the amorphous
and crystalline grain boundary films in this study. Furthermore, the Al concentration in
SiC graiﬁs are similar: 1.3 wt% for 3ABC-SiC, and 1.5~1.7 wt% for 4 to 7ABC-SiC.

The almost invariant Al content at the grain boundaries suggests changes in the
- contents of other élements such as B, C, and O in the grain boundaries. A decrease in B,
C,or O confent is equivalent to the increase of Al/B, Al/C, or Al/O ratio at the grain

boundaries. According to the phase diagrams?’*®

shown in Figure 3-7, when the _local
composition varies slightly, crystalliﬁe grain boundary films or high viscosity liquid may
form. ‘This argumént can be proved or negated if the contents of B, C, and O at the grain
boundaries are known. However, the direct EDS quantification is practically impossible

due to the factors such as the small quantity of these elements, contamination during the

TEM sample preparation, and strong absorption of x-ray signals.
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Figure 3-7: (a) Phase diagram of Al;0,-Al,C; system.”’
(b) Phase relationships for the SiC-B,C-Al,C; system at 1800°C.
The shaded area is the region where a liquid was formed at 1800°C.*®

3.3.5 Secondary Phases and Inclusions

Aluminum can substitute for Si in SiC and form substitutional solid solutions.

The solubility limit of Al in SiC was reported to bel.0wt% at 2200°C'®. The amount of
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aluminum in our SiC materials is well beyond this solubility limit. Besides forming Al
rich grain boundaries, Al also exists in triple points and secondary phases®®. TEM study
has found that Al4C; and Al-C-O grains are attached to the elongated grains in 7ABC-
SiC. Pure metallic Al was also detected in 7TABC-SiC, which exists as networks in the
matrix of SiC grains, as shown in Figure 3-8. This free Al may be detrimental to the high
temperature mechanical properties of SiC. Pure Al was not detected in 3, 4 and 5 ABC-

SiC.

Figure 3-8: TEM micrograph of 7ABC-SiC. The dark steaks is the
residual aluminum metal. (Courtesy of Dr. X.F. Zhang)
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The additives not only form grain boundary phases and secondary phases but are
also present as inclusions inside big plate-like silicon carbide grains. Figure 3-9 shows an

Al-C inclusion in a 4H-SiC grain. EDS spectra collected from three different spots i.e.

Figure 3-9: TEM micrograph of an Al-C inclusion in a 4H-SiC grain.
Material: 7ABC-SiC. (Courtesy of Dr.X.F. Zhang)

inclusion inside the grain, SiC grain and secondary phase were compared in Figure 3-10.
Both the inclusion and the secondary phase show strong Al peaks. In contrast, almost no
Al was detected in the SiC grains. It is interesting to note that the big grain in Figure 3-10
is a plate-like grain that is almost parallel to the polished surface. This grain is

interlocked with many other elongated grains.
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Figure 3-10:Energy dispersive spectrometry (EDS) of SABC-SiC, (a) .SiC
grain, (b) inclusion, and (c) secondary phase. The big plate-like grain lies
almost parallel to the polished surface. Note also the many interlocks
between this grain and others.
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3.3.6 Effect of Starting Powders

Table 3-6: Comparison of the properties of starting powders.

IBIDEN _ H.C. STARCK
BETARUNDUM SiC
grade ultra-fine grade B 20

Free C (wt %) 1.03 0.04"
Free SiO; (wt %) 0.47 not available
O (wt %) not available _ 1.20
Fe (ppm) 178 280
Al (ppm) 210 110
Ca(ppm) 21 12
Average diameter (m) 0.30 0.52
Specific Surface Area (m*/g) 20.5 _ - 20.5

* Calculated according to the 30.00% C in the analytical report of the powder.

It is necessary to discuss the similarity and difference of the SiC with an
aluminum concentration gradient (Chapter 2) and those; with homogeneous aluminum
distribution (this Chaptér). First, the grain' morphology of 3ABC-SiC resembles that of
region b in Figure 2-5. Second, a higher alumirium content facilitates the preferential
growth of some SiC grain and results in enhanced aspect ratio and a bimodal grain size
distribution. However, a microstructure similar to the one shown in Figure 2-5 a is not
evident in any of the five SiC materials with homogeneous aluminum distribution. The
smaller grains aré equiaxed in the four materials 4, 5, 6 and 7 ABC-SiC. In contrast, both
the larger and the smaller grains shown in Figure 2-5 a are elongated. This discfepancy
is possibly due to the difference in the starting powder. Although both powders are very
pure 3C as shown in Figure 3-11, slight differences do exist in the impurities of the

powders. Table 3-6 lists the specification of the two SiC powders. Since the grain
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Figure 3-11: X-ray diffraction spectrum of the two SiC powders. Both of are
pure 3C. No apparent differences in the spectra are observed. '

boundary property is very sensitive to the chemistry, it is not surprising to find the
difference in the microstructure when using different starting powders. Other properties

of the powder such as the particle size, size distribution and stacking fault density may

. also have effects on the microstructure.

3.3.7 Effect of Microstructure on Mechanical Properties

The mechanical properties of SiC are directly related to its microstructures. As
shown above,. the materials with different aluminum content have different grain
morphology, grain boundary and polytypical composition.  This implies varied
mechanical properties as the aluminum content changes. Figufe_ 3-12 plots the variation

of the four-point bending fracture strength as a function of the aluminum content. The
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Figure 3-12: Four-point bend strength as a function of the aluminum
concentration of the hot-pressed ABC-SiC ceramics.
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Figure 3-13: Indentation toughness as a function of the aluminum
concentration of the hot-pressed ABC-SiC ceramics.

fracture strength changes in an opposite way as the grain length. As expected, a large

grain size is deletefious to the fracture strength. 3ABC-SiC has the highest fracture
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strength, which is more than 40% h.igher than that of SABC-SiC. The .large deviation of
the strength of 6ABC-SiC and 7ABC-SiC is due to the poor toughness of the two
materials.

Figure 3-13 shows the variation of indentation toughness of the five materials as a
function of the Al wt%. The toughness first increases and then decays as the aluminum
cohtent increasing and peaks at 4ABC-SiC (6.4MPavm). Several factors that affect the
toughness are discusseci below.

As mentioned before, the majority grains in 3, 4, and 5 ABC-SiC are elongated
plate-like grains, whereas the microstructures of 6 and 7 ABC-SiC are dominated‘ by fine
equiaxed grains. 3, 4 and 5 ABC-SiC have toughness above 5 MPa;ml/ 2. and the -
toughness of 6 and 7ABC-SiC are less than 4 MPa.m". The crack profiles in Figure 3-
14 a to ¢ show tortuous paths and many bridging sites. In contrast, the .cracks in Figure
. 3-14 d and e are vstraight, showing no significant grain bridging. Even though 6 and7
ABC-SiC have the highest aspect ratios among all the materials being investigated in this
study, the volume fraction of elongated grains is too small to coﬁtribufe to improve the
toughness. -

It is commonly accepted that the toughness of SiC increases with the aspect ratio
of elongated piate-like grains. However, this conclusion was drawn from SiC with the
highest aspect ratios of about 10. In the current study, the aspéct ratio of elongated grains
varies from about 5 to above 30, which provides a much broadér_ range to investigate the
relation between the aspeéf ratio and the fractﬁré toughness. Siﬁce the qﬂmber of -

elongated grains in 6 and 7 ABC-SiC is too low, the two materials are similar to pure fine

. grain, equiaxed SiC, and it is more meaningful to restrict our discussion on the role of
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Figure 3-13: Crack profiles of hot-pressed ABC-SiC.
(a) through (e): 3,4,5,6, and 7ABC-SiC.

aspect ratio to 3, 4 and 5 ABC-SiC. Both the grain length and the aspect ratio of the three
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materials increase with the increasing of aluminum content. The toughness value peaks
at 4ABC-SiC, which most likely indicates that there is an optimal aspect ratio, or grain
length, or both, corresponding to the highest toughness.

(a) |
grain

crack

.(®)

(c)

Figure 3-15: Dependence of the crack path on the orientation between the crac
plane and plate-like grain. (a) Incident angle 6 is defined as the angle between th
normal of the plate-like grain n, and the crack normal n,. (b) 8 ~ 90°, fracture of th
grain, and (c) 6 =~ 0°, interfacial debonding. The arrows on the crack plane indicat
the crack propagation direction.
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As showﬁ is Figure 3-14, thé pfdpagating o-f cracks become more sensitive to the
orientation of elongated grains as the aspect ratio and grain length increase. Figure 3-15
| illustrates the role of the orientation of elongated plate-like grains in toughened SiC.
When a grain lies almost normal to the crack (aﬂgle of incident 6 ~ 90°), the crack passes
right throilgh it. When a crack approaches a plate shaped grain at a very small incident
angle (0 ~ 0°), interfacial debonding occurs and crack propagates easily along the surface
(usually >10 pm in diameter) of fhe grains. Neither of the two cases ﬁrovides effective
bridging or crack deflection. Most of the grains that act as bridging sites or cause a
tortuous crack path are those with intermediate incident angles. The low fracture
toughness of 6 and 7ABC-SiC can be further explained by the small number of elongated
grains that lie within the effective range of the incident angle per unit crack face area.
The natﬁre of the grain boundaries then is not a dominant factor determining the fracture
mode.
Fractographes of the five materials are shown in Figure 3-16 a through e. The
fracture surface of 3ABC-SiC is dominated by intergranular fracture_. 4ABC-SiC shéws a’
‘bigger fraction of transgranular fracture resulting from that highiy elongated grains
fracture at interlocks. In additioﬁ,-a few small facets can bé observed. These facets are
mostly the surfaces of big plate-like grains that lie almost parallel to the fracture surface.
Both the fracturé surfaces of 3ABC-SiC and 4ABC-SiC are rough, showing numerous
peaks and valleys. This indicates a high degree of crack deflection, grain bridging and
pull out. The fracture surface of SABC-SiC is still rough, but shows more facets, whose
size is bigger than those in 4ABC-SiC. This is consistent with the somewhat smaller -

toughness of SABC-SiC compared to that of 3 and 4ABC-SiC. On some facets, some k
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imprints of other elongated grains can be seen. This agéin shows that many elongated
grains fractures at the interloc;k. The fine equiaxed grains fracture intergranularly. The
fracture surfaces of 6ABC-SiC and 7ABC-SiC are relative flat, corresponding to the
smaller fracture toughness than 3 to SABC-SiC. The fracture mode of the plate-like
grains depend‘s on the incident angle. Some big facets on the fracture surfaces resulted
from either the debbnding along the side of large plate-like grains or the transgranular

fracture of the big grains.

Figure 3-16 (a) 3ABC-SiC
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Figure 3-16: Fractographs of ABC-SiC ceramics with different Al content.
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3.4 Conclusions

The microstructure and room temperature mechanical properties of hot-pressed
silicon carbides with 3wt% to 7 Wt% aluminum addition have been investigated. It was
found that a small variation of the aluminum content can drastically change the
microstructure and hence the mechanical properties of silicoh carbide. Grain boundaries
of as hot-pressed SiC change from amorphous to crystalline as the aluminum content
increases, which is presumably due to the change éf the local chemiéal composition. The
change of the nature of the grain boundaries results in the retarded B-to-a transformation.
As. a consequence, when the aluminum content va;ries from 3wt% to 7wt%, the elongated
plate-like grains change as follows: the aspect ratio increases about 6 times, the volume .
fraction decreases, the length increases first and then decreases with the peak at Swt%
aluminum addition.

The effect of the microstructure on the room temperature mechanical properties
was investigated. Silicon carbide with less than 5wt% aluminum addition have high
fracture toughness. The fracture toughness'increases with the aspect ratio but decreases
as the volume fraction of elongated grains decreases. The fracture mode of elongéted
grains depends on their orientation to the crack path. Fracture strength decreases with the

increasing of grain size. 4ABC-SiC shows the highest fracture toughness (6.3MPaVm) as

well as high fractﬁre strength (561 MPa).
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CHAPTER 4; | Conclusions

Systematic study was carried out to investigate tl.le. effect of the aluminum
additive amount on the microstructure development and room temperature mechanical
properties of hot-pressed silicon carbide. Two complementary appfoaches, i.e. varying
the aluminum content continuously or by steps, were employed.

An aluminum metal Apow‘der compact was enélbsed in B- and C-doped SiC green
- compact and a continuous aluminum concentration gradient was successfully generated
in the SiC. after hot-pressing. As the distance to the original aluminum layer increases,
the silicon carbide grains change from (a) elongated with b'imodal) graiﬁ size distribution
to (b) uniformly elongatéd and then to (c) uniformly equiaxed. Both the bimodal region
and the elongated region have higher toughness. The crack profiles show extensive crack
deflection and crack wake bridging. On the dther hand, regions with more equiaxed
grains have lower fracture toughness. The cracks are transgranular and straight.

In light of the results of the continuous method, ABC-SiC with 3wt% to 7 wt%
aluminum addition were hot-pressed to study the effect of the aluminum contént on the
microstructure and. room tempe‘rature mechanical properties. A small variation of the
aluminum content can drastically change the microstructure and hence the mechanical
properties of silicon carbide. Grain boundaries of as hot-pressed SiC change from
émorphous to crystalline as the aluminum content increases, which is presumably due to
the change of the local chemiéal composition. The change of the .natur'e of the grain
boundaries results in a reté.rded B-to-o transformation. As a consequence, when the

aluminum content varies from 3wt% to 7wt%, the elongated plate-like grains change as

65



follows: the aspect ratio increases abO_lllt 6 times, the volume fraction decreases, the
length increases first and then decreases with the peak at 5wt% aluminum addition.
ABC-SiC with less than 5wt% aluminum addition has a high fracture toughness. The
fracture toughness increases with the grain aspect ratio but decreases as the volume
fraction of plate-like grains decreases. The fracture mode of plate-shaped grains depends
on their orientation to the crack path. Fracture strength decreases with the increasing of
grain size. ABC-SiC with 4 wt% aluminum addition shows the highest fracture toughness

(6.3MPaVm) as well as high fracture strength (561 MPa).
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