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ABSTRACT

Measurements of the internal, friction of ~everal afuminum alloys

were made over the temperature range from 80 to 300 K using the two

component resonator technique. The techniq~e was improved, by using a
~--.-

metallic bond between the two components, so that measurements in the

Q-1 ~ 10-6 range could be made at three frequencies. Preliminary

experiments using .quartz crystals as specimerts were performed in order to

check the properties of the metallic joint. A method of checking the

bond, by measuring the resonator properties at about 'half the fundamental

frequency of the quartz transducer alone, was developed:

Comparisons of the internal friction spectra of hydrog~n charged"

samples with spectra of vacuum annealed samples were used, in conjunction, .

with a simple model of the distribution of hydrogen, to determine upper.
limits on the binding energy between hydroge~' and substitutional solutes

in the aluminum matrix.

iii



,.

{ .~.

ACKNOWLEDGEMENTS

1 would like to express my appreciation t~ Dr. G.R. Piercy,. for

his gUidante, encouragement and patience throughout the course of the

work. The opportunity of observing his approach to problem solving has

been enlightening. I would like to thank other members of the department
, ,

and the Institute for Materials Research and also Dr. Z. Popovic for

helpful discussions. The advice and assistance of the technical staff

were greatly appreciated.

My wife, Martha, already knows how much I have appreciated her

support and encouragement throughout. the several years of this work. She

was also responsible for typing the manuscript. She swears it is the last

one.

A Quebec government post graduate scholarship for myself and

National Research Council grants to Dr. Piercy are gratefully acknowledged.

of
>

iv ..



TAB~E OF CONTENTS

Page

DESCRIPTIVE NOTE ii

ABSTRACT ; ii

ACKNOWLEDGEMENTS iv

TABLE OF CONTENTS v

LI 5T OF FIGURES v.i i i

LIST OF TABLES xi

CHAPTER

1 INTRODUCTION 1

2 POINT DEFECTS AND INTERNAL FRICTION ·6
/

2. 1 Thenmodynamics of Point Defects and
Hydrogen Solubility 7

2.2 The electrostatic Properties of Point
Defects in Metals 13

2.3 The Elastic Pro~erties of Point Defects 17

'"2.4 Defect Interaction 23 .,

2.5 Internal Friction 26

3 EXPERIMENTAL APPARATUS 41

3. 1 Introduction 41

3.2 (a) The Composite Resonator 42

(b) Electrical Properties of the Composite
Resonator 45

.
3.3 The Alternating Current Bridge 48

3.4 Environment 55

V



EXPERIMENTAL TECHNIQUE

CHAPTER

4

5

4. 1

4.2

4.3

RESULTS

5.1

5.2

Sample Preparation

a) Pure aluminum samples

i) Single crystal preparation

ii) Polycrystalline sample preparation

b) Aluminum alloy samples

c) Heat treatment and hydrogen charging

d) Gas analysis

3) End preparation

Quartz Crystal Preparation

a) The joint between quartz transducer
and the sample

b) Checks of the joint and suspension

Measurement Technique

Treatment of the Data

Results of Preliminary Experiments

Page

58

. 58

58

58

61

61

62

62

62

64

67

71

72

77

77

79

a) The suspension - 79

b) The joint between quartz and sample 81

c) Criteria for validity of measured peaks 84

5.3

5.4

5.5

5.6

Pure Aluminum Results

Aluminum Copper Results

Aluminum Magnesium Alloys

Commercial Alloys

vi

87

90

95.

99



!
t
\ CHAPTER

6 DISCUSSION

6.1 General Discussion

Page

105

105

6.2 Peak Temperature 108

6.3 Sens Hi vi ty of the r'1easurements 11 0

a) The aluminum cORper 'alloys 111

b) The aluminum magnesium alloys 112

c) The commercial alloys 112

6.4 The strain anisotropy (Al - A2) for the
hydrogen-substitutional pair 113

6.5 Hydrogen-Substitutional Solute Binding Energy 117

6.6 The 7075 Alloy Results 121

6.7 Hydrogen Distribution in Aluminum 122

a) Grain boundaries 122

b) Dislocations 123

c) Vacancies 123

7 SU~1ARY AND CONCLUSIONS

APPENDIX A
Internal Friction in-Hydrogen Charged and
Deformed Aluminum

APPENDIX B
Hydrogen Analysis

APPENDIX C
Internal friction Due to Temperature Dependence
of the Elastic Compliance

REFERENCES

vii

125

128

1~7 .:'

148

151



2. 1

2.2

3. 1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

4.1

4.2

4.3

4.4

4.5

4.6

4.7

\

LIST OF FIGURES

Octahedral interstitial sites about a substitutional
atom in a f.c.c. lattice.

Screened electrostatic potential about a proton in
aluminum.

Typical 35 kHz composite resonator.

Stress distr~bution in a resonator at resonance.

Electrical equivalent circuit of the composite resonator.

Admittance diagram for the composite resonator.

Admittance. diagram for the composite resonator with
additional parallel capacitance.

Schematic of bridge circuit.

Interior of the decade resistance box.

Schematic of the cryostat.

A powder mould.

Section of the alloy preparation apparatus.

Sample holder for polishing.

Initial step in making of the suspension.

Damping in quartz crystals showing effect of colloidal
sil ver.

Damping in quartz crystals showing effect of faulty
suspension.

The temperature-controlled trough and ultrasonic
soldering unit.

viii

Page

11

18

43

43

46

47

47

49

54

56

60

60

63

63

66

66

69



Page -

5.1 Quartz transducer damping measured by step heating. 80

5.2 Quartl' transducer damping measured during continuous
cooling. 80

5.3 Internal friction of quartz sample - matched to transducer. 82
.D

5.4 Damping of composite oscillator made of unevenly matched
qua rtz crys ta1s. 82

5.5 Total damping of unevenly matched quartz resonators
measured by continuous cooling. 85

5.6 Quartz specimen internal fri~tion·determined from 5.5a. 85

5.7 Internal friction of A1 <100> single crystal. 88

5.8 Internal friction of polycrystalline A1 following room
temperature deformation. 88

~,

5.9 Internal friction of an Al Cu polycrystalline sample -
vacuum annealed. - 91

5..10 Internal friction of same sample - hydrogen annealed
and quenched. 91

5.11 Internal friction of the & Cu. single crystal. 94

5.12 Internal friction of the Al 0.16 at.% Mg polycrystal1ine
sample - annealed in helium. 94

";l

5.13 Internal friction of the A1 0.16 at.% Mg po1ycrystalline
sample - hydrogen charged-. 98

5.14 Internal friction of Al 0.54 ?t.% Mg polycrysta11ine
sample. 98

5.15 Internal friction of 7075-T6 aluminum. 101

5.16 Internal friction of 70J5 aluminum after hydrogen
anneal at 560°C. 101

5.17 Internal friction of 6061 aluminum. 103

ix



APPENDIX A

Page

1.

~ 2.

3.

Normalized internal friction of ft vacuum annealed
aluminum polycrystal deformed at room temperature.

Normalized internal fric~ion of a hydrogen charged
a~uminum polycrystal deformed at room temperature.

Normalized internal friction of a hydrogen charged
aluminum polycrystal after room temperature
deformation.

131

131

133

APPENDIX B,

1. Schematic of the high vacuum system.

2.

3.

4.

5.

Sample holder for gas analysis.

Gas ana~ysis measurements for the aluminum sample.

Gas analysis measurements for the aluminum-magnesium
alloy. '"

Measurements used for calibration of the response of
the analytical ion gauge and pumping. speed.

x

.,

138

139

143

143

145



3. 1

5.1

6.5. 1

,1

LIST OF TABLES

Transformer Characteristics

Solute Content of Commerci~ Alloys in
Weight Per Cent

Summary of results

/-...~...~,
\1 ·7('" ... ~_....'"

.. ,

xi

-"",-"..,-",,-- '"""'l-rr...... ..r.
I..J

Page

51

100

120



.. '

CHAPTER 1

I NTRODUCTI ON

The study of the interaction of hydrogen and metals has both

practical and theoretical significance. Hydrogen has been recognized as

a problem in iron base alloys for more than 100 years (Troiano, 1974)

be~use it is directly associated with catastrophic embrittlement of such

alloys. Embrittlement due to hydrogen is not limited to iron base alloys

and has recently been postulated for some nonferrous materials including

aluminum (Speidel, 1974). Another type of problem associated with hydrogen-

metal interactions is hydride'formation and res~lting cracking of zirconium

alloy pressure tubes used in nuclear reactors. Although many of the

properties associated with hydrogen in metal ~ystems ~re of a hanmful

nature, there are exceptions. For example, hydrogen purification can be

accomplished with Pd Ag alloy membranes--a direct consequence of high

diffusivity and solubility of hydrogen in these alloys.

The practical problems associated with hydrogen in aluminum and its

alloys have primarily been problems of porosity, blistering and void

fonmatton. These are a consequence of the fact that molten aluminum

dissolves twenty times as much hydrogen as the solid metal at the melting

point. the hydrogen is thought to be introduced into the melt by reactions

between molten aluminum and water vapour in the atmosphere or moist
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refractories. The excess hydrogen which is not'removeb by degassing

before casting shows up later as porosity in the casting,or voids and

blisters formed during hot working or annealtng'treatments. These

problems can usually be controlled by proper degassing techniques. The

solubility of hydrogen in molten aluminum alloys has been shown to be

dependent upon the alloying elements present (Opie and Grant, 1950;

Baukloh and Oesterlen, 1938). This indicates that there may be interaction, ,
between hydrogen and the alloying elements. In solid alloys, there is a

large range of variation in the observed effects of alloying additi~ns.

Observations of interactions between hydrogen and substitutional

solutes in aluminum are of interest from a theoretical viewpoint because

they are calcuJable with the techniques presently available and would be

a good test of these theoretical techniques. Aluminum is one of the simple

metals in the sense that it has a simple electronic structure which is well

described by nearly free election theory. Pseudopotential theory appli€d

to vacancy properties yields reasonable results '(Popovic, 1974).

Substitutional solutes, such as Mg, Si and Cu can also be well represented

using pseudopotential theory. Since hydrogen dissolves in aluminum (and

other metals) in atomic form, interstitial hydrogen is simply a proton

screened by conduction band electrons. Although the model is simple, only

non-linear electron screening the~ry produces reasonable values for the

heat of solution of hydrosen in aluminum (Popovic, 1974). This results

from the fact that since there are no core electrons in th~ hydrogen ion,

the potential which must be screened is very strong and simple perturbation

techniques cannot be expected to produce a good representation.
































































































































































































































































































































































