Heat Treatment of Ceramics

Introduction

In ceramics, heat treatment does not involve diffusion-controlled phase
transformations like martensite formation in steels. Instead, thermal
processing governs:

« Densification

« Grain growth

« Phase stability

« Residual stresses

e Microstructural refinement

Heat treatment in ceramics primarily includes:

o Drying

o Firing

« Sintering

« Controlled cooling

+ Post-sintering annealing

The objective is to convert a porous, particulate compact into a dense,
mechanically strong and thermally stable body.

Thermodynamic Basis of Sintering

The driving force for sintering is the reduction of total free energy associated
with high surface energy.

For a powder compact:
Giotal = Gbuk + YA

Where:
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o y=surface energy
« A =total surface area

Fine powders have large surface area — high surface energy — strong

thermodynamic driving force.
Sintering reduces surface area through:

o Neck growth between particles
o Pore shrinkage
o Densification

The system moves toward lower Gibbs free energy.

Diffusion Mechanisms in Sintering
Sintering is diffusion-controlled. Major mechanisms:

o Surface diffusion

o Grain boundary diffusion
o Lattice (volume) diffusion
o Vapor transport

Surface diffusion contributes to neck growth but not densification.

Grain boundary and lattice diffusion contribute to densification.

Stages of Sintering
(a) Initial Stage

« Neck formation between particles
o Limited shrinkage
« Rapid surface diffusion
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(b) Intermediate Stage

o Pore channels shrink
« Significant densification
« Grain boundaries well developed

(c) Final Stage

» Isolated closed pores
« Grain growth dominates
« Limited further densification

Excessive grain growth reduces mechanical strength.

Grain Growth and Microstructure Control
Grain growth follows:
D" - Do" = Kt
Where:
o D = grain size
o n = grain growth exponent
o K =temperature-dependent constant
High firing temperature — rapid grain growth — reduced fracture strength.
Fine grains improve:

o Strength
o Fracture resistance
o Mechanical reliability

Phase Transformations in Ceramics

Unlike metals, ceramic phase transformations may involve:
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o Polymorphic transformations (e.g., quartz a — 3 at 573°C)
o Martensitic-like transformation (e.g., zirconia tetragonal —
monoclinic)

Volume changes during transformation generate stresses.
Example:
ZrO: transformation toughening:

« Stress-induced phase transformation absorbs energy
o Improves fracture toughness

Thermal Stress and Cooling
Thermal stress in ceramics:
o= EaAT

Where:

« E = elastic modulus
« o= coefficient of thermal expansion
o AT = temperature gradient

Ceramics are brittle — low tolerance to tensile stress.

Rapid cooling — surface contraction — tensile stress — cracking.

Controlled cooling is critical.

Firing of Structural Ceramics
Examples:

« Clay bricks
o Tiles

Heat Treatment — Level 3 | Assist. Prof. Dr. Muhaed Alali

69



o Refractories
During firing:

o Dehydration

o Decomposition of organics

o Formation of glassy phase

o Mullite formation (in aluminosilicates)

Mullite formation enhances high-temperature strength.

Glass-Ceramics
Heat treatment can induce controlled crystallization in glass.
Process:

1. Nucleation stage
2. Crystal growth stage

Produces fine crystalline phases in glass matrix.
Improves:

o Strength
e Thermal shock resistance
o Chemical durability

Mechanical Properties After Thermal Treatment
Controlled sintering affects:

o Porosity — strength
o Grain size — fracture toughness
« Phase distribution — stability
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Strength often inversely related to flaw size (Griffith criterion):

[2F
Ta

Where a = crack length.

Summary
Heat treatment of ceramics controls:

Temperature — Diffusion — Densification — Grain size — Phase stability
— Mechanical performance.
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