SUPERALLOYS

ATechnical Guide

Edited by Elihu F. Bradley

=

7

FTITILEAN




= o - N . h .
_r_ 9 §
X
V&4 .

“( :
‘;M :-:b.,, -

Uk Iy

A L

Superalloys
A Technical Guide

Elihu F. Bradley

Consulting Editor

ASM INTERNATIONAL™
Metals Park, OH 44073




Contents

Chapter 1
Introduction

Castings and Forgings
Wrought Products
Powder Metallurgy
New Approaches
Applications
Product Forms

Chapter 2
Metallurgy of Superalloys

Introduction
Iron-Base Superalloys
Nickel-Base Superalloys
Castings and Forgings
Principles of High-Temperature Behavior
Creep/Stress-Rupture
Metallurgical Instabilities
Strengthening Mechanisms
Superalloy Classifications
Iron-Base Superalloys
Cobalt-Base Superalloys
Nickel-Base Superalloys
Conclusion

Chapter 3
Microstructure . . .

Phases and Structures of Superalloys
Evolution of Microstructure
Function of Processing




Effects of Prior Microstructure on Properties
Gamma Prime Precipitation
Carbide Precipitation/Grain-Boundary
Strengthening
Carbide Precipitation/Matrix or General
Strengthening
Gamma Double Prime Precipitation
Effects of Boron, Zirconium, and Hafnium
Effects of Processing

Chapter 4
Property Overview

Materials Selection
Tensile Properties
Creep/Stress-Rupture
Fatigue Strength
Corrosion/Oxidation Resistance
Hot Disk Applications
Burner Applications
Hot Airfoil Applications

Chapter 5
Cryogenic Applications .. ...

Introduction

Materials Selection

Mechanical Properties
Tensile Properties
Fracture Toughness
Fatigue-Crack Growth

Chapter 6
Microstructural Degradation,

Overheating, Stability. . . ... .............

Introduction

Overheating
Effects on Oxidation Resistance
Effects on Strength
Carbide Phases

Alloy Stability

Microstructural Degradation
Effects of Service Below 700 C
Effects of Service Above 700 C




Chapter 7
Metallography. . . . . . . . . . . . . i i i it i e e

Introduction
Specimen Preparation
Macroexamination
Microexamination
Sectioning
Mounting
Grinding
Rough Polishing
Final Polishing
Etching
Microexamination Techniques
Transmission Electron Microscopy
Bulk Extraction
Solidification Structures in Welded Joints

Chapter 8

Castings ................

Introduction
Physical and Mechanical Properties
Iron-Chromium Alloys
Iron-Chromium-Nickel Alloys
Iron-Nickel-Chromium Alloys
Nickel-Base Alloys
Cobalt-Base Alloys
Manufacture
Iron-Base Alloy Castings
Nickel-Base and Cobalt-Base Alloy Castings
Microstructures of Iron-Base Alloys
Iron-Chromium Alloys
Iron-Chromium-Nickel Alloys
Iron-Nickel-Chromium Alloys .
Microstructures of Nickel-Base Alloys
Microstructures of Cobalt-Base Alloys
Materials Selection
Casting Design

Chapter 9
Forging . ............

Introduction

Forging Methods
Open-Die Forging
Closed-Die Forging




Relationship of Fabrication to Heat Treating

Cold Working

Effect of Grain Size

Effect on Aging

Rates of Work Hardening

Welding . ..... .. ... . ... ... ... ... . . . 1100 175
Heat Treating of Iron-Base Alloys

Stress Relieving and Annealing

Castings. ... ... .. ... .. . ... . . . . ..lirrionees 176

Solution Treating and Aging

Practical Heat Treatment ............._ ... .. """ 178
Heat Treating of Nickel-Base Alloys

Stress Relieving and Annealing

Atmospheres

Solution Treating. ......... .. .. .. . ‘" """"°° 180

Shrinkage During ABINE . wo5mn o nevmnoisrsssn e oo s 181
Heat Treating of Cobalt-Base Alloys

Chapter 12
Cleaning, Finishing

Machining
Machining Properties
Cutting Tools
Tool Life
Grinding
Cleaning . ....... ... . _ . . ..ttt 188
Removal of Metallic Contaminants
Mechanical Removal
Chemical Removal
Removal of Tarnish
Removal of Reduced Oxide and Scale
Reduced Oxide Films

Scale Conditioning

Acid Pickling

Abrasive Blasting

Wet Tumbling

Wire Brushing

Salt Bath Descaling
Finishing Processes

Chapter 13
Welding . . . ...............

Introduction

Welding Processes
Cobalt Alloys. . ....... ... .. ..~ “""""" """ 198
Nickel and Iron-Nickel Alloys

Cleaning of Workpieces




Brazing of Nickel Superalloys
Cleanliness
Atmospheres
Stresses
Thermal Cycles
Inconel 718
Brazing of Oxide-Dispersion-Strengthened Alloys
Nickel and Nickel-Chromium Alloys
Inconel MA 6000
Brazing of Cobalt Superalloys
Isothermal Solidification Joining Processes

Chapter 15
Protective Coatings. .

Introduction
Environmental Effects
Oxidation
Hot Corrosion
Coatings for Superalloys
Coating Requirements
Types of Coatings
Diffusion Coatings
Overlay Coatings
Service Characteristics
Methods of Applying Diffusion Coatings
Methods of Applying Overlay Coatings

Chapter 16
Identification, Recycling

Introduction )
Means of Identification. . ,
Color

Magnetic Testing

Spark Testing

Chemical Spot Testing
Testing for Iron
Testing for Chromium
Testing for Molybdenum
Testing for Manganese
Testing for Nickel
Testing for Cobalt

Summary




Chapter 17
Failure Analysis and Prevention

Introduction

Corrosion
Hot Corrosion

Failure in Arc-Welded Superalloys
Fatigue Fracture
Conclusions
Recommendations

Hydrogen Embrittlement
High-Strength Steel
Superalloys

High-Temperature Failure




