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Ceramics cover a variety of chemistries and applications where
temperature, strength, precision, and thermal resistance are key.

Tailoring advanced ceramics to meet niche properties

eramics are traditionally described as inorganic, nonme-

tallic solids that are prepared from powdered raw materi-

als and fabricated into products through the application
of heat. Advanced ceramics represent an “advancement” over this
traditional definition, with compositions ranging over oxides,
nitrides, silicides, carbides, and combinations thereof. Key charac-
teristic properties of advanced ceramics are hardness, strength, low
electrical conductivity, and brittleness, although all properties can
be tailored to meet specific niche properties through composition
and processing. New materials or new combinations of existing
materials have been designed that exhibit surprising variations on
the properties traditionally ascribed to ceramics. As a result, there
are now ceramic products that are as tough
and electrically conductive as some met-
als. Ceramics cover a wide array of chemis-
tries and applications where temperature,
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high electrical volume resistivity as well as
low loss characteristics at high frequencies.
The higher purity results in higher mechani-
cal properties but higher costs. Alumina sees
application from aerospace to medical, from
bearings to analytical instrumentation, from electrical standoffs to
semiconductor processing. In addition, these materials lend them-
selves well to be hermetically sealed to metals through metallizing
and brazing methods, often used in the electrical feedthrough for
vacuum and controlled atmosphere furnaces.

Standard shapes include plates, rods, tubes, and vessels. Alumina
is used for many applications including kiln furniture and fixturing,
wear-resistant plates, feedthrough tubes, support rods, and grind-
ing media. Alumina crucibles are also used in the melting of high-
temperature alloys as crucibles and pouring cups, although more
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limited due to poor thermal shock capability of alumina.

Zirconia (Zr0,) is a very hard and durable material with low
thermal conductivity, electrical conductivity, and high strength
(See Table 2). With certain densification additives, the material has
a higher resistance to corrosion and melting point than alumina.
Zirconia is used in oxygen sensors, feedthrough tubes, kiln furniture,
grinding media, dental teeth, as well as other technical applications.

These are several of the most popular grades of zirconia:

»» Magnesia Partially Stabilized Zirconia (MgO-ZrO,) is mostly
used for higher temperature applications, as it is stabilized against
phase transformations at elevated temperatures. Often used for fur-
nace and hot high-pressure fixturing.

99.9%

White White ‘White ‘White ‘White Ivory Ivory Ivory

ASTM-C20 342 3.60 3.70 3.72 3.80 3.90 3.92 3.92

ASTM-E112 6 4 8 6 6 6 6 3
ASTM-F417 206(43)  338(49)  352(51)  358(52)  375(54)  379(55)  390(57) 400 (58)
ASTM-C848 21(32)  276(40)  303(44)  303(44)  350(51)  370(54)  380(55)  386(56)
ASTM-C848 022 022 021 021 022 022 022 022
ASTM-C773  1930(280) 2482 (360) 2103 (305) 2068 (300) 2500 (363) 2600 (377) 2650 (384) 2700 (392)

ROCKWELL 45N 73 75 78 78 82 83 83 86

KNOOP 1000 gm 9.4 (960) 104 (1058) 11.5(1175) 11.5(1175) 13.7(1400) 14.1(1440) 14.1(1440) 14.5 (1480)

ACMATEST#4  155(22)  221(32)  193(28)  221(32)  248(36)  262(38)  272(39) 283 (41)
NOTCHED
o 3-4 3-4 4-5 4-5 4-5 4-5 4-5 4-5
ASTM-C408 16.0 16.7 224 247 275 30.0 310 330
ASTM-C372 72 8.1 8.2 8.2 8.2 8.2 8.2 8.2
ASTM-E1269 920 920 880 880 880 880 880 870
WATER
QUENCH 300 250 250 250 200 200 200 200
9.4 8.3 8.3 8.3 8.7 8.7 8.7 8.7
ASTM-D116 240 210 210 210 220 220 220 220
ASTM-D150 8.2 8.8 9.1 90 9.6 9.7 9.8 9.8
ASTM-DI150 0.0009 0.0004 0.0004 0.0002 0.0002 0.0001 <0.0001  <0.0001
> 10 > 101 > 101 >101 > 10 > 10 > 10 > 101
ASTM-D1829 4x10° 4x10¢ 4x10° 4x10° 2x10" 2x 10" 2x 10" 1x 102
- 5x10° 5x10° 1x10° 2x 108 2% 10° 2x 107 1x 107

Table 1: Alumina properties. (Charts courtesy: CeraMaterials)

»Yttria Partially Stabilized Zirconia (Y-ZrO,) is a much fine-
grained microstructure predominantly “transformation toughened”
tetragonal phase resulting in relatively high strength and toughness
(crack resistance), along with good corrosion and wear resistance
when used at temperatures below 500°C. The hipped (high isostatic
press) material has better mechanical properties and higher cost.

» Alumina Toughened Zirconia (ZTA) provides about 25 percent
greater strength than alumina at a lower cost than stabilized zir-
conias, with higher toughness, hardness, and wear resistance than
alumina. It is good for high temperature applications.



Ceramic nozzles, commonly used in the casting of molten steel in continuous casters. (Courtesy: CeraMaterials)

Properties Zirconia Magnesia Par
oughened Alumina  Stablized Zircon:
Color White Ivory
Density glem? ASTM-C20 4.01 572
Avg Crystal Size MICRONS ASTM-EI112 2 25
Flexural Strength MPa (psi x 10°)
(MOR) @ 65°F | 20°C ASTM-F417 450 (65) 900 (131)
) GPa (psi x 10%)
Elastic Modulus @ 68°F | 20°C ASTM-C848 360 (52) 200 (29)
Poisson’s Ratio @ 68°F | 20°C ASTM-C848 0.30 0.30
i 3
Compressive Strength “&?EQEFS“ ’;J?C) ASTM-C773 2900 (421) 1750 (254)
e R45N ROCKWELL 45N 85 77
Gpa (kg/mm?)  KNOOP 1000 gm 14.5 (1475) 11.8 (1200)
. M si x 10°
Tensile Strength @ps;f;" ’; 5[,() ACMA TEST #4 290 (42) 483 (70)
MPa m'? NOTCHED
Fracture Toughness K, BEAM 5-6 11
. .. W/m K g
Thermal Conductivity @ 68°F | 20°C ASTM-C408 27.0 22
Coefficient of Thermal 1x 10%°C
Expansion @ 25 - 1000°C LSINECE2 53 2
. Jkg*K
Specific Heat @ 212°F | 100°C ASTM-E1269 885 400
. ATc WATER
Thermal Shock Resistance oC QUENCH 300 350
Dielectric Strength ac-kV/mm 9.0 9.4
@6.35mm ac V/mil ASTM-D116 28 240
. . 1 MHz
Dielectric Constant @ 77°F | 25°C ASTM-D150 10.6 28.0
Dielectric Loss 1 MHz
(Tan Delta) @77°F | 25°C ASTM-D150 0.0005 0.001
Volume Resistivity
@77°F  |25°C > 10" > 10"
@932°F | 500°C ohm-cm ASTM-D1829 2x10° 2x 10
(@ 1832°F | 1000°C 3x 106 <10°

Table 2: Zirconia properties.

Silicon carbide materials (SiC) have very high hardness and rigidity
with low density and some electrical conductivity, valuable in appli-
cations that require a combination of light weight and mechanical
strength, even at high temperatures (See Table 3). Silicon carbide is
used as a support and shelving material in high-temperature air kilns
as well as used for heating elements for firing ceramics, glass fusing,

or glass casting. SiC also makes the best body
armor, as well as having wide use in semi-

Partially Stablized Zirconia
HIPped

Ivory Gray conductor processing. SiC also has excellent
6.02 6.07 . . . .
] 1 erosion resistance and is used to line slurry
handling equipment and mechanical seals.
1240 (180) 1720 (249) .y .
There are several types of silicon carbide
21030 210 30) used in thermal processing. The more popu-
050 030 lar ones include:
2500 (363) 2500 (363) Nitride bonded silicon carbide is formed
81 81 near net shape with a hard, thick surface
12.7 (1300) 12.7 (1300) ) .
skin that is strong, has excellent thermal
shock characteristics and wear resistance.
1 1 Thermal processing applications include:
22 22 » Kiln furniture, pusher plates, and muf-
g 03 fle liners.
» Liners for cyclone and hydrocyclone
400 400 . .
applications.
350 350 » Liners for pipe, immersion heater tubes,
9.0 9.0 “nNio” ] ini
o o pig” tube liners, and spool linings.
-~ A » Vortex finders, spray nozzles, thimbles,
and dip tubes.
0.001 0.001
» Dust collector components.
>0 >0 Reaction Bonded Silicon Carbide has
X X . .y . . .
<10 <10 some residual silicon metal which limits

its temperature of use, but it has excellent

wear, impact, and chemical resistance. The
strength of RBSC is almost 50 percent greater than that of most
nitride bonded silicon carbides and can be densified near net shape
into a variety of shapes, including cone and sleeve shapes, as well as
more complex engineered pieces designed for equipment involved
in the handling and processing of raw materials. Applications of
this SiC include:
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Cordierite Honeycomb, commonly used as molten
metal casting filters and air filter substrates

for automotive catalytic converters. (Courtesy:
CeraMaterials)

12
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» Micronizers (for powder processing).

% Liners for cyclone and hydrocyclones. heonal s ATe
A esistance C
» Boiler tube ferrules. Dielectric Strength  ac-kV/mm
. . 0 6.35; Vmil
» Kiln furniture, pusher plates, muffle ~ “**™ .

liners, plates, saggers, and setters. Diclecric Consant @ 77°¥ | 25°C
» Spray and sand blast nozzles.
Recrystallized Silicon Carbide has been
designed for a multitude of low mass kiln
furniture applications including:
» Plates, saggers, boats, setters, muffle

liners, kiln furniture.

1 MHz
@77°F | 25°C

Dielectric Loss
(Tan Delta)

Volume Resistivity
@77°F  |25°C
@ 932°F |500°C
@ 1832°F | 1000°C

ohm-cm

Reaction Bonded Reaction Bonded Hot Pressed  Tungsten
Silicon Carbide Silicon Carbide Boron Carbide Boron Carbide Carbide
Black Black Black Gray
ASTM-C20 3.10 3.15 321 2.65 25 14.90
ASTM-E112 12 4 15 1
462 480 470 - 520 250 410 2330
AR ©7) (70) (68-75) (36) (59) (338)
~ 393 410 435 - 460 379 460 614
ASTM-C848 7 (59) (63-67) (55) 67 (89)
ASTM-C848 0.20 0.21 0.21 0.18 0.17
ASTM-C773 2700 (392) 3500 (508) - 1721 (250) 4343 (630)
ROCKWELL 45N - - - - 27 15.2
KNOOP 1000 gm 24.5 (2500) 27.4 (2800) 27 (2750) 25.5 (2600) (2750) (1548)
ACMA TEST #4 307 (44.5)
NOTCHED
BEAM 4 4 35 3-4 25 24
ASTM-C408 125.0 150.0 140.0 50.0 90.0 84.0
ASTM-C372 43 44 4.6 4.5 56 59
ASTM-E1269 800 800 665
'WATER
QUENCH 400 300
ASTM-D116 - - -
ASTM-D150 - = -
ASTM-D150
<10* ~10° <0.10->10° <10* <10? <10
ASTM-D1829 <10° 10 B <10° - <10
<10 ~10? = <10° <10°

Table 3: Silicon Carbide, Boron Carbide, and Tungsten Carbide properties.

 Burner nozzles PﬂOt and flare tOPS Properties Silicon Nitride (Glass HIPped) High Temp Silicon Nitride (Glass HIPped)
» Structural furnace components. Color Geay Gray
. P . . - . . Density gem’ ASTM-C20 3.21 322
SlntereFl Silicon ?arb1de is distinguished v Crystal Size MICRONS ASTMLELD2 )
by exceptionally high strength that stays Tloxumal Stengt MPa (psi x 10°) ASTVLFA1 1000 (145 200 (131
. (MOR) @ 68°F | 20°C H (5) (@)
nearly constant up to very high tempera- GPa (sin 101
. . : < 5Pa (psi x C
tures (approx1mate1y 1,600°C) with no deg— Elastic Modulus @ 68°F | 20°C ASTM-C848 310 (45) 310 (45)
radation over time. The material displays RotssonRato @EFF|ARE LSIEEE 02 2
. . . . Compressive MPa (psi x 10%)
an extremely high corrosion resistance in Strength @ 68°F | 20°C ASTM-CT773 2500 363) -
1d1 1 1 1 1 1 R45N ROCKWELL 45N - -
acidic and basic media and is maintained Hardness Cmlm®)  TROoeime 6, GO,
up to very high temperatures. Properties Teasile Strength n(;pg 7(55‘,; 190 pcwarTesT 44 i 630 1)
are outstanding among high-temperature g
. . Fracture Toughness Igm NOTCHED BEAM 6.5 6.0
ceramics, complemented by high thermal .
. . e Th 1 W/mK
shock resistance, high thermal conductivity,  condactivity @68°F | 20°C ASTM-C408 34 38
i i Coefficient of 1x 10%°C
high reswtanc‘e to wear, and hardness close e o sion @2 Joouec ASTM-C372 37 3
to that of a diamond. Ideal for extremely ) gk
. . . . . Specific Heat @212°F | 100°C ASTM-E1269 - 724
demanding applications including: .
. . The_rma] Shock ATe WATER QUENCH _ ~
» Mechanical seals, bearing bushes, and Resistance °c
valve seats and components. Py ackV/mm ASTM-D116 : :
» High-temperature burner nozzles. Diclctic Consiant 1 g\gl\-l225°c ASTVADISD a i
@
» Kiln furniture for very high application Diclectric Loss | MHz ASTMLD1SO
temperatures. (Tan Delta) @ 77°F | 25°C
. . Volume Resistivity
» High end liners for cyclones, hydrocy- @77k |25c PN, AT > 10

@ 932°F | 500°C
@ 1832°F | 1000°C

lones, and slurry pumps.

» Note that other carbides commercially
available include:

» Boron Carbide (B4C), which is used as sand blast nozzles and
body armor.

» Tungsten carbide (WC), which sees applications in cutting and
grinding tooling and fixturing.

Silicon nitrides (Si3N,) are distinguished by their high-temperature
strength, demonstrating an exceptional combination of mechanical
and thermal properties (See Table 4). One particular advantage of sili-
con nitride is its high strength-to-weight ratio, which compares favor-
ably even with metallic nickel-based “superalloys.” Silicon nitrides
are used in severe-service environments requiring a combination
of extreme flexural strength and toughness. Applications include:
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Table 4: Silicon Nitride properties.

» Gas injection, riser tubes, and immersion heaters in metal cast-
ing.

» Thermocouple protection tubes.

¥ Liners for valves, mechanical seals, and components.

» Grinding media and roller bearings.

Cordierite (2Mg0-2A120;-55i0,) ceramics have low thermal expan-
sion, providing excellent thermal shock resistance, but a more lim-
ited temperature of use range (~1,200°C max) (See Table 5).

» Plates, saggers, boats, setters, and kiln furniture in air furnaces.

»» Heating element holders and insulators.

» Hot gas filters, candle filters, and recuperators.



» Burner nozzles, pilot and flare tips.

? Reactor vessel linings, bubble caps, and
tuyeres.

Refractories, while not considered
advanced ceramics, should receive mention
here as they represent the highest volume
use of ceramics in the heat-treat industry.
Refractories are non-metallic materials
having those chemical and physical prop-
erties that make them applicable for struc-
tures, or as components of systems, that
are exposed to environments above 1,000°F
(538°C) made up of all the materials previ-
ously mentioned as fillers or components
of the mix. Refractory materials are used

Properties

Color

Density

Water Absorption
Gas Permeability

Flexural Strength
(MOR)

Elastic Modulus
Poisson’s Ratio
Compressive Strength
Hardness

Tensile Strength

Fracture Toughness

Thermal Conductivity

Dielectric Strength

in furnaces, kilns, incinerators, power gen- @ 63smm
erators, and reactors. Refractories are also Dielectric Constant
used to make crucibles, cores, and molds ?rieleg:;c )Loss

an Delta

for casting glass and metals. The iron and ——
steel industry and metal casting sectorsuse &7, |3

approximately 70 percent of all refractories @ '**"!10%°C
produced. §

ABOUT THE AUTHOR

Cordierite
Orange - Tan
glem? ASTM-C20 2.0
% ASTM-373 10
Atms-cc/sec Porous
MPa (psi x 10%)
@ 68°F | 20°C ASTM-F417 66 (9.5)
GPa (psi x 10°)
@ 68°F | 20°C ASTM-C848 103 (15)
@ 68°F | 20°C ASTM-C848 0.31
MPa (psi x 10%)
@ 68°F | 20°C ASTM-C773 165 (24)
R45N ROCKWELL 45N 50
Gpa (kg/mm?) KNOOP 1000 gm 5.8 (590)
MPa (psi x 10%)
@ 77°F | 25°C ACMA TEST #4 19 (2.7)
MPa m'? NOTCHED BEAM
e
W/m K
@ 68°F | 20°C ASTM-C408 25
ac-kV/mm
ac V/mil ASTM-DI116 10 (255)
1 MHz
@77°F | 25°C ASTM-D150 5
1 MHz
@77°F | 25°C ASTM-D150 7.0
102
ohm-cm ASTM-D1829 100

10%

Table 5: Cordierite properties.
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