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ABSTRACT

Measurements of the interndh friction of several aluminum alloys
were made over the temperature range from 80 to 300 K using the two
component resonator technique. The technique was improved, by us?ng a
metallic bond between the two components, so that measurements in the
Q"] ~ 1070 range could be made at three frequencies. Preliminary
experiments using quartz crystals as specimeris were performed in order to f
check the properties of the metallic joint. A method of checking the
bond, by measuring the resonator propertiés at about half the fundamental
frequency of the quartz transducer alone, was developed.

Comparisons of the internal friction spectra of hydroéen charged’
samples with spectra of vacuum annea]ed samples were used, in conjunction
with a simple model of the distribution of hydrogen, to determine upper
limits on the binding energy between hydrogeﬂ:and substitutiona]hsolutes

.

in the aluminum matrix.
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CHAPTER 1

INTRODUCTION

fhe 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)
beqeuse 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 resulting cracking of zirconium
alloy pressure tubes used in nuclear reactors. Although many of the
properties associated with hydrogen in metal systems are of a harmful
nature, there are exceptions. For exampie, 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 it§
alloys have primarily been problems of porosity, blistering and void
formation. These are a consequence of thg fact that molten aluminum
dissolves twenty times as much hydrogen as the solid metal at fhe melting'
point. The hydrogep is thought to be introducéd into the melt by reéctions

between molten aluminum and water vapour in the atmosphere or moist
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refractories. The excess hydrogen which is not‘removeh by degassing
before casting shows up later as porosity in the casfing,or voids and
blisters formed during hot working or annea]ing'treatmenté. 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;
Bauk]oh‘uand Oesterlen, 1938). This indicates that there may be interaction
between A}drogen and the alloying elements. In solid alloys, there is a
large range of variation in the observed effects of alloying adﬁitions.
Observations of interactions between hydrogen and substitutional
solutes in aluminum are of interest from a theoretical viewpoint because
they are calculable 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 applied
to vacancy properties yields reasonable results ‘(Popovi&, 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. A?though the model is simple, only
non-linear electron screening theory produces reasonable values for the
heatth solution of hydrogen in aluminum (Popovié; 1974). This results
from the fact that since there are no core electrons in the hydrogen ion,
the potential which must be screened is very strong and simple perturbation

techniques cannot be expected to produce a good representation.
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Since there was an indication of interaction effects between
hydrogen and substitutional solutes in the molten alloys and since aluminum
is an "ideal" system for comparisons with theoretical mode]s, experiments
were undertaken to detect pairing of hydrogen with substitutional solutes
in the solid alloys which would result from interactions between hydrogen
and substitutional solutes.There are many techniques which have been
used to detect point defect interactions in metals. These inc]udE‘Mbssbauer
effect measurements (S@rensen and Cotterill, 1974), resistivity measurements
of quenched samples (Murty and Vasu, 1972), simultaneous length and lattice
parameter measurements at high temperature (Beaman et al, 1965) and internal
friction measurements. The internal friction technique was chosen for this
work because it has been shown to be a powerful technique for examining
point defect behaviour.

There are many defect parameters which can be obtained from internal
friction peaks. If measurements are done at several frequencies, then the,
activation energy for reorientation of the defect can be obtained from the
change in temperature of the peak maximum with changing frequency. The
defect symmetry can be determined with studies using single crystal specimens.
If the concentration of defects is known, then the strain field of the
defect can be calculated. The concentration of defect pairs may be
temperature dependent as a result of a binding energy between the point
defects which form the pair. The binding energy can be found, [as has been
done by Mosher et al. (]970) for the case of Zr - N pairs in Nb and by
Sagues and Gibala (1974) for complexes in Ta-Re 0] from the changes in peak
size with measurement frequency. A1l the parameters mentioned above should.

also be obtainable from theoretical calculations.
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The second chapter presenis a brief review of point defect theory
including thermodynamics of defect distribution, elastic and electrostatic
properties and the theory of internal friction due to point defects.
Special attention is given to the substitutional-interstitial pair.

Since the expected peak height from preliminary calculations was
in the Q'] = 10’6 range, the composite resonator technique of internal
friction measurement was chosen. The experimental apparatus is described
in the third chapter and the techniques which were used to reduce the
background damping to a very low level are described carefully in the
fourth chapter.

. Thp fifth chapter presents the experimental measurements with
extensive preliminary measurements of quartz specimen damping included
to illustrate the capabilities and limitations of the technique.

The results are discussed in the next chapter in terms of the
implicatijons on the binding energy between hydrogen and supstitutional
defects and on the distribution of hydrogen in the lattice. '

Some internal friction measurements were performed on hydrogen
charged samples of pure aluminum which were deformed before measurement.’
-These were carried out in order to detect possible disiocatiOn-hydrogen
interactions in aluminum. The results are reported in the first appendix.w

The second appenpéx reports gas analysis experiments performed in
order to verify that the hydrogen charging procedure used for the internal
- friction experiments did achieve thé’ﬁgsired result.

The final appendix is concerned with the effect of changing
tempe}ature on internal fffction measurements. The calculation indicates

that, for low freguency measurements, rapid temperature changes may



£

produce spurious internal friction results.
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CHAPTER 2

POINT DEFECTS AND INTERNAL FRICTION

This chapter is a review of the theoretical background essential
to the understanding of internal friction due to hydrogen in aluminum
alloys. The first sec?ion deals with some of the thermodynamic aspects
of point defects in general and relates the macroscopic effects to micros-
copic phenomena. In particular, a simple expression for the number of
substitutional-interstitial pairs is derived which depends upon the binding
free energy (AGy) of the pair. The origin of this binding energy is in
the electrostatic and elastic interactions which take place between point
defects in metals. The second section, therefore, deals with the electro-
static properties of point defects and the third section with the elastic

"properties. .

o
Since it is the elastic strain distribution of point defects which

is responsible for the observation of their contribution to internal
friction, expressions for’this strain distribution are presented. The
ver¥ close relationship between the electrostatic and the elastic properties
/of the defects is discussed. Thé fourth section gives expressions for the
interaction of point defects due to the electrostatic and elastic properties.

Finally, the last section describes expressions for the internal friction

due to these point defects.



2.1 Thermodynamics of Point Defects and Hydrogen Solubility

There are two main types of point defects in metals: intrinsic
and extrinsic defects. Intrinsic defects are_those defects which, because
they are in thermal equilibrium with the lattice,are present in all metals
at temperatures above absolute zero. They include vacancies (missing
atoms), interstitials (atoms at positions other than regular lattice sites)
and various combinations of these. Extrinsic defects are impurity atoms
which may either replace host atoms on regular lattice sites (substitu-
tionals) or remain in the interstices in the atomic array (interstitials).
The concentrations of intrinsic defects and the solubilities of slightly
soluble solutes can be determined from siﬁp]e thermodynamic arguments for
dilute solutions.

The thermodynamic behaviour (charagterized by the Gibbs free energy)
of a homogeneous phase containing low levels of impurities has been
summarized by Flynn (1972). He shows that the chemical potential of a

species a is given by

ua = AGG ~+RT In Ca ' . (2.].])

s .
P &
N

where R is the gas constant, T the temperature and ca»the occupied fraction
of sites available to species a. AGa is the excess free energy per mole of
species a and is given by

86, = AH, - TAS_ , (2.1.2)



where AH, is the enthalpy change of the phase per mole of species « aqded
to the phase at constant temperature and pressure and ASa,is the entropy
change caused by the addition which is in excess of the contribution due
to the configurational entropy. If two phases containing the same gpecies
a are in thermodynamic equilibrium at constant temperature and pressure,
then the chemical potential of thespecies must be uniform throughout the
two phases.

In the case of non-dilute solutions, &H, and ASa will also depend
upon the concentration of the species a because of interactions between
atoms. If there is more than one species dissolved in the phase then the
chemical potential of a given species will depend upon the concentration of
all the other species. Again this is a result of microcospic interactions
(both electrostatic and elastic) between the Hiffereﬁt species in the phase.

Hydrogen dissolves in all metals to some extent with a«olubility
which depends upon both temperature and pressure (Sokol'skaya, 1961). The
steps in the chemical reactions which lead to dissolution in the metal
lattice are not well understood but the thermodynamics of the dissolution
can be described quite adequately. For metals such as aluminum,in which
hydrogen dissolves as single atoms, the solubility, S, is given by Sieverts'

law

S = Sgpt exp [- M) (2.1.3)
kT

where AH, is the heat of solution, p is the pressure, k is Boltzmann's



constant and Sy a constant related to the vibrational entropy of hydrogen
in the lattice. The heat of solution is the difference in enthalpy between
a hydrogen atom dissolved in the metal and a hydrogen atom in a hydrogen
molecule. The heat of solution for hydrogen in aluminum is positive,
indicating that the hydrogen atoms of gas molecules must be supplied with
energy in order to dissolve in the metallic lattice.

If hydrogen can occupy vérious sites in the metal, then the total
hydrogen content will not be given by the simple relationship described
above. In orde; to find the total hydrogen content, the energies of
hydrogen atoms at sites other than the normal octahedral site in the
perfect lattice must be known. These could be defect sites such as near
other pﬁfﬁ%’défects, dislocations, grain boundaries and second phase
particles. When the metal is in equilibrium with the gas, the chemical
potential must be uniform within the sample. This means that in the perfect
lattice the concentration is uniform. |

In order to determine the concentration of hydrogen at defect sites,
kinetic arquments can also be used since the rate at which hydrogen atoms
arrive at a defect site must be equal to the rate at which they leave when
equilibrium is established. The case of hydrogen atoms interacting w;th
substitutional impurities in a face centred Eubic lattice is of particular
interest for this thesis. It will be assuméd that the hydrogen atoms occupy
octahedral interstices and only those “interstices nearest to the impurity
atom are different in energy from the normal interstice$. The rate of
arrival of hydrogen to these near-neighbour sites can be calculated as

follows. Each 1interstitial site in the lattice has twelve adjacent
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interstitial sites. Each substitutionéﬂ impurity atom has six neighbouring
interstitial sites. The number of normal interstitial sites which are
adjacent to the interstitial sites next to the impurity is 32 (refer to
Figure 2.1). Of these normal interstitfal sites, 24 have only one adjacent
interstitial site next to the impurity while the other eight have three. If
the jump rate of hydrogen between a normal interstitial site and one next

to the impurity is w, then the rate at which hydrogen arrives at all six
sites next to the impurity is given by

\]

Ny

u

(1 - pg) 1(1) (28) (py) wy + (3) (8) (pp) wy)

i

48 (1 - p;) (pn) W (2.1.4)

where ﬁi is fhe number of hydrogen atoms in interstitial sites next to the
impurity and py and p, are the p}obabilities.of occupation of interstitial
sites next to the impurity and in the normal lattice respectively. At
equilibrium this flow of hydrogen to the impurity is balanced by an equal
outward flow. Since each of'the sites nearest the impurity has eight of
twelve adjacent interstitial sites whiclfare not next to the impurity, the

rate at which hydrogen leaves these six near neighbour sites is given by
ng = -(6) (8) py (1 - pp) w (2.1.5)

where w; is the jump rate of an interstitial between a site next to the

impurity and a normal site.



FIGURE 2.1

. ‘\
Octahedral interstitial sites next to a substitutional impurity in
an f.c.c. lattice

S - substitutional
3 - nearest interstitial site
A - site with one adjacent site next to substitutional

" n

+ - " “  three * sites "
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Since the two rates of.equations (2.1.4) and (2.1.5) are equal in

magnitude and of opposite sign, the following relationship is obtained

rd

Pi 1 - Pn = Wp (2.1.6)

1 - pj Pn Wy

which reduces in the case p;j and pp << 1 to

P{ = ¥n (2.1.7)

- The ratio on the right hand side is determined using rate theory to be

Wn = .exp + B6p (2.1.8)
Wi kT

where AGL is the change in free energy between the normal lattice site and
the site next to the impurity (also known as the binding‘free energy).

] The additional quantity of dissolved hydroéen due to the presence
of such impurity defects can now be evaluated. If the atomic fraction of
impurities is cj, then the fraction of interstitial sites next to impurities
is 6¢cy. If the normal hydrogen atomic fraction for a given pressure of

hydrogen gas,outside the metal is Cy» then the atomic fraction at impurity

sites is cp given by

cg =6 Cip; = 6 cjcy exp + EEQ_ : (2.1.9)
kT
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The total hydrogen content will be

ey + ¢g = cy [(1 - 6cy) + 6cy exp EEETTT (2.1.10)
| kT i

The approach just outlined can be applied to find the concentration
of hydrogen at other types of interstitial sites e.g.near dislocations.
Each different type of interstitial site will have a concentration determined
by an expression similar to that in equation 2.1.9 and corresponding changes
would be made tb_find the total hydrogen content given by equation 2.1.10.

®

2. The Electrostatic Properties of Point Defects in Metals

The presence of apoint defect in a metal not only disturbs the
distribution of neighbouring atoms but also disturbs the electron distri-
bution. Most theories of metals begin by assuming that each atom can be
represented by a "bare ion",which includes the filled shell electrons,which
is then screened by the conduction or valence electrons which are ¥ree to
move in the lattice. It can be expected that the presence of a defect which
has a different charée from the normal ionic charge will cause electrons to
be either attracted or repelled. The result is that a local screening charge
develops which ensures that at large distanées there will be no electric
field due to the‘defect. The theory of electron screening is now quite
sophisticated and what follows is merely a brief summary. It is important

to keep in mind that the results of this theory which are of interest in

this work are the interaction energies between point defects.
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An excellent presentation of electron screening theory as applied
to hydrogen and vacancies in simple metals was made by Popovic (1974) who
applied it to the prob{em of solubility of hydrogen in aluminum and
magﬁesium. ‘ \ ’

" It is the electrostatic po£entia1 energy of a unit positive charge
around a point defect in a metal which is of 1ntereét. The effect%ve

electrostatic potential of the defect at a distance r from the defect is

given by

Vers (r) = V(r) + vy (r) (.2.2.1)'

where Y(r) is the potential of the inserted ion {e.g. a substitutional ion
or an interstitial hydrogen ion) and Vi,4(r) is the potential due to the
change in the electron density around the defect site. The induced

potential Vind must satisfy Poiséoﬁ's equation
V2 Vind(r) = -4re An(r) ' (2.2.2)

where‘ An(r) is the change-in electron density due to the defect.
Using first order perturbation theory on plane wave electron states,
where the perturbation is Veffkr) so that the result will be self consistent,

the effective potential (now in Fourier transformed form, V(q)) is given by

Vorela) = Yla) : (2.2.3)
e(q) ' :



o o st e e

[SUEN

15

Y

where €(q) is thedielectric function. €(q) describes the behaviour of the
electron gas in wavevector space and should include the effects of electron
exchange and correlation (Singwi et al, 1970). It turns out that this

behaviour of the electron gas results in the so called Friedel oscillations

of effective potential in real space which for a point charge have the

form .

Vopelr) = - OF cos (ZKFr + oF) (2.2.4)
2n kg’ r3

at large distances from the defect instegd of the 1/r dependence which
would be obtained in vacuum. kg is the Fermi wavevector, ap and ¢  are
constants. ' ; -

The screening of any potential can therefore~be calculated in
principle. The problem then is to find a potential for an impurity atom.
In some cases this can be done using pseudopotential theory, which provides
a weak potential that can be handled with the perturbation treatment
described above. The theory and application of pseudopotentials are very
well presented in three articles by Cohen, Heine and Weaife (1970).
Essentially, a pseudopotential reﬁ?aces the true nuclear and core electron
potentials, but gives the same scattering to va1enc; e]ectrohs of the
con&ucfion band. Pseudopotentials can be calculated from first principles
using several methods, but these often do not reproduce the metallic pro-

perties very well. Empirical pseudopotentials fitted to experimentally

determined properties {(such as lattice parameters and elastic moduli) give
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much better results. In particular the model potential of Abarenkov and
Heine (1965) has been particularly successful. The potential is described

by the following equation.

v(r)

- Z' Y r > RM (2.2.5)
r .

_Z-Q_,r<RM

i
with two adjustable parameters; Ry, the core radius, and D which fixes the

depth of the spherical potential well for r < Ry. Z is just the valence
of the metallic ion. This is a tocal pseudopoténtia1 because its inter-
action with the valence electron gas does not depend upon the electron
energy.

In order to find the effective potential with electron screening,
we must use the Fourier transform of the model potential given by the

following equation.

V(@) = - _4nz [D sinfa Ry) 4 (1 - D) cos q mj] (2.2.6)
R q° q Ry |

which is then insgrted into equation (2.2.3). The resultant effective
potential may be written in either real space or g-space.

The approach used to describe the screening of an interstitial
hydrogen ion (proton) in a metal is different because this potential cannot

be rgbresented by a weak,pséudopotentia1 (Popovic, 1974). Popovic has
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determined the effective potential and the screening charge density around
protons in aluminum and magnesium using a nonlinear screening technique

that includes the effects of e]ectroniexchange and correlation. The results
for the effeétive potential in a]uminﬁm are shown in Figure 2.2, and

include compgrisons with the linear theory. The Friedel oscillations are

clearly visible.

2.3 The Elastic Properties of Point Defects

The observation of internal friction in metals containing point
defects depends upon the interaction of the applied stress with the strain
fields of the defects. The methods used for calculating the strain fields
of simple defects will be shown in this section.

‘There are several approaches to the problem of calculating defect
strain fields. One approach which has been used is that of Eshelby (1956)
who éssumed that the matrix and defect have linear elastic properties which
can be represented by an isotropic continuum. Eshelby has shown that the
solutions of the elastic equation depend critically upon the conditions at
the boundary of the continuum. Hardy (1968) has calculated the displacement
field of a point defect in a discrete lattice and has related the elastic
strengﬁh of point defects to the interatomic forces. March and Rausseau
(1971) have related the forces on atoms near the defect to the displaced
charge surrounding the défect as developed in the previous section.

Consider first the isotropic contiﬁuum approach to point defect

strain fields. The most simple defect i§ just a centre ofdilatation. The



FIGURE 2.2

The screened electrostatic potentia] (times r) around a proton
in aluminum (Popovic, 1974)
nonlinear theory with exchange and correlation corrrections
-------- nonlinear Hartree theory
........ linear theory

The arrow indicates the position of the centre of the nearest aluminum
atom in the unrelaxed case.
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point defect is assumed to be formed by removing at some origin a sphere
of matrix material with volume equal to one atomic volume. In the case
of a substitutional atom, this sphere is replaced by another sphere with
volume equal to the atomic volume of the substitutional material and with
the same elastic constants as the substitutional material. Since this
second sphere, in general, will not be the same size as the hole created
by removing the first sphere, the matrix and the substituted sphere must
be strained in‘order that hole and sphere surfaces may be joined: This
results in a radial displacement u(ro) of the hole surface at the initial
radius ro- Flynn (1972) shows that the resulting displacement field in
the matrix material which satisfies the elastic equation is given by

2

u(r) = (A_+8B)r | '(2.3.‘1)

Qhere r is the position vector. In an infinite crystal, B must be zero.

In a finite crystal, however, the boundary condition at the outer surface
(vanishing normal stresses) can only be satisfied with B nonzero. If the
disp]acgment of the hole surface is nrg, then the constants A and B can:be

calculated and the solution for u(r) is

ulr) = oy r o+ fur (2.3.2)

3 (3n + 2u) RS

»

where u and A are the usual Lame constants of isotropic elasticity. R is the

radius of the outer surface of the material. For an infinite crystal
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(R + =) the displacement field is pure shear because the dilatation
v oeulr)=o0.
Non-spherical defects are usually approached in a somewhat different
manner. Any defect which is in mechanical equilibrium with the lattice
must exert zero net force on the lattice. It follows that the forces which
the defects do exert can be represented by double forces without moment.
These forces can be represented by the following equation (Hardy,

1968)

» = Filx) = TGiy 3 6&(x) ' (2.3.3)

J .
9X

where i and j are Cartesian coordinate indices and Gjj = G §(x) is the

ji-
Dirac delta function. Hence the forces are nonzero only at the origin, the
site of the point defect. The elastic equation which must be solved is

(Brudnoy, 1974)

Z . Cigeke o2 w(x) = Fylx) (2.3.4)
5j’ '2’ axj -axg‘

-

where ij‘kg is the elastic modulus tensor and u, is a component of u.
This equation can be simplified in the case of isotropic elasticity where
all the Cjj kg can be written in terms of the two Lamé constants and in the
cubic case where there are only three independent Cij’kg.

Huntington and Johnson (1962) have solved ;n equivalent equation

for the case which corresponds to having only Gy non-zero. This represents



21

a defect having uniaxial symmetry. If the defect is at the centre of a
sphere of radius R which has a free surface, then the displacement of the

surface due to the defect can be shown to be

61 3 (3Ry %y - R) + _35(2 + u )(3 cos2e-1)R
an R3 | 2u(19n + 14p) 2u(19% + 14y)

=
n

(2.3.5)

where R is a vector normal to the surface with components Ry, R, ana R3.
2] is a unit vector in the xy direction which is also the direction along
which the forces act. 6 is the angle between the Xy direction and the
vector R.

Hardy (1968) has determined the G tensor from the interatomic force

constants. The change in the energy of a monatomic lattice upon introducing

a defect at the origin is

zg’l ]
AU = I prRpv + ¥ +1 ¢ ud A u% + higher order terms
1J
L. -7 Z et 1 J
ij

(2.3.6)

where ¥(]r|) is the interaction between the defect and an atom of the host

lattice a distance r away. The A's are generalized spring constants. 5?

is the position vector of the zthperfect lattice site. If the lattice is

in equilibrium then 3(AU) = 0 and it follows that

L
9 u_i
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w(l59”+g'ql) = A, u, (2.3.7)

Using Fourier transformations and power series expansions, Hardy concludes

with an expression for Gij for cubic lattices

G;; = T F, Rj (2.3.8)

which is the relationship between the strength matrix and the interatomic
potentials.

In principle, the interaction potentiail betweeniihe defect and the
atoms of the host lattice can be calculated using the electrostatic
theories discussed in the previous section. March and Rousseau (1971)
point out that in order to relate the forces F% to the displaced charge,
an iterative procedure must be used because initially neither the displaced
charge nor the ionic positions about the defect are known. The displaced
charge can be calculated for the unrelaxed lattice but then the ions are
no longer in equilibrium positions because they are acted upon by the
potential due to the displaced charge. When the calculation is finished,
the ions will be in new equilibrium positions consistent with the displaced.
charge.

This is the approach which should be used to describe the strain
field of the hydrogen-substitutional defect pair if realistic results are

to be obtained. Such a calculation is now possible if the nonlinear
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screening approach of Popovic (1974) is used to describe the hydrogen ion
and a suitable screened pseudopotential is used for the subStitutional

atom,

2.4 Defect Interaction

Point defect interactions take place because single point defects
disturb the perfect lattice both electrostatically and elastically as has
been shown in the two preceding sections. At the conclusion of the section
on the elastic properties of the defects, the .fact that the elastic and
electrostatic properties of point defects are closely connected. was pointed
out. In a similar way, it is not truly possible to separate defect infér- ‘
action into elastic and electrostatic parts because these are interdependent.
However, the development of defect interaction ca]cu]atiggs has historically
followed these two separate lines. In this section, therefore, the electro-
static and elastic contributions are presented separately. The inter-
relationships are then pointed out. ‘

The electrostatic contribution to defect interaction is now quite

well understood. Corless and March (1961) have shown that the interaction

energy for two point charges in a metal can be written

AE 2 %—ZT Voees (Py - Tp) # %_22 Viers (Ip - gq) (2.4.1)

where VZeff (Eq - 32) is the §e1f cons1s?ent field prodqced at r; by the

charge Z,e at r,. This result depends upon Timiting fhe calculation to
2 -2
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first order in the perturbing potentials, and assumes the bare ions are
point charges. Ziman (1964) generalized this treatment for distributed
charge, showing

™

AE = 1 HZUD) Voeger) + Zp(r) Viese(r)) dr (2.4.2)

where Z)(r) is the density of charge associated with Z; and Vyu¢e(r) is the

effective potential at r due to the charge Z,. If the Fourier transforms

of Z and V are substituted into the/iggye-eggation, the interaction can
be written A
AE = [ 4n e 79(K) Zp(k) .expli k-(R; - Rp)) dk . (2.4.3)
k2 e(k)

where Ry - R, is the vector between the centres of the charge distributions.
This interaction has the same type of oscillatory character as that in the
effective potential previoﬁs]y shown (equat%on 2.2.5).

The expression above would be valid if the interactions took place
at constant volume. However, the total energy of a metal‘Fannot be written
in terms of pairwise interactions only but includes terms which are
de endentoupon the total volume. If there are volume charges due to the
1n§>¥action then there will be additional terms in the interaction energy.

Elastic interactions between defects have been dealt with in both

the continuum model (Eshelby, 1956) and using a discrete lattice (Hardy and

Bullough, 1967). Centres of dilatation in an infinite isotropic continuum
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cannot interact (Eshelby, 1956). However, the dilatation introduced by
the boundary condition at the surface of a finite crystal does cause
elastic interaction between such defects. Eshelby shows that this inter-
action has the form

%

= 2 2 6
AE = - 6v0(M] AV, + M, AV] )/ r (2.4.4)

2
where Vo is the atomic volume, AVi is the volume change at the free surface

due to the defect i, M

; 1s the rate of change with atomic concentration of

the apparent “shear modu1éf of a crystal containing defects of type i, and r
is the distance between the defects. This formula is valid only when the
separation r is large enough that the variation of the strain field due to
one defect over the extent of the other in small. For cubic crystals
Eshelby shows that cubically symmetric defects interact with an energy

given by

AE = - _15d  AVq AV, ¢ (2.4.5)
. 8-n- -Y2 - r3 N ’

where d = €11 - Cy2 - 2c44 is a measure of the elastic anisotropy and is
] . 0_
small, v = K/cqy where K is the bulk modulus ?nd 1y = g_(cn + 2c]2 + 4c44)

is an "average" of cq; and ¢ = 24 + m4 +nt

- 3 where 2, m, n are direction
cosines of the line joining the defects relative to the crystal axes.
The strength of the interaction therefore depends upon the relative

orientation of the defects. Hardy and Bullough (1967) have calculated the
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interaction between similar defects in a cubic lattice usi;g a discrete
latticé theory. By expanding the energy of a defect according to the
equation (2.3.6) already presented and using Fourier transforms, they
found that the'defect‘interaction could be written in terms of the Fourier
transforms of the forces F% defined by equation (2.3.7) and the inveyge
of the Fourier transform of the generalized spring constants. The ¢gfect

interaction is then given by /

BE = - 11 Fo(-g) [(A(-@)17! F(q) . (2.4.6)
N q

where the subssripts a and b refer to the defects a and b. The summation

is over the q vector of the first Brillouin zone. This formula spou]d
describe the interaction energy even at close separations whereasithe
elastic contingum approval must break down in this range. In th?:asymptotic
1imit of large separation, this interaction varies as R'5 where h is the
defect separation and‘is anisotropic. This is a different result from the
R:6 of the isbtropic.continuum: Another interestinb result of this
formulation is that the interaction energy calculated for two vacancies by
this method not only varies with relative orientation but actually chapges

sign with distance alopg dne direction {110) even though the interatémic

forces are assumed to be nearest neighbour forces only.

2.5 Internai Friction

The basis of the measurement of internal friction is the fact that
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when a stress is app11ed to a solid, there is a 51mu1taneous elastic strain
followed by a time dependent "anelastic" strain which is a function of the
defect structure of the material. If the rate at which the ane]astic strain
(ea) develops is proport1ona1 to the deviation of the ane]ast1c strain from
its equ111br1um value (e ) for a constant stress, then the anelastic strain

can be determined from the following equation:

de, = €9 - €a (2.5.1)

dt T

Then it follows that

€, = 80(1 - exp~t/T) _ (2.5.2)
vhere T is the relaxation time (at constant stress). 1In general, for a
given material, there will be a whole range of relaxation times each
corresponding fo a different type of defect contributing to the time
dependent strain. :

Since the modulus of compliance J is defined as the ratio of strain
to stress, it is apparent that one modulus is not suff{cient to define the
properties of the solid. Hence, following Nowick and Berry (1972), we
define tﬂo moduli Jy = € and Jp = g4 + €y, where the subscripts u and R
refer to unrelaxed andorelaxed respecgive1y and g, is the elastic strain.

It is the dynamic properties of the system that are of interest.

The alternating applied stress o and resulting strain ¢ can be described

-
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by the following equations

o = gy et e = (g - iez) glwt (2.5.3)

where €7 and €5 are the in-phase and out-of-phase strain components. Now

€ €
if we define Jy = _l and 9o = _2 then it turns out that Jy and Jg are

0 o
. 0 ) 0 . .
fugct1ons of w, the angular frequency, given by the following equation:

d (W) = gy + __8J (2.5.4)
(1 + wlr?)
3 () = 80wt Na.s.5)
1+ e
%

These are the Debye equations which were first derived to describe

dielectric relaxation.

It is easy to show that the work done per cycle of the alternating

stress o per unit volume is given by

- - 2 ‘
W o= WO e, = HJZ % (2.5.6)

The out-of-phase component of the strain is responsible for work being done.
Since the internal friction, Q"l, is defined as the ratio of the

work done per cycle to 2w times the maximum energy stored per cycle,
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which is 1 J] 0y » therefore
g 2

Q-] = Jp = ep = tan ¢,

where ¢ is the phase between stress and strain. In terms of JR and J, the

internal friction is given by

Q! = &g WT - (2:5.7)
JR + JU (L)2T2

In the case where &8J << J, then the internal friction is well represented

by a Debye peak

el =a_ wr (2.5.8)

>
4

(=)

Ca

A is the relaxation strength. fhe height of the intefna] friction maximum,
which occurs for wt = 1, is therefore A4/2.

The effect of having more than one process congributiﬁg to the
development of the anelastic stréin at constant stress is reflected in the

dynamic modulj Jy and Jy- In the case of such multiple relaxations, Jy and
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J, are given by (Nowick and Berry, 1972)

o (1)
Nlw) = 9+ £ sV : (2.5.9)
i=1 1+ (m,r1)2
SN ¢} i :
Jz(w) = I & wT . (2.5.10)
1:

L 1+ (wr?)?

where Gd(i) is the contribution to the relaxed compliance from process 1
with relaxation time ti. If all the &J's are small, then the internal
friction will also have the same form as J,(w).

If the relaxation process is thermally activated, then the
relaxation time 1 is temperature dependent in the following way:

2

T = Ty exp %?A (2.5.11)

§

-1
0

terms of the internal friction measurements, this temperature dependence

where AH is the activation entha]by and T is a frequency factor. In

is of great significance. .The expression for the internal friction is
symmetric in w and t. This means that if‘} is fixed, the maximum in the
internal friction, which occurs for wt = 1, will be found only by varying

the frequency. 1In préctice, the range over which the frequency can be
varied on a given’sample is very limited. HoweQer, if T has the temperature
dependence indicated by equation (2.5.11), then by yary%ng the temperature

T can be brought to the value w~! where there will be an internal friction
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maximum due to the process in question. The activation enthalpy, AH, can
be determined by finding the temperature of the internal friction peak at

two different frequencies. Then, since in each case

w = T-1 = TO- exp[—-AH] .
T
therefore
Inwp = AH |1 -1 (2.5.12)
wp kT T

where Ty and T2 are the peak temperatures corresponding to the applied
stress frequencies wy and w,.

If gﬁe value of 1y for the relaxation process is known {and there
seem to be values which are characteristic of point defect, dislocation,
and interaction effects), then for a given applied frequency, the tempe-
rature at which a peak occurs, TP, is directly proportional to the
activation enthalpy of the process producing the anelastic strain. A
plot of AH vs. Tp can be made for various values of the product wty. ¢ This
is the Wert-Marx plot (Wert and Marx, 1953).

The activation enthalpy may also bé found from the width of the
peak in 7-1 at half maximum height if the peak is a Debye peak. Using
the activation enthalpy found in this way and the Wert-Marx plot, the

value of 1, for the process may be determined in order to 'identify it.
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Internal friction due to point defects

The theory of«internal friction due to point defects is well
developed. The relaxation strength A and the time constant t can be
derived from microscopic defect properties.

| The anelastic strain due to point defects can be calculated if
the strain fields of the defects and the defect concentrations are known.
It i; possible to define a tensor which describes the strain field of a

point defect by the following equation (Nowick and Heller, 1963):

(2.5.13)

The superscripts d and 0 on the strain components refer to the crystal'with
defects and without defects respectively. p is an index which labels the
defect orientation and p is the mole fraction of defects in the p
orientation

(2.5.14)

C = VoN

p p>

where vy is the atomic volume and Np is the number of defects in the pth
orientation per unit volume. It follows from equation (2.5.13) that the

Ai§p) are defined by

(p) _
A-. - 3«8..
iJ 1] (2.5.15)

]
_V% cp
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Since eij is a strain tensor, it must be symmetric and, therefore, Aij
is also symmetric. This means that Ajj may be diagonalized. The
diagonal elements A Az and A3 are the semi-axes of a strain}e]]ipsoid
which has its principal axis oriented at some angle with respect to the
crystalline axes. This orientation is dependent upon the positfons of the
atoms which make up “‘the defect. The symmetry of the defect must be
reflected in the symmetry of the strain ellipsoid. The diagonal elements
or principal values of the A tensor are dependent only upon the type of
defect, not upon the orientation of the strain ellipsoid. The XA tensor is
directly calculable if the strain distribution around the defect is known,
as has been done for the single double-force of Huntington and Johnson

(1962). Flynn (1972) shows that when the defect 1ies along the 1 direction,

the A tensor is given by

o ey e

- wg  3(3% + 2u)vg ;

uvg  3(3x + Zu)vO ;
For anisotropic material the results of Brudnoy (1974) could be '
used for calculating the values of the A tensor.
The possibility of observing point defect reorientation by internal .
friction is dependent upon several criteria. The basic criterion is that
the applied stress must cause a change in the relative free energies of the

possible orientations of the defect. This means that, first of all, there

D
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must be more than one position in the primitive unit cell for the defect
{or more than 2 positions if the positions are centro-symmetric (Wachtman
and Peisef, 1962).

It is possible to calculate the ;;1axation~magnitude A from simple
thermodynamic arguments such as those presented by Nowick and Berry (1972).
If the mole fraction of defects of a particular type (e.g. substitutional-

interstitial defects) is ) and there are Ny crystallographically equivalent

orientations of the A tensor then

"; c. = ’ | (2.5.1&?

When the applied stress is zero, therg will be nothing whicﬁ distinguishes
the different orientations,therefore the concentration in each orientation
will be cO/nt. If the a6p1icatidh of a uniaxial stress o]]'to the system
changes the distributién of defects among the possible orientations of the
A tensd} then the strain (considering.on1y e]]) will be given by

"t ()

€11 = Ju O]] + pf] A]] [Cp - (Co/nt)] . (2.5.]9)

The value of A (p) is derjved from the principal values of the strain
1] ,

ellipsoid by a tensor transformation given by

LB ) (),

i = sm 3m o (2.5.20)
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where A, is the value along the principal axis of the ellipsoid that has
direction cosine akép) to the kth crystal direction when the defect is in
orientation p.

In order to calculate the relaxation strength we need to know Cp
for a given stress. The chqnge in the Gibbs free energy with change in
stress of any particular de;ect with tensor A(p) must be calculated. The
application of Boltzmann statistics then yields the cp's. Nowick and

Berry (1972) show that the change in the Gibbs free energy of a defect .Q

in orientation p due to the stress application is given by

AG(p) = - Vg A;sp) %11 \ (2.5.21)

for a uniaxial stress, or

(p)
-V I Ass C..
0 i3 1] ij ‘

aaiP)

in general.

If the different orientations are then allowed to repopulate
according to the Boltzmann distribution so that the probability of
occupat{on of an orientation p is proportional to exp [-AG(p)/kT] then

the result is

(p) . (q)
A -1 T2 . (2.5.22)
[-11 " g 11 ]

c, - ¢y = ¢ Vo o
p ——
nt ng kT

—— e

gy

A n -~
T
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Ep is then the equilibrium value of the concentration of defects in
orientation p under an applied stress oll.The assumption is made that
AG(p)/kT << 1 which will be valid at low stress levels. The relaxation
of the compliance is then given by substituting equation (2.5.22} into

equation (2.5.19)

-

60 = fa = covp |z (yPHE o1 @ P (2.5.23)
T wE P o

The internal friction peak height is just &8J/2J.

In single crystal specimens, for which the stress axis may be
oriented in specific directions relative to the crystal axes, this expression
can be calculated if the symmetry of the defect and the principal values
of the A tensor are known. For tetragonal defects (which are expected in
the case of hydrogen-substitutional pairs in aluminum) the defect A tensor

has three possible orientations in the cubic lattice. The tetragonal axis

of the defect (largest principal value) must 1ie along one of the cube axes..

The other two principal values, which are equal, can be taken to 1ie along

the other cube directions. For this case, the expression in the bracket

above reduces to

2
%“‘ - 2,) (2.5.24)

if the applied stress is along a cube direction and zero if the applied

stress is along the <111> direction. The reason for the relaxation of the

PR

R

— -
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modulus being zero for the <111> stress orientation is that the stress
axis has the same relationship with all three possible orientations of
the defect strain ellipsoid and hence cannot cause a change in their
relative free'energies, Thus no redistribution of def;éts among the
different orientatiogs takes place. In order to find the relaxation &J
for an arbitrary orientation of the stress axis with respect‘to the cube
axes, it is possible to follow the above procedure.‘ The general result

is (De Batist, 1972).

2 .
3J 2 cg vy (Ay - 2,) (1 - 3r) (2.5.25)
T 0 ] 2
—r
where T = a282 + 8272 + Y2a2 . (2.5.26)

a, B and y are the direction cosines of the stress axis relative to the
cube axes. T varies from O to a maximum of 1/3 if the stress axis is
along the <111> direction,

In order to determine the relaxation strength, A, for an arbitrary
orientation of the stress the value of the compliance modulus J must also

be known. The, results of Hearmon (1957) may be used to show that
Jo= sy -2y -syp -k Sgq) T (2.5.27)

where the s's are the normal elastic compliance constants referred to the

cubic axes. The relaxation strength, given by &8J/J, is not therefore a
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linear function of T.

In polycrystalline samples, the crystal axes of the various
crystallites are in random orientations with respect to the stress axis
(neglecting texture effects). In order to determine the compliance
modulus, J, and the relaxation of the modulus, &J,some assumption must
be made to describe the stress conditions at the grain boundariés. If
the stress is assumed to be uniform from grain to grain (the Reuss
approximation) then it can be shown (De Batist, 1972) that the resulting
modulus and relaxation would be the same as in equations (2.5.27) and
(2.5.25) with ' = 0.2,

The relaxation time, 1, for reorientation of tetragonal defects
in cubic crystals can be calculated in a straight forward way using rate
thepry (Nowick and Berry, 1972). If the splitting of the free energy
levels of the different orientations due to the stress is small and if

the number of defects is constant, then
1 = 3y (2.5.28)

where v = vg exp[-4G,/kT] is the probability per unit time of reorientat%on
from one particular orientation to another, vg is a frequency factor and._
bG, is the activation free energy. This is the general form for all
tetragonal defects in cubic lattices. In order to relate this to atomic
jump frequencies, the substitutional-interstitial defect must be examined

in more detail. As in Figure 2.1, there are six possible nearest neighbour

positions for the hydrogen atom next to the substitutional atom, but there
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are only three possible orientatiénsfor the defect strain tensor. If the
substitutional atom is considered to be at the origin, 'then hydrogen -
~atoms in octahedral positions at + 1, 0, O produce the same XA tensor. If
the atomic jump frequency for the hsdrogen”atom to jump to one of the other
.sites adjacent to the substitutional impurity is w, then the frequency of
reorientation of the A tensor must be 2w because there are two sités which

L

produce the same reorientation. Therefore, E}

Vo= oew (2.5.29)
The diffusion coefficient of hydrogen can be found in terms of the jump
frequency of hydrogen in the.normal lattice. If w' is the rate of jumping
of an interstitial from one octahedral site into another octahedral site,
then an expression for the diffusion coefficient for the face centred
cubic lattice may be found in ternis of this jump rate to be (Flynn, 1972)

\) ‘

D = w' a? o ~  (2.5.30)
where a is the lattice parameter. If w' is the same as w, then equation
(2.5.30) may be substituted into (2.5.29) to get

<V = 6D | (2.5.31)

at ‘ B

The-temperature dependénce of T-] can, therefore, be found from that

A ]
of the diffusion -coefficient. The temperature of.an internal friction peak



due to substitutional-interstitial pairs can then be estimated since the

]

peak position is determined by 17" = 2nf where f is the frequency of the

applied stress.
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c CHAPTER 3

EXPERIMENTAL APPARATUS

3.1 Introduction

The purpose of this chapter is to describe the apparatus which was
used to make internal friction measurements over the temperature range from
liquid nitrogen temperature to room temperature. //

Briefly, the apparatus includes the composite resonator, the
e1ectronié equipment for measurement of.the electrical properties of the
resonator at resonance, and the equipment for controlling the environment,
of the resonator in order that sensitive measurements could be made over !
the wide temperature range.

Thg composite resonator technique was chosen for the internal friction
measurements for two reasons. With careful technique, i; can be used to
measure damping in the Q"1 = 1076 range and measurements can be made at
several frequencies simply By'using different resonance modes. The funda-
mental frequency of the resgnators used in this work was 35 kHz and measure-

2

ments could also be made using the third and fifth harmonics. The Tow back-

- -

-

ground damping Qas essential because of the small expected size of the internal
friction due to hydrogen-substitiitional pairs. The use of highér resonant
frequencies enables determination of activation energies of thermally

activated processes responsible for the internal friction and also the

temperature dependence of the relaxation strength A,

41

e e~



42

3.2(a) The Composite Resonator

The two component resonator with frequency matched components was
first used by Balamuth (1934). The two components are the driving quartz
crystal and the specimen. A typical 35 kHz resonator is shown in Figure 3.7.
The combination is excited into resonance in a longitudinal mode by the
application of an alternating voltage at theresonant frequency to electrodes
on the faces of the quartz crystal.

The quartz crystals used in these experiments were -18.5° X-cut
crystals of natural quartz which Qere obtained from the Bliley Electric
Company, Erie,Pa. Quartz seems to be the only reasonable material for
piezoe]éctric drives for the composite oscillator. It combines a hiqh
electromechanical coupling factor, (so that most of the energy stored per
cycle at resonance is in the stress distribution and not in the electric
field) with a low damping which is essential for sensitive internal
friction measurements because the total damping in the resonator depends
also on the damping of the qua}tz' “The l18.5° X-cut has special significance;
there is very good coupling of the electric field in the X dirgbtion &ith uni-
axial strain along the length of the bar and almost no coupling to other
stfain components (Mason, 1950). This results in the generation of reasonably
pure longitudinal waves in the rod upen application of an alternating
electric field in the X direction.

The quartz crystal is joined to the metallic sample rod with a bond
of low melting point solder. The technique for making the bond is described
in the folfowing chapter. Other types of bondiﬁé*materia]s were tried
including various organic materials (gelatine, pheqy] salicylate and

GE 7031 varnish). A1l of these had serious disadvantages, including long

N e e ————
+



FIGURE 3.1

35 kHz composite resonator showing suspension threads, electrical
leads and contacts, and the gold film on the quartz

FIGURE 3.2

!
Maximum absolute stress distribution in a resonator.at resonance

fundamental
------ third harmonic

...... fifth hamonic
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curing times, high damping or lack of the ability to be thennaf]y cycled.
The metallic bond necessitates heating the sample to 100°C for a short
period but once made it does not change with time, the damping is very low
and it can be thermally cycled fﬁ\fiquid nitrogen temperatures without
cracking. e

Quartz and metallic gpecimens have quite different thermal expansion
coefficients, hence on temperature cycling large thermal stresses can be
built up at the interface. It is thought that the metallic bond allows:
these stresses to be relaxed (by plastic deformation).

The bond material is also important for another reason. At room
temperature, if the resonant frequenéies of the quartz and spgcimen'are
closely matched, the bond occurs at a node of the standing stféss wave as
shown in Figure 3.2. Even if the internal friction of the bond materia] is
high, the damping in the whole resonator can still be low because the bond
is not stressed. However, on cooling the composite resonétor, the resonant
Ifrequencfes of the quartz and specimen are no longer matched due to the
differences‘;n the temperature dependencé of the elastic moduli and thermal
expansfon coefficients. This means that the joint material is no longer
at a stress node. The internal friction of the bond may now contribute
significantly to the total damping in the resonator. The effect is
‘especially large when the resonator is operated on highen harmonics because
a change in temperature moves the node the same distance away from the joint
for all frequencies but this distance is a larger fraction of the wavelength
for higher frequencies. Thus, the stress at the joint will be higher.

The sample is cut so that the %esonantafrequencies of the quartz

alone and of the composite resonator are equal at some temperature between

-

i
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80 K and 300 K. This assures that the node of the stress wave is never too
far from the joint.

Similar considerations of the effect of temperature on nodal position
apply to the suspension point, which is ideally a displacement node. As
the node moves away from the suspension point with temperature changes
accoustic energy can be.lost by radiation along the suspension. There have
been many different types of suspension reported in the literature (see e.g.
Saul and Bauer, 1968; Cady, 1946). Extensive preliminary experiments
showed that the wire and pin suspensions which were tried gave large back-
ground damping and were very sensitive to the nodal position. The silk
thread suspension, which was finally used, was much less sensitive to the
nodal positién,Ahad a very low background damping and, since it was
permanently attached to the crystal, gave reproducible results. The
electrical connection to the gold film on the quaétz crystal was by very
fine (#44 B.S. gauge) coﬁper wires joined to the film with a dab of colloidal

silver.

3.2(b) Electrical Properties of the Composite Resonator

One of the .advantages of using the composite resonator technique is
thaf the resonator is also an electrical device the properties of which can
be easily measured and are directly related to the elastic and anelastic
properties.

The quartz resonator operating near the resonant frequency has an
equivalent electrical circuit (Cady, 1946) which is shown in Figure 3.3

below.
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FIGURE 3.3

It consists of a simple series resonant circuit with a parallel
capacitance C' due to the dielectric nature of the quartz. The inductance,
L, resistance, R, and capacitance, C, of the series resonant circuit
. represent the inertial, damping and elastic parts respectively of the
mechanical resonator. .

In order to demonstrate the behaviour of this equivalent resonator
near the resonant frequency, it is instructive to follow Cady's analysis.

The admittance, Y, of the resonator can be written

Y = jCow+ R - JX (3.2.1)

where X = (Lw-131), § = /-1

A graphica1 method may be used to describe the admittance, YR,
of the ;eries a}m,of the resonant circuit (i.e. the last two terms in
equation 3.2.1). This method has the advantage that it allows rapid
interpretation of more complex circuits (e.g. the bridge circuit to be
described). The basic graph is shown in Figure 3.4,

The vector from the origin to a point on the circle is the admittance.

The circle is the locus of the admittance as thefrequency varies near the

=&
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resonant frequency (the direction of increasing frequency is indicated in

the figure). At resonance, X is zero and the admittance is given by point

A (a real admittance with a value of 1/R).

Since admittances in parallel are added vectoria]ly,qthe total

admittance of the equivalent resonator is shown in Figure 3.5.

R + X2

FIGURE 3.5

At each point a vector C'w is added to the vector Yp to give the

total admittance Y.
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For a given resonator operating at a single frequency, the

resistance at resonance, R, is directly proportional to the total damping

t
ship between QE] and R:

Q'.I of the compositeoscillator. Marx (1951) gives the following relation-

Q;‘ 9.98 x 1075 b2 R , 3.2.2

]

T My f

where b is the width of the electrode face in c¢cm (0.635 cm in our case),mt
js the total mass of the resonator in grams, and f is the frequency in Hz.
This expression is valid only for -18.5° X-cut quartz transducers with full
length adherent electrodes operating on odd harmonics. Q'] may also be
found by measuring the frequencies at the half power points (B and D in
Figure 3.4). The values so obtained agreed with Marx's result within about
5%. Robinson (1974) has proposed a different equivalent circuit and his
analysis yields results which are about twenty per cent higher than Marx's.
Our results have been interpreted using Marx's formulation because of the
better agreement with his results,

~.,

3.3 The Alternating Current Bridge

The bridge circuit is shown schématical1y in Figure 3.6. This
bridge,which is used to measure the resistance of the composite resonator
at resonance, is based on that of Saul and Bauer (1967).‘

The signal generator is a Monsanto 3100 B digital frequency
synthesizer with a very pure output (harmonics, spurious signals and line

frequency related signals were 40, 70 and 60 dB respectively below the
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main output). The frequency can be varied either continuously or in steps
of .01 Hz to 100 kHz from DC to 1.3 MHz. The output voltage into a 50Q
impedance is variable in 10 dB steps from -70 dB to +20 dB with O dB
corresponding to 223 mV rms.  This range was sufficient for a}igthe'
measurements performed in this work.

The output from the synthesizer is fed into a transformer which
provides equal and opposite outputs to the composite resonator and the
variable arm of the bridge. |

The bridge balance ‘condition is easy to determine. If the secondary
coil of the transformer is truly divided in half at the point where the
detector is connected, then when the admittances of the resonator and
balancing arm are equal the signal at the detector will be null., ~

The admittance of the resonator near resonance has already been

shown to be ' ,

Y = R+ jCw -_JX_ .
RZ + X2 R% + x2 , o



50

C' now includes the parallel capacitance in the leads from the bridge to
the resonator in addition to the capacitance of the quartz. The admittance,

Y,, of the variable balancing arm (a variable resistance, R,, in parallel

v

with a variable capacitance C) is simply

Y, = 1 +j w Cy

At balance the real and imaginary parts of Y and Y, must be equal

i.e.
R = 1_
RZ + X2 Ry
and wl = wC' - X

RZ + X2

At resonance X = 0, therefore R, = R and C,, = C'. The technique used for
achieving this balance condition is described in the following chapter.

The transformer is really the heart of the bridge circuit. It converts
the synthesizer signal into two signals of equal magnitude but opposite phase.
These two signals supply the composite resonator and the balancing arm. The
. transformer was wound using #28 B.S. gauge copper wire on a Philips
Ferroxcube "H core" transformer core. The windings were varnished to the
core using GE 7031 insulating varnish. The resulting transformer had very

good characteristics over the frequency range used in the experiments

(i.e. 35 to 175 kHz). In order to determine the transformer properties,

R U
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several tests were made.

In the first test, the output of the bridge ( to the detector) was
shorted with a short copper wire Snd equal length co-axial cables were used
to join the two transformer arms to the dual inputs of a phase sensitive
detector (Princeton App]iéH/Research HR-8). The amplitude and phase of
each signal was measured (the phase was measured re]ative\to the constant
amplitude output of the frequency synthesizer). This te;; was cqrried out
at various frequencies. In order to account for possible differences in
the dual inputs of the phase sensitive detector the inputs were reversed
and the amplitude measurements were repeated. The ratio of the amplitudes
of the bridge outputs, r(w),and the difference, ¢, between the phase angle
between the outputs and 180° are shown in Table 3.1 for an output amplitude

of -20 dB.

TABLE 3.1
Frequency(kHz) riw) ()
1 0.99; 1.4
10 0.99, 1.2
20 1.00, 0.7
30 1.00, 0.8
40 0.99, 0.7
50 0.996 1.1
60 0.99¢ 0.7
70 0.99, 1.4
80 0.98, 1.2
90 0.99, 1.3
100 0.98 1.0
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'The results show that the voltages inthe two arms of the bridge .
are within 1.6% and'the phases.are within 1.4° of being perfectly out of
phase. ‘At 35 kHz ‘the transformer outputs arelvery closely related.

The outth impedance of the bridge into the two ann; was measured

o
xin another test by comparing the voltage developed by @e output into an

——epen circuit and into a 93 @ termination. With a 20 dB setting on the

frequency synthesizer the output of the bridge arms into an open circuit
- was 2.38 V while a 93 @ termination yielded 1.48 V. Therefore the output
impedance was 56.6 Q. Thesjvalues were important for the determination of
strain amplitudes.
_The other main component of the br%dge circuit is the decade -
resistance box. Initially, a.commercial decade resisfance was used
{General Radio 1433-G), the frequency characteristics of which were
supposediy wel] known. However, upon measuring internal frictions which
required balanting resigiances of 100 kR, severe prdﬁ]ems were encountered.
The most obvious probiem was lack of continuity when changjng scales at
100 k. The reason for this soon became apparent. The resistance box
was constructed entirely of wire wound fesistors which were connected in‘
series on any decade. Each resistor has an unavoidable capacitance between’
itself and ground (the case). The effect of having these capacitances was to
change the effective resistance of .the total resistance setting (i.e:changing
the real part of-the impedance).- This effect was larger as the frequency
became highér and made the whole box quite unacceptable for the measurements.
. A resistance box was constructed wjth a range of 0 to 1ii MQ with

minimum step size of 10 2, to minimize the.effects described above. The

resistors used were metal film type resistors of small size with 1% nominal

I _ . ‘
| A\
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accufacy.- Each of the five decades was made of ten resistors of sequential
value from 1 to 10. For any resistance setting, there was at most one
resistor per decade being used. The switches used were ceramic wafer
switches which were slightly modified by using nylon threaded rods to

hold them together and by isg]ating the knob from the part of the shaft
betweéh the wafers. The interior of the box is shown in Figure 3.7. As

can be seen, the resistors were placed to minimize the distance to the ground
(the case). A1l these precautions reduced the capacitance to ground. |

This resistance box had very good frequency characteristics. It
was tested by measuring the resistances of carbon composipion resistors as
a function of frequency (using the bridge Eircuﬁt described with the carbon
composition resistor replacing the composite resonator). The changes in the
me;sured resistance were small. For example, a resistor which measured
98.4 k@ at 1 kHz, balanced at 98.2 kQ at 100 khz and 97.0 k¢ at 200 khz.
The absolute accuracy of tﬁe box- was fixed by the use of the 1% resistors.
The resistance values were measured using a_Keithley 701 digital multimeter
and hen® corrections could be‘applied to the values indicated by the
settings on the box to give accuraté resistance measurement.

The variable capacitance was made up of two butterfly capacitors in
parallel with a total range of 220 pf. When accurate capacitance measure-
ments were required, to find the half-power points for example, a commercial,
calibrated variable capacitor was used (Jay-Jay Instruments, PVC2).

The detector for the bridge circuit was a PAR HR-8 lock-in amplifier

with a type D preamplifier. The HR-8 was used as a tuned amplifier of

variable gain, the output of which was observed on a Tectronix 585A oscilloscope.

The use of the oscilloscope made the detection of the balance point more

~ o o

.



FIGURE 3:7

Interior of the decade resistance box showing the
‘ arrangement of the switches and resistors
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sensitive because some of the noise accompanying the signal could be
eliminated by eye.

The sensitivity of the bridge circuit over the range of frequencies
used in the‘experiments was such that changes in resiséance of less than

1% or 50 (whichever was greater) could be reliably detected.

3.4 Environment

I§ was necessary to design and construct a cryostat.in order to make
interpal friction measurements over the temperature range from 80 to 300 K.
The design, simple yet effecti?e, is shown in Figure 3.8. The ¢ryostat
consists of two concentric copper cans suspended by thin wa]]éd stainless
steel tubes which ére the vacuum lines. A small oil vapour diffusion pump
can maintain a 10'5 torr vacuum when necessary. The line to the fore pump
is fixed to the wall in order to reduce the transmission of ~ibration from
" the pump to the cryostaf. The cryostat is cooled by liquid nitrogen which
_1s contained in a glass dewar surrounding the outer copper can.

The éomposite resonator is suspended by the silk su;peﬁsion from

. three hooks in the inner can. The temperatureﬁof the sample is controlled
by controling the temperature of the inner can. Thermal contact between the
sample and the inner can is maintained by helium gas at a preséure of 0.1
torr. Also in the inside can is a “dummy" sample wﬁich is also thermally
isolated from the can except for the exchange gas. .A copper-constantan
thermocouple is varnished to this sample, and the temperature indicated by
this thermocouple is taken.to be the sample temperature. On the outer
surface of the inside can a 1352 copper resistanée thennomgter (Dauphinee

and Preston-Thomas, 1954) and a 240Q manganin heater are concentrically
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FIGURE 3.8
Schematic diagram of the cryostat

- Penning gauge

- to vacuum pumps

- manometer

- He exchange gas system

- glass dewar

- outer can with Wood's metal joint

- Flange on inner can for indium seal
- sprfngs for v{bration prevention

- resonator - suspended from hooks

. _—
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and non-inductively wound. The copper thermometer serves as the temperature
sensor for a temperature controller w@ich powers the heater. An aluminized
mylar film covers these wires in order to reduce radiant heat loss. The
inner can is made vacuum tight by an indium seal whereas a space-saving
Wood's metal joint is used for the outside can.

The temperature controller is a commercial unit (Shinka DIC-PR)
‘which was designed for use with a 100Q platinum resistance thermometer as
the sensor. The controller uses a simple bridge system with a three lead
configuration for the sensor. Tﬁe purpose of the three leads is to
eliminate effects of le;a\?éséstance on the temperature sensed by the
instrument. Since the copper resistance thermometer used as the sensor
varied from ]9.%9 to 135Q in going from 77 K to 300 K, a modification of
the leads was made in order to enable the temperature controller to respond
to this range of resistance. The modification consists of an additional ten
«turn 1002 potentiometer which may be effectively added in series, either to
the resistance of the copper thermometer or to the balancing resistance in
the temperature controller itself. If the actual resistance of the cépper
thermometer is less than 1002 then sufficient resistance is added to bring
the total resistance to 100%. If the resistance of the copper’thermo—
meter is greater than 1008 ‘then resistance is added to the balancing. resis#or
in the controller to bring the total resistance to that of the copper thermo-
meter. Although this procedure does mean that for Tow temperatures the
sensor forms only a small part of the total resi§tance sensed by the
.contrbl1er, the controller is sensitive enough to control the temperature
over the whole range of temperatures to bettér than 0.1°K for periods of

many hours. !
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CHAPTER 4

EXPERIMENTAL TECHNIQUE

The object of this chaPter %s to describe the techniques which were
used to prepare samples and méasure small dampings. The sample preparation
involved making alloys, growing single crystals and hydrogen charging. The
techniques for obtaining very small dampings were developed so that

6

dampings of Q‘] = 10° could be measured at three frequencies.”

4.1 Sample Preparation

-

a) Pure aluminum samples -

Two types of aluminum samples were prepared: single crystals of
particular orientations apd polycrystalline samples. The starting material
for the single crystals was a.%" red of 99.9999% nominal purity aluminum.
The polycrystalline samples were made from Cominco 99.9999% grade aluminum
cut from 1" cubes and swaged to the desired %" diameter.

i) Single crystal preparation

The aluminum single erystals prepared for the internal friction
measurements were of about 7 cm in 1gﬁgth and had square cross sections of

side 0.63 cm (%"): The length requirement made it improbable that such

crysté]b could be eut from even a Jarge s{ngle crystal of random orientation.

Consequently, the tecﬁnique devised was to grow crystals of the correct

shape of random orientation, reorient the tip to the desired orientatijon as

58
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described below and regroh the crystal into the new orientation (Rutter,
1968). ' '

The randomly oriented crystals of about 18 cm length were g;own by
the Bridgman technique using a split mould of high purity graphite and a
furnace atmosphere of flowing argon. The starting material, %" diameter
rod, was placed at the top of the mould and allowed to melt into it. The
rate of growth, determined by the upward velo;jty of the furnace, was
approximately 2.5 cm per hour. The orientation of the crystal axis was
then found by means of a Laue back reflection X-ray photograph. In order
to reorient the crystal tip, a short portion (2 cm) of the crystal just
above the tip was chemically thinned to about 1.5 mm diameter using hot,
concentrated sodium hydroxide. A bend was made in this thinnedysection SO
that a Laue photograph of the tip,taken with’the X-ray beaq parallel to the
main axis of the crystal,showed the tip tb be in the desiréd orientation.
- The crystal was then placed in a powder mould as shown in Figure 4.1. The
graphite powder provides good thérmal contact between the tip and the bottom
of the mould which reduces the probability of melting the tip. The thinned
neck also 1imits the heat flow into the tip. The neck is not in the graphite
powder so thatﬂit will melt and not just recrystallize. The remainder of
the crystal is surrounded by alumina powder (200 mesh) of high purity. This
is the soft mould technique described by Noggle (1953). The mould is placed
in the furnace tube at a known position and the hot furnace is lowergd_in
steps until the neck of the crystal, but not the lower tip, is melted. The
upward motion of the furnace is then started to grow the crystal.

The crystals were etched in Tucker's etch to verify that they were

single crystals and the orientation was determined by another Laue photograph

S h ey e
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FIGURE 4.1

Powder mould (in section)

alumina powder

- aluminum crystal

graphite powder

o O w >

graphite shell

FIGURE 4.2

4

Alloy preparation furnace

- graphite rod
- "water cooling

- vacuum flange with 0-ring
onto quartz tube

- graphite cup

- alumina crucible
- graphite float

- R.F. coils

- graphite mould

- 'to vacuum pump

- support

- melt
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to check that the orientation was within a few degrees of that desired.
The_surféhe condition of the crystals obtained in this way was in general
very good and the dimensions were also close to those desired with a slight
increase in the square edge dimension at thetop of the crystal.

ii) Polycrystalline sample preparation

"High purity polyerystalline samples were prepared very simply from
1" cubes of 99.9999% Al1. The cubes were cut into pieces %" x %" and etched
in Tucker's %Egh, and were swaged down to the desired diameter (.63 cm) in
successive steps. The surface was abraded between steps to prevent fins,
which formed on the sample, from being folded into it. The samples were

then etched again with Tucker's etch and annealed in vacuum at 600°C.

b) Aluminum alloy samples
The aluminum alloy samples were prepared by vacuum casting in an

induction furnace. The starting materials for the alloys were 99.999% pure

aluminum and copper, and 99.99% pure magnesium.

A cross section of the apparatus is shown in Figure 4.2. The
starting materials were placed in the alumina ctycib1e, which was sealed
at the bottom by the graphite rod. After obtaining a roughing-pump vacuum
in the quartz tube, the induction furnace was started. When the melt was
we]]vmixed (after five minutes in the molten state) the graphite rod was—"
raised and the metal flowed into the mould under the additional head
provided by the graphite float. The cast alloy was then swaged down to the
desired diameter (0.63 cm) in the way used for the pure aluminum rod.

{The aluminum copper alloys were analysed using atomic absorption

flame spetrophotometry while the aluminum magnesium alloys were analysed

with_arc spectroscopy.
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" The aluminum copper single crystal was grown in the same way as the
pure aluminum crystal except that the powder mould technique was also used

for the initial single crystal growth before reorientation.

c) Heat treatment and hydrogen charging

A11 heat treatments were done in a vertical furnace (Popovié, 1974).
The furnace tube could be evacuated to ]0"5 torr or a gas could be
continuously passed through it. Samples -which were annealed in vacuum
were removed from the furnace immediately afterfbreaking the vacuum by
admitting helium gas. )

For hydrogen charging the sample was suspended in the furnace and
hydrogen gas was passed through the furnace at atmospheric pressure at a

slow rate of about 10 cm3

per.minute. The hydrogen gas was uség—g}the¥
straight from the cylinder or was saturated with water vapour by bubbling
it through water. Specimens were cooled by removing them from the furnace
and allowing them to cool in air or by quenching them directly into water

at room temperature.

d) Gas analysis
The apparatus and technique used for the analysis of hydrogen

Yetained in the samples are described in Appendix B.

e) End preparation

Following the heat treatment, the ends of the specimen were ground
on 400 grit silicon carbide paper with water lubricant. The holder used to
support the sample during polishing is shown in Figure 4.3. The sample was

held in posijtion in the holder with a small piece of plasticene. This



FIGURE 4.3

Sample holder for end polishing

FIGURE 4.4

Initial step in making silk suspension
~a - silk thread - .

b - dilute varnish

¢ - evapokrated gold electrode
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method of grinding produced flat and parallel ends on the sample but
deviations from these conditions did not produce a large effect on the

measured damping.

4.2  Quartz Crystal Preparation

It was necessary to reduce the damping in the quartz crystal to a
minimum. This was done by using very thin gold-film electrodes, a silk- °
thread suspension and #44 B.S. gauge copper wire leads.

The quartz crystals were.received from the supplier in the correct
shape with the X-faces indicated by pencil marks. They wére then ground on.
all sides on 400 grit silicon carbide paper using the sample holder described
before for grfnﬁing éhe end faces.: They were then etched in concentrated
HF for 5 minutes at room tempefa%hre and washed thoroughly with distilled
water. This etching procgdure is thought to reduce the damping (Cadys; 1946).
Degreasing with n-pentane preceded the evaporation of gold onto the X-faces.
The evaporation was done in a vacuum of 5 X 10'5 torr in a Varian evaporator
using a 10 ¢m distancé from the evaporator tungsten basket to the quartz
surface.. No attempt wés made to get a uniform film by ﬁoying the quartz
crystal ﬁuring evaporation. Typical resistances from one end of the film
to the othe% were a few ohms. ‘The surface did not reflect specularly due
to the prior etching: The film adhered to the quartz surface ver& well and
did not noticeably deteriorate with careful handling. )

” ‘Aftgr the gold eyaporation was done, the silk suspension was made.
Two silk strands about 20 cm long made up of apﬁroxié&te]y 40 fibres each

" were obtained by diyiding a silk thread. The centres‘of these strénds were

o
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then varnished across the centres of the quartz crystal faces on which there
was no gold film as shown in Figure 4.4. The Qarnish used was GE 7031
diluted with 50:50 ethanol:toluene. The width of the varnish in the
direction of the long axié of the crystal.was kept to a minimum of about

1 mm. When the varnish was dry, it was baked oﬁ the V heater, described
later, at 100°C for a half hour. The ends of one of the siik sfrands were
then joined together taking care that the tension in each side was the same
when the crystal was suspended. Loops were made in the ends of the strands
and adjusted with the crystal suspended from the three hooks of the inner
can of the cryostat. The adjustment was made so thai the crystal would
hahg vertically. The three strand suspension was used so that vibrations -
of the can would not set up "swinging" oscillations of thg;crysta?.

The #44 B.S. gauge wires used for the leads to the crystal were
joined to the gold films on the quartz crystal using Electrodag (Acheson
Colloids ﬁtd.), a silver colloidal suspension which was diluted with
acetone. The bare wire was laid on the centre of the gold film on the
quartz and small amounts of Electrodag were dabbed onto the contact point.
“After dfyind% the excess was removed by gentle scrabing. The contact
obfaineq in this way was good at the four frequencies used in the exgeri—’

ments. It could be heated to more than 100°C withaut deterioration and

o

was strong enough to withstand small stresses which could .occur when the inner

can wasaput into position around the suspended resonator.
| These small quantities de]ectrodagare at the maximum of the stress
distribution of the standing wave. A comparison of the dambing of a crystal

for which a small amount of'E]éctrodag\Nas used with one using more Electro-.

\_\\

dag is shown in Figure 4.5. There are.no large differencgs.. The:

»

-



FIGURE 4.5

]

Damping spectrum of a composite oscillator before and after
addition of colloidal silver onto gold face

) initial measurement

A after addition of colloidal silver (join£ unchanged)

FIGURE 4.6

Damping spectrum of a composite resonator showing the
effect of a slightly damaged suspension

® initial run . e
A after }epairing suspens'i‘onw1 {joint unchanged)
. \ L
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E]ecfrgigaféfd*nét;qffept‘thg quping. During the course of the work,
another co;tact method was tried u;ipg‘ﬁndium pressed ontogiﬁe gold fjlm;
and copper wire. The damping due to‘thelihdium was mych higher than that
with the Electrodag.

The important characteristic of the’suspension and contact method
described above is its reproducible, low damping, The flexibility of the

N .
parts of the cryostat were being assembled. Another suspension whic

suspension made it resistant to slight knocks which occurred when‘otgg
tried (spring loaded copper pin contacts) was not reproducible for the
reason that slight knocks changed the pin position and‘the damping was
very sensitive to-the pin position. The fact.that the final suspensien
and contacts were permanent parts of the transducer also eliminated another
possible source of jrreproducibility, namely the placement of the suspension
on successive experiments.' ‘

Occasionally, spurious internal friction measurements resulted from
a damaged shspension. One such result is shown in Figure 4.6.. The large
peak at 220 K disabpeared upon changing the suspension. The suspension -

which was responsible for the 'peak wés vtsibly"daméged--one of the silk

threads had pulled away from the crystal, removing some varnish with it.

la) The joint between ,the quartz transducer and the sample
| The most critical part‘of’thé whole compogite resonator is~§ﬁe
joint. "A techn{qué_for aaking a good joint Wasjdéve1oped as were sever;1~
qriferié for determining the joint éhayacteristicg, and hence the validity

of the measured damping spectrum.
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The basic requirements of the joint have already been outlined in
Chapter 3. When several materials (GE 7031 varnish, gelatin, phenyl salicy-
late) proved to lack one or more of the requirements (low damping on the
fundamenta1{ithird and fifth harmonics, ability to be thermally cycled,
short’curing time), a metallic joint appeared to be the solution. The
idea of the metallic joint was taken from the thesis of M. Puls {1970) -who
used a pure gallium joint for pulse-echo measurements of ultrasonic
attenuation. He found that the joint had good transmission properties over
a wide frequency range at MHz frequencies. " A pure gdlilium joint was
attempted but was disappointing because Fhere was structure in ‘the damping
spectrum due to éhe gallium. The gallium aiso interaéted with the aluminum
and appeared to lift ghe oxide layer. Since Tiquid gallium is known to
cause embrittlement of aluminum alloys attempts at making.a gallium joint
were discontinued. A Tow melting point‘aIIOy.(m.p. 91.5°C) with component
metals not known to embrittle aluminﬁm Qas finally chosen. The composition
of this ternary eutectic was Bi 51.6 wt%, Pb 40.2% and- Cd 8.2%. This
material was used for all the results presented in this work. .

The temperature controlled trough shown in Figure 4.7 Qas built to
ajign the sample and quartz transducer while-they were being joined. 'fhe A
trough, which was made of aluminum, was heated‘with a manganin heater
varnished to the back. The temperature ;t the sqrfaéé of the trough was
controlled -to yithiﬁ a few degrees wusing a thennocggple and confrPJ]er
(Shinko NIC-D). '

A)

Since the eutectic joimt material did not readily wet either the
) ¢ ) .o
_ quartz or the aluminum samples, an ultrasonic soldering unit (Sonobond

B N9
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FIGURE 4.7

The temperature controlled trough, used for assembling resonators,
with a resonator in position.
Thé ultrasonic soldering unit is also shown
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Model S-3-HE) was used to produce a film of solder adhering to both these
surfaces pefore they were joined. For the quartz transducer, the effect

of the ultrasound was to allow the eutectic to flow into the rough surface
created by the HF etch. The action of the ultrasound on the aluminum was
thought to be the breaking up of the oxide film which prevented the eutectic
from wetting the surface! The di%advantage of the ultrasound was the
production of dislocations in the soft aluminum samples. In annealed
aluminum samples, the Niblett-Wilks peak due to dislocations was small

but was clearly visible in tée internal friction spectrum after making the
joint using the ultrasonic unit.

The procedure for making the'jo%nt‘was as follows. The ends of the
two components to be joined together were cleaned with n-pentane and placed
on the cold trough. The trough was heated to 105°C and held there for five
minutes to allow the components to reach the same temperature. The end of
the hot soldering unit was cleaned with tissue and a small amount of eutéctic
was melted onto it. The quartz crystal was held by hand {using folded
tissue insulation) and the eutectic was applied with the ultrasound on.

When a uniform film was produced on the end face, the quartz was returned

to the trough and‘the same procedure was carried out for the aluminum.
Excess eutectic on the quartz face was wiped off with tissue and the two
éomponents we;e pushed together. A1l samples were he]@ near 100°C for a
total of 900 seconds unless otherwise mentioned. This included time to
reﬁake the joint if prbblems developed duriﬁg the first attempt. The heater
for the trough was then turﬁed off and the resonator Qas allowed to cool.

When cool, the resonator was suspended from the hdoks in the cryostat and
’ *
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the #44 wire leads from the cryostat were soldered o the leads in the
cryqstat.ﬂ Measurements.at room temperature could then be started. &y

b) Checks of the joint and suspension

The joint and suspension were cheéked by the measurements in air at
room temperature. If the total damﬁing was Tow on all four frequencies
(subharmonic, fundamental, third and fifth harmonics) and if there were no
spurious resonances near the fundamental frequency then the joint was
assumed to be good. Since the air has a very large effect on the da&ping
of Tow Q"] specimens, low total damping on the fundamental frequency
(35 kHz) means a balancing resistance of about 10 k.

The damping on the subharmonic (at approximately 17.3 kHz) was most
sensitive to both bad joints ;hd faulty suspensions because thiégﬁbde puts
the joint at a maximum in the strain distribution and the suspension far
from a displacement node. Bad joints were characteriZEﬂﬁby a very large
damping (balancing resistance greater than 60 k).

' The spurious resonances mentioned above require additional

-exp]anation. Sometimes, a joint with low damping on the four frequencies
exhibited additional resonances near the fundamental frequency.‘ The widths
(Af) of these resonances bétween half power points were generally much
larger than that of the true- fundamental. The cause of the additional
resonances must be excitation of modes other than the 1ongitddina1’oﬁe:

If the joint was changed, these resonances would usually disappear.
Temperature dependent measurements of the internal friction of resoﬁgtors with .

double resonances were carried -out, but the results were considered invalid

because these effects sometimes produced spurious peaks in the internal
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friction spectrum (see Chapter 5).

Faults in the suspension could also b€ checked ;vith room temperature
measurements. Slightly tapping the frame supporting the cryostat resulted
in small oscillations of the whole resonator. If the suspension was faulty,
these small oscillations were sufficient to cause large instabilities in
the bridge balance condition.When such instabilities were detected,

the suspension was very carefully checked using a magnifying glass.

4.3 Measurement Technique

The electrical characteristics of the bridge have been described.
The object of this section is to describe the procedure used to balance
the bridge on resonance, which is basically thgt of Saul and Bauer (1967).

Initially, the decade resistor Qa; switched to open circuit and the
frequency of the synthesizer was set far f}om resonance (to about 25 kHi in
most cases). The balancing capacitance was adjusted to give the minimum
output from the bridge, as observed on the oscilloscope (CRO). This
procedure balanced the capacitance of the ﬁuartz crystal and the leads with

"the variable capacitor C,. The frequency of the synthesizer was then swept

v
over the range where the resonance was expected. This was done using the
variable decade in place of either the 100 or 1000 Hertz digital decade.

The presence of the reébnance showed as a maximum in the output on the CRO.
Once the resonant frequéncy was found, the variable décade was supstituted
for the 10 or the oneHertz digital decade'depending‘upon the frequency width
(Af) of the resonant peak which is itself detennjned by the damping.

‘The frequency at which the maximum in the bridge output occﬁrred

L
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was close to, but not exactly, the resonant frequency. This ﬁeans that in order
to balance the bridge on resonance the frequency had to be changed. In
practice this was easily accomplished by first changing the decade resistance
and then sweeping the frequency through the resonance and repeating this
procedure until a satisfactory balance was obtained. It was in obtaining
this balance that the CRO was particularly usefg] as it was possible to
visually distinguish signal from noise. At balance the signal appeared to
have twice the resonant frequency hecause the synthesizer produced harmonic
components (down 40 dB from the main output) for which the bridge was not
balanced and these we;e amplified to some extent by the tuned amplifier..

When the best balance was achieved, the values of the decade
resistance, frequency and output amplitude of the synthesizer were recorded.

The results shown in Chapter 5 are measurements of the internal
friction as a function of temperature. These speétra ;ére gbtaiqed in severa1.
different ways. In most cases some of the steps described above coula be
left out after the initial measurements were made. The capacitance balance
did not change appreciably over the whole temperature range and it was not -
necessary to alter it unless thelfamping became very large, in which case
small errors iﬁ the capacitance balance affected the measured resistance.
These effects can be ‘easily understood using the graphical method described
in Chapter 3.

Room temperature measurements were performed inmeﬂiate]y after
a1lowing.the joint to cool, 'suspending the compoéite(gsci]]ator and connecting
‘the 1eads. If chgcking the joint and suspension, as above, showed them to be

reasonably géod, then the two cans of the cryostat were attached. It was



necessary to use a level to align the outer can, which had the Wood's
metaf seal, so that it did not touch the inner one. The system was then
evacuated for one or two hours until a vacuum in the 16—4 torr range was
achieved.. Helium gas was admitted into the exchange gas reservoir to a
pressure of 166 torr after first flushing the reservoir several times with
helium gas. This reservoir was simply a valved off 1engtﬁ of coppér pipe
with a pressure gauge attached which<coujd be connected. to either of the
cans of the cryostat. The glass dewar was positioned and ﬁil]ed with
liquid nitrogen. A deflection p]ate'near the nitrogen inlet and copper-
beryl1ium spr{ngs which were attached to the outer can and which presséd‘
against the glass dewar prevented any large oscillations of the cryostat”é
cans during this opeﬁation. A small quantity of helium gas was allowed
into the inner can as exchange gas. Thg pressure drop\in the reservoir
was two torr which gave an exchange gas pressure in the inner can which
was sufficient to maintain good thermal qontact between the sample and the
can at all temperatures. This exchange gas inc;eased the damping factor,
Q! |

four frequencies and the results were recorded.

, by .about 5 x 10‘8. The internal friction was then measured at all

Several different procédures were used to obtain the internal
friction spectrum. At the beginning of the work, the composite resonator
was cooled slowly (overnight) by radiation from the inner to outer can

(at liquid nitrogen temperature) or more quickly (about two hours) by

admitting some exchange gas into the space between.the inner and outer can.

When the resonator reached liquid nitrogen temperature, measurements were

commenced. If the internal friction was to be measured at all four

A b bt il 7 e
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frequencies, then a step heétiﬁb method was used. The effecti&é set-point
temperature of the controller was changed by altering the resistance-of the ten
turn potentiometer in the sensor 1éads and the heater power was adjusted

. to achieve the fastest possible approach tQ the desired temperature. When

N the rate of temperature chénge s1oqed enough that measurements could be
easily made, the internal friction was measured on all four freguencies.
Of tourse, sincé the resonant frequencies were temperature dependent, at,
each néw teﬁperature the resonances had to be found. - This could usually
ba\done w}thout open circuiting the Hecaﬁe balancing resistance. The out-
put amplitude of the synthesizer at each frequency was carefully recorded. .
If measurements were taken every four Qegrees, the total tjme to do the
spectrum from 50-K to 300 K was about twelve to fourteen hours.

Measurements of the-internal friction on one mode could be done

while ébntinuou;1y heating the resonator. The results of Appendix C
indicate ‘that changing temperature should not affect the measurements. The

only critef

that the rate 6f temperature change was slow enough that

good balance d be achieved. This required continuously changing the‘f
frequency o synthesizer and mgintaining balance conditions by altering
the decade resistance. /*Z ‘

Since the joint between specimen anq quartz sometimes detériorated
during the thermal cy%ﬁing, thus invalidating the méasyrements and w&ﬁting
time, it was decided to do measurements initially on the fundamental
frequency during cont{QUOus cooling ffom room temperature, In this way
the whole spectfqm could be d;termined in a2 matter of a few hours depending

" upon the cooling rate which was controlled by the exchange gas‘pressure

’
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between the cryostat cans. Any interesting features of the spectrum
obtained in this way were examined more closely using the step heating

method so that measurements could be made at the third and fifth harmonic

1

frequencies.
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. CHAPTER 5

RESULTS
f

This chapter first describes the methods used to treat the data.
The results of preliminary expe}iments which determined the size of the
internal friction of the quartz, suspension and joint‘are then reported.
Tﬁe main body of results follows. These are measurements of the internal
friction of high purity aluminum--both siné]é crystal and polycrystalline
samples, the aluminum a]lgys (ﬂgpu and AlMg) and two commercial éluminum
alloys (7025 and 6061). Comparisops of measurements performed after

vacuum annealing and after hydrogen charging are made.
\

\

5.1 Treatment of the Data

The data pbtained from the measurements consisted of resistance
values, thermocouple voltages, synthesizer output amplitudes and frequencies.
The first three of these were transformed to obtain the internal friction,
iemperature andstrain amplitude reSpectfveiy. The frequencies could ;;ve
been trané%ormed to yield the modulus variations (SauT'and Bauer, 1967)
but this was not done. . ,
ﬁ\) Marx's expression relating Q-] and R kequation 3.2.2) is used to
n obtain the internal friction of the composite osci]1ato} from the measured
.resistapcé va]ue}at resonance. :QEE specimen internal friction, Q;?, is

found by subtraction of the con%fibution due to the quartz crysta],Q&I,

according to the following expression (Marx, 1951):-

77
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-1 -1. -1
Q" = ms +mg Qp - mq Qq (5.1.1)
ms Mg
o

where'Q{] is the total damping of the resonator, mg and mg are the masses
of the quartz crystal and the specimen respectively. oThis expression is
easily derived by considering both the energy stored and that lost per
stress cycle in each componen}. It is interesting to note that the,
contr{bution of the quartz becomes less important as the specimen mass is
increased. However, in the case of @luminum alloys, the sample and quartz
transducer are of approximately the same méss.

' The maximum strain amplitude of the saQP]e can be easily dé@ermined
from the voltage applied to the resonator by the bridge circuit and the
damping of the resonator. According to Marx (]951)], the maximum transducer

strain is given by ' ey

L}

N

gq = (2.24 x 10h v
_ BEfR

where h is the hannonjc, b and & are the breadth and length respectively
oﬁ?the electrodes, f is the frequency,_viis the‘applied voltage in rms
volts and R is the resistance. This expression could not be verified
because there was no independent method of ﬁeasuring the st?ain amplitude.

The specimen strain is fourid by equating the displacements at the interface

1Robinson (5974) again finds a discrepancy within Marx's expression but we
have used Marx's work for consistency.

A N { s v
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between specimen and transducer. Thén,
€g Lg = €5 2

where %, and Rq are the lengths of the frequency matched specimen and
transducer,

The equipment used to meafure the internal friction was not well
suited to measurements at constangigsyain amp]ituée. The synthesizer
output voltage had to be altered manually in order to maintain constant‘
maximum strain amplitude when the jnterna] friction changed. Hence, in
most cases, the syﬁthesdzer output was fixed unless the damping changed
By moré than a factor of five. Accordingly, the maximum strain amplitude
varied inversely as the resistance at resonance. Since the measurements
were usually done at very low strain ampiitudes,where the damping was
strain %ndependent. therefore the variation in strain,amplitude did not
affect the resuiting internal frictibn spectrum. For éaph spectrum, the

strain amplitude was calculated only at the position of minimum damping

over the temperature range examined.

5.2 Results of Preliminary Experiments

a) The suspension ~
The f1rst experiments were perfonned in order to determine the
damp1ng of the quartz transducer alone. Typ1ca1 results for tAe quartz

crysta] are shown in Figure 5.1. The measurements of internal frictlon

F—
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FIGURE 5.1

¢ Quartz transducer damping measured by step heating

hJ

. X

o0 fundamental S 1.6 x 10“7

A third harmonic e, = 1.7 x 1077

+  fifth harmonic e, = 8.2 x 1078

error bars are about the size of the points.

-
FIGURE 5.2

Quartz transducer damping measured during continuous cooling

O fundamental. ep 1.8 x 1.0'7' I
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i . .
« on_the fundamental, third and fifth harmonics were obtained by the step

heating method, i.e. equilibrating the sample at each new temperatu;e and
then measuring démping’at all three frequencies. The‘internal friction,
Q'], is less than 2 x 1076 over almost the complete temperature range in
each mode. Additiona‘ results for the first harmonic are shown ink
Figure 5.2. These were obtained during continuous cooling of‘the trans-
ducer. The suspension had been completely changed between these two
results; the thickness of the silk thread being almost doub]ed’for the
results of Figure 5.2. The values of Q"' are within 3 x 10°7. This
demonstrates the excellent reproducibility of the silk suspension and the

accuracy of measurements made during continuous cooling rather than the

more time consuming step heating.

b) The joint between quartz and sampTe

Two preliminary exper1ments w1th quartz crysta]s were performed
to examine the joint. In the first exper1ment, two quartz crystals of

: the s&me frequency (34.9 kHz) were joined using the eutectic solder. Since

th§ cryst&#; we:E closely matched, the joint was at a strain ﬁode for all
temperatures. This not only examines the joint under optimhm conditions,‘
but can also be used to check the expression given by Marx (equation 5.1.1)
that was used to obtain the internal friction of all the aluminum samples.
The curves shown in Figure 5.3 are the measured curves for the quartz
Sample using equation 5.1.1 to correct for the damping in the quartz
transducer (using the values of Figure 5.1 for the transducer). A

comparison with the transducer results of Figure 5.1 shows that the quartz
t

>
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FIGURE 5.3

Internal friction of quartz sample - frequency matched to transducer
. { '

Q fundamental €, }.5’ x 1077
A third harmonic e, = 1.3 x 107
_+ fifth harmonic e, = 7.8 x 1078
N ™~
:

FIGURE 5.4
Damping of composite oscillator made of unevenly matched quartz crystals

1.0 x 1077

O fundamental €n

8 } (1eft hand scale)
3.9 x 10~

A third harmonic €

n

+ fifth harmonic e, = 5.0 x 107 - (right hand scale)
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specimen has a much lower damping than the transducer alone, but at high
temperature the specimen has an apparently higher damping on the third
and fifth harmonics. This indicates fhat at low temperatu;e the observed\>
damping of the transducer alone is probably limited by the suspension. In
fact, the appareﬁt peak in Figuré‘S.] at 135 K‘hust also be due to the
suspension because it is not present in the quartz specimen curves of
Figure 5.3 and it does incréase when the, suspension thickness was doubled
from Figure 5.1 to Figure 5.2. The higher damping measured in the quartz
sample above 220 K is probably caused by the soldered joint, but the value
is still very low.

Since the modulus and thermal expansion coefficients of quartz and
aluminum do not have the same temperature dependence, it is not possible
to have the jéint at the strain node at all temperatures. Thus,a second
set of éxperiments with a quartz crystal specimen was performed to examine
this. Two quartz crystals of slightly different lengths (7.3 and 7.1 am)
were joined using the eutectic solder. This arrangement ensured that the
joint was not at the strain node at any temperaturg. The results for the
total damping are shown in Figure 5.4. The damping is less than 2 x 10-6
over almost the whole range on the ‘fundamental and‘third harmonic but is
larger for the fifth harmonic. This shows that,even when the joint is not
at the strain node, the effect on the total damping due to the joint can
still be smaill.

Several other measurements of the interﬁg? friction spectrum of
these same quartz c¢rystals with other joints were made using the continuous

cooling technique in order to determine joint reproducibility, effect of
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thermal cycling,etc. The total damping.curves are shown in Figure 5.5,
Slightly larger measurement errors are inherent in the continuous coolind

Al

method because the synthesizer frequency must be continuously changed to

match the change in resonant frequency with temperature. When the damping

is low, transient effects due to switching and cggpging frequency become

more pronounced. The possible error in the resistance measurements is

"therefore approximately + 200. This leads to errors of # .05 x 1078 in

the total damping. When the specimen damping is exiracted'from the total
damping curves, these errors become more pronounced. The specimen dampjng
curve for one case is shown in Figure 5.6 (cf. Figure 5.3). The variations
in the specimen damping are not accounted for by the possible error, nor are
there similar variation® present in the results of Figure 5.3. Therefore,
these variations must be due to the joint or suspension or both.

The results of Figure 5.5 curves a and b are for one particular joint
and curves ¢ dand d afe for another joint. The differences in the total_
damping between these two different joints are no bigger than the differences

between successive runs on the same joint.

n

c) Criteria for validity of measured peaks

The preliminary results demonstrate the capabilities o% the technique.
Measurements of specimen intermal friction in the Q‘] = 1b'6 range can be
made at three frequencies. Although the effects of thé joint and suspension

are usually very small, they can introduce variations in the internal

friction measurements which are also of size Q'] =1x ]0'6 These variations

-are not reproducible on successive runs. It is this irreproducibility which
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FIGURE 5.5

Total damping of unevenly matched quartz resonators measured
by continuous cooling

P a

“

o .a }
one joint
O b
A C
another joint
A d

em in all cases = 1.2 x 1077

FIGURE 5.6

Quartz specimen internal friction determined from
curve (a) in Figure 5.5
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makes necessary a careful ‘examination of the internal friction results for
the metallic specimens. .

These preliminary experiments and other experiences with metallic
samples led to the development of,seve?al criteria which were later used
in deterﬁining whether or not structures in a particular internal friction
spectrum were real,i.e. due to the specimen, or spurious,i.e. due to other

v

causes.

\. The first criterion developed was a condition on the frequencies of’ _\\'
various modesl Resonators which exhibited structures in the internal
friction spectrum when cooled also had to reproduce the same resonant
frequencies when measurements were repeated at room temperature. If
measurements were done -at slightly different temperature (as was usually the
case) then the differeﬁces of the frequenciesufoé a given mode before and
after meaSUﬁing the spectrum had to be proportional to the frequency.

Since operation of the composite 'resonator ét half the fundamental
frequency of the transducer maximizes the strain at the joint, measurements
at this subhannqnic_frequency were very sensitive to changes in the joint.
Thére was often a correspondence between apparent “"spikes" in the interné1
friction spectrum and frequency changes at room temperature of the sub-
harmonic frequency. Structure obtained in such éases was not considered
in the analysis. However, it was assumed that the absence of structure in
cases where the frequencies were not reproducible was real. This follows
* from the assqmption that anything that causes the joint or suspension to

be less than ideal will create additional damping..

\
The second criterion for real internal frictien structure on the
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fundamental was the necessity of corresponding peaks on the third and fifth
harmonics. The peak temperature can, of course, be expected to shift with
changing frequency consistent with the fact that the relaxation times for
the defect reorientation are temperature dependent. The peak Reight may be
quite different at the different frequencies because the strain distribution
in the specimen is not the same for different modes. Specimen inhoﬁogeneity
can then cause peak height changés with mode change.

The third criteriofn applied to structure in the internal friction
spectrum concerned the peak widths at half maximum height. Using the Debye
model this width can be related to the activation energy for the process
responsible for the peak. If the activatioﬁ ehergy for the peak obtained
in this way was much too high for the temperature at which the peak occurred
(using the Wert-Marx criterion [Chapter 2]) then the validity ofrthe peak

=

was suspect:

5.3 Pure Aluminum Results

Measuﬁements“af the internal friction spectrum of pure aluminum
charged with hydrogen were made so that effects.due to the presence of
substitutional solutes in the alloy specimens could be separazed from
vther effects.

The résults of the internal friction measurements on a <160>‘
aluminum single crystal cooled in air from a hydroéen-water vapour
atmosphere at 600°C,are shown as curve a in Figure 5.7, These résu]ts

were obtained by the tontinuous cooling technique at a codling rate of
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FIGURE 5.7
Internal friction of Al <100> single crystal

2.2 x 1078
1.7 x 1078

O (a) hydrogen annealed n

A (b) vacuum annealed €

FIGURE 5.8 )

Internal friction of polycrystaliine Al following
room temperature deformation ,

e, = 3.1x10°
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about 2°/minute. Results of measurements on the same crystal after

cooling in air from vacuum annealing at 600°C are shown as curve b. The

~structures in the spectra below 200 K are similar except that the peak
'heights are different. The large peak at 110 K has been identified (see
"Appendix A) as the Niblett-Wilks peak. The peak at 165 K is the Bordoni

peak. These peaks are tge result of slight deformation caused by handling
and making the joint. The peak at 210 K in the vacuum annealed sample
corresponded to an instrumentéﬁ“instabi]ity. Since the low temperature
peaks are so sensitive to handling, it is not unexpected that the two

spectra are not identical.

Some internal friction spectra were also measured for deformed
ajunfi

num polycrystalline samples both with and without hydrogen: The main
body of these results is presented in Appendix A. A representative curve
for a deformed sample without hydrogen is shown in Figure 5.8.These results
were obtained after annealing the sample in vacuum and ZooTing it in air.
The sample was then joined to the quartz and defor;ed by tszting to a
surface shear strain of abqut 1%. The general level of the daméiné‘is -
about ten times the 1eve1 of the undeformed single crystal samples and
again the structure exhibits two peaks below 200 K. The Bordoni peak is
predominant for these deformed sampﬁes. The results of Appendix A show that
there was no qualitative difference between samples charged in hydrogen and

those annealed in vacuum. »

~ ya—
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5.4 Aluminum Copper Alloys

Internal friction measurements of aluminum copper alloys were
performed on two different samples. One sample was polycrystalline with
an average grain size of between two and three millimetres and the second
sample was a single crystal. The compositions, determined by atomic
absorption flame spectrophotometry,were 0.68 and 0.42 at.% respectively.

The results for the polycrystalline sample are shown in Figures
5.9 and 5.10. The sample was annealed in a vacuum of 10'5 torr at 600°C
for a period of two weeks before the measurements of Figure 5.9. It was
removed from the furnace gnd allowed to cool in air. Measurements were
performed during both cooling and heating (done in steps) at three
frequencies. The cooling rates exceeded 2°/minute between measurements
while the heating rates were slightly smaller, The results for the
fundamental (about 35 kHz) and the third harmonic frequencies are shown.
The maximum gtrain amplitude (determined from the applied voltage and the
damping) was 7.14 x 10"8 for the fundamental, at the minimum in the da;;iﬁ

at 210 K,and 5.06 x 10'7 for the third harmmonic. Since the measurements

were made when the sample temperature and hence the freguency was constant,
the estimated possible errors in the resistance measurement are 1% or 5Q,
whfichever is larger. The error bars representing this error are indicated
on the figure. This is not the total possible errorwbecause there are
possible errors in the value of the damping of the quartz which is involved
in the calculation of the specimen dampihg. The differences in Q'] between

-6

heating and cooling are as much as 0.7 x 107" which are'not accounted for by
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Internal friction of an Al Cu polycrystalline sample.
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FIGURE 5.9

Vacuum annealed

fundamental - cooling curve & = 7.1 x 1078
" - heating curve
third harmonic - cooling curve g = 5.1 x 1077

"1

" - heating curve

FIGURE 5.10

Internal friction of the same sample as in
Figure 5.9 - hydrogen annealed and quenched

€p = 2.1 x»lC’"7
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the possible error in the measurement. It is possible that there was some
Joint deterioration during the measurement as the Qubharmonic frequency was
not monitored for this run but the other frequencies (fundamental, third
and fifth harmonics) were within the error of the frequency measurement

(1 Hz) when the resoa;tor returned to room temperature. The rapid rise in
the damping of the fundamental with decreasing temperature below 160 K was
accompanied by the appearance of a second resonance at nearly the same
frequency. The measurements at the third harmonic are included in

Figure 5.9 in order to show that this increase in the damping on the
fundamental is-not due to intefnal friction processes in the sample.
Sim1]ar]y, since the small, apparent peaks at 240 K and 275 K on the
fundamental are not matched by correspond1ng peaks on the third harmonic,
they §1so must be spurious. The cooling curve, which exhibits no structure
as large as 0.5 x 10"6 above 150 K, is therefore taken to be the represent-
ative curve for this sample.

This same sample was annealed in a flowing hydrogen atmosphere at
600°C and then quenched directly into water ét room temperature. The joint
to the quartz transducer was made with a total time at 100°C of about 700
seconds. Measurements of the internal friction spectrum were made only at
the fundamental frequency as the sample was continuously cooled at a rate
varying from 0.7°/minute initially to 0.25°/ﬁinute at Tow temperatures. The
résulting internal friction spectrum i$ shown in Figure 5.10. As -the
continuous cooling technique was used, the possible error of the resistance
measurement was estimated to be * 152 and is reflected in possible errors

in the internal friction indicated by the error bars. The maximum strain

e g g =
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amplitude was 2.10 x 10-7. The internal friction is less than 3 x ]0'6
over the whole temperature faﬁge,as it was for the same sample before
charging with hydrogen. There‘are four structures in the spectrum which

”»
deserve comment. The peak at 293 K is too narrow to satisfy the Wert-Marx

relation. The peak at 220 K with a height of about 0.8 x 1078

will be
discussed in conjunction with the single crystal results. There is a small
peak (about‘O.S X 10'5) at 140 K which is in the range of the normal
Bordoni peak. The rise in the damping below 95 K is thought to be due to
Joint deterioration ag the balance of the b}idge was difficult in this
temperature range. On returning to room temperature, the frequency of the
subharmonic had dropped by 4.5 Hz although its resistance at resonance was
still less than 50 KQ,

Since there was a small peak at 220 K after putting hydrogen in the
polycrystalline sample, a single crystal with optimum orientation for
sensitivity to tetragonal defects was grown. The cylindrical axis of the
specimen was approximately 4° from <100> crysﬂ§?1ine direction. The
crystal was annealed in vacuum at 600°C for 24-hours and air cooled. When
the joint was made, the total time at 100°C was about 1200 seconds. The
resulting internal friction spectrum, obtained ﬁy cooling in steps is shown
as curve (a) in Figure 5.11. The coo]ingvrate between points was similar
to that for the vacuum annegled polycrystalline sample. The maximum strain
amplitude was 8.6 x 1078, There is no structure in this curvé as large as
0.3 x 10"6 although the general level of internal friction is actually

higher than in the polycrystalline sample.
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FIGURE 5.11

Internal friction of the Al Cu single crystal

A (a) vacuum annealed e = 8.6 x 1078
o (b) hydrogen annealed and quenched em = 1.6 X 1077
FIGURE 5.12

Internal friction of the Al 0.16 at.% Mg polycrystalline sample -
annealed in helium
A (a) initial measurement eqg = 8.1 X 108
A (b) after changing the joint
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The sample was subsequently heated in a flowing hydrogen atmosphere
at 600°C and quenched into water. The joint was made more rapidly with the
sample at 100°C for only 360 seconds. The cooling rate during measurement
was always 1e;s than 1°/minute. The results are shown as curve (b) in
Figure 5.11. The maximum strain amplitude was 1.6 x 10-7. The general
level of damping is about the same as for the sample annealed in vacuum,
except for a broad peak at about 140 K with maximum height of about 0.5 x 10'6/
and %gme structure between 210 and 250 K,the significant feature of which is

a peak at 246 K with maximum height about 0.8 x 10°%. If a comparison is

" made with the polyc¢rystalline sample, it is apparent that this peak does

not correspond to any peak in the polycrystalline sample, nor does the

220 K peak in the po]}crysta]]ine sample have a corresponding peak in this
spectrum. For this reason, neither of these peaks is considered to be due
to hydrogen. In addition, the actual size of the peaks in both cases was
no bigger thaq the structures observed in the quartz-quartz combination

of Figure 5.5.

5.5 Aluminum Magnesium Alloys

Internal friction measurements were made using the continuous
cooling method on polycrystals of aluminum magnesium alloys of two different
compositions] which were determined to be 0.16 and 0.54 atomic per cent
magnesium.

The results for the aluminum 0.16 at.% magnesium sample annealed

in a flowing helium atmosphere at 600°C and cooled in air are shown as
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curve a in Figure 5.12. A flowing helium atmosphere was used, instead of

vacuum, for the aluminum magnesium alloys in order to reduce the loss of
magnesium from the sample during the annealing treatment. The maximum

strain amplitude used during the measurements was 8.1 x 10'8. The cooling
rate was relatively large (as high as 3°/minute). Consequently, the possible
error in the resistance measurement at balance was estimated to be + 30Q.

The corresponding error in the internal friction is indicated by the error
bar in the figure. There aré‘severa] peaks in the internal friction spectrum.
6

The most promlnent peak is at 248 K with a maximum he1ght of about 1 x 107

peaks wh1ch are only slightly larger than the'est1mated error bars

at 205 K, 16Q K, 120 K and 88 K. After returning the resonator to
emperature, the frequency ef the'subhannonic had changed relative to
the fundamental by 3 Hz. The‘measurements were repeated after remaking the
joint. Thé resulting spectrum is shown as curve (b) in Figure 5.12. The
cooling rate was aﬁﬁroximately the same as for the previous run,consequently
the errors ofﬁmeasurement are the same. _fhe én]yupeak which is repeated in
both spectra is the peak at about 205 K. The frequency of the subharmonic
had changed by 52 Hz relative to the fundamental and the resistance at
balance of the subharmonic was very 1arge,(90 KQ) after returning the
resonator to room temperature,

The sample was subsequently annealed in an atmosphere of hydrogen "
and water vapour (obtained by bubbling hydrogen through water at room
temperature) at 600°C for a period of twelve hours. The sample was cooled
in air and then heated ‘to 100°C for about 900 seconds while the joint was

made. The resulting internal friction spectrum is shown as curve (a) in

»
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Figure 5.13. The maximum strain amplitude was 8.5 x 108, There are two

peaks in the spectrum. One at 245 K with a height of 1 x 10"6 and a second

at 160 K with a height of 0.5 x 1076, As the cooling rate was similar to

previous runs, the error bars are approkXimately the same size. The
frequencies of the various modes upon returning to room temperature had
not changed by more than 1 Hz,

In order to examine the effect of a faster quench that would

possibly retain more of the hydrogen in the lattice, the same sample was

again annealéd at 600°C in a hydrogen atmosphere.and then quenched directly '
into water at room temperature. The results are shown as curve (b) in
Figure 5.13. A slower cooiing rate of less than 1°/ﬁinuté was used during
the measurements. Consequently, the error bars aré somewhat reduced. The
maximum stra%n amplitude was 5.4 x 1078, The damping at 1ow‘temperature is
seen to be considerably higher than in the pfevious measurements but there
is no structure on the curve which is greater than 0.5 x 1076, The
frequencies of the various modes were within 1 Hz of the initial values
after the resonator was returned to room temperature.

The results of measurements of the internal friction spectrum of
the (.54 at.i magnesium sample are shown in Figure 5.14. The sample was
annealed at 600°C in flowing helium and cooled in air prior to measﬁrements
shown as curve (a). The maximum strain amplitude during measurement was
1.2 x 10'7, The cooling rate was as high as 3°/minute and consequently
the error bars are again quite large. There is a peak St 153 K with a
height of 1.4 x 1076 and two smaller peaks at 190 K and 252 K which are

almost within the error bars. On returning the resonator to ambient
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FIGURE 5.13

Internal friction of Al 0.16 at.% Mg polycrystalline sampie -
hydrogen charged

o (a) air cooled en = 8.5 x 1078
o (b) quenched en = 5.4 x 107°
P
‘!59‘

kY

FIGURE 5.14

Internal friction of. Al 0.54 at.% Mg polycrystalline sample

1]

A (a) annealed in helium e, = 1.2x 1077

6.2 x 1078

n

o (b) annealed in hydrogen €n
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temperature the frequency of the subharmonic was observed to have changed
by 11 Hz indicating that the joint had deteriorated somewhat.

The sample was annea]ed for twelve hours in a hydrogen-water vapour
atmosphere at 600°C and allowed to cool in air before taking the measure-
ments shown in curie (b). The maximum strain amplitude was 6.2 x 1078 and
the initial cooling rate was again about 3°/minute. The spectrum shows a
rapidly rising internal friction below 130 K which was accompanied by the
presence of a second resonance near the fundamental frequency. This is
similar to the behaviour of the aluminum-copper sample shown in Figure 5.9.
There is also some structure between 230 K and 255 K with a prominent sharp .
peak at 234 x. This peak is too narrow for the Wert-Marx plot. The
remaining structure is not very different from the sample after the helium
anneal except that the sharp peak at 153 K is absent. The frequency of the
subharmonic after returning to room temperature was within 1 Hz of the

starting value.

5.6 Commercial Alloys

Internal friction measurements were made on two‘commerciaT alloys,
7075 and 6061 the compositions of which are shown in Table 5.1.

The internal friction measurements of the 7075 sample, shown as curve
(a) in Figure 5.15,were obtained after the sample was machined to size from
a %" diameter rod of material in the as-received T6 condition. The results,
obtained by continuouscooling at a rate of less than 1°/minute, show a low
damping (1ess than 4 x 10°6) over the whole temperaturé range with one

prominent peak at 152 K of height 1.8 x 1076, This peak could be the
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TABLE 5.1

SOLUTE CONTENT OF COMMERCIAL ALLOYS
IN WEIGHT PER CENT

’Mg Cu In Si Cr .
70752 2.57 1.21 6.23 -
7075 2.5 1.6 5.6 0.3
6061P 1.0 .25 - 0.6 0.25

a - by atomic absorption
b - nominal composition
Bordoni peak resulting from the deformation during machining. The maximum

strain amplitude during the measurement was 5.2 x 10_8. The room temperature

kfrequencies of the various modes remained unchanged after the experiment.

The results shown as curve (b) in the same figure were obtained with
the same‘sample under the same conditions except that the whole resonator,
after degreasing the surface in’pentane, had been placed in a hydrogen
atmogphere at 1800 psi at room temperature for e1gven da&s. The differences
between the two curves are smaller than 0.2 x 10'6.

A similar sample of the same material was annealed in a hydrogen
atmosphere at 560°C for 48 hours and quenched into water at room temperature.
The low annealing temperature was required because of the low solidus
temperature for the alloy (less than 600°C). The material was observed to
have several large blisters following the anneal and voids Vi§ib{e to the

unaided eye were found when the sample was cut after the internal friction

.

3
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FIGURE 5.15
Internal friction of 7075 T€é aluminum

N , .08
A (a) as machined ¢ = 5.2 x 10

O (b) after hydrogen treatment

FIGURE 5.16

Internal fri‘ction of 7075 aluminum after
hydrogen anneal at 560°C

e = 1.2x 107
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experiment. The internal friction spectrum of this sample is shown in
Figure 5.16. The cooling rate was the same as for the previous 7075

sample and the maximum strain amplitude was 1.2 x T0'7.

-
The damping is
much higher than in the unannealed sample but is monotonically decreasing,
any structure being less than 1 x 1078, The frequency of the subharmonic
on retﬁrning to room temperature was within 1 Hz of the value before the
experiment.

The results of measurements on the 6061 alloy are shown in Figure
5.17. Curve (a) of tye figure was obtained with a specimen which had been
annealed in vacuum at 580°C and allowed to cool in air. The measurements
were made using the step heating méthod. The third harmonic results are
shown because spurious peaks were present on the fundamental. The maximum
strain amplitude was 2.8 x 10°°.

A similar sample was annealed at 600°C in a hydrogen atmosphere and
quenched into water. The spectrum was measured by continuous cooling at a
rate of less than 1°/minute. The maximum strain amplitude was 1.6 x 10‘7.
As with the 7075 sample in the same condition, the damping decreases mono-
tonically and is larger than in the slowly cooled case. There are no
distin;t peaks in the EE;Vé as large as 1 x ]0'6 except for one at about
92 K which is about.this size. The variation§ below 118 K are thought to
be due to the deterioration of the resonator.‘ The quartz crystal was
observed to be cracked near the joint on returning to room temperature.
Since there was a slight discontinuity in the frequency vs. temperature
curve for the fundamental mode at 118 K, the crack is presumed to have

occurred at that temperature. The freduency change involved on the,

hY o
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A third harmonic - sample annealed in vacuum €m

.O fundamental

FIGORE 5.17
Internal friction of 6061 aluminum

2.8 x 1077

n

- . hydrogen ep

1.6 x 10
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fundamental was only about 4 Hz but upon returning to room .temperature, the
subharmonic had changed by almost 600 Hz. This shows the sensitivity of

the subharmonic to joint condition.

o - \
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CHAPTER 6

DISCUSSION

6.1 General Discussion

The object of this work was to determine parameters which
characterize the defect pair composed of an interstitial hydrogen atom
bound to a substitutional solute atom in an aluminum matrix. The main
quantity of interest was the binding energy of the pair because this
could be compared with theoretical calculations which are feasible for
the aluminum alloy éystem because it has a relatively simple glectronic
structure. In this chapter, the internal friction results are used to
put upper limits on the pair binding energy.

An expression for the peak heigh£ was presented in the second

chapter and it is recalled here

Peak height = 1 &3 = 1 ¢ vy (A - 208 (1-3r)  (6.1.1)
23 9 kT4
A preliminary calculation of the'expected peak height for a ramdom poly- \

crystal yielded a value of Q;;x = 1076 for a pajr concentration of 5 X 10-7

atomic fraction and a value of the defect strain anisotropy, (}] - AZ), of

0.34 at the expected peak temperature of 230 K. This concentration of

- ad
+
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pairs would result from a binding eﬁérgy of 0.12 eV for a substitutional
solute concentration of 0.5 at.%. Although this maximum peak height was
YF;y small, the measurements have shown that it would have been easily
measurable with the perfected techniques which were used to make the
internal friction measurements. In fact,it will be shown that peaks as
smaill as 0.2 x ]0-6 would have been ob;ervable. This high sensitivity was
achieved by the perfection of the metallic joint between the quartz trans-
ducer and metal samples which also allowed measurements at the third and
fifth harmonics. These higher frequency measurements, essentia]vfor
binding energy measurements, were also used in conjunction with subharmonic
frequehcy measuréments asga criterion for eliminating spurious internal
friction peaks from measurements at the fundamental frequency.

" The expression for the peék“height clearily shows the dependence of
the height upon cqncentration (which in turn depends upon the binding energy
according to equation (2.1.9)) and the strain anisotropy (A] - AZ).

Before examining these parameters in detail, there are two more obvious
possibilities for the absence of peaks in the internal friction spectra.

- The first pqssibility is that no hydrogen dissolved in the sémpTe
Juring the high temperature(annealing in hydrogen-water vapour mix;ures.
This possibility can be rejgcted using experimental evidence. First 6f all,
there was visual evidence in some of the samples--notably the pure aluminum
samples and the 7075 sample--of blistering and void formation in the sample
interior. These bfisters, in the aluminum samples, did not appear during
vacuum annealing. Gas analysis was performed by vacuum extraction (at

Alcan International Laboratories, Kingston, Canada) on one of the Al-Mg
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samples. , The results indicated a hydrogen content which was more than 80%
of the expected value,even though this sample had been cooled relatively
slowly by simply withdrawing it from the furnaée. Further gas analysis
results were pqrformed with a new analysis system and are reported in
Appendix B. In that study, samples, which had been charged in deuterium
and water quenched,were used in order to distinguish surface adsorbed water
from dissolved deuterium. The results {ndicate that fhere definitely was
deuterium in the samples although further calibration of ion pump speeds
is necessary to quantitatively measure the deuterium content. Other
experimenters fkﬁchenauer, 1968 and Shimomura and Yoshida, 1967 ) made no
special surface treatment to promote the dissolution of hydrogen in
a]uminum‘samp1es at high temperature. ‘Absolute values of hydrogen content
would not haVe’Léen necessary to determine the binding energy of the
hydrogen substitutional solute pairs if the peak shape could be measured
at all three frequencies.

The second possibility for the absence of an internal friction peak
is that, for some reason or other, the apparatus was incapable of measuring
internal friction. H%terna] friction measurements of deformed aluminum
were made,in part,tol}efute this argument. The main body of the results on
deformed aluminum are reported in Appendix A. These indicate that internal

-

friction measuremenf; could certainly be made even at very low strain
amplitude (3 x ib-g) and that they compare very well with previgus measure-
ments of similar material made by other experimentalists, in terms of peak
heights and activation energies.

The observation of a peak also depends upon the relaxation time, T,
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being equal to the reciprocal of the applied stress angular frequency,
2nf, af some point within the measurement temperature range. This problem
is discussed in the following section.

The sensitivity of the results, as shown by the preliminary measure-
ments and the limits on the observable peak height for the different alloys,
are discussed in the third section.

Since a knowledge of the strain anisotropy (Ay - A,) of the defect
is required in order to determine the binding energy limits, ip the foufth
section a value for this parameter is estimated by comparison with other
systems. * o ‘ J

The upper limits of the binding energies between hydrogen and
substitutional solutes were{determined for each alloy in the following
section using the estimated value o% IA] - AZ)Mobtained in the previous
section. o

In the next section, the commercial alloy resﬁ?ts are compared with
those of Gest and Troiano (1974) who observed a peak attributed to hydregen
substitutional éefects. FinaTly, the distribution of'hydrogen in aluminum

>
is discussed. N

6.2 Peak Temperature

The expected peak temperature was determined from high temperature
measurements of the d1ffusxon coef41c1ent of hydrogen in pure aluminum.
Since the relaxation time, T, for the reorientation of the defect by
hydrogen atom jumping, must be equal to the recwproca] of the angular

frequency of the applied stress, (2nf)” -1 the expected temperature can be
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found for any frequency when t is obtained from equation (2.5.31). The
diffusion data of Eichenauer et al. (1961) could be represented by the

equation

D = 0.11 exp [— 0.424 eV ] em? sec”)
kT

This data covered a very large temperature range from 300 to 600°C and was -
obtained during outgassing experiments. The peak temperature determined,
using this equation for a 35 kHz applied stress frequency was 230 K.
Earlier diff@sion coefficient measurements, also by Eichenauer et al. (1957),
could be represented by a slightly different equation which yielded an
expected peak temperature of 250 K which was still well within the measure-
ment temperature ranée. The‘assumption upon wﬁiéh equation (2.5.31) is N
based is that the jump frequenéﬁes‘of hydrogeh atom§ #esu]ting in
reorientation of the substitutional-interstitial (s-i) pair is the same as
in the perfect lattice. This means either that.the classical attempt
frequency and activation energy are unchangeh or that they both change in .
such a way that the jump frequency remains constant. If there is a binding
energy between hydrogen and the substitutional solute, then the saddle point
energy between sitei adjacent to the substitutional atom is changed from the
normal saddle point energy 5& an amount equal to the binding energy if the
attempt frequency remains fhe same. This assumption seems to be verified in
practice in several different lattices. For example, H diffuses in pure Ni
with an activation energy of 0.41 eV (Ebisuzaki et al., 1967). Magnetic

after-effect measurements on dilute NiFe alloys ( Adler, 1965) containing

-«
)
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H yield an activation energy for H-Fe pair reorientation of 0.36 eV and the
'observed peak temperature for the effect is within a few degrees of that
which is predicted using high temperature diffusion data for pure Ni.
Similarly, in b.c.c. materials, the temperature of the s-i peak can be
very close to the normal Snoek peak temperature (Fast et al., 1961).

In Zr, Ritchie et al. (1976) has recently found that oxygen-
substitutional atom pairs reorient with an activation energy which is in

good agreement with other oxygen diffusion measurements.

6.3 Sensitivity of the Measurements

Preliminary experimental results using quartz crystal combinations
have shown that the resonators and the technique can be used for sample

dampings in the Q'] = 1077 range. Although the precision of individual

N X 10-8 (whichever was larger) in the cases

measurements was 1% or Q
where the cooling rate was less than 1°/minute, there were always variations
in the internal friction ovér the temperature range examined which were
significantly larger than this estimated error of measurement. The

continuous cooling measurements of quartz crystal combinations (Figure 5.5)
show these changes very clearly. These peaks were not reproducip]e from one
run to the next even in the cases where the joint was not altered (although
thermal cycling of the joint during measurement could be considered as an
alteration of the joint because of the large stresses involved). The '
variations are thought to be due to the joiht and suspension and not to

internal friction processes in the samples. Both quartz specimens and

aluminum alloy samples exhibited variations which were approximately the
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same size. In examining the aluminum alloy results for possible peak% due
to hydrogen-substitutional atom pairs, two reasonable assumptions have been

applied. The first assumption is that the temperature of the s-i peak for

a particular substitutional solute will be independent of the solute

concentration. This is equivalent to assuming that the environﬁent of each
s-i pair is the same, which should be valid for the.low splute concentrations
used in these alloys. The second assumption is that the width of.the peak

in 7"V at half maximum height should be commensurate with the expected
activation energy of 0.424 ev (which is the activation energy for hydrogén

diffusion found by Eichenauer et al.,1961), using a Debye peak. Internal

friction peaks caused by point defects tend to be wider than the normal

}
Debye peaks because of distributions in activation energy, Q, or time

a

constant,tjy,and therefore,very narrow peaks must be due to effects other

than s-i pairs. These two assumptions have been applied in comparing

internal friction spectra for different specimens containing the same subs-

titutional solute. Each different type of alloy is discussed in turn.

a) The aluminum copper alloys .

As poinféd out in the last chapter, there are no peaks which are
common in the spectra of the hydrogen charged polycrystalline and single
crystal AlCu samples (shown in figures 5.10 énd 5.11). The peak at 220 K
in the polycrystalline sample has no counterpart in the single cry§ta1
speciﬁen; in fact, there appears to be a minimum at 220 K in the single
crystal sample. The peak at 246 K in the singfe crystal does not exist in
the polycryéta]]ine sample. The low temperature peaks i; the 130 to 150 K

range are presumably the Bordoni peaks which appear in the pure aluminum
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samples (Figure 5.8) but are greatly reduced in size here. If there was a
common peak in the two spectra, it would have to be near 230 K. The
maximum size of peak which could be obscured by the damping caused by joint

6

and suspension is one with Q'] = 0.3 x 107" in both cases.

b} The aluminum-magnesium alloys

As in the aluminum copper case, there are no peaks which are common
to all of the hydrogen charged alloys, for which the results are shown in
Figures 5.13 and 5.14. The 0.16 at.% Mg alloy, which was quenched from a
hydrogen atmosphere and measured during slow continuous cooling, showed
very small variations in the internal friction. Peaks larger than
Qf] = 0.2 x 1076 would be detectable in this spectrum. The 1imit for the
q.54 at.% Mg sample is about the same size because the variations between
230 and 250 K consist of two peaks which are too narrow to bq‘a Debye peak

with the expected activation energy and they also occur in the uncharged

0.16 at.% Mg sample.

c) The commercial alloys

The background internal friction in both commercial alloys quenched
from hydrogen atmosphere was much larger than for the 1abor§tory prep:red
samples. However, the spectra are both monotonically decreasing as can be
seen from Figures 5.16 and 5.17. For both the 6061 and f075 alloys the
maximum peak size is about Q) = 1 x 1075, ‘ ‘

A comparison of the internal friction spectrum of the 7075 alloy

after room temperéture exposure to 1800 psig of hydrogen with the same alloy

before exposure, Figure,5.15, shows that there were no changes caused by the
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exposure which were as large as Q'] =~ 0.2 x 10—6. This is in contradiction
to the results of Gest and Troiano (1974), who found a peak almost five
thousand times this size at 130 Kand 100 kHz. This will be discussed in

the final section of this chapter.

6.4 The Strain Anisotropy (x] - 12) for the Hydrogen-Substitutional Pair

In order to obtain a. reasonable value for the strain anisotropy
(A1 - A2) of the hydrogen-substitutional defect pair in aluminum alloys, a
comparison has been made with other close-packed metals which have been
studied experimentally and some reasonable arguments using additional
information are presented. ’

The number of s-i péirs in f.c.c. metals which hgve been studied
closely enohgh that vatues of (i - AZ) could be determined is unfortunately
very small. Ke arid Tsien (1956} used a low frequency torsion pendulum
method to study the f.c.c. Fe-Mn-C system. From their work it is possible
to derive a value of |Aq - Azl for the C-Mn pair in iron to be 0.08>. The
same system has been studied by Kandarpa and Spretnak (1969), also with the
torsion pendulum technique,and their results yield a value of 0.099, which
is very close to that of Ke and Tsien, Internal friction attributed to
hydrogen-substitutional so]uée pairs in several stainless stee]s has been
oﬁserved by Péterson et al.(1969) using a composite resonator technique.
The main alloying elements were chromium and nickel, Samples which were
cathodically charged with hydrogen exhibited large peaks at about 200 K at
aﬁfrequency of 80 EHZ. In order to determine a value for |Ay - Az| for the

defect,the samples were assumed ‘to be random pofycrystals (as was assumed

kd
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for the Fe-Mn-C case). The dissolved hydrogep content was assumed to be
that which would be in equilibrium with hydrogen gas at a pressure equal to
the yield strength of the material at the temperature of the internal
friction peak. The value of |A] - AZI determined in this way for the s-i
pair was 0.28. The assumed dissolved hydrogen content is not unreasonable.

The cathodic charging was observed by Peterson et al. to be accompanied by

.substantial deformation as measured by X-ray line broadening and occasional

surface blistering. In b.c.c. iron, Beck et al (1966) observed a critical
hydrogen content, which corresponded to a hydrogen pressure much less than
the yield strength, above which irreversible damage of the metal took place.
It seems likely that this damage is caused by hydrogen precipitation at
internal faults in the lattice.

In order to determine a value of IA1 - AZI for the aluminum alloys,
some additional information has been used. Gupta and Weinig (1962) have
examined s-i peaks in another close packed material (ﬁ.c.p. titanium
containing interstitial oxygen and various substitutional impurities).

They found that the relaxation strength depended upon the relative atomic
sizes of the substitutional and host atoms. The distortion of the
octahedral site is larger when the substitutional atom is a much different
size from the host. A similar size effect.might be expected in f.c.c.
materials which are also close packed and exhibit no normal Snoek effect.
The alloy components of stainless steel, Cr and Ni, have effective atomic
diameterswhich are within 3% of that of iron according to partial molar
volume measurements of Straalsund and Bates (1974). Thergfore the
relative distortion of the octahedral site occupied by the hydrogen

atom in Peterson's work should be less than in the aluminum alloys
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which were studied in this work since the apparent diameters of Cu, Mg and
Si differ from those of aluminum in aluminum alloys by -12.2%, +10.1% and
-4.5% respectively (Pearson, 1958). -

The size of the interstitial atom should also have an effect on
the value of the strain anisotropy (A] - Az). In a Timiting case in which
the interstitial has no effect on neighbouring atoms,the strain anisotropy
0] - Xp)must vanish. The sum of the principal values of the A tensor is

related to the change in the lattice parameter per unit defect concentration

according to the following equation given by Nowick and Berry (1972) &9
1 da = 104+22) !
a dco 3 )

Therefore, Ay + 2X; must incrgaée for larger interstitials. o

If Ay and X, " were both small, the difference could not be very

i s e

large but if they are large then there is a possibility that the difference
will also be large. What,then,is the evidence for hydrogen being a large
interstitial in aluminum? Since there are no measurements of lattice }
parameter changes due to hydrogen in aluminum because the concentrations
are so small, tﬁe relaxation about single hydrogen atoms has not been
measured di}ect1y. However, an indication that the relaxation may be
quite Targe results from combining theoretical work by Wagner {1971) and
solubility measurements in molten alloys. Wagner has shown that the rate
of change of solubility of an interstitial, such as hydrogen, wifh subs- ‘ .

titutional solute cdntent measured at constant pressure differs from the
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rate of change of so0lubility which would be measured at constant volume.

The expression he develops is
9 In S
3 Cj

Where S is the solubility of hydrogen, c; is the atomic fraction of subs-

—

VIRT

[a 1n s] + Ty B(3Wm/acq)y p  (6.4.7)
T,V,cij+0 1

¢ 3 Cj
Tsprtci-)O

titutional solute, V, is the partial molar volume of hydrogen, Vs and V,
are the molar volume of the host and alloy respectively and B is the bulk
modulus. The first term on the right handside is an indication of inter-
actions between the hydrogen and substitutional atoms and is the dominant
term for hydrogen in binary copper alloys (Wagner, 1971). In the molten
aluminum alloys, the rate of'change of solubility with substitutional
content at constant pressure is the same sign as ( aWn) i.e.solute

T,P
e]ements which decrease the molar volume of the oy, \such as copper

and silicon,also decrease the hydrogen solubility. Thisindicates that the
partial molar value of hydrogen, Vy, could be substangial (at least it is
positive). If the first term on the right hand side is assumed to be small,
which is eqdiva]ent to meglecting interaction between hydrogen and sﬁbs—
titutional solutes, then a molar volume for hydrogen in liquid aluminum may
be determined. This was done using the solubility data of Opie and Grant
{1950), the liquid compressibility of Ascarelli (1968) and the lattice
parameter data for solid alloys of Pearson (1958). The results for both

Al Cu and Al Si indicate a similar hydrogen partial molar volume (9.95 cm3

for Al Si and 8.84 cm for Al Cu). Since the forces due to the electronic



117

-

interactions at the nearest neighbour distance between hydrogen and Si are
-expected to be of different sign from those between hydrogen and Cu, the
fact that the partial molar volumes are similar indicates.that neglecting
the interactionqxenn for the moiten alloys iq equation (6.4.1) is not
unreasonable. Since the molar volume of liquid aluminum at the melting
point is 11.3 cm3, the partial molar volume of hydrogen is a very large
fraction (0.83) of that for a{uminUm. Since there seems to be such a
large partial molar volume in the liquid alloys, the distortions about the
interstitial in the solid metal could be quite large. As a comparison, in
the iron-carbon system, the partial molar volume of carbon in the liquid
(Widawski and Sauerwald, 1930) and in augg;nite'(ﬁ?ﬂTey"and Stuart, 1970)
are about the:same size: 3.5 and 3.78 cm3 respectively. In austenite,
the carbon occupies about half (0.52) an atomic volume.

In summary, the experimental evidence indicates that the size of
hydrogen in aluminum is a large fraction of an atomic volume. Also, the
apparent size differences between aluminum and the substitutional atoms
investigated are quite large. It is expected, therefore, that the strain
anisotropy will be substantially larger than for C in Fe Mn. The estimate
of the value of IA] - Azi for hydrogen-substitutional solute pairs in
aluminum which will be used in the determination of the binding™energy is

0.25. This is about the same size as that deduced from Peterson's work.

6.5 Hydrogen-Substitutional Solute Binding Energy

It is possible to estimate a value for the maximum binding energy

of hydrogen to the substitutional solute from the maximum peak height values
.
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already determined in § 6.3. The maximum beak height is related to the
s-i pair concentration through equation 6.1.1. The value of IAI ~ Azl
has been estimated in$ 6.4 to be 0.25. The other parameters in the
equation are kpown: *J has been taken to be E'], the inverse of the
Young's modulus (obtained from resonant frequency, length and density of
the sgmple); Vo is the atomic volume of aluminum; and I* is the orientation
factor for the sample, which has been/assumed to be 0.2 for polycrystalline
samples and 0 for the <100> Al Cu sing]é crystal. The maximum pair
concentration, cg, can then be calculated at the expected peak temperature
of 230 K. The values of the pair concentration for each alloy calculated
ugjng equation 6.1.1 with the assumption ment{oned are sbgwn in Table 6.5.1.
Ideally, the hydrogen introduced into the sample at high temperature
' ’remains in solution when the sample is quenched. As long as the quant%ty
of hydrogen lost through the surface of the sample is small, the hydrogen
content of the tattice can be determined. The activity of hydrogen in a
quenched sample at low temperature is then very high rg]ative to a hydrogen
pressure of one atmosphere. Several investigations of herogen solubility
in solid pure aluminum have been made (Ransley and Neufe]d;v1945; Eichenauer
and Pebler, 1957 and Eichenauer, 1968). These studies indicate that the
solubitity in pure aluminum in equilibrium with hydrogen gas at one
atmosphere pressure at 600°C is about 0.023 cm3 H2(37?7P;77100“g Al. This
is equivalent to an atomic fraction of hydrogen of 5.7 x 10°7. The
solubility in solid aluminum alloys has not been as carefully studied, but
several molten alloys have been studied by Opie and Grant {1950) and by

Baukloh and Oesterlen (1938). These measurements indicated that copper
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and silicon solutes decreased the hydrogen solubility while the presence
of magnesium increased it. However, since the substitutional solute
contents of the Al Cu and Al Mg ai]oys studied were less than 1 at.%, the
change in solubility of hydrogeg in the alloys was expected to be quite
small., As a first approximation, the hydrogen solubility at 600°C can be
assumed to be the same for the alloys as for the pure aluminum. If the
hydrogen remains in solution after the quench, then the number of hydrogen-
substitutional pairs at any temperature is directly dependent upon the
binding energy according to equation 2.1.9. Tﬁis equation assumes the
hydrogen is either in the perfect lattice or next to a substitutional
impurity. The fraction, f, of the total hydrogen content which is in
interstitial sites adjacent to the substitutional impurities can be found

from 2.1.10 to be

£ = 6 Ci exp 2Gby7
1-6% +6 Ci exp 86Gb,ky

This fraction is also the ratio of the number of pairs, ¢, determined from
the internal friction results, and the total hydrogen content, ¢y. The

maximum binding energy is found by rearranging the equation for f to give

AG, = kT In f(1 -6 Ci;
ci]-f

The temperature, T, in this equation is taken to be the expected peak

temperature since that is the temperature for which f has been calculated.



<

120

The value of the total hydrogen content, cy> the resulting fraction f and
~~the calculated maximum binding energies are recorded in Table 6.5.1. The
value of the total hydrogen content for fhg Al 0.54 at.% Mg sample is that
determined by subsequent gas analysis. It is slightly léwer than for the
other Taboratory prepared sampies because this sample was air cooled and
not wafer quenched. The commercial alloy resu]ts&sre not included in the
table because the internal friction peak size 11mi} (1 x 10—6) was larger
than the peak which would be obtained if allfkﬁé’hydrogen was at substitu-

tional sites (using the estimated valug of |A1 -‘Azl of 0.25),

) ’c(Total) f 8Gp(ev)

Alloy
At~ 1.8x 1078 L0068 2.88 x f§“7 5.7 x 1077 .50 064
po]yeri§€;1
— :
e -9 -7 -7
A Cu 7.2 x 1079 .0042 1.15 x 1077 5.7 x 1077 .20, .04g

single crystal

~

Al Mg 1.2 %1078 L0016 1.92 x 1077 5.7 x 107 .33 .07,
.1 at.% )
“Al Mg 1.2 x 1078 .0p54 1.92 x 1077 4.9 x 1077 .39, .05,
0.5 |

The values of the binding energy could be compared with theoretical
values obtained using the approach outlined in Chapter 2. However, these
calculations have not yet been doné. Since the value of |A; - Ap{ is also

1]
critical to the binding energy determinations, theoretical verification of
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the estimated value is desirable.

6.6 The 7075 Alloy Results

Gest and Troiano (1974) reported internal friction measurements of
a 7075-T6 alloy which had been hydéogen charged for e]gven days under a
2000 psi hydrogen atmosphere. Employing the two compﬁnent resonator’
technique at an applied stress frequency of 100 kHz, they found a very

large peak, Q;;x > 10'3,at a temperature of 130 Kt They attributed this
"peak to hydrogen-substitutional pairs.

The results presented in Chapter 5 for this same alloy (Figure 5.15)
show no indication of such a peak. The iﬁterna] friction of the sample
remained virtually unchanged (changes less than 2 x 1077 in Q'l) aftefl
charging the sample for the same perijod of time at 1800 psi Hp. The
background damping of our measurements was apparently lower by a]mast two
orders of magnitude. Also, the frequencies of the various modes rema1ned

" unchanged after thermal cycling thus indicating that the joint had not )
deteriorated. )

Annea1{ng the alloy at 560°C in a hydrogen atmosphere followed by
quenching in water at room temperature also failed to produce any peak as
large as Q~! = 107® (Figure 5.16). The annealing treatment caused
blistering, thus indicating that hydrogen had certainly been presént in
the alloy at the charging temperature.

Our me?surements of the hydrogen charged 7075 alloy are consistent

/ .
" with all the other results presented in this thesis. Since the sensitivity
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of the measurement was significantly better than that of Gesf and Troiano,
tﬁeir results must be due to some effect other\than substitutional-hydrogen
pairing. The peak which they observed is in the same temperature range as
some of the deformation produced peaks in aluminum (Appendix A).

There was no attempt ﬁade to try to reproduce the results of Gest
and Troiano on deformed and hydrogen charged 7075 alloy. Their results,
on close examination, seem to show that the only effect of the hydrogen
charging was to raise the general level of damping. The size of all

structure in the spectrum remained unchanged.

6.7 Hydrogen Distribution in Aluminum

The values of the maximum binding energy are dependent upon the
assumptions which have been made. The simple model of a distribution of
hydrogen between normal lattice interstices and)those next to substitutional
atoms is only an approximation. If the hydrogen is distributed in some
other way, then the problem of determining a maximum biﬁaing energy becomes

much more difficult. There are several other positions which hydrogen

could occupy: \

4

a) Grainlboundaries

Eichenauer's (1968) solubility measurements have shown that, as the
graiﬁ size of pure aluminum gets*larger dﬁring the‘hydrogen anneals used
to deténn{ne the soTubiTity,'the solubility decreases. This implies that
there could be a significant amount of hydrogen at grain boundaries.

However, a comparison of these results with his previous results
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(Eichenauer et al., 1961) also indicétes that increasing the sample purity

decreased the solubility.

b) Dislocations

Measurements of solubility in deformed aluminum (Eborall and
Ransley, 1945) have shown that the solubility at 600°C can be increased by
a factor of about four in Eo]d rolled, comnercial purity aluminum from which
it can be inferred that there is binding of hydrogen to dislocations.
Further evidence of the binding of hydrogen to dislocations can be seen
in the work of Foster et al. (1963) who used tritium autoradiography to
determine the position of this hydrogen isotope in pure aluminum. They
found that samples which were deformed at room temperature before charging
with tritium at 600°C showed tritium present at what had been dislocation
pile-ups in slip bands even though the matrix had recrystallized. This
means that the tritium was significantly bound to the dislocations even

lat the charging temperature.

c)_ Vacancies

Hydrogen could also be b;und to vacancies as was suggested by the
theoretical work of PopoviE et al.(1976): The vacancy content at 600°C in
pure aluminum is 4.4 x 1074 (Simmons and Balluffi,1960). Th{s is a factor
of almost ]0? greater than the hydrogen solubility at one atmosphere pressﬁre
at the same temperature. If there were a significant binding énergy between
hydrogen and‘vacancies, the actual quantity éf unasspciated interstitial
hydrogen could be substantially less than the 5.7 x!'IO—7 atomic fraction

measured by Eichenauer. - A hydrogen—vacahcy interaction has also been
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postulated in order to éxp]ain the enhanced nucleation of voids in aluminum
foils quenched from hydrogen atmospheres (Shimomura and Yoshida, 1967).
Hydrogen trapping by vacancies and voids would reduce the quantity in the
perfect lattice and therefore reduce the number pf s-i pa{rs which could
be‘observed by internal friction.

The values of the binding energy which were determined in 3 6.5
are therefore the "least upper bounds" of the binding energy between
hydrogen and substitutional solutes.

-~
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CHAPTER 7

SUMMARY AND CONCLUSIONS

A very sensitive internal friction spectrometer based on the comﬁosite
resonator was constructed for measurements,at kHz frequencies,of the
internal friction of metallic specimens in the temperature range from
80 to 300 K. The spectrometer was capable of measuring Specimen
dampings in the Q-1 = 10"7 range, Changes in damping of 1% could be

easily measured for damping greater than Q-] =5 x 107°,

The two component resonator technique was refined by using a low
melting point metallic joining material between the quartz transducer
and the specimen. The joint so obtained had excellent characteristics
including very low damping, no curing time, ability to withstand |
thermal cycling between 300 and 80 K, and reasonable reproducibility
(in terms of damping in the 10'6 range). The joint also allowed
measurements to be made at the third and fifths harmonics. A method

’ 2

of testing the joint which involved making measurements at half the

fundamental frequency was developed.

The sensitivity and reproducibility of measurements was verified by’

measurements of damping of quartz crystal specimens. Low damping

"‘measurements_were limited by the suspension and the joint at low and

high temperatures respectively.

125

aM



126

Several pure aluminum and aluminum alloy samples were made and some

single crystals of certain orientations were grown.

Internal friction measurements were made of the aluminum and alloy
samples after vacuum annealing at 600°C and after hydrogen charging at
600°C. The measurements were made between 300 K and 80 K in order to
detect possible hydrogen-substitutional solute pair reorientation.
Strain amplitudes for most measurements were less than 10"7. The
resulting interpal friction spectra were used to calculate values for
the binding energy between hydrogen and substitutipna1 solutes. The
maximum binding energies consistent with the measurements, the assumed
hydrogen distribution and the estimated defect anisotropy were 0.045 ev

and 0.058 eV for the H-Cu and H-Mg pairs in_ aluminum respectively.

Measurements of the internal friction of two commercial aluminum
alloys (7075 and 6061) were made over the same temperature range. The
results of measurements of the 7075 sample after exposure to hydrogen
gas at ;;om temperature were compared with those o% Gest and Troiano
(1974). fhe background damping in our spepimen was almost two orders
of magnitude smaller but there was no peak attributable to hydrogen-

substitutional solute pairs.

The simple model of distribution of hydrogén between nommal interstitial
)sites and sites adjacent to\substitutional'impurity does not account
for hydrogen bound to grain boundar1es, d15]ocat1ons or vacancies.

If the binding energy of hydrogen to these defect sites is much higher
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than the binding energy to substitutional solutes, then a model of
the hydrogen distribution which incorpprates these other defects
would result in higher limits on the binding energy values determined

from the internal friction measurements,
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- APPENDIX A

INTERNAL FRICTION IN HYDROGEN CHARGED AND DEFORMED ALUMINUM

The results of measurements of the internal friction of 99.9999%
pure aluminum which was deformed at room temperature after either vacuum
annealing at 600°C or annealing in a wet hydrogen atmosphere at 600°C are
_reported in this appendix. Some of these measurements have been presented
in Chaﬁter 5. The object of doing these measurements was to determine if
there were any noticeable effects of prior hydrogen charging on the damping .
spectrum of deformed aluminum. However, the results also show, beyond
doubt, that the two component resonator technique used for all measurements
reported in the thesis, does indeed produce reliable results,.

Internal friction effects associated with dislocation-interstitial
interactions have been observed in both b.c.c. and f.c.c. materials. There
are'many different effects which are ascribed to these interactions. A good
review of these has béen made by De Batist (1972). One such effect is the
"cold-work" peak in b.c.c. materials which is thought to be caused by the
dragging of interstitial solute by moving dislocations (Schbeck, 1963).
Other effects include both amplitude and time dependent damping which
results from the thermomechanical depinning of dislocations.

Dissolved hydrogen may interact with dislocations in aluminum to
produce a measurabie effect on the interﬁa] friction. There is evidence
for such interaction in both b,c.c. (Gibala, 1967) and f.c.c. (Combette, 1972)

metals. The f.c.c. systems which have been studied include nickel, copper,

w 128
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palladium and a type 310 stainless steel. A comparison of the effects in
different metals does not yield a consistent picture of the behaviour of
hydrogen. The measurements on both Ni and Cu were performed using strain
amplitudes which were greater than 10’5. These strains produce amplitude
dependent damping which makes damping measurements difficult using the
technique described in the fourth chapter. The measurements in the
stainless steel case (Peterson et al., 1969) were made using a similar
composite resonator technique but fhe strain amplitude used for the

measurements was not reported.

Technique

The preparation of the po]ycr;stalline aluminum samples was
described in Chapter 4. Hydrogen was introduced into the samples by .
annealing in wet hydrogen atmospheres at 600°C, Samples annealed in
hydrogen exhibited several large surface blisters upon remgval from the
~ furnace.

Samples were deformed after the joint between specimen and trans-
ducer had been made and tested. Deformation was by torsion,which was
manualiy applied to the sgmple only. Resulting strains were measured
approximaté]y from the rotation of an inscribed pencil mark drawn parallel
to the cylindrical axis before and after torsion.

Internal friction measuréments were peffonned using the same

techniques as described in Chapter 4. The strain amplitudes were calculated

only at the maximum strain amplitude for each spectrum. g
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Results

In order to test the reproducibility of the effects of deformation
on the internal friction spectrum of a vacuum annealed aluminum polycrystal,
the sample was twice subjected to the same treatment. After vacuum annealing
at 600°C (resulting in a grain size of 1 cm), the joint to the transducer
was made and tested. The sample was deformed to a surface shear strain of
slightly more than 1%. Internal friction measurements were made during
continuous cooling at a maximum rate of 1° per minute. The two sets of
results are shown in Figure 1. The results have been normalized to give
the same maximum peak height. In both cases the maximum strain amp1itudé
was less than 10'8. The results clearly show two peaks: one at 110 K and
the other at about 165 K. Only the lower temperature peak appeared in the
undeformed samples and the magnitude of the peak was much weduced. These
peaks are thought to be the Niblett-Wilks peak (110 K) and the Bordoni
peak (160 K).

The sample was then annealed in a wet hydrogen atmosphere at 600°C
and air cooled. The surface of the sample was observed to be slightly
blistered by several blisters a few mm in diameter. The joint to the
transducer was que and then the specimen was twisted to a 1% shear strain.
After 2.5 hours at room temperature, the measurements at the funda&ental
frequency were commenced using the continuous cooling technique at an
initial cooling rate of slightly more than 1° per minute and a maximum
strain amplitude of 3.6 x 30-9. The results are shown in Figure 2. The
narrow peak superimposed upon the Bordoni peak at 160 K was due to an

imperfect joint and did not recur in any measurements of samples given the

B
.



FIGURE 1

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

o first measurement Qf;;x = 4.5 x 107°
e, = 3.1x107°
A following vacuum annealing and deformation a second time
Q) = 2.1 x 1074
&g = 5.2 x 1077
FIGURE 2

Normalized internal friction of a hydrogen charged aluminum
polycrystal deformed at room temperature

O fundamental QE];x = 4.8 X 1074
&g = 3.6 x107°

A third harmonic Q-1 = 3.8 x 1074
max 8
en = 1.1 x10

+ fifth hamonic Q-1 = 3.3 x 1074
€n = 3.4 x 1079

—~
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same treatmént. A comparison with the results of Figure 1 indicates that,
at these strg;n amplitudes, the effect of hydrogen is neg]iéib]e.

Measurements were also made at the third and fifth harmonics
using the same continuous cooling technique. These results are included
in Figure 2 and they have again been normalized for easier comparison.

The shifts in the peak temperatures with increasing frequency are apparent
and Qere used to determine the activation energy of each peak. These
activation energies were 0.10 *+ 0.01g eV and 0.18 + .03, eV for the
Niblett-Wilks and Bordoni peaks respectively.

In order to retain more hydrogen in the aluminum, another sample
was quenched into water after being hydrogen charged at 600°C. Again
the joint to the transducer was made before the 1% deformation. Measure-
ments were made during .continuous cooling at a rate of less than 1° per
minute, the maximum strain amplitude was 9.4 x 10'9. These results, shown
in Figure 3, exhibit a large peak at 175 K and a slight hump in the damping
in the temperature range of the previous Niblett-Wilks peaks. Although
there is a substantial change in shape from the previous results, this is
not due to hydrogen but to the change in sample {the two samples were not
identical). Measurements of this same sample with deformation after ;acuum
annealing yielded similar results.

Internal friction measuremgnts were repéated on this sample at a
much highe} strain amplitude (5.2 x 10'6 maximum). These are also included
in Figqre‘3 and have been normalized for better comparison. The higher
amp]ituae causes é]ight changes in the shape of the spectrum at both high

» )
and Tow temperature. Measurements at the higher amplitude were difficult to




Co
FIGURE 3

-

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

-1 1n=3
(o) Qmax =-1.0x 10

em = 9.4 x 1079
. -4
A Ql = 9.7x10
en - = 5.2 x 107
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perform because of the amplitude dependence of the damping caused by

" dislocation unpinning. This resulted in a large frequency shift in the

resonant frequency of composite oscillator when resonance was achieved.
AN

Discussion

*

The object of these experiments was to determine the effect of
prior hydrogen charging on the internal friction spectrum of deformed
aluminum and also to test the composite resonator technique. - The results
indicate that, for the strain amplitudes which were used in these experiments
(5.2 x 106 maximum), there is no evidence of any effect of hydrogen
charging. However, this does not necessarily imply that there is no
effect. In order to detect the effects due to hydrogen, it may be necessary
to use a technique which allows rapid quenching from the annea]ing atmosphere
directly to liquid nitrogen temperatures, low temperature deformation and
larger strain amplitudes during measurement. These techniques were used for
the copper and nickel results. It was not possib]e to use these techniques
Qith the composite resonator because of the necessity of making a joint at :
100°C." .

The results for the deformed aluminum are comparable with those
obtained by other investigations (Routbort and Sack, #967; Mayadas, 1966).
For example, the 1% deformation which was given to the samples studied
produced Bordoni peaks of maximum Q'1 between 5 x 10-4 and 1073, Mayadas
observed a peak height of 2.2 x 10'4 for 0.5% deformation while Réutbort
and Sack found that 2% deformation of a single crystal sample produced a

peak of height 8.9 x 107%.
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Mongy et al. (1963) fqund that there was an orientation dependence
to the Bordoni peak activation energy. They observed an activation
ene}gy which varied from .042 ewtfor <111> longitudinal propagation to
0.20 eV for <110> propagation of ultrasound. The value of the activation
energy for the Bordoni peak which was obtained in this work (0.18 eV) lies
in the range found by Mongy. It is substantially lower than the O.Zé‘ev
arrived at by Routbort and Sack from the analysis of many different
investigations. Since the temperature of the maximum of the Bordoni peak
was observed to shift quite markedly (~10°K) from one sample to the other,
it seems likely that the orientation dependence is having an effect. The
polycrystalline samples Qere made up of very ]arge grains and one or two
of these near the centre of the sample would determine most of the damping.
It is unlikely that both samples had the centre grains in the same
orientation. Since there has been some skepticism expfessed about the
results of Mongy et al (Seeger, 1972) further studies of the orientation

dependence of both the Bordoni and the Niblett-Wilks peak are in o%der.

Conclusions

The internal friction spectra of pure aluminum samples deformed at
room temperature showed no effects of prior hydrogen charging at the strain
amplitudes used for the measurements.r

The internal friction measurements of deformed aluminum were in
agreeﬁent with previous results. This indicates that the composite
resonator technique was certainly capable of internal friction measurements

even at very low strain amplitudes (3 x 10°9?). The activation enérgies for
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the Niblett-Wilks and the Bordoni peaks, determined from peak shifts with
change in applied frequency, were 0.10 eV and 0.18 eV respectively. An
ahﬁﬁitude dependence of the shape of the internal frig}ion spectrum was
also observed.

Further experiments to determine effects of hydrogen should employ
more rapid quenching techniques, low temperature deformation, and higher
measurement strain amplitudes to investigate dislocation break-away effects.
The orientation dependence of the activation energy of both the Niblett-
Wilks and the Bordoni peak should be redetermined to test the results of

Mongy et al.



APPENDIX B

HYDROGEN ANALYSIS

Samples heated in hydrogen atmospheres should develop an equilibrium
concentration of hydrogen in solution. The following hydrogen analysis
work was performed in order to verify that hydrogen had indeed been quenched
into the sample following charging in a hydrogen atmosphere. The method is

similar to that of Berkowitz et al.(1975).

Apparatus

The apparatus used for the gas analysis consisted of a high vacuum
system ihown schematically in Figure 1. This system reqularly attained a
vacuum of 10'8 torr after being baked out at 100°C for a day. The system
could be divided into two systems by closing valve A. The small system
could then be opened to air and evacuated with the supplementary unit.

A small quadrupole mass spectrometer (20th Century Electronics
analytical ion gahge) attached to the small part of the vacuum system was
used for the analysis. The mass spectrum of the gases in the system was
obtained by applying a suitable ramp signal to mass spéctrometer control
unit and recording the gauge output signal. The ramp signal was taken from
the sawtooth output of a Tectronix 585A oscilloscope.

The sample was heated by an e]ec&ron beam heating unit consisting

: \.

v
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ANALYTICAL ION GAUGE

VACUUM P l
SAMPLE CHAMBER
D
CHAMBER A Al_f-"—3'
| 18$

)

WATER COOLED JACKET

GAS ¢
INLET
T0
ION SUPPLEMENTARY
PUMP VACUUM SYSTEM
FIGURE 1

of a fi]ahent heater and high voltage source (2000 v max.). The temperature
was measured with a Pt 13% Rh thermocouple the output of which could also
be recorded.

The ion pump control unit provided an output pfoportional to the

jon pump current which was also recorded. o

Technique

The following procedure was used to perform the gas analysis. In
order to introduce the sample to be analysed into the vacuum system, the
small system was returned to atmospheric pressure by closing valve A to
the ion pump and admi;ting “dry" ni;rogen from a cylinder through valve C.
The glass envelope forming the sample chamber was removed by undoing the
high vacuum flange at D. The previous sample was removed and the new

sample placed onto the sample holder shown in Figure 2.

-



FIGURE 2

Sample holder for gas analysis showing tungsten heating
filament and alumina supports
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A fine platinum wire was twisted around the sample in order to
hold it in ﬁ]ace and to keep the sample pressed against thé fused
thermocouple-ground wire bead. Care was taken not to contaminate the
sample by touching it with unshielded fingers. The glass envelépé was
then replaced using a new copper gasket in the flange. When the flange
was sufficiently tightened, the small vacuum system was evacuated using
the supplementary pumping system. The total.time for which the system
was exposed to the atmosphere was about ten minutes. Before opening
valve A to the ion pump, the small system was baked by heating it with
a propane torch. Large quantities of gas were pumped off during this
procedure as verified by the rise in pressure measured on a Penning gauge
in the supplementary vacuum system. When the glass envelope surrounding
the sample was flamed, the sample temperature was monitored and found not to
exceed 130°C. When the Penning gauge indicated a vacuum in the 10-5 torr
range, the valve to the supplementary pumping system was closed and valve
A was opened. A special heater was placed around the analytical ion gauge
in order to degés it. After a few hours, the oﬁtside of the system was
again heated with the propane torch and allowed to cool. The heater on the
analytical ion gauge was removed.' When the‘ion pump current reached a
reasonably steady value, the water jacket was put in place around the
sample envelope and the sample heating was commenced. Three different
single pen recorders were used to record the ion pump current, thermocouple
output and mass spectrometer output.

The sample was heated within 300 seconds to 600°C with the electron

beam heater. Thé sample chamber was open to the jon pump during the heating.
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When the desired temperature was achieved, the electron accelerating voltage
was turned down to that necessary to maintain the sample at 600°C. After
periods of ten to twenty minutes the heating was stopped and the sample was

allowed to cool to room temperature.

Results and Discussion

Initial gas analysis attempts on a stainless steel sample,which was
exposed briefly to the "dry" nitrogen from the cylinder,showed that the
amount of water vapour adsorbed on the surfaces of the sample and the
sample chamber was very large. When the sample was heated, this water
vapour was released, which produced large signals at masses two and
eighteen in the analytical ion gauge. There was a resultant signal at mass
two which was so large that the possibility of using this method for hydrogen
analysis of the aluminum samples seemed remote. The hydrogen evolved from
the sample would have been indistinguishable from that produced by the water
vapour.’

- It was then pointed out (P.T. Dawson, 1976) that deuterium was
readily available and that charging the samples in a deuterium atmosphéré
at 600°C would make the gas evolved from the sample distinguishable from
that produced by the water vapour.

Two different éamples were used for this deuterium analysis. One
was a high purity aluminum sample (6.5 g) which had previously been used
for internal friction measurements and the other was an Al 0.16 at.% Mg
alloy (6.5 g); The samples were Fharged with deuterium for 18 hours at

-

one atmosphere pressure and 600°C in the same system used for the hydrogen

»
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charging described in Chapter 3. The samples were quenched from the
deuterium atmosphere into water at room temperature. The samples were
then etched in Tucker's etch to remove any adsorbed deuterium before
washing in pentane and placing them in the vacuum‘syséém.-

The gas analysis results for these two specimens are shown in
Figures 3 and 4.

Only the mass 3 peak height is plotted,which corresponds to HD of
course. .The deuterium evolved from the specimens dﬂring heating apparently
exchanges very rapidly with the hydrogen of the water vapour since the
mass 4 (D,) peak height was always significantly lower. The effect of
deuterium on the mass 2 response could not be determined because of the
large amount of HZ produced from the water vapour.

The resylts of Figures 3 and 4 are similar. As the heating is
started, the ion pump current. indicates a large quantity of gas evolved.
The aluminum sample shows maxima in both the ion pump current and the mass
three response when the sample reaches about 350°C. Maxima at 600°C are

seen in the mass three responses for both ifmples. The ion pump current
drops significantly when the electron accelerating voltage is decreased
when the sample reaches 600°C.

The maximum at 350°C in the mass three response of the pure a1uminum
sample is thought to be due to the rapid release of deuterium trapped in
surface blisters which were the result of a previous heat treatment in a
hydrogen-water vapour atmosphere. These voids would be filled with deuterium

at the charging temperature and would act as a source of deuterium very close

to the sample surface during the analysis.



FIGURE 3

Gas analysis measurements for aluminum sample
+ temperature
O ion pump current

A mass three response of analytical ion gauge

FIGURE 4
Gas analysis measurements for aluminum - magnesium alloy

+ temperature
O ion pump current

A mass three response of analytical ion gauge
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The determination of the actual quantity of deuter{um evolved from
the samples is a complex problem. The mass three peak height,at any given
time, should bé§proportiona1 to the amount of HD in the system. In otder
to determine the total quantity of deuterium evolved, the rate at which

HD is removed from the system by the iop pump must be known as a function '

~
-~

of the quantity present. This calibration was performed by admitting known
quantities of hydrogen into the vacuum system and recording the ion pump
current and mass two respgﬁgé on the mass spectrometer as a function of
time? The quantity of gas admitted each time was 5.8 x 1078 moles Ho.

The qitura! logarithm of the mass two response of the mass spectrometer as
a function of time is shown in'Figure 5. The relation between-the number
of moles of gas in the system (N) and the mass two response (Mz),found by

extrapolation to zero time, was
N o= 4.75 (M) . . e (1)

- The initial rate of remdva] of H2 from the system is proportional

L)

to the amount present (as shown by the straight line relationship between

In My and time). - This proportionality is given by

%% = - 2N . ) (2)
Therefore, |
dN = - 9.5M,. (3)

~ dt



FIGURE 5

!

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

O first sample

A second sample
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The linear relationship between In M, and time does not hold over
the whole range of M2' The rate of removal becomes less than that given
by equation 3 at the lower Qa]ues of My.

The total amount of HD pumped away from the metal samples was found
by determining the areas under the mass three response curves of Figures 3
and 4, using equation 3 to change the values of the mass three response to
removal rate of HD. The proportionality given by equation 3 was
assumed to hold for mass three. The amount of HD removed from the system
was calculated to be 4.8 x 10”8 moles for the aluminum sample and 3.3 x 10-8
moles for the aluminum magnesium sample. The expected quantity of gas,
using Eichenauer's (1968) solubility data, was 9.5 X 1078 moles assuming
that all the deuterium in the sample was converted to HD.

The discrepancy between the expected quantity of gas and that
calculated with the use of equation 3 is quite large. A small part of
this difference can be accounted for by the fact that not all the deuterium
is removed as HD; there are also small quantities of D, and D.

The error in the use of equation 3 could be considerable. The
pumping rates determining equation 3 were obtained when hydrogen was by
far the most abundant species being pumped. In the gas analysis experiments,
however, water vapour was the principal constituent. Since there will be
more sputtering in the ion pump due to the presence of the water vapour,
the pqmping rate givén by equation 3 is probably %oo low.

o The gas analysis results shown in Figu;e 3 perhaps provide some

X {ndication of what the pumping rate really was when the water vapour was
present. The mass three maximym at 356?6 was accomganied by a maximum in

=
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,the ion pump current. If both maxima are attributed to the same cause,
release of deuterium from the sample, then another relationship between
pumping speed and mass three response of the mass spectrometer can be
determined. Previous calipration experiments with hydrogen have shown
that the number of molecules pumped per charge in the ion pump current is
0.54. Since the additional current due to the burst of deuterium was
about 1 ma. therefore, the pumping rate was about 5.6 x 70'9 moles/sec.
The pumping rate given by equation 3 is 2.3 x 10-]0 moles/sec. The former
value is probatly too high but it does indicate that the relationship
given by equation 3 underestimates the pumping rate. This means that o
the calculated quantities of gas are too small, perhaps By a factor of

ten or so.

Conclusion

These gas analysis measurements have shown that samples charged in
a deuterium atmosphere and quenched into water qu contain aeuterium. This
implies that similar samples equilibrated with hydrogen atmospheres at 600°C
and quenched 1ntq'Water must contain hydfbgen.

In order to determine the actual quantities of gas'pfésent in tbe
saﬁp1e, the pumping rate ofAthe ion pump for mixtures of hydrogen and water

. vapour ‘must be known.



APPENDIX C

INTERNAL FRICTION DUE TO TEMPERATURE DEPENDENCE
OF THE ELASTIC COMPLIANCE

The effects of an inhomogeneous temperature distribution in internal
friction measurements have been discussed by Barrow and Szkopiak (1970).
Internal friction due to heat flow qaused by the inhomogeneous applied
stress distribution is well known (Zener, 1948). In this appendix an
expressjon is derived for the internal fric;iop due to the chaﬁge in
elastic compliance caused by temperature chang;s during the period of a
stress cycle. | V

Consider first a pérfect]y elastic body with a compliance, J, which
is température dependent. If the temperature of the body is allowed to
change with time, then the compliance becomes time dependent. This can
produce an internal friction in the following manper.

The work done per unit volume of the body over one complete cycle

of an alternating applied stress
o = o, §in wt (1)
is given by - - : ' ’

o.de dt ' (3)
o T - 4
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Now the strain is given by

P

e = J(t) og sin wt \ (3)

showing the time dependence of the compliance explicitly. If a linear
time dependence of the compliance is assumed

.47

then, with appropriate substitutions into (2) the work done per unit volume

per cycle is

2
W = Jg O T
2w

‘.

' 2
Since the maximum energy stored per unit volume is 1/2 JOGO .

Therefore the measured internal friction is

' = 9t (5)

- Zan

Following essentially the same method for an anelastic body,in which the
strain nomally lags the Stress by a phase angle g,i.e. with a normal

internal ?rjction'0—1.= tan ¢, the total internal friction is giVen;by
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Q = 1 % +tan¢[l+dtw:l
2 Jou Jgo

Siﬁce Je¢m/dgw << 1, the value of Q"I is very nearly the sum of the normal

internal friction and that contributed by equation (5).

" The dependence of Q'1 on Jt and frequency means that it can be
significant for rapid temperature Ehanges,where the compliance has a large
temperature dependence,and for low frequency measurements. Also, since
this term depends upon, the sigq of J¢, this contribution to the total
internal friction would be added or subtracted depending upon the direction
of the temperature change. ”

The effect,for typical heating rates,for measurements in aluminum
' can be easily calculated using the elastic constant data of Kamm and Alers
(1964). If a rate of change of fempérature of 100° per hour at 220 K is
assumed for a 1 Hz pendulum, the difference between heating and cooling on

the logarithmic decrement § = nQ'] would be 7 x IOTGﬂ If the total

decrement is § = 10'4, this is a 7% effect. For a pendulum operating at
.1 Hz, the difference would be 7 x 1073, Sometimes, in order to detect
mobile point defects, ver& large heating fa;es are used--eg. 3000°K/hour.
In such a case, with the 1 Hz pendulum, the effect could amount to a decre-
ment of 2.1 x 10°4, ‘

Although this effect is generally small, it&can become appreciable
for experiments in which 16w frequencies and fast heating rates are'uéed .
to detect ‘2 supersaturation of defects before they'anneal out, or for
measurement§ nea} phase trapéitions,%n which the elastic éﬁmﬁliénce is

Q«

strongly temperature dependent.

1
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