Mechanical Properties of
Ceramics



Mechanical Properties

Properties obtain from a response or
deformation due to an applied load or
force.

Example: Strength, hardness, toughness,
elasticity, plasticity, brittleness, and
ductility and malleability



Stress and Strain Diagram: Brittle
material
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*Materials that fail in tension G | R o

at relatively low values of
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as brittle materials. /

» Examples are concrete, /

STOHQ,OCGST iron, QIGSS, ceramic Fig. 2.11 Stress-strain diagram for a typical
ma’remals, and brittle material.
many common metallic alloys.

€



Brittle Fracture

Ceramics failed by brittle fracture

It fails without the formation of necking or any plastic
deformation

The process of brittle fracture consist of the formation and
propagation of cracks through the cross section of material in a
direction perpendicular to the applied load

Crack growth through grains, specific crystallographic planes
and planes of high density



Factors affecting the mechanical properties of ceramics
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Should control

Factors affecting strength of ceramics uk «  *chemical composition
* microstructure
: nt B% * surface condition
Depending on amount of defects E \x « temperature
= giving stress concentration uf * environment

« Surface cracks }

* Porosity , Fabrication
* Inclusions
« Excessive grain sizes

Tramaverse strengih (psi * 1077

Note:

No plastic deformation during crack N— | R Y -
propagation from defects - very brittle. Ve (i the prass




Deformation mechanisms
* Lack of plasticity due to ionic and covalent bonding (directional).

» Stressing of covalent crystal = separation of electron-pair
bonds without subsequent reformation - brittle

» Deforming of ionic single crystal (MgO or NaCl) shows
considering amount of plastic deformation under compressive
force. However ionic polycrystals are brittle due to crack formation
at grain boundaries.

CHION TN
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NaCl structure showing slip on
the (110) plane [110] direction
or AA' and on the (100) plane
[010] direction BB'




* Brittle
* High strength (varying from 0.7 - 7000 MPa)
« Better compressive strength than tensile (5-10 times)

Level of strength Materials
(MPa)
> 1000 polycrystalline long ceramic fibres (AL,O, , SiC): 1-2

GPa, single crystal short ceramic fibres (ALO, , SIC
whiskers): 5-20 GPa,

600-1000 Hot Pressed structural ceramics such as silicon
nitride, silicon carbide, alumina; sintered tetragonal
zirconia and sialon; cemented carbides

200-600 sintered pure alumina and SIC; tempered glass

100-200 impure and/or porous alumina; mullite; high-alumina
porcelains; reaction bonded silicon nitride and
carbide; glass ceramics

50-100 porcelains; steatite, cordierite; magnesia, polished
glasses;

<50 refractory; porous ceramics; glasses




hat are the differences Getween ductile
fracture & Grittle fracture?

<

Ductile fracture Brittle fracture

*Plastic deformation *Small/ no plastic deformation
*High energy absorption before fracture <Low energy absorption before fracture

*Characterized by  slow crack *Characterized by  rapid  crack
propagation propagation
Detectable failure *Unexpected failure

*Eg: Metals, polymers Eg: Ceramics, polymers




Flexural Tests — Measurement of Flexural Strength

QRoom T behavior is usually elastic, with brittle failure
QCannot use typical tensile test as metals.
Q3-Point Bend Testing often used.

 3-point bend test to measure room-T flexural strength.

- =
Cross section E< L/2 »|¢ L/2 )E Adapted from Fig. 14.9,
Id @ i i Callister & Rethwisch 9e.
< : .
b . l J = midpoint
rect. CIrc. A RSN ikl e _
deflection
location of max tension
— -
 Flexural strength: « Typical values:
3F ] Material Ois (MPa) E(GPa)
. —_ f (rect. Cross Sectign) Si nitride 250-1000 304
° 2bd? Sicarbide ~ 100-820 345
£l Al oxide 275-700 393
o, =—' (circ. cross section) ~ 9lass (soda-lime) 69 69

fs

JTRB Data from Table 14.1, Callister & Rethwisch 9e.
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Flexural Tests — Measurement of Elastic Modulus

« Room T behavior is usually elastic, with brittle failure.

« 3-Point Bend Testing often used.
-- tensile tests are difficult for brittle materials.

| F
Cross section | L/2 L/2 : Adapted from Fig. 14.9,
Id @ | | Callister & Rethwisch 9e.
o
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« Determine elastic modulus according to:
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linear-elastic behavior
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CLASS ASSIGNMENT

A three-point bending test was performed on an aluminum oxide specimen having a circular
cross section of radius 3.8 mm; the specimen fractured at a load of 443 N when the distance
between the support points was 20.8 mm.

(a) Compute the flexural strength.

(b) The point of maximum deflection Av occurs at the center of the specimen where modulus
of elasticity 393 GPa Compute Ay



A three-point bending test is performed on a glass specimen having a rectangular cross section of
height d = 6 mm and width b = 12 mm the distance between support points 1s 45 mm.
(a) Compute the flexural strength if the load at fracture 1s 290 N.

(b) The point of maximum deflection Ay occurs at the center of the specimen and 1s described by
. _ FC
i 48ET

where E 1s the modulus of elasticity and I is the cross-sectional moment of inertia. Compute Ay
at a load of 266 N.

* Modulus elastic (E) of glass is 69 GPa



TOUGHNESS

*Material's resistance to fracture when crack.

*Ability of a material to absorb energy and plastically
deform before fracturing.

*Energy to break a unit volume of material.

«Approximate by the area under the stress-strain curve.
For a metal to be tough it must display both strength and
ductility

Engineering 4 smaller toughness (ceramics)
tensile larger toughness
stress, o (metals, PMCs)

Y

Engineering tensile strain, ¢

Brittle fracture: elastic energy
Ductile fracture: elastic + plastic energy



Look at the graph below and
< discuss.
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Fracture toughness

Ability of material to resist fracture when a crack is present

The general factors, affecting the fracture toughness of a material are:
1) Temperature

2) strain rate

3) presence of structure defects

4) presence of stress concentration (notch) on the specimen surface.

Stress-intensity Factor (K)

Quantitative parameter of fracture toughness determining a maximum value of
stress which may be applied to a specimen containing a crack (notch) of a certain
length.



Depending on the direction of the specimen loading and the specimen thickness,
four types of stress-intensity factors are used: K¢, K¢, K¢, Kijic :

1) K- stress-intensity factor of a specimen, thickness < critical value.
2) K. depends on the specimen thickness -plane stress.

3) KoK, Ky stress-intensity factors, relating to the specimens, thickness >
critical value therefore the values of K, K¢, K,;,c do not depend on the specimen
thickness - plane strain.

4) K, and K,,c — stress-intensity factors relating to the fracture modes in which the
loading direction is parallel to the crack plane. These factors are rarely used for
metallic materials and are not used for ceramics;

5) K, — plane strain stress-intensity factor relating to the fracture modes in which
the loading direction is normal to the crack plane. This factor is widely used for
both metallic and ceramic materials.


http://www.substech.com/dokuwiki/doku.php?id=metals
http://www.substech.com/dokuwiki/doku.php?id=ceramics

K,c is used for estimation critical stress applied to a specimen with a given crack
length:

K=YoNma

K,c — stress-intensity factor, measured in MPa*m;;

o the critical stress applied to the specimen;

a —the crack length for edge crack or half crack length for internal crack;
Y — geometry factor.

Two test methods are used for measuring fracture toughness parameter (stress-
intensity factor) of ceramic materials:

1) Flexure Test

2) Indentation Fracture Test



Toughness of ceramics | Example

A reaction-bonded silicon nitride has a strength of 300 MPa and a
fracture toughness of 3.6 MPa.m'?, What is the largest-size intemal
crack that this material can support without fracturing? Given Y = 1

K, =Yo Nm

_ K. _(3.6MPaxm]
no;  7(300MPa)

a=4.58x10"m=45.8m

a

Therefore the largest internal crack 2a = 91.6 um



Toughness of ceramics

* Low toughness due to covalent-ionic bonding.
* Using hot pressing, reaction bonding to improve toughness.

* Fibre-reinforced ceramic matrix composites.

Compressive Tensile Flexural Fracture

Densit strength strength strength toughness
Material Ut-’{ MPa ksi MPa ksi MPa ksi MPa\'m ksi
ALOY (99%) 185 2585 375 207 30 345 50 4 363
SiiNy (hot-pressed) KR L 3450 SO0 690 100 6.6 599
SiiNy (reaction-bonded) 28 770 12 255 37 36 327
SIC (sintered) 1 3860 S60 170 25 550 8O R ind
Zr0y, 9% MgO (partially 5.5 1860 270 6N 100 8+ 7.26+

stabilized)




Hardness

* A measure of material's resistance to localized plastic deformation.
* Resistance to permanently indenting the surface.
* Large hardness means:
-- resistance to plastic deformation or cracking in
compression.

-- better wear properties.

apply known force measure size
e.g. . of indent after
10 mm sphere removing load
Mt |u| Smaller indents
D d mean larger
hardness.
most brasses easy to machine cutting  nitrided
plastics Al alloys steels file hard tools steels diamond

—1 I  — —

Increasing hardness

Mohs scale



Hardness test

Hardness - resistance of material to Plastic deformation caused by indentation.

Sometimes hardness refers to resistance of material to scratching or abrasion.

Hardness may be measured from a small sample of material without destroying it.

There are hardness methods, allowing to measure hardness onsite.

Principle of any hardness test method

forcing an indenter into the sample surface followed by measuring dimensions of the
indentation (depth or actual surface area of the indentation).

Hardness is not fundamental property and its value depends on the combination of yield
strength, tensile test and modulus of elasticity.



http://www.substech.com/dokuwiki/doku.php?id=plastic_deformation
http://www.substech.com/dokuwiki/doku.php?id=tensile_test_and_stress-strain_diagram
http://www.substech.com/dokuwiki/doku.php?id=tensile_test_and_stress-strain_diagram
http://www.substech.com/dokuwiki/doku.php?id=tensile_test_and_stress-strain_diagram

Hardness: Measurement

e Rockwell

® Indenters — spherical and hardened steel balls
® No major sample damage

® Each scale runs to 130 but only useful in range 20-100.

Initial minor load 10 kg
® Followed by majorload 60 (A), 100 (B) & 150 (C) kg
A = diamond, B = 1/16in. ball, C = diamond

e HB = Brinell Hardness

® Similar to Rockwell but load is maintained constant for a specified time (10-30 sec)

® Correlation between hardness and tensile strength

* TS (MPa) = 3.45 X HB



Hardness: Measurement

Table &5 Hardness Testing Technigues
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* For the hardness formulas given, F (the applicd load) is in kg, while D2, J, o, and [ are all in mm.
Source: Adapted from H. W, Havden, W, G, Moffatt, and J. Walff, The Streciure and Properiies of Matenals, Vol, 1, Mechans-
cal Behavior. Copyright © 1935 by John Wiley & Sons, New York. Reprinted by permission of John Wiley & Sons, Inc,
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