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FROTTEMENT INTERIEUR A HAUTE TEMPERATURE DANS LE ct-ZIRCONIUM

par

I.G. Ritchie et K.W. Sprungmann

RESUME

Le spectre de frottement intérieur à haute température du a-Zr
est résolu en cinq pics, PQ à P^, en plus d'un fond, B, croissant expo-
nentiellement avec la température. On attribue Po au désancrage thermo-
mécanique des dislocations à partir des points d'ancrage Intersticiels
de l'oxygène. Fy est provoqué par la redistribution longitudinale de
ces mêmes points d'ancrage dans le coeur de dislocation, cependant que
P2 est provoqué par la diffusion transversale dans le coeur de ces points
d'ancrage, c.-à-d., P2 appartient à la catégorie de pics appelés pic
Snoek-Koster. Pj et P2 donnent tous deux naissance à des pics de frot-
tement intérieur caractéristiques en tant qu'une fonction de l'amplitude
de contrainte. Le rapport du défaut de module au frottement intérieur
est 0.5 au pic en ce qui concerne le désancrage et nettement plus que
0.5 en ce qui concerne la diffusion longitudinale dans le coeur. On a
construit un "diagramme de phase" ou carte de comportement pour inter-
préter le comportement non-linéaire complexe se produisant dans le plan
de l'amplitude contrainte-température dans les régions où P Q , PI et P2
se mélangent. P3 semble être associé à des structures de dislocation
spéciales crées au cours du maclage ou la précipitation des hydrures.
P4 est probablement causé par la montée des dislocations vis dans les
joints de grains. L'enthalpie de relaxation de ce pic donne une évalu-
ation de l'enthalpie d'auto-diffusion dans le a-Zr. Le fond, B, semble
être provoqué par la montée des dislocations du réseau dans le cas des
cristaux simples et son enthalpie d1activation donne une seconde évalu-
ation de l'enthalpie d'auto-diffusion dans le a-Zr.
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HIGH TEMPERATURE INTERNAL FRICTION IN a-ZIRCONIUM

by

I.G. Ritchie and K.W. Sprungmann

ABSTRACT

The high temperature internal friction spectrum of a-Zr is re-
solved into five peaks, Pg to P^, in addition to a background, B, that
increases exponentially with the temperature. Po is attributed to the
thermally assisted unpinning of dislocations from oxygen interstitial
pinning points. P^ is caused by the longitudinal redistribution of the
same pinning points in the dislocation core, while P2 is caused by the
transverse core diffusion of these pinning points, i.e., P2 belongs to
the class of peaks known as Snoek-Koster peaks. Both PQ and Pj give
rise to characteristic peaks of internal friction as a function of
strain amplitude. The ratio of the modulus defect to the internal fric-
tion at the peak position is 0.5 in the case of unpinning, and signifi-
cantly greater than 0.5 in the case of longitudinal core diffusion. A
behavioural 'phase diagram' or map is constructed to interpret the com-
plex non-linear behaviour occurring in the temperature-strain amplitude
plane in the regions where PQ, PJ and P2 overlap. P3 appears to be as-
sociated with special dislocation structures generated during twinning
or hydride precipitation. P4 is probably caused by the climb of screw
dislocations in grain boundaries. The relaxation enthalpy of this peak
yields an estimate of the self-diffusion enthalpy in a-Zr. The back-
ground, B, appears to be caused by the climb of network dislocations in
the case of single crystals and its activation enthalpy yields a second
estimate for the self-diffusion enthalpy in a-Zr.
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1. INTRODUCTION

High temperature internal friction (HTIF) in pure metals is

generally classed as the group of relaxation peaks and the exponentially

increasing (with temperature) background damping (HTB) which occurs in

the temperature range, 0.4 TM to "L., where T M is the absolute temperature

at the melting point. In the case of zirconium, which undergoes a trans-

formation from the h.c.p. a-phase to the b.c.c. g-phase at I ; = 1135 K,

we will take the HTIF to be the relaxation peaks and HTB curve occurring

in the temperature range 0.4(TM)£FF to T ^ , where (TM>EFF is the ef-

fective melting-point of a-zirconium. According to Ardell ,

(!„)_„„ = 1850 K, so that to cover the HTIF range in a-zirconium, the
M E H

measurements described in this report cover the temperature range 673 to

1135 K (400 to 865°C).

The first measurements of the HTIF in a-Zr were reported by
(2)

Bratina and Winegard who studied a rather impure zirconium (major

impurity 2.4% Hf). They observed a well defined internal friction peak

at about 575°C and determined its relaxation enthalpy to be 2.52 eV. A

more detailed study of this peak was reported by Bungardt and Preisen-

danz^ ' who showed that the peak occurs at 550°C (at 1 Hz) with a relax-

ation enthalpy of 2.25 + 0.13 eV and a relaxation strength which de-

creases markedly with increasing average grain size in the samples. In

both the above-mentioned studies, the peak was attributed to a grain
(4)boundary relaxation phenomenon. More recently, Mishra and Asundi

studied a wide range of dilute Zr-X-0 alloys (X represents various sub-

stitutional alloying elements). Apparently, they observed the same peak

(in this case at <v 540°C) with a re.L..~n.ion enthalpy of 2.69 eV, together

with a second peak, partially resolved as a shoulder, on the low-temper-

ature side of the main (540°C) peak. They attributed the 540°C peak to

stress-induced reorientations of oxygen interstitial atoms clustered
(5—8)

around impurity interstitial atoms. Cagougnolle and associates
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have studied the HTIF phenomena in zirconium of ultra high purity. In

samples deformed and annealed below T , , they observed a peak at 557°C
a/ p

(at 1.5 Hz) with a relaxation enthalpy of 2.60 + 0.43 eV which appears

to be the same peak found by previous workers in less pure samples. In

addition, they showed that in large grained samples (pre-annealed in the

P-phase) there is a well defined peak at ^ 73O°C with a relaxation en-

thalpy of 3.0 + 0.4 eV, superimposed on the HTB curve which is itself

characterized by an apparent activation enthalpy of 0.87 + 0.09 eV.

Furthermore, yet another peak (in the range 600 to 700°C) is partially

resolved in the curves presented in references 2 and 5.

In summary, previous work on the HTIF in a-Zr indicates that

there may be as many as four overlapping relaxation peaks superimposed

on the HTB. These peaks depend upon the specimen structure in a complex

way; in particular, it is apparent that increasing the grain size re-

duces the intensity of the internal friction throughout the HTIF range.

Consequently, it is not surprising that most authors have attributed

the phenomena to grain boundary relaxations.

Most pure metals give rise to equally complex HTIF spectra

and the detailed interpretations of the individual relaxation peaks re-
(9)main controversial. Nevertheless, according to V'oirgard , the results

on all the pure metals studied in detail show some striking similarities:

the lowest temperature peak or peaks in the HTIF spectra occur at about

0.4 T with relaxation enthalpies of about 0.5 H (where H is the self-
M v v

diffusion enthalpy); the highest temperature peak or peaks occur at

i< 0.5 to 0.6 TM with relaxation enthalpies of about H ; the whole group

of peaks is superimposed on the HTB curve which increases exponentially

with temperature. However, the most important similarities between the

HTIF spectra of pure metals are found in observations of single-crystal

samples. In all the cases that have been studied in sufficient detail,

it has been shown that the same set of peaks can be generated in single-

crystal samples, albeit with much reduced intensities ' , Also, the
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HTB curves in both polycrystalline and single-crystal specimens appear

to be controlled by the same activation parameters. Thus, the defects

giving rise to the mechanical relaxations in pure metals are not of ne-

cessity confined to the grain boundaries.

The purpose of this report is to present an experimental sur-

vey of the HTIF in relatively pure a-Zr using both polycrystalline and

single-crystal samples. We will show that a thorough study of the non-

linear properties of the relaxations, i.e., both strain amplitude-depen-

dent and time-dependent properties, reveals the nature of several of the

mechanisms involved.

HTIF measurements are extremely structure sensitive and thus

the experimental thermomechanical treatments and subsequent internal

friction measurements must be carried out with great care in order to

obtain reproducibility. For this reason, we will describe in some de-

tail the thermomechanical procedures that we have devised to isolate or

enhance a particular part of the spectrum to facilitate its study.

Where an approach to a quantitative comparison of the experimental re-

sults with theory is warranted, we will describe the interpretation and

theoretical calculations in detail. For those parts of the spectrum

where we have only a qualitative idea of the mechanism involved, we will

try to assess the experimental approaches which would be most likely to

yield further insights.

2. MATERIALS AND EXPERIMENTAL TECHNIQUES

Most of the results described in this report were obtained

from internal friction measurements, in flexure, at low frequencies

(< 10 Hz), on cold-rolled strip specimens of a nominally 99.999% pure

zirconium . The analysis of this material in the form of cold-rolled

Purchased from Atomergic Chemetals.
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strip of cross-section 3 x 1 mm (referred to in the following as the

'as-received1 condition) showed the following concentrations (ug/g) of

impurities: Al, 15; B, < 0.1; Cd, < 0.2; Cr, 3; Co, 3; Cu, 1; Hf, < 40;

Fe, 13; Pb, < 1; Mn, < 1; Mo, < 1; Nb, < 5; Ni, < 5; Si, < 2; Ta, < 20;

Sn, 15; Ti, < 2; W, < 20; V, < 1; and the following estimates for gas-

eous impurities: H, < 5; N, 6, and 0, 17 to 23. The single-crystal

specimpns investigated were small platelets spark-machined from single-

crystal rods produced at the University of British Columbia by the

floating-zone technique , starting from crystal bar stock. A typical

single-crystal sample was analyzed (prior to testing) and found to con-

tain the following impurity concentrations (ug/g): Al, 17; Cu, 50;

Cr, 45; Fe, 80; Hf, 50; H, 34; 0, 200; Mn, 7; Pb, 10; Si, 12; and Sb, 12.

Typical dimensions of samples tested in flexure were 38 x 3 x 1 mm with

a gauge length between the pendulum grips of ^ 24 mm.

The low frequency internal friction pendula and electronic

data—logging equipment used in this study have been described in detail

elsewhere . Internal friction measurements were made by two differ-

ent methods: either by monitoring the free decay of the pendulum oscil-

lations, or by driving the pendulum at a constant amplitude and monitor-

ing the energy input per cycle to the system. The measurement tech-

niques, data reduction and numerical analysis of the results were car-

ried out as described earlier . To prepare stable internal struc-

tures at a particular temperature, use was made of the techniques of

vibration conditioning (VC) and prog

recently described by Ritchie et al

vibration conditioning (VC) and programmed vibration annealing (PVA)
(12)

The amplitude at which the pendulum is maintained in our exper-

iments can be preset by adjusting a reference voltage, N (for convenience,

the system is calibrated so that when N = 1 V, the amplitude of the pen-
-3 -5

dulum displacement at the transducer is 1 x 10 in or 2.54 x 10 m ) .

Thus, for a particular specimen, it is convenient to refer to a nominal

strain amplitude, N. This value is easily related to the surface ampli-
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tude, E, by a factor involving the dimensions of the sample and tho geo-

metry of the pendulum . In this report, the proportionality constant

relating E and N is given on the figure or in the figure caption con-

cerned. Typically, the range of strain amplitudes employed in the free

decay tests is 10~ to 10~ .

Where free decay measurements have been performed, the measure

of the internal friction employed is the logarithmic decrement,

A = n ln(A,/A , , ) , where An and A in are the oscillation amplitudes onJL n+± J. n+x

the first and n+1 th oscillations, respectively. Where constant strain

amplitude measurements have been performed, the measure of internal

friction employed is the drive signal, D, in volts. As shown by Sprung-

mann and Ritchie , this value is proportional to A for a given strain

amplitude in a given material. The dri''e signal, D, has been converted

into A in the figures presented in this report. The HT1F results re-
-k -1

ported cover the unusually wide range of A values from 10 to 10

In an attempt to reduce the pick-up of gaseous impurities

(particularly 0, N, H and C), the pendula were flushed several times

with pure, dry argon and evacuated to better than 0.13 mPa before test-

ing. Unfortunately, this vacuum often deteriorated to ^ 6.5 mPa at the

highest temperatures (i» 900°C), so despite these precautions, pick-up

of gaseous impurities was sometimes significant, particularly during re-

peated, slow thermal cycles at high temperature.

3. RESULTS

This section is divided into several sub-sections. Initially,

we describe the HTIF spectra for samples subjected to various thermo-

mechanical treatments. Then, we describe the properties of each of the

component peaks of the spectrum in turn. Finally, the properties of the

HTB curve are discussed.
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3.1 THE HTIF SPECTRUM

Figure 1 shows the HTIF spectrum and corresponding dynamic

elastic modulus changes in a sample of high-purity, polycrystalline zir-

conium pre-annealed for 2 h at 700°C. The salient features of this

spectrum are: a peak of high intensity at ^ 600°C, a rapidly rising

background, and a precipitous increase in internal friction at the a^3

transformation temperature (862°C). The fact that this spectrum is re-

ally composed of several overlapping peaks can be inferred from the in-

flections on the dynamic modulus curve. For example, if the spectrum

consists of a single Debye relaxation, the expression for the logarith-
(13)

mic decrement, A, is given by :

where A_ is the relaxation strength, co - 2irf is the radian frequency of

the applied stress, and x_ is the relaxation time. The relaxation time
K

is given by:

TR TQ exp lykT [2]

where x_ is the limiting relaxation time, H_ is the relaxation enthalpy,

k is Boltzmann's constant, and T is the absolute temperature. The cor-

responding modulus defect is given by:

l+(wTR)

where M = E, Young's modulus, in the case of flexure measurements, and

M = y, the rigidity or shear modulus, in the case of torsion measurements.
h

In both cases, M is proportional to the frequency, f, of the natural

oscillations of the pendulum. From equations [2] and [3] it is readily
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shown that the differentiated modulus defect is given by:

1 d(AM) ^ 2 HR A ( T )
 [ 4 ]

This is also a peaked structure as a function of temperature, but the
2

term A shows that it is a much sharper peak than the corresponding in-

ternal friction peak, equation [1], Thus, if the experimental spectrum
consists of several overlapping Debye peaks, the analysis shows that

2
d(f )/dT vs. T, the differentiated modulus spectrum, will consist of a

set of corresponding peaks which are sharper, and consequently, better

resolved. Such a differentiated modulus curve is shown in Figure 1.

In similar experiments to those shown in Figure 1, we have

shown that the HTIF is reproducible upon cooling, provided that the tem-

perature and time at temperature did not exceed the corresponding condi-

tions during pre-annealing. Furthermore, repeated heating u'vrves were

also reproducible, provided that the conditions of the pre-anneal had

not been exceeded. For example, the upper curve in Figure 2 shows that

for a sample pre-annealed 2 h, at 700°C, then heated to 680°C, followed

immediately by cooling to room temperature and reheating to 700°C, both

heating curves are identical. However, a hold of longer than 2 h at

700°C, particularly when accompanied by continual vibration at constant

strain amplitude, leads to further annealing which is also illustrated

in the upper curve of Figure 2. In this case, the sample was subjected

to a VC overnight at N = 2 (e = 2.4

step decrease in internal friction.

to a VC overnight a t N = 2 ( e = 2 . 4 x 10~ ) which led to the substantial

The temperature of the pre-anneal has a marked effect on the

HTIF spectrum. This is illustrated by the lower curve in Figure 2 which

is the HTIF spectrum for a second specimen pre-annealed for 2 h at 800°C.

Increasing the temperature of the pre-anneal also led to an increase in

the initial average grain size, so that the decrease in height of the
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main peak (and, in fact, the decrease in the intensity of the internal

friction throughout the HTIF spectrum) could be correlated with in-
(3)creasing grain size, as in the work of Bungardt and Preisendanz

However, as we will show below (section 3.2), this does not necessarily

mean that the dissipative events giving rise to the observed damping in

the HTIF are confined to the grain boundaries.

In freshly deformed samples, the HTIF spectrum is entirely

different. Figure 3 shows the spectrum for an 'as-received1 (cold-rolled),

strip specimen of the high-purity zirconium. In this case, there is an

enormous peak at 'v 53O°C, well below the peak temperature observed for

the HTIF in pre-annealed samples (̂  600°C), a plateau between 700 and

800°C and the usual sudden increase in damping at T ,„. In contrast,
a/p

the second warm-up on the same sample after cooling to room temperature

reveals a relatively low HTB curve. This illustrates one of the most

important features of our results, and is the thermomechanical procedure

for restoring a relatively low, reproducible HTB curve at any stage of

the investigation of a particular sample. This suggests that, regard-

less of the initial structure (thermomechanical history) of the sample,

it is sufficient to heat it into the range where the damping anomaly

associated with the a^3 transformation occurs, while vibrating i*" at

constant strain amplitude, to observe a low HTB curve on subsequent

reheating from below 400°C. We will refer to this special thermomechan-

ical procedure as a

A VC at lower temperatures can also produce a remarkable ef-

fect on the internal friction spectrum. For example, the difference

between holding an 'as-received' specimen at rest overnight at 400°C,

and vibration-conditioning an identical specimen overnight at 400°C and

N = 2 (e = 2.6 x 10~ ) is illustrated in Figure 4. While the sample

held at rest gives a large peak at a. 530°C which resembles a narrower

version of the spectrum observed in an as-received specimen (Figure 3 ) ,

the specimen subjected to the VC yields a large peak at ^ 600°C, which
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more closely resembles the spectrum observed in a sample pre-annealed

for 2 h at 700°C (Figure 1). In fact, evidence from the corresponding

dynamic modulus curves seems to indicate that both spectra in Figure 4

consist of two overlapping peaks, P.. and P2- In the sample held at

400°C at rest, P.. (y 530cC) is predominant, while in the sample vibra-

tion-conditioned at the same temperature, P~ (y 600°C) is predominant.

Starting with the standard structure produced by VC(a 3),

different modes of deformation yield very different internal friction

spectra. For example, cold-rolling or cross-rolling with thickness re-

ductions in the range 10% to 40% yields a peak with the 'triangular'

aspect shown in Figure 5. In contrast, tensile deformation of ^ 5%

gives rise to the much broader, more stable peak, P_, at a considerably

higher temperature. P is also shown in Figure 5. In the case of the

cold-rolled samples, holding at 700°C leads to a considerable drop in

the low-temperature side of the peak and the generation of the 600°C

peak, P. (Figure 6). However, holding a sample at 700°C after tensile

deformation seems to simply add P? to the low-temperature tail of the

existing P_, as can be seen from a comparison of curves 1 and 3 in

Figure 7.

Since the four experiments represented in Figure 7 were car-

ried out successively on the same specimen, the differences between the

spectra can be used to estimate, with considerable confidence, the com-

ponent peaks partially isolated by the chosen thermomechanical pretreat-

ments. Clearly, curve 1 is composed mainly of peaks P. and P_, while

curves 2 and 4 represent the standard background state produced by a

VC(a^3), and curve 3 is composed mainly of P.. The difference between

curves 1 and 2 yields a symmetrical peak (P2) at 585°C. The difference

between cmves 3 and 2 (or 4) yields a peak (P ) at 655°C which is

broadened on the low-temperature side. Symmetrization of this peak

about the peak temperature yields the residual peak P at 530°C and P.

at 655°C. Finally, subtraction of the estimated background curve, B,



- 10 -

from curve 2 (or 4) yields yet another peak, P, , at around 775°C. In

addition, it should be noted that the decomposition of the HTIF spectra

outlined above is supported by differentiated modulus defect curves. An

example is given in Figure 1, which shows resolved peaks at temperatures

in good agreement with those obtained from the simple graphical decom-

position outlined in Figure 7.

In summary, the HTIF spectra of polycrystalline zirconium sub-

j ected to a variety of thermomechanical pretreatments can be resolved

into four relaxation peaks, P.. to P, , plus a background, B, which in-

creases rapidly with temperature. Only P-, ^, and B have been discussed

in any detail by previous workers (see section 1); however, there appear

to be some indications of P., in the spectra reported by Bratina and

Winegard and by Gacougnolle et al ' . In addition, P may be due

to the same phenomenon that produces the shoulder on the low-temperature
(4)

side of P_ in the alloys studied by Mishra and Asundi . Nevertheless,

this particular correlation must be treated with caution, since it is

well known that the addition of alloying elements can lead to the ap-

pearance of an

HTIF spectrum.

(13)pearance of an extra peak , the so-called solid-solution peak, in the

3. 2 PEAKS V1 AND

The experimental results relating to peaks P. and P_ are dis-

cussed together because, as we shall see below, study of their non-linear

properties shows that they are closely interrelated. The relaxation

parameters reported for P, are gathered together in Table 1. Calcula-
(13)

tion of the relaxation enthalpy, Hn, proceeds from the formula ;
K

In(f1/f2) = (HR/k)(T2
L - T"1) [5]

where T, and T? are the peak temperatures at two different frequencies,

f, and f_. Once the relaxation enthalpy has been determined, the lim-
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TABLE 1

RELAXATION PARAMETERS OF PEAK P.

Material
Peak
Temp. Frequency Ref.

Commerr'•*!
purity

Zr-2.5% Hf

High purity

High purity

High purity

Various
dilute alloys

( C)

550

550

557
530

585
565

520-
645

(Hz)

1.0

0.64 - 1.35

1.45
0.30

3.68
2.00

1.3

(eV)

2.25 ± 0.

2.50

2.7 + 0.

2.23 ± 0.

2.50

2.60

15

4

4

2

2

3

3

(S)

x 10- 1 5

—

x ID"17

x 10- 1 5

lO"16

x 10- 1 8

(3)

(2)

(5),(6)

This
study

Fig. 8

(4)

iting relaxation time, T_, is readily obtained from the expression,

2irfiT0exp(HR/kTi) = 1 [6]

where T. is the peak temperature for frequency f.. From Table 1 it can

be seen that there is a considerable scatter among the relaxation param-

eters reported for peak P2 in zirconium. Despite this scatter, a plot

of the logarithm of the frequency versus the reciprocal of the absolute

peak temperature for the purer zirconium specimens (Figure 8) yields a

reasonable Arrhenius relationship. The error bars in Figure 8 were es-

timated assuming that the peak temperature can be in error by up to

+ 4°C. This is a reasonable uncertainty range considering that the re-

laxation peak P. must be graphically or numerically resolved from the

HTIF spectrum before its peak temperature can be determined. If P9 cor-
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responds to a single-time-of-relaxation mechanism, its width at half-

peak height should yield the same relaxation enthalpy as the peak shift

with frequency determination, outlined above. Taking the example of P~

graphically resolved from the spectrum in Figure 7, it is found that the
(13)

width at half-peak height, 6(1/T), given by

6(1/T) = 2.635k/HR [7]

(where 6(1/T) is the reciprocal temperature difference between the two

sides of the peak at the half-peak height level) yields an estimate of

IL of 1.25 eV. Consequently, P- is broadened by a factor of two over a

simple Debye peak, which in turn means that the mechanism is characterized

by a distribution of relaxation times.

It should be noted that the Arrhenius plot covers only a very

small range of frequencies (0.3 to 4 Hz). Since increasing the frequency

shifts the peaks to higher temperatures, improvement in the precision of

measurement of the relaxation parameters will require measurements at

even lower frequencies, or data obtained from quasi-static micro-deform-

ation tests. For the purposes of further analysis, we will take the re-

laxation parameters of P~ to be those obtained from Figure 8, i.e.,

H R = 2.5 eV and T 0 = 10 s.

Although P.. appears to be the major component in the spectra

of as-received samples and as-received samples annealed at 400°C (see

Figures 3 and 4), such unstable spectra cannot be analyzed in detail,

since further recovery and recrystallization during the tracing of the

curves distorts the individual peaks. Furthermore, the small contribu-

tion of P. to the spectra of deformed and annealed samples is not com-

pletely resolved, even in the differentiated modulus defect curve (see

for example, Figure 1), although it does lead to an apparent broadening

of the low-temperature side of the P2 component (this is labelled P.. /p

in Figure 1). When separated out approximately by simple graphical
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methods (Figure 7), P.. yields the smallest and, therefore, least certain

contribution to the spectrum. In spite of these difficulties, P.. can

be studied effectively because of its remarkable non-l:.near properties.

On the low-temperature side of P2, quasi-equilibrium conditions

during a VC are approached by an increase in damping. In fact, as we

shall see below, (section 3.5), quasi-equilibrium conditions during a VC

are always approached by an increase in damping at any position on the

HTB curve obtained on reheating a sample subjected to pretreatment con-

sisting of a VC(a^g). This is remarkable in a temperature range where

the damping is expected, intuitively, to decrease with annealing (caused

by impurity migration to dislocations), and is only easily explainable

by the stress-induced clustering of obstacles on the dislocation lines,

leading to longer, more free loop lengths, and hence, higher damping.

For example, stress-induced rearrangements of mobile defects by pipe

diffusion in the dislocation cores can lead, under certain circumstances,
(12)

to the above-mentioned increase in damping during a VC . However, it

can be shown that such time-dependent effects are expected to be accom-

panied by stress-dependent effects which manifest themselves in strain

amplitude-dependent internal friction. Thus, a detailed study of strain

amplitude-dependent damping in the HTIF range was undertaken.

In the temperature range 400 to 500°C, just below the tempera-

ture range of the P.. /P~ complex, the series of strain-amplitude decay

curves shown in Figure 9(a) were observed. These are associated with

yet another peak, Po, which only appears at the higher strain amplitudes.

The curves at 429, 460 and 480°C qualitatively resemble the curves for

the thermally assisted unpinning of dislocations from immobile pinning
(14)

points predicted theoretically by Blair, Hutchison and Rogers and

observed experimentally in this laboratory in single crystals of neu-

tron-irradiated and annealed MgO single crystals . However, the

doubly peaked curve at 493°C is anomalous in that it is not predicted in

the theories of thermally assisted unpinning. Nevertheless, it forms
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the link between the unpinning behaviour associated with peak P_ and

the strain-amplitude dependence associated with the Y-./V- complex.

Typical strain amplitude-dependent, decay curves obtained in

the temperature range of the P.. /P_ complex are shown in Figure 9(b) and

9(c). Essentially, this family of curves can be described by a peak of

internal friction as a function of strain amplitude, which moves ini-

tially to lower strain amplitudes as the temperature increases (Figure

9(b)), and then, anomalously, moves back to higher peak strain amplitudes

as the temperature increases further (Figure 9(c)). These three dis-

tinct regimes of behaviour shown in Figures 9(a), 9(b) and 9(c) re-

spectively, are summarized in Figure 10, where the temperature is plot-

ted against the strain amplitude at the peak. In regime (b), where the

peak moves slowly to lower strain amplitudes with increasing temperature,

the peak shape is similar to the theoretical and experimental curves ob-

tained for thermally assisted unpinning of dislocations (cf. the curve

for 480°C in Figure 9(a)). However, the shift in peak amplitude with

temperature is much slower than normally observed in an unpinning mech-

anism. Furthermore, an immediate repeat of any of the curves in regime

(b) is not quite reproducible (an example is given in Figure 11), which

again suggests that core redistribution of defects contributes to the

process. In contrast, an unpinning peak, such as the curve at 480°C in

Figure 9(a) can be reproduced repeatedly within experimental error. The

third regime (c) in Figures 9 and 10 shows the reverse behaviour, with

the peaks shifting to higher strain amplitudes with increasing tempera-

ture. This shift is in the wrong sense for a thermally activated pro-

cess and is therefore anomalous.

These results can be expressed in a different but equally in-

formative manner by tracing the internal friction as a function of tem-

perature for different constant strain amplitudes. Such a family of

curves is shown in Figure 12. At the lowest strain amplitudes, P^ is

observed alone. At higher strain amplitudes, P_ appears at about 480°C
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and P. appears on the low-temperature flank of ?„. With increasing

strain amplitude, both P- and P.. shift to lower temperatures, although

P, is never much more than a shoulder on the side of P~. Nevertheless,

it is easily seen that the increase in strain amplitude does generate a

separate peak, P , by taking the difference between the curve at the

lowest strain amplitude and any one of the others. For example, the

broken curve in Figure 12 shows the difference between i.he curves at

nominal strain amplitudes 3 and 1.

The results described in this section, were all measured in

flexure on our purest zirconium. However, similar results have been

obtained on MARZ grade zirconium wires in torsion. In addition, P_ ap-

pears in dilute zirconium alloys with almost the same relaxation param-

eters. Of more importance, are the results obtained with single crystals.

Figure 13 shows results obtained on a single crystal very slightly bent

before insertion into the reed pendulum. After subtraction of the HTB

curve, there is a peak in the heating curve at about 600°C, i.e., P_.

The low-temperature side of this peak is amplitude dependent and the

whole peak can be attributed to the Pi/P? complex. On cooling, it can

be seen that the peak has been annealed out. This is essentially the

same situation as is found in most other pure metals, i.e., some of the

peaks of the HTIF spectrum are generated with low intensities in slight-

ly deformed single crystals ' . In fact, there is also some indica-

tion of a contribution of P to the spectrum shown in Figure 13. Thus,

P , P and probably P., can be generated to some extent in a very slight-

ly deformed single crystal. As a consequence, the mechanisms associated

with these peaks cannot be confined exclusively to ordinary grain bound-

aries.

The results reported in this section, especially the non-linear

results, suggest an interpretation in terms of thermally assisted unpin-

ning of immobile pinning points and core rearrangement (or drag) of

mobile pinning points. The theoretical aspects of these models and
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their direct comparison with oui experimental results are dealt with in

section 4.

3.3 PEAK P3

In the HTIF spectra corresponding to most of the thermomechan-

ical pretreatments considered in this report, P_ is flanked on the low-

temperature side by the P /P complex and on the high temperature side

by P, and B. Therefore, it is difficult to separate P., from the spec-

trum (with confidence) and, as a result, its relaxation parameters can-

not be estimated with very much certainty. The simple graphical resolu-

tion illustrated in Figure 7 indicates that P~ is extremely broad. In

fact, assuming that P_ has a relaxation enthalpy of 2,75 eV (the median

value between those of P_ and P,), it is approximately 2.6 times broader

than a single-time-of-relaxation peak. As outlined in section 3.1, P_

appears to dominate the HTIF spectrum of samples freshly deformed in

tension. Thus, it would appear that the frequency change technique

could be applied to such a sample in order to determine the relaxation

parameters in the normal way. Unfortunately, however, the intensity of

P, changes during the tracing of the highest temperature portion of the

peak and on the second warm-up, the spectrum is entirely different.

This is obviously because recovery, recrystallization and some grain

growth occur while heating such freshly deformed samples to temperatures

(% 800°C) necessary to encompass the peak position. Consequently, only

equipment in which the frequency can be rapidly changed in-situ and at

temperature, or a variable frequency pendulum with which the spectrum

can be traced at constant temperature (constant structure), will be able

to throw more light on the properties of P..

Measurements as a function of strain amplitude in the range of

P« show that it is the least amplitude-dependent phenomenon in the HTIF

spectrum. In fact, within the range of strain amplitudes investigated

(10 - 10 ), no new amplitude-dependent phenomena arise which cannot

be ascribed to residual components of the P-,/Po complex and P, + B.
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Besides fresh tensile deformation, there are two other note-

worthy situations in which P appears to be preferentially enhanced in

the HTIF spectrum. The first is in the spectra of deliberately hydrided

and homogenized samples. Figure 14 shows the spectra for three samples

hydrided to 20 ug/g, 100 ug/g and 300 ug/g and homogenized for three

days 3t 800°C. Each sample was inserted in the reed pendulum at room

temperature, warmed to 450°C and subjected to a VC overnight at N = 2

(e = 2.92 x 10 ) at that temperature. The curves shown are traces of

the X-Y plot during the first warm-up above 450°C. The data points on

the curves represent free decay measurements at an average nominal

strain amplitude of N = 2. As can be seen in Figure 14, there are small

bumps at ^ 600°C and 700°C for the two lower hydrogen contents, and a

large peak at 'v- 73O°C with a shoulder at 600°C for the highest hydrogen

content. This latter result is very reminiscent of the results obtained

in unhydrided samples freshly deformed in tension. These observations

can be rationalized in terms of the generation of large numbers of

prismatic dislocations associated with precipitating hydride plate-

lets ' (during cooling through the terminal solid solubility (TSS)

boundary for hydrogen in «-Zr), yielding a 'self-deformation' structure

similar to tensile deformation. Such a generation of hydride disloca-

tions (which can be cumulative in repeated thermal cycles) is the main

reason why we have refrained from cooling to low temperatures in as many

tests as possible, and why we have chosen the temperature range 350-450°C,

i.e., above the TSS for the hydrogen content (< 10 ug/g) of the as-re-

ceived material, for vibration conditioning. Cooling below the TSS,

even with hydrogen contents of only 10 ug/g, can lead to anomalous

spikes in the internal friction spectra in the range from R.T. to 350°C

and significant changes in structure which affect the HTIF spectra.

The second experimental situation in which P_ appears to be

somewhat enhanced, is during the cooling leg of programmed vibration-

annealing cycles (PVAC's) on polycrystalline samples. Figure 15 shows

such a PVAC (500 820°C) on a sample previously subjected to a
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and cooled to 400°C. The difference between the cooling and heating

curves is readily resolved into three symmetrical peaks, as shown in

the figure. These additional peaks in the cooling spectrum appear at

the same temperatures as P2, P_ and P, and are thus identified with

them. Moreover, P, appears to be considerably enhanced in intensity

compared with its contribution to the heating spectra of all but samples

freshly deformed ir. tension. This anomalous thermal hysteresis will be

discussed in more detail in section 3.5.

In summary, P- is a broadened relaxation peak with a relaxation

enthalpy of about 2.75 eV. It is not significantly strain amplitude de-

pendent in the range e = 10 - 10 . P~ appears to be the predominant

phenomenon in the HTIF spectra of samples freshly deformed ^ 5% in ten-

sion and samples 'self-deformed' by the generation of hydride-disloca-

tions.

3.4 PEAK P. AND BACKGROUND B

These phenomena are described together, because as we shall

see below, both appear to be thermally activated processes controlled by

self-diffusion. Apart from the experimental results themselves, only

the phenomenological aspects of the results and certain correlations

between the results observed in a-Zr and those observed in other metals

are treated in this section. More detailed theoretical models are dis-

cussed in section 4.

The apparent background curves in a polycrystalline sample

(after a VC(a £ 3)) and in a single crystal are compared in Figure 16.

In the case of the polycrystalline sample, only the heating curve .is

shown (the cooling curve is a peaked structure as shown in Figure 15),

whereas both heating and cooling curves are shown for the single crys-

tal. In contrast to the anomalous hysteresis observed in the polycrys-

talline sample, the HTB curve anneals slightly during the first heating,
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leading to a significantly lower curve on cooling. Moreover, in the

single crystal, the HTB curve is surprisingly low throughout the HTIF

range. The thermal hysteresis observed in the single crystal is as ex-

pected intuitively. It can be attributed to the stabilization of the

structure associated with slight handling deformations produced during

the insertion of the well annealed sample into the flexure pendulum,

or to the pinning of freshly generated hydride dislocations.

The non-linear characteristics of the spectra, shown in Fig-

ures 17 and 18, are also considerably different. Damping versus strain-

amplitude curves over the range N = 1 to 5 at various temperatures are

given in Figure 17 for the polycrystalline sample. Significant ampli-

tude dependence is evident over the whole of the temperature range re-

presented. Furthermore, for a given temperature, the overall damping

level associated with data obtaii. d on cooling is considerably greater

than that with data obtained on heating. This is of course associated

with the appearance of peaks in the cooling leg of the temperature cycle

(Figure 15). j'.n contrast, for the single-crystal data, Figure 18, there

is only a slight amount of amplitude dependence on heating, which is

hardly significant below about 700°C, and on cooling, the curves in the

range of 700 to 600°C are almost completely amplitude independent.

As already shown in Figure 7, the apparent HTB curve in a

polycrystalline sample can be resolved in a peak (P.) in the temperature

range of 700 to 800°C and a background which increases exponentially

with temperature. In the case of single-crystal samples, however, it

is apparent that the exponential background appears alone (Figure 16),

unless the sample has been significantly and freshly deformed (Figure 13).

This is the most important experimental evidence supporting the idea

that, of all the peaks in the HTIF spectrum of a-Zr, it is probable that

only P, is exclusively associated with the presence of grain boundaries.
(5-7)

This idea has already been advance by Gacougnolle et alv ' in their

study of high-purity polycrystalline samples.
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It is well known that the high-temperature background in pure

metals, and in some dilute alloys, can be described by a simple exponen-

tial function of the form

L: = A exp(-H/kT) [8]

where A is a constant and H is the apparent activation enthalpy of the

process. By plotting In A vs. T for the data of Figure 16, it can be

seen (as shown in Figure 19) that the low-temperature tail of the HTB

curve observed in polycrystalline samples and nearly all of the data for

single crystals can be described in this way. In addition, it is clear

that the deviation from linearity in the polycrystalline data is due to

the presence of residual peaks, especially P.. The apparent activation

energy determined for the polycrystalline data is within the spread of

values determined by previous workers for polycrystalline a-Zr

However, the significantly different values obtained on heating and

cooling the same single-crystal sample show that the apparent activation

enthalpy is structure dependent.

It has been suggested that the HTB curve in metals is asso-

irro (
(19)

/ -1 Q \

ciated with a generalized form of Nabarro Creep . In such a case, it

can be shown that equation [8] becomes

A = - exp(-H /kT) [9]

where A is a constant, H is the activation enthalpy for self-diffusion,

and a) is the radian frequency of the vibrations. In fact, it is easily

demonstrated that equation [9] applies to any purely viscoelastic pro-

cess. However, the dependence on the reciprocal frequency is not ob-

served experimentally. Another possibility, is that the background is,

itself, the low-temperature tail of a relaxation peak. If this is the

case, then it can be shown that the most general form of background is
, (20)

given by

A = — exp(-nH /kT) [10]
w
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where K and n (0 £ n <_ 1) are constants. In the case of a single-time-

of-relaxation process, inspection of the Debye peak function (equation

[1] for UT » 1) shows that n = 1 for the low-temperature tail. But, if

the peak corresponds to a distribution of relaxation times, then it can

be shown that for certain special distribution (see section 4 ) , n can

take on values of ^ 0.25. Comparison of equations [8] and [10] shows

that

H = nH [11]

and that the determination of H by the method outlined in Figure 19 is

meaningless, unless the frequency dependence is also determined.

As shown in Table 2, for most metals, n falls in the range 0.1

to 0.4 and n H is in fact very close to H determined from conven-
V

tional techniques. Gacougnolie's results imply n = 0.25 and

H = 0.95 + 0.09 eV for polycrystalline a-Zr from curves similar to Fig-

ure 19 measured at two separate frequencies. Our own determinations of

the frequency dependence over the very small frequency range of 1.9 to

3.6 Hz are consistent with Gacougnolle's results, but are considered to

be less reliable since it was not possible to change the frequency in

situ at high temperatures in this study. Nevertheless, comparison of

the cooling branches of curves such as that shown in Figure 16 for sin-

gle-crystal specimens, at two separate frequencies, are considered to be

more reliable. This is because any changes in structure, brought about

by cooling to R. T. and changing the mechanical configuration of the pen-

dulum to alter tlie frequency, appear to be annealed out on the heating

branch. From these results, we find n = 0.25 and H = 2.82 + 0.09 eV in

polycrystalline samples, and n = -0.38 and H = 1.2 + 0.1 eV from the

cooling curves in single-crystal samples, so that both sets of parameters

yield the same value of n" H (= H ) within experimental error. It is

interesting to note that the HTB on heating a single-crystal sample

freshly inserted into the flexure pendulum yields a result close to that
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observed in polycrystalline samples. From the results tabulated in

Table 2, particularly the results on a-Zr and aluminui samples of dif-

ferent purities, it is clear that both n and H are structure dependent.

TABLE 2

ACTIVATION PARAMETERS OF HIGH TEMPERATURE

INTERNAL FRICTION BACKGROUND

Metal Ref.
Temp.

Range
H

(eV)

n n"1 H

(eV)

H
V

(eV)

Al
Cu
Fe
Ni
Co
Mo
W
Zn
Cd
Pb

Fe + A12O3

Fe + TiO2

Fe + MgO
Fe + Cr

Al

(various
purities)

a-Zr
a-Zr(P)*
a-Zr(S)+

(21)
(21)
(21)
(21)
(21)
(21)
(21)
(21)
(21)
(21)
(22)
(22)
(22)
(22)
(21)

(6)
This study
This study

200-350
250-650
300-650
350-950
350-850
250-750
300-950
40-100
60-160

100-240
300-650
300-650
300-650
300-650
200-350

400-800
350-860
350-860

0.30
0.50
1.02
0.72
0.79
1.08
1.26
0.20
0.13
0.42
0.80
0.80
0.84
0.80
0.48
0.33
0.25
0.17
0.95
0.82
1.20

0.20
0.25
0.38
0.26
0.28
0.21
0.19
0.20
0.17
0.33
0.26
0.26
0.27
0.27
0.28
0.21
0.17
0.11
0.25
0.25
0.38

1.52
2.00
2.68
2.77
2.83
5.16
6.62
0.98
0.77
1.26
3.07
3,07
3.10
3.07
1.70
1.57
1.47
1.55
3.80
3.30
3.16

1.43
2.07
2.95
2.90
2.91
4.94
6.16
1.00
0.79
1.17
3.00
3.00
3.00
3.00
1.43
1.43
1.43
1.43
_
-
—

* (P) denotes polycrystal; + (S) denotes single crystal

From the above results, if we place the greatest weight on the

cooling curves for single crystals, we estimate the activation enthalpy

for self-diffusion in a-Zr to be 3.2 + 0.4 eV. V^'es of il obtained
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from conventional diffusion measurements in a-Zr are all considerably

lower, as shown in Table 3. However, because of the well known experi-

TABLE 3

ACTIVATION ENTHALPIES FOR SELF-DIFFUSION

Temp. Range

(°C)

300-700

700-800

650-850

750-850

740-860

Method

Residual Activity

Residual Activity

Residual Activity

Serial Sectioning

Serial Sectioning

IN a-ZIRCONIUM

Reference H
V

(23)

(24)

(25)

(26)

(27)

(eV)

0.95

0.95

2.25

1.95

0.96 - 1.17

mental difficulties in the measurement of self-diffusion in a-Zr by con-

ventional techniques, all the data reported in Table 3 are suspect. In

fact, there are several empirical relationships from which self-diffu-

sion enthalpies can be predicted. One of the most widely quoted is

van Liempt's rule , which relates H to the absolute melting point,

T , and is given by

H v = 1.52 x 10"
3 T M [12]

where H is in electron volts per atom. Using Ardell's estimate of TM

for a-Zf , H =2.81 eV, which is close to the lower limit of our
v

estimate from the HTB curve, but much higher than any of the values

quoted in Table 3.

It is interesting to note that the parameters which describe

the HTB curve in polycrystalline samples are identical to those reported
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(29)
for grain growth in a-Zr by Colin and Lehr . These authors show that

the grain size, I, is related to the time, t, by

I = (K xt)
n [13]

where

Kx = K1Q exp(-H/kT), [14]

n and K.« are constants and H is an apparent activation enthalpy. From

their results they obtain n = 0.25 and H = 0.82 + 0.04 eV, but make no

mention of the relationship of this apparent activation enthalpy to the

enthalpy for self-diffusion. We believe that this correlation between

internal friction background studies and grain growth studies is not

just a coincidence. If we assume that for internal friction measurements

of the background in polycrystalline samples, at constant heating rate,

the period of the oscillation plays the role of a characteristic time,

then an equivalence can be postulated between equation [10] for the

background and equations [13] and [14] for grain growth. Unfortunately,

this does not account for the HTB curves in the single-crystal samples

which are of the same form as those observed in the polycrystalline sam-

ples. Nevertheless, these results indicate, reasonably, that both the

HTB and grain growth are controlled by self-diffusion.

In summary, the above results show that the HTB in a-Zr is due

to an anelastic rather than viscoelastic process. Furthermore, to ac-

count for the values of n (0.1-0.4) observed, the relaxation is charac-

terized by a distribution of relaxation times. This is in agreement

with the results of Lloyd and McElroy ' who demonstrated that the

creep recovery, the internal friction HTB, and stress relaxation observed

in copper can all be attributed to an anelastic process. In the case

of a-Zr, it is clear that further progress will require more precise

determinations of n and H in samples of various structure. Once again,

the internal friction measurements should be made at constant structure,
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i.e., measurements of damping as a function of frequency, using a vari-

able frequency pendulum.

Four peaks similar to those described above in a-Zr have been
(9)

found in single-crystal specimens of Cu and Ag . In other metals,

fewer peaks have been observed, but in every case, the peak occurring at

the highest temperature in the HTIF spectrum has a relaxation enthalpy

which correlates well with H . For example, Table 4, drawn mainly from

TABLE 4

COMPARISON OF 1L FOR HIGHEST TEMPERATURE PEAK

IN

Metal

THE HTIF SPECTRA OF

HR

VARIOUS

(eV)

METALS WITH H

H
V

V

(eV)

Pb 1.00 1.05
Ag 1.86 1.92
Au 1.73 1.81
Cu 1.95 2.04
Al 1.47 1.47
Ni 2.86 2.85
a-Fe 2.30 2.48
a-Zr(P4) 3.0 ± 0.4

the work of Woirgard , compares the relaxation enthalpy, H_, of the
K

highest temperature peak, with H . Peak shift with frequency tests on

curves such as the one shown in Figure 16 yield relaxation parameters

for P, within the range of values quoted by Gacougnolle and de Fou-
(8)

quet et al . Again, we place the most weight on the data quoted in

reference 6 because the frequency changes were made in situ at tempera-

ture, a technique more likely to leave the structure unchanged than the

technique used in our experiments. Thus, the relaxation enthalpy for P,

is 3.0 + 0.4 eV which provides another, apparently independent, estimate

for H . The limiting relaxation time for P, is T - 10~ s^ .
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Comparison of the results on polycrystalline and single-crystal

samples presented in this report shows that of the four relaxation peaks

detected, only P, appears to be unique to polycrystalline samples. There-

fore, P, is probably a true grain boundary relaxation peak, whereas P-,

attributed by previous workers to grain boundary relaxation, can be gen-

erated in single-crystal samples and, as such, must be attributed to a

mechanism involving defects not necessarily specific to grain boundaries.

Possible theoretical models for P, and B are discussed in section 4.

3.5 HYSTERESIS ANOMALY

As noted above, the hysteresis anomaly in the thermal cycle

presented in Figure 15 is characteristic of all polycrystalline samples

previously subjected to VC(ot ^ 3 ) . In this section, the experimental

results concerning the anomaly are presented in more detail. As shown

in Figure 15, the heating branch of the cycle consists simply of P,

superimposed in B, whereas the cooling branch consists of all of the

components of the HTIF spectrum normally observed in a deformed sample

after annealing in the a-phase. Although the particular thermal cycle

shown in Figure 15 can be repeated with excellent reproducibility, there

is a critical temperature of ^ 450°C, below which the specimen must be

cooled to reproduce the heating branch, i.e., the HTB curve. For exam-

ple, Figure 20 shows that if, after VC(a £ 3 ) , the sample is cooled to

only 500°C (rather than 400°C (Figure 15), the part of the spectrum as-

sociated with P. is not completely removed on the subsequent reheating,

even though there is still a considerable hysteresis anomaly on cooling.

Moreover, it is not necessary to reheat to T ,Q to recover Pn at least
a/ p ^

partially. This is demonstrated in Figure 21 where it is shown that a

thermal cycle from 400°C ^ 680°C is sufficient to regenerate a signifi-

cant P,/P? component.

The existence of such widely differing heating and cooling

curves poses the question: which, if either, of the branches corre-
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spends to an equilibrium state? To try to answer this question, tests

were carried out in which both the heating and cooling segments were in-

terrupted by holds for 20 minutes at constant temperature. The results

from such a test are shown in Figure 22. On the heating branch, the

holds at constant temperature led to an increase in the internal fric-

tion at temperatures above about 550°C, while during cooling similar

holds produced a reduction in internal friction. This suggests the pos-

sible existence of a reversible equilibrium curve intermediate between

the curves for heating and cooling. To test this hypothesis, thermal

cycles were carried out extremely slowly. For example, the test for

which results are shown in Figure 23 consisted of a cycle with equal

heating and cooling rates of 80 h duration (0.3cC per min). Once again,

the generation of a P./P? component on cooling is evident from the dif-

ference curve. In fact, no substantial differences in the internal

friction versus temperature loops for thermal cycles carried out at

rates in the range 2°C/min to 0.3°C/min could be detected. From these

results, we are forced to conclude that in the special case of a sample

subjected to VC(ot ̂  g), reheating from below about 450°C produces a gra-

dual evolution in the structure which ensures that, at least from the

point of view of internal friction measurements, the phenomena detected

on subsequent cooling are substantially similar to those observed in

specimens deformed and annealed in the a-phase.

As already noted in section 3.4 and shown in Figure 16, ther-

mal cycling of well annealed single-crystal samples leads to a slight

decrease in the internal friction on cooling. This can be attributed

to the annealing out of handling strains (fresh dislocations) on the

heating branch. Thus, it is reasonable to ask whether or not the hys-

teresis anomaly observed in the polycrystalline samples is associated

with the presence of grain boundaries. Unfortunately, however, there is

another variable to be taken into account, and that is the relative im-

purity contents of the samples. Compared with the polycrystalline sam-

ples, the single crystals contain substantial amounts of impurities,
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particularly oxygen. Consequently, a slow thermal cycle (80 h) was de-

liberately carried out in a poor vacuum to introduce oxygen into the

surface layers of a polycrystalline sample previously subjected to a

VC(a ^ 3). The appearance of the amplitude-independent oxygen inter-

stitial peak at ^ 450°C ' ' on the cooling branch of the cycle

(Figure 23) shows that substantial amounts of oxygen were in fact intro-

duced. A faster cycle (16 h) immediately afterwards in a good vacuum

shows that the oxygen peak, once generated, is stable on both heating

and cooling. Furthermore, the difference curve for the faster cycle,

when compared with the difference curve for a similar cycle traced prior

to the introduction of oxygen, shows the presence of oxygen does, indeed,

markedly reduce the hysteresis anomaly. In addition, the observation,

mentioned above, that the temperature range around A50°C is critical for

the hysteresis anomaly, suggests that oxygen interstitials play an im-

portant role in the phenomena, since it is the temperature in which the

specific oxygen interstitials, responsible for 450°C peak, become appre-

ciably mobile in the lattice.

In summary, it can be stated that a VC(a ^ 3) has an important

effect on the structure of pure a-Zr which manifests itself in a hyste-

resis anomaly when the sample is thermally cycled over the temperature

range from 400 to 800°C. The amount of the hysteresis is significantly

reduced by the introduction of oxygen into the sample. A qualitative

interpretation of these results is presented in section 5.

4. THEORETICAL ASPECTS

From the results presented above, the indications are that the

mechanisms responsible for peaks P., P and P? all involve the interac-

tions between dislocations and localized obstacles. More specifically,

the non-linear properties of these peaks presented in Figures 9 to 12
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suggest that In the case of P_ the obstacles are immobile, while the

variations of internal friction with time in the range of the P,/P?

complex suggest that these latter peaks involve mobile obstacles. Thus,

the theoretical models proposed for peaks P.., P and P. are confined to

those which predict significant non-linear properties and, in particular,

peaks of internal friction as a function of strain amplitude. Again,

from the results presented above, it is evident that the discussion of

possible theoretical models for P, and B should be confined to mechanisms

known to yield activation enthalpies close Lo the enthalpy for self-dif-

fusion. In contrast, our treatment of P_ and the hysteresis anomaly is

limited to speculative, qualitative models, and therefore, it is more

appropriately presented in the general discussion in section 5.

4.1 PEAKS P P AND P

In all the pure metals that have been studied in sufficient

detail, it has been shown that most of the peaks of the HTIF spectra

occur in both polycrystalline and single-crystal specimens. Thus, a

search for explanations of the peaks in terms of the intrinsic proper-

ties of dislocations and the lattice at high temperature would appear to
(9)

be the most profitable line of investigation. Consequently, Woirgard

proposed a model involving the non-conservative migration of jogs,

controlled by vacancy diffusion, along non-screw dislocation lines. He

shows that such a climb mechanism can give rise to two relaxation peaks:

(1) the lower temperature peak with a relaxation enthalpy considerably

less than H controlled by the core diffusion of vacancies, and (2) the

higher temperature peak with a relaxation enthalpy of about H , con-

trolled by the lattice diffusion of vacancies. At first sight, it

appears that these two mechanisms might afford plausible explanations

for peaks P and P, respectively. However, Woirgard's model explicitely

excludes internal friction due to the glide component of the disloca-

tions and all non-linear effects. This makes it difficult to account

for the very high intensity of P_ (and the magnitude of the correspond-
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ing modulus defect) observed after some special thermomechanical treat-

ments, and offers no explanation for the remarkable non-linear proper-

ties of the P1/P2 complex. Nevertheless, Woirgard's model cannot be

rejected as a plausible mechanism for P, and is, therefore, discussed

in more detail in section 4.2.

(34)Esnouf et al have observed a broad, intense peak in ultra

high-purity aluminum after deformation of about 1% and annealing above

400 K. The peak is centred at 400 K (at 1 Hz) and has relaxation energy,

E, which decreases with increasing amplitude according to

E = U - av [15]

where a is the applied stress, v is the activation volume of the process

and U is the activation enthalpy at zero stress. This observation is of

interest here, because region (b) of the non-linear behaviour (Figure 10)
(34)

can be described, approximately, in the same way. Esnouf et al at-

tribute the phenomenon to dislocation glide limited by the climb of jogs

due to the diffusion of vacancies along the dislocation cor?. However,
(35)

this mechanism has been criticized by Friedel who points out that it

implies (in the case of the aluminum studied v = 750 b ) an unrea-

sonably large average separation of jogs which, in any case, can only

climb a distance of 1 or 2 b per cycle (where b is the Burgers vector of

the dislocation). As a consequence, the variation in the area swept-out

by the gliding dislocation due to the increment of climb is very small

compared with the area swept-out in the absence of climb, making it dif-

ficult to account for the magnitude of the observed internal friction

and modulus defect. Nonetheless, before the suggestion of Esnouf et
(34)

al can be rejected in the case of our observations on a-Zr, Friedel's

criticism must be exam. -i for the case of the region (b) behaviour in

Figure 10.

To carry out Friedel's analysis, we must first determine the

peak temperature, T(P.), of P. as a function of the strain amplitude, e.



- 31 -

This is done by separating out the P.. component from the spectrum by

subtracting the amplitude-independent V component. An example of this

process is illustrated in Figure 12. From data such as these, a plot of

T(P1) versus e (Figure 24) can be drawn and is described by

T ( P 1 ) =1 ) = k ln(v/u) " k ln(v/u»)

where H is the relaxation enthalpy of P, and v is an effective attack

frequency. The other parameters are as defined previously. The applied

stress amplitude, o, can be defined in terms of the surface strain am-

plitude, E, by

a = RMe [17]

where R is an effective orientation factor and M is the appropriate

elastic modulus. To determine the activation enthalpy, H, from the in-

tercept of the line in Figure 24 and the activation volume, v, from its

slope, we must first estimate values for the effective attack frequency

and the orientation factor. If the process is thought to be controlled

by the movement of point defects (for example core diffusion), then the
12 -1

Debye frequency for a-Zr, v_ = 6.1 x 10 s is probably a good estimate

for v. If, however, the process is thought to be controlled by disloca-

tion bow-out, then as shown by Granato et al , v can be estimated

from the vibration modes associated with the dislocation segment. In

this case, the calculation yields v = 3.1 x 10 s . From the inter-

cept in Figure 24 and using the two above estimates of v as limits, we

find H = 1.98 - 1.75 eV . For the purposes of further analysis, we will

take the mean value, H = 1.86 eV, as the activation enthalpy of P1.

Taking a mean value of R corresponding to a random polycrystalline ag-

gregate, i.e., R = 2/(3TT), Young's modulus for a-Zr, E = 99 GPa, and

e = 2.51 x 10 times the nominal strain amplitude, the slope of the

line in Figure 24 yields v = 3500 b 3.

Other numerical values used in the calculation are f = 4 Hz, i.e.,
u = 8TT and the intercept in Figure 24 which is equal to 876 K.
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H = 1.86 eV is considerably smaller than the self-diffusion

enthalpy estimated in section 3.4 (= 3.0 eV) in keeping with the possi-
3

bility of core diffusion of vacancies. However, v = 3500 b implies a

mean separation of jogs of 1 = 2v/b y 7000 b . This value is unrea-

sonably large even for estimates of the thermal equilibrium separation

of jogs in the temperature range 500 to 600°C in a-Zr and a fortiori in

deformed and annealed samples. Furthermore, the core diffusion distance

of a vacancy must be considerably less than 0.25 b v exp(-H/kT) in a
(35)

period at a frequency of 4 Hz . This limiting distance is only 3.2 b

(for H = 1.86 eV) at 530°C, and consequently, the jog climb possible is
o

only a few b compared with a glide distance of I e,7 b produced on a

dislocation length, I, at the maximum deformation (e = 2 x 10 ) used in

our experiments. In fact, for I = 7000 b this displacement is 490 b.

Thus, Friedel's analysis applied to the P. peak in a-Zr yields

very similar results to the case of the 400 K peak in aluminum. For the
(35)

peak in aluminum, Friedel suggests that an explanation may lie in

the thermally activated, additional displacement of polygonized walls of

dislocations, by movement of the dislocation nodes in the walls. This

is also an attractive idea in the case of zirconium, since the P-i/P̂

complex has a maximum intensity in deformed and partially recovered sam-

ples - a pretreatment conducive to polygonization. In such a case, the
3

stress concentration factor 2v/b ^ 7000 would be the ratio of the net-

work length to the Burgers vector in the dislocation walls. The idea is

also attractive from another point of view: presumably, the dislocation

walls could be associated with, or even exist within, grain boundaries,

allowing for the apparent increase in peak height with increasing grain

boundary area in the sample, even though grain boundaries per se are not

necessary to observe the relaxation.

(35)
Friedel envisages two possible processes associated with

dislocation nodes:
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(a) The climb of nodes hy self-diffusion along dislocation cores.

This would undoubtedly yield an activa?"ion energy considerably

less than that of lattice self-diffusion (as observed for P,),

but, once again, it is difficult to see how the nodes could

move more than distances of the order of ona interatomic dis-

tance per cycle at the peak. Thus, this particular mechanism

could not easily account for the observed magnitudes of the

internal friction and modulus defects. Furthermore, it should

lead to an internal friction which saturates with increasing

amplitude, which is clearly not the case for zirconium (Fig-

ure 9(b)).

(b) Displacement of the dislocation nodes by thermally activated
(35)

cross-slip. According to Friedel , this process must give

rise to an activation energy of the form specified in equa-

tion [15]. However, we know of no firm estimates for the

activation energy for cross-slip in zirconium from other tech-

niques, or if such a process produces a well defined creep

stage in a-Zr in the temperature range considered.

Of these two processes, only b) can be retained as a possi-

bility. To explain the peaks of internal friction as a function of

strain amplitude (Figure 9(b)), it would be necessary to consider the

process of cross-slip, leading to a sudden dislocation displacement at

the node, to be very similar to thermally assisted unpinning. Although

this is reasonable, intuitively, it would be difficult to specify the

detailed movements involved. In summary, while the displacement of the

nodes of the dislocation walls provides an attractive possibility for

explanation of some of the non-linear properties of P, , it does not

offer any insight into either the observed time dependence, or the na-

ture of P? and the close interrelationship between P. and P«.

It is clear that the marked non-linear behaviour, particularly

the amplitude dependence detailed in Figures 9, 10 and 12, is the key to
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understanding the phenomena involved in peaks P., P.. and P~. Although

peaks of internal friction as a function of strain amplitude have never

been reported in the HTIF spectrum of any metal, such peaks (Figure 9)

are of the general shape predicted by theories of dislocation unpinning

:s of th
(39-45)

from immobile pinning points ' ' and by the theories of the redis-

tribution of point defects mobile in the dislocation core

At the higher strain amplitudes, the P-i/P? complex is preceded

in temperature by P_ (Figure 12), which has all of the characteristics

of an unpinning process. For this reason, initially, we will briefly

examine unpinning processes and then, move on to examine stress-aided

core redistribution of mobile pins. In our treatment, we will place

emphasis on the predictions of the models and the experimental differ-

ences which allow us to differentiate experimentally between these two

important classes of non-linear, internal friction mechanisms.

The curves of internal friction as a function of strain ampli-

tude in the range 400 to 480°C (Figure 9(a)) are remarkably similar to
(14)

those predicted by the Blair, Hutchison and Rogers [BHR] theory

based on the Teutonico, Granato and Liicke model for the thermally

assisted unpinning of dislocations. The BHR theory, which is restricted

to segments of dislocations of equal length, has been verified experi-

mentally by Ritchie and Sprungmann for the particular case of very

long loop lengths of dislocations in neutron-irradiated and annealed

single crystals of MgO. The locus of the peak position of the tempera-

ture-strain amplitude (T-e) plane, which marks the B-C boundary , is

almost horizontal at low strain amplitudes, so that the appearance of

the full unpinning curve at 460°C in Figure 9(a) marks the critical

temperature, T-, to a high degree of accuracy. The < ;itical tempera-

ture, T_, in turn, determines the binding energy, U_, between the dis-

locations and pinning points through the expression

UQ = k T Q ln(v/u). [18]

The boundaries in the (T-e) plane are described in more detail below.
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Using v = 3.1 x 10 ' s (as determined above), we obtain U_ = 1.47 eV.

Furthermore, from the curves in Figure 9(a), the internal friction as a

function of strain amplitude rises to its maximum value over the nominal

strain range N = 5 + 1 . This allows us to estimate the critical stress,

a , which marks the boundaries between the A and B regions, according to
S 6
the BHR theory, as ( 5 + 1 ) x 2.51 x 10 RE. In the BHR theory, a , is
given by

a = (r~) [19]
s V

where y is the shear modulus and I is the distance between pinning points

(loop length) on the dislocations. For our experiments on ct-Zr,

u = 36 GPa and Ufi = 1.47 eV. These values together with the estimated

range of a , yield I = 1700 to 2250 b. For the purposes of further
s

numerical analysis, we shall use the intermediate value, I = 2000 b.

In order to observe the 'knee' seen on the curve at 429°C (Figure 9(a)),

it can be shown, within the framework of the BHR theory, that the loop

lengths between pinning points must be relatively long. More specifi-

cally, the required condition is that 3 >> 1 (where 3 is a dimensionless

parameter of loop length) defined by

3 = 21 U0/ub
2r2 [20]

In this equation, r is a range characteristic of the pinning force be-

tween the dislocation and obstacle. For the purposes of further calcu-

lation, we shall take r £ b, which in turn yields 3 £ 1500, obeying the

required condition. Having determined the most important parameters

U~ and Jt, we can calculate the boundaries of different pinning ji unpinning

behaviour in the T-e plane. We will return to the calculation of some

of the major boundaries, after we have discussed dislocation core diffu-

sion.

Most workers who have tackled the problems of stress-assisted,

thermally activated core redistribution of point defects were guided by
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the accepted phenomenon of pipe diffusion. Thus Alefeld , Bauer

and Bode considered only purely longitudinal (or pipe) diffusion,
(42)

while among the earlier workers only Schiller considered purely
(43)

transverse diffusion. Subsequently, Liicke and Schlipf showed theo-

retically that both phenomena can lead to significant relaxation peaks.
(44)

The physics of the model has been thoroughly exposed by Winkler-Gniewek
(45)

and Winkler-Gniewek et al . Since, at high temperatures, it is likely

that unpinning will occur at low strain amplitudes from defects with the

usual range of binding energies, i.e., U_ <_ 0.6 eV, the processes of

core rearrangement of mobile defects are not generally considered to be

high-temperature phenomena. However, we cannot, a priori, reject such

mechanisms in the case of our results for two main reasons:

1. jogs (intrinsic dislocation defects), which have high longitu-

dinal mobility on screw dislocation segments and high trans-

verse mobility on edge dislocations, may well be involved in

the HTIF range; and

2. some oxygen defects, present in significant quantities even in

the purest zirconium, appear to have extremely high binding

energies to the dislocations (e.g., U^ > 1.4 eV which is

not inconsistent with the value of U o = 1.47 eV obtained above)

and can, therefore, extend the existence of pinned dislocation

configurations well into the HTIF temperature range at low

frequencies.

In fact, we will show that unpinning and core redistribution

phenomena can account for all of the non-linear behaviour shown in Fig-

ures 9 to 12.

At any instant, the forces acting on the defect in the core,

due to the resolved component of the applied stress acting over the

glide plane of the dislocation, are as illustrated in Figure 25(a). The

resulting motion, resolved into purely transverse and longitudinal com-
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ponents, is shown in Figures 25(b) and (c) respectively. Since these

two motions will in general be controlled by different core mobilities,

in any given set of experimental conditions, one or the other will domi-

nate or a complex admixture of both may occur.

The forces for longitudinal motion, Figure 25(c), will not

lead to any internal friction because there is no restoring force speci-

fied. In fact, when the thermal properties of an ensemble of double-

loops such as that illustrated in Figure 25 are considered, two thermo-

dynamic forces are encountered. The first, due to vibrational entropy,

which depends on the number of vibration modes associated with the given

segment length, is in the same sense as the longitudinal component of

the line tension (Figure 25(c)), i.e., it tends to increase the length

of the longer of the two loops. The second, due to the configuration

entropy of the system, opposes distributions where the pinning points

are bunched together at the ends of the network lengths. It is this

configuration entropy force which provides the restoring force necessary

for internal friction relaxation. In addition, in the more realistic

case where there are many pinning points in the core of each network

length, mutual interactions between the pinning points may add a further

component to the restoring force. Although an attempt can be made to

treat this more realistic multi-pin problem theoretically, the mathe-

matical expressions involved become very cumbersome. Fortunately, most

of the physics involved can be exposed (as shown by Winkler-Gniewek et
(45)

al ) by treating the oversimplified case of an ensemble of double-

loops. We will use this model and calculations based on it, to deter-

mine its most important predictions, particularly those pertaining to

non-linear internal friction, and compare them with our experimental

results.

Stress-assisted core redistribution of pinning points is in a

sense similar to dislocation unpinning. A well defined critical stress

is required to initiate core redistribution and this stress plays a role

similar to the breakaway stress in unpinning, i.e., once the critical
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stress is exceeded, there is an increase in the free vibrating length of

the dislocation. However, unlike the sudden increase in length involved

in unpinning, in the case of core redistribution involving diffusive

jumps of the core defects, a well defined, strongly temperature-depen-

dent relaxation time is involved.

It can be shown that the purely longitudinal motion gives rise
(45)

to an internal friction peak of the form

.T2 , 2 , I. (<x2/4) 2O>TTAZ 7rb J 1 L
9 ? 2

In (a2/4) 1 + 4O,2T 2

_
where A is the dislocation density, I is the mean loop length, T^

the line tension of the dislocation, a a dimensionless stress parameter,

and x the relaxation time for the motion of the pins in the dislocation
Lt

core. In this equation, I- and I. are the modified (hyperbolic) Bessel

functions of the first kind of order, zero and one respectively, and a

is given by

where the applied stress, a, is given by a = REe in our flexure experi-

ments. The longitudinal relaxation time, T-, is given by

\ - 57 • 7~V—2 w
L 1 + TT + a

where D is the diffusion coefficient for longitudinal (or pipe) diffu-

sion of the species concerned. As usual, the diffusion coefficient con-

tains the major temperature dependence of T^. In fact, D can be de-

fined as

DL = D0L

where IL is the activation enthalpy for longitudinal core diffusion

and D_ is the pre-exponential constant.
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2
For values of a , which are non-negligible compared with

2
1 + ir , it is clear that the peak temperature, dictated by 2UT = 1, de-

pends upon the strain amplitude. In fact, equations [21-23] show that

the peak as a function of temperature increases in height and moves to

lower peak temperatures as the strain amplitude increases. This is in

qualitative agreement with the experimental behaviour in region 2 (Fig-

ure 10) and the 'shoulder' peak, P., in Figure 12.

Purely transverse core diffusion also gives rise to a relaxa-
(45)

tion peak. In this case, Winkler-Gniewek et al found that the in-

ternal friction is given by

A = <-T

where q specifies the longitudinal position of the pinning point as
2 -2

shown in Figure 25, L is the network length, and iT(l-q 1% ) is the

effective relaxation time, T ,f, for transverse motion of the pinning

point. It can be shown that T „ , can be written as

X Jo

where

D T = D Q T exp(-HT/kT) [27]

is the equation for transverse core diffusion.

The integral in equation [25] shows that the transverse peak

is a superposition of elementary relaxation processes, i.e., a broadened

relaxation peak in qualitative agreement with peak P2> Once again, the

relaxation time (equation [26]) controls the peak position. Consequently,

if up to a given amplitude, the longitudinal distribution is 'frozen-in1,



i.e., q is fixed, then the peak is amplitude independent up to that am-

plitude. But, if at higher amplitudes, longitudinal relaxation becomes

possible, then it is clear from equation [26] that the transverse peak
2 -2

will show some aplitude dependence through the factor (1-q It ) which

itself depends upon the longitudinal position of the pinning point.

Thus, at first sight, the longitudinal and transverse peaks seem to

offer plausible explanation for P, and P_ respectively.

For a more detailed comparison between theory and experiment,,

we have to consider the case where TT < T_ since P. occurs on the low-

temperature flank of P_. This is a more complex situation to deal with

from the theoretical point of view. However, if at some intermediate

strain amplitude the two relaxtion times are equal, the following sce-

nario emerges from a consideration of the theoretical results. At lower

strain amplitudes, a single internal friction peak (P_) is observed,

i.e., the transverse peak. At higher strain amplitudes, a second peak -

the longitudinal peak (P..) - forms at lower temperatures and will be

visible at first as a shoulder on the low-temperature side of the first

peak. This is exactly the situation which develops with increasing

strain amplitude in the experimental results on the P j P . complex (Fig-

ure 12). In summary, it is tempting to identify peak P. with thermally

assisted unpinning of dislocation segments from localized obstacles, P.

with longitudinal motion of obstacles mobile in the core and P2 with the

transverse mobility of the same obstacles. For this identification to

be acceptable, it is necessary to explain the experimentally observed

non-linear behaviour in much more detail and to make some quantitative

comparisons between theory and experiment.

If we identify P2 (HR =2.50 eV, T Q = 10"
1 6 s) with transverse

core diffusion, in the amplitude-independent range (N £ 1), the peak

temperature (from Figure 12) is T(P~) = 885 K and the peak condition

tor = 1 can be written as

8TT

^- exp[2.50/kT(P )] = 1 [28]
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if the fixed value of q is taken to be zero. This equation yields

T Q = JEkT/D. jib = 10~ s and, hence, an estimate of DQT, provided the

value of 1 is known. Two values of I have been estimated already, one

from Friedel's analysis equation [15] and the other from the analysis

of the unpinning peak P,.. Of these, only the second value is mechanism

specific, so we will use it in these calculations. Implicit in the use

of this value (% = 2000 b) is the assumption that the same obstacles are

involved in P~ as are involved in the P.. /P_ complex. At present, we

will take this to be a working hypothesis and justify it experimentally

later. Substitution of I = 2000 b in equation [28] yields D Q T = 210

which in turn implies that the equation of transverse core diffusion of

the species of obstacle (as yet unspecified) involved in the P1/P9 com-

plex is given by

DT = 210 exp(-2.50 eV/kT). [29]

Provided that P, is a thermally activated process, the value of its re-

laxation enthalpy H = 1.86 eV, determined from equation [15], should be

approximately correct regardless of the precise mechanism involved.

Thus, for low strain amplitudes wlvere the peak temperatures of P. and

?2
 a r e approximately equal, i.e., T(P,) = T(P2) = 873 K from Figure 12,

2(OT = OJT = 1 from which D_ can be estimated. The value obtained is

DQJ = 1570 which in turn implies that the equation of longitudinal (or

pipe) diffusion of the species of mobile obstacle is given by

DT = 1570 exp(-1.86 eV/kT). [30]

Furthermore, at the lowest strain amplitudes at which P is observable,

this equation yields a limiting relaxation time, Tn, for P, of
-13

2.5 x 10 s. Although this value of T Q is only valid over a narrow

range of temperatures and strain amplitudes, specifically when a. is
2

negligible compared with 1 + IT in equation [23], it is of the correct

order of magnitude for atomic jumps. In addition, the two diffusion

equations given above show that at any given temperature in the HTIF
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range, pipe diffusion is much faster than transverse core diffusion.

This is, of course, in the sense expected intuitively.

Examination of the theoretically predicted variation of T(P2)

with strain amplitude shows that T(P_) increases slightly with e when

there is longitudinal mobility and cox >> 1, i.e., in the anomalous sense
lj

observed in region 3 of Figure 10, or in the sense of the main peak in

Figure 12, whereas T(P_) remains almost constant with increasing e for
i t t \

the case where OJT << 1 . Thus, in the case where 2WT = uvr = 1,
Li Lt 1

corresponding to region 3 in our experiments, this variation of T(P~)

with e is expected to be intermediate between the two cases cited above,

i.e., T(P2) should increase with increasing e, as observed experimentally.

From the experimental point of view, it is clear that the dou-

ble-loop model, in considering only one obstacle per network length,

neglecting any distribution in the network lengths, and neglecting the

strain distribution in the sample imposed by the experimental conditions,

is a gross oversimplification. Consequently, the internal friction re-

sults obtained experimentally cannot be compared in great detail with

the curves predicted theoretically. Nevertheless, to identify P, with

the longitudinal (or pipe) diffusion peak, we should be able to compare
(45)

the edicted curves in the theory of Winkler-Gniewek et al with the

general shapes and temperature variations observed experimentally in

Figure 9(b).

Such a comparison requires the examination of the model for
(45)

the case where 2CDTT < o)T_. Winkler-Gniewek et al have shown that,

in this case, the relaxation time is given by

TL DT 2.2

and the internal friction is given by

* The important factor 2_ in equations [32] and [33] has been missed
out in the equations quoted by Winkler-Gniewek et al' '.
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f/2 ,<A ° f r2,r 1 li
25-exp€2-> / exP 5 d£ - -y - j

and the modulus defect is given by

U

a//2
2 /" 2

In thse expressions, exp(a /2) I exp £ d£, which is also known as

/

I

Dawson's integral, must be calculated numerically. Consequently, compu-

ter programs have been used to calculate both the normalized internal
_2

friction A/Ao (where A« = TTX. A/6) from equation [32] and the modulus de-

fect from equation [33]. Some theoretically calculated curves of o

as a function of strain amplitude at various temperatures, are shown in

Figure 26. For direct comparison, the experimental results at the same

temperatures, but after the subtraction of the estimated background due

to P_, are shown in the same figure. First of all it should be noted

that the theoretical curves fall into the same range of strain amplitudes

as the experimental curves. Secondly, both sets of peaks are of roughly

the same shape, and thirdly, the peak moves to lower strain amplitudes

with increasing temperature in both the theoretical and experimental

sets of results. In view of the oversimplifications of the theoretical

model, we consider this to be excellent agreement between theory and

experiment.

A further test of the theory can be made by comparing the pre-

dicted modulus defect curves with those observed experimentally. The

predicted curves can be calculated from equation [33], whereas experi-

mentally, we obtain the Young's modulus defect

* The important factor 2^ in equations [32] and [33] has been missed
out in the equations quoted by Winkler-Gniewek et ^ )
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P(e)

from period values, P(e), synchronized with amplitude, e, measurements

during free decay. The period value PQ is taken at the lowest strain

amplitude. It should be pointed out that, as far as we are aware, mea-

surements of the modulus defect as a function of strain amplitude in the

HTIF range have never been reported in the literature. As can be seen

in Figure 27, theory predicts that the modulus defect should rise from

zero, at very low strain amplitudes, to the same level as the correspond-

ing internal friction peak, at high strain amplitudes. This is exactly

the same as is observed experimentally. Furthermore, the rapidly rising

portion of the mo'ulus defect curve moves to lower strain amplitudes as

the temperature increases in the theoretical set of curves and this be-

haviour is also observed in the experimental set of curves, except at

the highest temperature. This latter deviation is probably due to a

non-negligible, amplitude-dependent contribution from P- which occurs

near the peak temperature in Figure 12. From a comparison of Figures

26 and 27, it can be shown that the ratio of modulus defect to peak

height at the peak position, at any particular temperature, is signifi-

cantly greater than 0.5 in both the theoretical and experimental results.

This is an important observation which distinguishes this type of peak,

associated with longitudinal mobility in the dislocation core, from the

similarly shaped peaks associated with thermally assisted unpinning.
(14)

In the latter case, theory predicts that the modulus defect should

rise to exactly 0.5 the peak height at the peak position - a prediction

that has been verified previously by Ritchie et al and is verified

in this study by the results at 480°C. From these results, it appears

that a simple measurement of the ratio of modulus defect to peak height

at the peak position, in well defined peaks of internal friction as a

function of measurement strain amplitude, is sufficient to differentiate

between unpinning and longitudinal core (or pipe) diffusion phenomena.

We shall return to this difference between unpinning and core diffusion

again in the following.



- 45 -

Besides the oversimplifications inherent in the double-loop

model, two further problems prevent a more detailed comparison between

theory and experiment:

1. The theoretical models are worked out for hypothetical samples

under homogeneous strain, whereas all experimental configura-

tions impose a strain distribution on the sample under inves-
(47)

tigation. This problem is well known in the internal

friction literature, but attempts to deal with it usually in-

volve numerical corrections to the raw, measured data. These

corrections contain the first (and in the case of flexure,

also the second), derivative of the internal friction curve as

a function of strain amplitude, and as a consequence, the

corrections magnify the scatter in the experimental results.

If, as is the case in our results, the raw data show qualita-

tive agreement with a particular theoretical model or models,

it is clearly better to adapt the model or models to the

strain distribution imposed on the sample in the given mea-

surement configuration. Then, the raw experimental data can

be compared directly with the 'adapted1 theoretical model.

Since the theoretical curves given by equations [32] and [33]

must be calculated numerically anyway, it is relatively simple

to adapt the theory to the flexure and torsion strain distrib-

utions used in our experiments. Computer programs have been

written to cope with equations [32] and [33] for both types of

tests. It should be noted that this adaptation of the theory

is valid only if the calculated curves are subsequently com-

pared with raw data from samples in which the dissipating

defects are homogeneously distributed. Pertaining, as it

does, to deformed and partially recovered structures, the HTIF

spectrum should pose no problems in this regard. However,

this is probably not the case for the slightly deformed single

crystals, where long, fresh dislocations, which
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account for most of the observed dissipation, are probably

confined to the surface layers of the sample. The adaptation

of the theory to the particular vibration modes and sample

geometries used in our experiments is outlined in a future

publication.

2. The second problem involves the experimentally undertermined,

effective orientation factor, R, for our samples. In the cal-

culations presented so far, we have taken an average value of

R = 2/ (3ir) , appropriate to a random assemblage of grain orien-

tations. However, in the cold-rolled and annealed samples

studied, there are certainly textures that we have not taken

into account. However, at this stage in the development of

our experimental program, we do not believe that determination

of specimen textures and calculation of effective R values is

warranted.

We now examine the effect of these two problems on the compa-

rison of theory with experiment. Figure 28 illustrates an attempt to

fit the experimental results at 550°C to the theoretical curve assuming

a homogeneous strain distribution (broken curve) and to the theoretical

curve adapted to the flexure experiment (full curve). In both cases the

experimental internal friction values and the surface strain amplitude

values were multiplied by a constant factor to force an exact fit at the

peak position. This is equivalent to specifying the experimental values
_2

of A£ and R required to force a fit at the peak position. It is inter-

esting to note that the adapted theoretical curve is lower and shifted

to higher strain amplitudes than the unadapted theoretical curves as is

expected intuitively.

On the lower strain amplitude side of the peak, the fit be-

tween theory and experiment is not very good in either case. This mis-

fit is inherent in the comparison of the double-loop model with experi-
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mental results which, almost certainly, are caused by multi-pir configu-
(39-41 44)

rations. In fact, it can be shown ' that when there are many

pins per network length, the critical strain amplitude for redistribu-

tion is very much more sharply defined, accounting for the almost step-

like increase in internal friction observed experimentally. This change

from an uncorrelated distribution to a correlated distribution is so
(44)

sharp that it has been likened to a phase change . At the highest

strain amplitudes, the adapted theory is in much better agreement with

the experimental results than is the unadapted theory.

Figure 29 shows the corresponding results at 55O°C for the

modulus defect. Once again, the adapted theory yields a significantly

better overall description of the experimental results.

Internal friction peaks as a function of temperature, adapted

to the flexure experiment and calculated at various constant strain am-

plitudes, are shown in Figure 30 (upper set of curves). For comparison

purposes, the lower set of curves shows the experimental curves for peak

P. at various nominal strain amplitudes. These experimental peaks were

obtained by subtracting a constant P« (actually P» at N = 1) from the

P../P- complex. This is only a very approximate procedure because, as we

have seen above, P_ itself becomes amplitude dependent through the

changing longitudinal distribution associated with P.. This accounts

for the double-hump in the experimental curves at the higher strain am-

plitudes, which simply means that a P- component of the correct height

at the correct peak temperature has not been subtracted. Nevertheless,

comparison of the two sets of curves in Figure 30 shows that the peak

rapidly increases in height at the lower strain amplitudes and moves to

higher peak temperatures throughout the strain amplitude range investi-

gated in both the experimental results and the theoretically predicted

curves.

The position of the internal friction peak as a function of

strain amplitude for various temperatures is shown in Figure 31. Exper-
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imental results assuming limiting values of R, of R = 1 and R = 2/(3TT),

are compared with the theoretical results calculated for a homogeneous

strain and for the theory adapted to the flexure experiment. Consider-

ing the uncertainties in some of the parameters used in the calculations,

the limitations of the double-loop model and the neglect of a distribu-

tion in network lengths, Figure 31 shows excellent agreement between

theory and experiment. The results suggest that in the actual sample

represented in Figure 31, the effective value of R should be such that

the experimental values lie between the two theoretical curves. This

effectively narrows the range of R values from the range 1 to 2/(3TT),

i.e., 0.21, to the range 0.58 to 0.31.

With the value of I = 2000 b, U = 1.47 eV and the expressions

for D and D given in equations [30] and [29] respectively, we can cal-

culate the boundaries separating the pinned and unpinned configurations,

and the boundaries separating unpinning behaviour from diffusion beha-

viour in the temperature-strain amplitude plane. We start with the

major boundary separating pinned and unpinned configurations. It has

two branches in all the theories of thermally assisted unpinning based
(37)

on the Teutonico, Granato and Lucke model • They can be designated
(14)(see for example for BHR theory ) as an A-E boundary at low strain

amplitudes and high temperatures, and a B-C boundary at low temperatures

and high strain amplitudes. The A-E boundary delineates the region

where few systems unpin during each cycle from the region where nearly

all the systems unpin during each cycle, and occurs when the stress is

such that the effective activation energies for forward (unpinning) and

backward (pinning) jumps are equal, i.e., it is equivalent to the Pare1

condition in the theory of the Bordoni relaxation. The B-C boundary is

another "few-all" boundary, but in this case, the activation occurs at a

single pin rather than being associated with a group of pins, as in the
(14)

case of the A-E boundary. As shown in the BHR theory the A-E bound-

ary is given by

/ ,2 3\h
[35]
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where

V -4^ b 2°ot. 1
01 " 3 V ^3 i bRE
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and the B-C boundary is given by

' B _ C i- i •*• i „ JI IT i i 137J

k

where

V = I — 1 • — T381

02 \ un / k T '

In the above two equations, rin and r are defined in such a way that the

pinning force has the asymptotic behaviour
y+1

a s y + « [39]

where U is the interaction energy between the dislocation and pin, while

y is their separation. In this expression, n^ is a positive constant

and r is a range characteristic of the pinning force. For the usual

elastic interactions, y = 2, while for a 'cut-off force y = °°- In our

calculations pertaining to peak P^, we shall take y = 2 and rior = b/10.

It is readily shown that both V and VQ2, given by equations [36] and

[38] respectively, vary very little over the ranges of T and e of inter-

est, and since both occur logarithmically in the expressions for the

boundaries, the boundaries themselves are not very sensitive to their

values. For example, V Q 1
z varies from 10.6 to 3.3 while V Q 2

2 varies

from 0.09 to 1.2. In the calculations the mean values of 7.0 and 0.63

respectively have been used. The results are shown in Figure 32, where

it can be seen that the B-C boundary which roughly represents the posi-

tion of the unpinning peak in the T-£ plane, dictates that the peak
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moves rapidly to lower strain amplitudes as the temperature increases

to T-. Above T.., the peak rests at almost constant strain amplitude as

the temperature increases, following the A-E boundary.

To complete this behavioural 'phase diagram' or map, the bound-

aries where the behaviour passes from unpinning to core rearrangement

must be added. To a first approximation, these boundaries are given by

2wx = 1 ; the condition for longitudinal rearrangement in one cycle of

stress, i.e., instantaneous rearrangement from the experimental point of

view, and WT = 1; the condition for instantaneous transverse core dis-

tribution. These boundaries have been calculated using the parameters

for IL , H and £ already established above and are included in Figure 32.

Strictly, the region where 2OJT - ux_ cannot be calculated because of
Li T

the complex interaction between the two relaxations, so that the region

where these boundaries are close together is uncertain. In fact, the

boundaries indicated in Figure 32 are 2WT T = 1 assuming cox_ >> 1, and

UT = 1 assuming WT T « 1. The arrow in Figure 32 indicates the range

of e covered in our experiments assuming R = 2/(3ir). As discussed above,

the true value of R is probably greater so that the effective range of

e values is probably wider than indicated. Furthermore, it should be

noted that none of the boundaries in Figure 32 are sharp, but should be

considered as smeared out over a significant activation range.

By following the map in Figure 32, all of the complex and ap-

parently anomalous experimental results detailed in Figures 9 to 12 can

be easily understood. To illustrate this, we will explain the evolution

of the internal friction versus strain amplitude results shown in Fig-

ure 9. Each of the curves in Figure 9 was obtained by increasing the

strain amplitude rapidly to e M A X and monitoring the subsequent free de-

cay in amplitude to eMTN» At the lowest temperature, 429°C, the condi-

tions of temperature and strain remain within the region labelled

'PINNED', i.e., none of the major boundaries is crossed, few of the sys-

tems unpin, and, as a consequence™ the internal friction is low. There
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is a possibility that other minor boundaries occur in this part of the

T-e, plane, as shown in BHR theory . In fact, the knee shown on the

curve at 429°C in Figure 9(a) is not inconsistent with the A-B boundary

which marks the transition from group activation to single pin activa-

tion in the BHR theory for long loop lengths. At 460°C and 480°C (Fig-

ure 9(a)), the B-C boundary in Figure 32 is crossed at high amplitudes

and, therefore, the full height of the unpinning curve is observed. The

anomalous doubly peaked curve at 493°C (Figure 9(a)) is explained by the

fact that the A-E boundary is crossed at relatively low strain amplitudes

while at higher strain amplitudes, the longitudinal diffusion boundary

is approached long enough for some rearrangement to occur. Thus, the

lower amplitude peak on the curve at 493°C can be attributed to unpin-

ning and the higher amplitude peak to longitudinal core rearrangement.

The curves at 512,531, 550 and 565°C (Figure 9(b)) are all attributed to

longitudinal rearrangement since the maximum amplitude falls into the

range where instantaneous longitudinal rearrangement occurs. In this

range, the peaks move to lower strain amplitudes at higher temperature

in agreement with the theory, as outlined previously. At 580°C (Figure

9(c)), the transverse core diffusion boundary is approached long enough

(several seconds) for some transverse core rearrangement to occur.

Consequently, the peak of internal friction as a function of strain

amplitude starts to move back to higher strain amplitudes. This move-

ment to higher strain amplitudes continues as shown in the curves at

595, 611 and 629°C (Figure 9(c)). Finally, well into the region where

both longitudinal and transverse core diffusion are instantaneous (com-

pared with the period of a stress cycle), for example, at 643°C (Figure

9(c)), the distribution of pinning points is almost constant along the

network length and, as a consequence, the internal friction becomes

almost amplitude independent. The results in Figure 12 can be explained

in an analogous manner.

The peak positions in Figures 9 and 12 have been indicated on

the map (Figure 32). The only serious discrepancy is assoicated with
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the transverse core diffusion boundary, which has been drawn in as tem-

perature independent. More detailed calculations show that it does in

fact bend towards higher temperatures, as indicated by the experimental

peak positions.

Comparison of unpinning (480°C) with longitudinal core rear-

rangement (512°C) is shown in Figure 33. It can be seen that the over-

all damping peak is higher in the case of unpinning. This is easily ex-

plained since the whole network length is freed during unpinning, where-

as in the case of longitudinal core rearrangement, one long loop is

freed in the centre of each network length. The two different mechanisms

are illustrated in Figure 34. In addition, it should be noted that the

ratio of modulus defect to internal friction, at the A vs. E peak posi-

tion, is significantly greater in the case of core rearrangement. The

ratios given by theory and experiment are tabulated in Table 5. The

TABLE 5

RATIO OF MODULUS DEFECT TO INTERNAL FRICTION AT THE PEAK POSITION

OF CURVES OF A vs. e

Temperature °C Theory Experiment Mechanism

480 0.50 0.50 Unpinning
512 0.58 0.59
531 0.60 0.57
550 0.70 0.67
565 0.82 0.61

Longitudinal
core

rearrangement

data show good agreement between theory and experiment (except at 565CC),

and confirm the assertion made above that the ratio of modulus defect to

internal friction at the peak position can be used to distinguish between

unpinning and core redistribution. The discrepancy at 565°C is not sur-
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prising, because, as discussed above, at this temperature there is al-

ready some contribution to the curve from transverse core diffusion.

It is important to note that the unpinning boundaries (Figure

32) are time independent and almost frequency independent for a given

specimen structure, whereas the boundaries for core diffusion are very

sensitive to frequency and the time of vibration. In fact, provided

that the root-mean-square of the vibration amplitude is greater than the

critical stress for longitudinal core diffusion, redistribution will

proceed, with a time constant T T, at temperatures much lower than the
Li

peak temperature of P.. . Under these circumstances, it is the time of

vibration which determines the effective position of the longitudinal

core diffusion boundary, rather than the period of the applied stress.

This suggests an experiment which can be carried out to confirm the in-

terpretation of P_ (unpinning) and P.. (longitudinal core redistribution)

discussed in detail above. The confirmatory experiment consists of a

demonstration that either unpinning or longitudinal core redistribution

can be observed at the same temperature, depending upon the character-

istic time of observation. Such an experiment has been carried out on

a separate specimen and is illustrated in Figure 35. The full curves,

due to unpinning, were measured in free decay and completely traced in

< 10 s (because of the high damping), while the broken curves, due to

longitudinal core rearrangement were measured by stepping the strain am-

plitude up in increments, allowing 90 s (= tVjB) vibration at each am-

plitude, and measuring the internal friction at constant strain ampli-

tude. In this case, the effective boundary for longitudinal core rear-

rangement is given by t V T R - 4 ire., rather than 2<OT. = 1. Also noteworthy

in Figure 35, is the observation that the overall height of the unpin-

ning peak is greater than the height of the longitudinal core diffusion

peak, and the fact that the ratio of the modulus defect to internal

friction at the peak position is 0.5 for the unpinning peak, and signif-

icantly greater than 0.5 for the other peak. Both of these results are

characteristic of the difference between unpinning and longitudinal core
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diffusion, as discussed above. Thus, the results shown in Figure 35

confirm our interpretation of the complex portion of the T-e plane (Fig-

ure 32) associated with Pn and P,, and provide a detailed explanation
(14)

for some previously published results for which only a tentative ex-

planation had been offered. More importantly, Figure 35 confirms our

working hypothesis that the same pinning points that give rise to the

unpinning associated with P. also give rise to P. .

In summary, we have shown convincingly that P. is caused by

the longitudinal rearrangement of pinning points in the cores of dislo-

cation segments and that P_ is due to the transverse core movement of

the same pinning points. Furthermore, we have shown that the pinning

points involved are breakable, in the sense of the usual theories of

thermally assisted unpinning, giving rise to P.. A discussion of the

identity of the pinning point involved is given in section 5.

4.2 PEAK P, AND BACKGROUND B

Since both P. and B together with their analogues in other

pure metals, appear to be controlled by processes involving self-diffu-

sion, it is natural to confine our attention to specific models involv-

ing the climb of dislocations. Such models have long been proposed to

explain grain boundary relaxation peaks and the HTB. Hence, the de-

scription of grain boundary motion is confined to those boundaries

which can be described in terms of coincident site lattice (CSL) or

near-CSL situations and can, therefore, be considered to be made up of

grain boundary dislocations (GBD's). From the empirical description of

the experimental results presented in section 3.4, it is clear that any

climb mechanism giving rise to an anelastic relaxation peak must be ex-

amined in two ways: firstly, as a possible explanation of the peak P,

and secondly, its low-temperature tail must be examined as a possible

explanation for the HTB.
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The simplest model giving rise to an internal friction relax-

ation peak with a relaxation enthalpy equal to the enthalpy of self-dif-

fusion, consists of the non-conservative climb of lattice dislocations

caused by the lattice diffusion of vacancies. Mathematically more cum-

bersome models involving the climb of sessile GBD's or the motion

of dislocation walls or rafts , are all based on the same basic mech-

anism. Thus, it is worth considering in some detail. The presentation
(52)

given here follows the treatment of climb given by Hirth and Lothe

and yields a highly simplified version of the models proposed by Darin-

skii et al^ ' in 1968 and Woirgard in 1975. It is interesting to

note that the Russian literature in this field is quite extensive but

has been largely ignored by workers in the west.

Within the framework of the vibrating string model, the equa-

tion of motion of a dislocation bowing-out in the slip-plane in response

to an applied stress, a can be written

where y and x are the co-ordinates in the direction of motion and along

the dislocation direction respectively. B is the damping constant (re-
(54)

ciprocal of the mobility), and T is the line tension. Lenz and Lucke
Jo

have shown that, for all practical purposes, it is difficult to differ-

entiate between the motion of a rod-like segment of dislocation moving

in a potential field and the motion of a flexible segment as given above.
2 2

Thus, in general, the term T d y/dx can be replaced by the term Ky
2

where K is a spring constant given by K = 12T./L and L is the length
J6

of the dislocation segment. Furthermore, at low frequencies, the iner-

tia term can be neglected, so that equation [40] becomes

a dt — V V = arh exP i w t

L ^

where an is the amplitude of the applied stress and OJ is the radian fre-
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quency. This simple equation is easily solved yielding the Debye func-

tions given in equations [1] and [3] respectively, with

and

In mechanisms where the viscous damping constant, B, is given by elec-

tron drag, phonon drag, or even pinning-point drag, and the line tension

stems from kink-kink interactions, the above results lead to the well

known overdamped resonance of the dislocation line, which has been tho-

roughly investigated by the Aachen school and is reviewed in reference

54. However, equations [41-43] can also describe a relaxation due to

dislocation climb. In this model, the viscous force opposing climb is
(52)

osmotic in nature , coming from the free energy change associated

with vacancy formation, and the line tension force originates from jog-

jog interact ions.

It is assumed that diffusion occurs through the lattice be-

tween essentially straight dislocations and that the diffusion of va-

cancies in the dislocation core is so rapid that no difference in con-

centration appears along the dislocation line. Following Hirth and
(52)

Lothe , we treat the case of a mixed dislocation near the centre of a

cylinder and close to its axis (see Figure 36). Suppose that an exter-

nal shear stress, a = a , is present and ignc

equlibrium, a simple force balance shows that

b kT ln(C/Cft) 12T0

nal shear stress, a = a , is present and ignore image forces. Then, at

+

L
. ^ [ 4 4 ]

where kTln(C/Cn) is the chemical potential of vacancies referred to the
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stress-free surface concentration, C_, ft is the atomic volume, and b ,

b are the edge and screw components of the Burgers vector (Figure 36).
s

In the case of an oscillating stress, it only remains to relate the

climb velocity dz/dt, to the chemical potential. If steady-state con-

ditions are assumed, the divergence of the flux of vacancies vanishes,

yielding

-V. (DCVln(C/C0)) = 0 [45]

which becomes mathematically cumbersome due to the variation of vacancy

diffusivity, D, and C_ with internal pressure and therefore with posi-

tion. Nevertheless, the equation has been solved rigorously by Darin-

skii et al . It is far simpler to assume that C_ and D are constant

- an assumption which can be justified by comparison of the approximate

solution with the rigorous solution - in which case equation [45] reduces

to Laplace's equation in cylindrical co-ordinates, which must be solved

for the boundary conditions given in Figure 36. The solution is

C-CQ = c' ln(R/r) / In (R/b) [46]

where c' is approximately given by ab ft/b kT. The net vacancy flux per
S 6

unit length arriving at the dislocation is given in terms of the super-

saturation, C/C_ - 1, by

2irD

* ( C / C0 - X )

where D is the self-diffusion coefficient. The climb rate, dz/dt, is

proportional to the number of vacancies capture, i.e.,

dz in 2 i T D v l n ( c / c o )

dt b b In(R/b) ' L 8 J

Noting that (C/CQ - 1) = In C/CQ (for 2 _> C/CQ > 0) we retrieve the

equation of motion for the string model in the form
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kT b 2ln(R/b) 12T

for which

AD = A nb
2 L 2 [50]

-12*7
and

kT b 2ln (R/b) L2

TR

A comparison of the expressions for T in the case of kink-

kink interactions with T for jog-jog interactions for non-screw dislo-

cations gives

AR (climb) = i AR (glide) [52]

which is not inconsistent with the results for P, compared with those

for P_, P and P. (all essentially glide mechanisms). In addition, sub-

stitution of the usual range of L values into equation [51], together
-12 -14

with estimates for D» and H , yields xQ in the range 10 to 10 s,

which compares favourably with the experimental value Tfl = 10 s for

P.. However, such an identification of P, does not account for the ob-

servation that a significant P, peak occurs only when grain boundaries

are present. Consequently, if this is the operative mechanism, it must

be adapted to GBD's.

A number of models based on the climb of GBD's have been pro-

posed . Of these, the most recent, proposed by Ashmarin et al

and elucidated by Shvedov , seems to hold out the most hope for ex-

plaining P, in a-Zr. The model, based on the climb of screw GBD's,

yields

AR = 0.1 A G B L
2/d [53]
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where A is the density of GBD's, d is the average grain size, and L

the length of the segment free to climb. Shvedov shows that the

relaxation enthalpy can be written as

Hĵ  = H G B + Hy • | [0.693 + 5L/8* - (H - 1^/4) kTp] [54]

where H-,, is the activation enthalpy for grain boundary diffusion, H. is

Orb J

the jog formation enthalpy, T is the peak temperature, and I is the

mean distance between jogs. In those cases where estimates for Hj are

available and values of the other parameters are known, Shvedov

shows that equations [53] and [54] yield reasonably good agreement with

the coresponding experimental values. Unfortunately, in the case of

a-Zr, we know of no reasonably firm estimates for H., H-,, or £/L so that

a more detailed comparison with theory is not possible at this time.

Further experimental studies are required, particularly of grain bound-

ary structure, before further progress can be made.

We turn now to a consideration of the simple climb model out-

lined above, and the more complicated models based on it , as pos-

sible explanations for the HTB curve, B. As can be seen from equation

[51J, a distribution of T_ values will occur if 0, the angle between the
K

Burgers vector and the dislocation line, L, or both of them, are dis-

tributed. We have considered an exponential distribution of L values

and a second-order exponential distribution of L values, but neither

distribution can account for the range of n values (see section 3.4)

observed experimentally. The simple exponential distribution would oc-

cur if the nodal anchoring points were randomly placed on a line, and

the second-order exponential distribution would occur if the anchoring

points of the dislocation network were randomly placed on a plane.
(53)Darinskii et al have considered distributions of 0 values and find

that to obtain the correct n dependence, they must assume that the dis-

tribution function for 0, f(0) is given by

f(0) = B/0m [55]
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where B is a constant and m > 0. Fedorov et al have considered dis-

tributions of misorientation angles (or equivalently, the spacing of

dislocations in the boundaries) for small angle grain boundaries in

their model. They find that neither a Gaussian nor an exponential dis-

tribution will account for the experimental results but that it is ne-

cessary to assume a fractional power distribution. From these consid-

erations, it is difficult to choose between the various models. To gain

further insight, it will be necessary to obtain a plausible physical

reason for the particular distribution function required to account for

the experimentally observed n-values. In fact, it can be shown that to

yield a low-temperature tail of the rorm of equation [10], the spectrum

of relaxation time must be distributed in the form

f(r) = const, T11"1. [56]

However, in the case of single crystal samples (equation [51]), it is

difficult to see how any plausible distribution of L values could give

rise to this form (intuitively, we expect the L distribution to be more

important than a distribution of 0 values).

None of the models discussed above gives rise to amplitude de-

pendence of the form observed in Figures 17 and 18. In fact, very few

workers have tested for amplitude dependence in the HTIF range so that

we do not know if it is a general phenomenon or a phenomenon specific to

a-Zr. However, Burdett and Wendler have observed some amplitude de-

pendence of the HTB curve in polycrystalline zinc, which, surprisingly,

they chose to describe in terms of the Granato-Liicke zero temperature,

unpinning theory . Thus, there is a possibility that the amplitude

dependence is common to h.c.p. metals. Within the strain amplitude

range we have studied in Figures 17 and 18, there is no sign of a peak

of internal friction as a function of strain amplitude. Consequently,

unpinning is not necessarily involved. Also, since the amplitude depen-

dence is only particularly marked at the highest temperatures, it may
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not be intrinsic to the amplitude-independent component observed at the

lower temperatures, i.e., the amplitude dependence may belong to another

phenomenon which occurs only at the highest temperatures of the HTB

curve. Furthermore, the damping appears to saturate at the highest

strain amplitudes rather than go through a peak, although further studies,

over larger strain smplitude ranges, will be required to confirm this

hypothesis. Thus, it seems more likely that at the high temperature

end of the HTB curve, where the amplitude dependence is more significant,

thermally activated displacement of dislocation nodes becomes involved,
(35)

as suggested by Friedel

In summary, both P, and B can be described by mechanisms con-

trolled by self-diffusion. Both the magnitude of the relaxation strength

and the limiting relaxation time of P, can be accounted for by a model

involving the climb of screw GBD's. However, insufficient knowledge of

the intrinsic properties of dislocations and dislocation structures in

a-Zr at high temperatures, makes more detailed comparison with theory

impossible at the present time. In single crystals, the almost ampli-

tude-independent internal friction observed on the low-temperature tail

of the HTB curve can be described by the simple climb of network dislo-

cations, provided that a special distribution of angles between tbe

Burgers vector and the dislocation line is invoked. In polycrystalline

samples, the much higher overall internal friction associated with the

HTB can be accounted fcr by the climb of GBD's, provided that a special

distribution of misorientation angles is invoked. The strain amplitude

dependence occurring at the high-temperature end of the HTB, in both

single crytals and polycrystals, suggest that a supplementary motion of

the dislocation structure, probably associated with movement at the nodes,

becomes possible with increasing stress.

Clearly, further work is required in this area. In particular,

cur results suggest that a more detailed study of the non-linear proper-

ties of the internal friction associated with the HTB curve could be
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profitable. Once again, investigations using a variable frequency pen-

dulum at constant temperature, and investigations of the micro-deforma-

tion stages associated with HTIF spectrum, should lead to a much better

understanding of the phenomena involved.

5. DISCUSSION AND INTERPRETATION OF THE HTIF SPECTRUM

In this section, we will establish the identity of the pinning

point involved in peaks P-, P. and P?, speculate on a qualitative ex-

planation for P. and propose a model to account for the anomalous hys-

teresis described in section 3.5.

The pinning points involved in P. and P~, as discussed in sec-

tion 4.1, could be identified as dislocation jogs. The easy longitudinal

movement of jogs on screw dislocations and the easy transverse movement

of jogs on edge dislocations, both of which can occur conservatively,

appear to have the properties necessary to account for P. and P?, re-

spectively. However, it is clear from the results on P_ that the pin

involved is breakable. Consequently, intrinsic dislocation defects can

be ruled out, even though their movement might be expected in the tem-

perature range considered. It is necessary, therefore, to turn to a

consideration of impurity pinning.

After annealing 2 h at 700°C, analysis of the purest material

used in our studies shows that the major impurity concentrations are:

10-15 yg/g of hydrogen and 20 to 40 yg/g of oxygen. Throughout the HTIF

range, these concentrations are completely in interstitial solid solu-

tion. Hydrogen interstitials are highly mobile in the HTIF range, and

as a result they are hardly likely to present much of a barrier to dis-

location motion. In constrast, oxygen in interstitial solid solution in

a-Zr is known to produce a marked strengthening and hardening, which ex-
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tends throughout the temperature field of the a-phase. The phenomenon

appears to be common to the interstitial impurities, 0, N and H in both

a-Zr and a-Ti. Below about 400°C, the presence of 0 or N interstitials

in either a-Zr and a-Ti leads to a rapidly increasing flow stress with

decreasing temperature . It is generally accepted that this strength-

ening is caused by the interaction of the impurity interstitials with

dislocations - an interaction which impedes plastic flow. As shown by

Tyson , reported observations indicate that the interaction energy is

of the order of yb /6, an energy that is far too high to be due to the

normal elastic interactions between dislocations and point defects.

However, for a-Zr, ub /6 is = 1.55 eV , which is quite close to the

binding enthalpy of 1.47 eV determined from P_. The reason for such

high apparent binding enthalpies is still not clear, but an intriguing

possiblility has been proposed by Sob, Kratochvil and Kroupa

These authors suggest that, in analogy to the threefold core distortion

that renders screw dislocations sessile in b.c.c. metals, a sessile

splitting can occur on the prism plane and first-order pyramidal plane

of screws in a-Ti and a-Zr. Moreover, rows of impurity interstitials

can firmly pin the edge component generated in this splitting and impede

the sessile-glissile transformation which occurs at temperatures of

about 400°C when the distorted core constricts onto the prism slip

plane. Consequently, rather than softening the crystals by aiding con-
(58 ̂

striction of the sessile screw, as in the case of b.c.c. metals ,

impurity interstitials are expected to pin the edge component of the

split dislocation impeding the formation of glissile configurations,

thereby strengthening the h.c.p. lattice.

Thus, even though the binding enthalpy determined for the

thermally assisted unpinning associated with P- is anomalously high for

metals, it is not inconsistent with unpinning from one of the major im-

purities known to be present in our material. Hence, we will tentatively

identify the pinning point with oxygen and see if this identification is

consistent with the diffusion data determined from P. and P«.
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If D is the bulk lattice diffusion coefficient of the species
U

of pinning point involved, then it can be argued, intuitively, that

D > D > D and moreover, that DT >> D . Nevertheless, in the particu-

lar case of impurity interstitials, there is some reservation about the
(59)

above ordering of these magnitudes. Friedel has argued that some

more stable interstitial sites must occur in the dislocation core than

in the lattice, and therefore, core diffusion should be slower than bulk

diffusion. He supported this argument with experimental data on the

Snoe!:-K5ster peaks of internal friction which were at the time attributed

to the drag of impurity interstitials by dislocations. Recently, how-

ever, Seeger has shown that the activation enthalpy of the Snoek-

KSster relaxation in a b.c.c. metal can be described as a composite

quantity containing the formation enthalpy for double-kinks on screw

dislocations together with the core migration enthalpy of the interstitial

involved. With this model, good agreement between theory and experiment

in the systems a-Fe/N, Nb/O and Ta/0 is obtained by assuming that the

core migration and bulk migration enthalpies of the impurity intersti-

tials are equal. As a result, the experimental results on the Snoek-

KSster relaxation can no longer be considered as evidence in support of

Friedel's argument.

Evidently, from equations [29] and [30], our results on P2 and

P- respectively indicate that D > D as expected. It remains to show

that D > D .. where D . is the diffusion coefficient for oxygen in
I zr/u r̂/u,̂ ---.

a a-Zr. Ritchie and Atrens have determined D .- over the tempera-

ture range 300 to 1400°C from a compilation of the available data re-

ported for the diffusion of oxygen in a-Zr. They present three differ-

ent equations for the diffusion coefficient. The first is from a com-

pilation of all the data, while the second and third refer to branches

of the Arrhenius plot above and below 650°C which appear when only the

most accurate of the reported data are compiled. All three of these

equations are plotted over the HTIF range of 400 to 800°C in Figure 37

and compared with a plot of D_ from equation [29]. This comparison
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shows that D from equation [29] is very close to D ,„, actually within

a factor of 7, over the whole HTIF range. Thus, D = D , appears to

be an excellent approximation and the data on all three peaks, P , P

and P2, which have been shown experimentally to involve the same loca-

lized obstacles, are consistent with the identification of these obsta-

cles as oxygen interstitials. As we shall see below, this identifica-

tion is also consitent with a simple and elegant explanation for the

anomalous hysteresis reported in section 3.5.

(39-41)
It should be pointed out that many workers have tacitly

(43)
assumed that D - D , whereas LUcke and Schlipf have argued that

1 i>

since D involves core jumps, as does D , both should be significantly
(43)greater than D . Hence, according to Liicke and Schlipf , the UT = 1

D 1

boundary in Figure 32 should occur at lower temperatures than the 2u>x = 1

boundary. This is completely inconsistent with our results. As far as

we are aware, our results for D and D in the same system are unique.
Li J~

Until similar experiments on other materials have been performed, we

have no idea if D > D - D is general for interstitial impurities inmetals. It is interesting to note that Riviere et al have observed

the development of three peaks similar to P_, P. and P_ in single crys-

tals and polycrystalline samples of pure silver. Although the peaks are

small and the amplitude dependence is much smaller than is the case for

our results on a-Zr, the analogues of P- and P.. also develop with in-

creasing strain amplitude, and it is probable that the same interpreta-

tion applies. In fact, we believe that core redistribution of impurities

is probably a general phenomenon cc tributing relaxation peaks to the

HTIF spectra of all relatively pure metals. Unlike most relaxation peaks

involving point defects, the P. and P? peaks, although requiring the pre-

sence of the pinning points, are not very sensitive to their concentration.

Since peak P_ involves transverse diffusion (or drag) of oxy-

gen interstitials by dislocations, it falls into the category of peaks

attributed to the Snoek-Koster (S-K) relaxation. Such peaks are normally
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observed in cold-worked b.c.c. metals containing impurity interstitials.

Their presence in other structures has not been confirmed. It should be

pointed out, however, that the h.c.p. transition metals, hafnium, zirco-

nium and titanium are similar to the b.c.c. transition metals in that

many of their mechanical properties are controlled by the presence of

impurity interstitials which interact very strongly with the disloca-

tions. Furthermore, the h.c.p. transition metals in question transform

to the b.c.c. structure at high temperatures. Thus, it is not surpri-

sing that the analogue of the S-K peaks in cold-worked b.c.c. metals is

observed in a-zirconium.

Recently, Seeger and Hirth have presented new models

for the S-K peaks. According to Seeger , in certain circumstances,

the relaxation enthalpy H_v can be written as

H T [57]

where 2H is the formation enthalpy of a double-kink and H T is the en-

thalpy for transverse core diffusion. Hirth's model , which was ini-

tially proposed for the particular case of the hydrogen S-K peak in

a-iron, yields a similar expression for the relaxation enthalpy, viz:

H g K = 2HR + H T - ^ - J •- [58]

where a is the amplitude of the applied stress, y is the shear modulus;

and b is the Burgers vector of the dislocations involved. In most cases

of interest (aub /2ir)^ is negligible compared to the other terms, so

that equations [57] and [58] are for most practical purposes identical.

For many of the b.c.c. metals, good estimates for 2IL. are available from

the measured relaxation enthalpies of the a-peek (non-screw dislocations)

and y~peak (screw dislocations). In a-zirconium, the analogue of the

Bordoni relaxation (attributed to double-kink generation in f.c.c. me-

tals) or the a-peak or the y-peak has not been firmly established. Nev-
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ertheless, it would be very surprising if 2IL. for dislocations in a-zir-

coniura was greater than about 0.3 eV. Consequently, our treatment of P_

solely in terms of transverse core diffusion is not inconsistent with

the new models proposed by Seeger and Hirth since, for oxygen in

a-zirconium, we appear to have one of the limiting cases where 1L, >> 21^.

This viewpoint unifies many of the relaxation phenomena which give rise

to peaks of internal friction in cold-worked metals. Equations [57] and

[58] cover a whole range of possibilities from the Bordoni-type relax-

ations when 2IL » H (or impurities are not present), through the S-K

relaxtions when 2IL. and IL, are of comparable magnitude to the relaxa-

tions caused by transverse core diffusion in stringlike dislocations

when H_ >> 2H . Peak P_ in a-zirconium containing oxygen interstitials

is of this latter type.

In section 3.3, it was pointed out that P.. is enhanced by

fresh tensile deformation and by the presence of high concentrations of

hydrogen. Optical micrographs of the samples deformed in tension show

the presence of more deformation twins than do micrographs of 'as-re-

ceived' or freshly cold-rolled samples. Thus, it can be speculated that

P- is associated with the movement of twin boundaries. There have been

several reports of a peak in the HTIF spectrum of twinned zinc

However, twin boundary movement could not easily account for the appa-

rent ehancement of P- during the cooling legs of thermal cycles (see

section 3.3). It seems far more likely that P_ is associated with spe-

cial twinning dislocations in the case of tensile deformation and sim-

ilar dislocations associated with hydride 'self-deformation' in the case

of heavily hydrided specimens. This hypothesis is consistent with the

interpretation given by Yokoyama and Okazaki for the case of the

peak in twinned zinc. Even so, the dissipative mechanism associated

with these special dislocations or special dislocation structure remains

uncertain. It may be that P. is simply the analogue of P. or P, for

the special structure concerned. Clearly, determination of the relaxa-

tion parameters of P., after various thermomechanical treatments, will

be required to gain further insight into the mechanism involved.
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We turn now to a discussion of the anomalous hysteresis phen-

onmenon observed during thermal cycles of a structure previously subjected

to a VC(a ^ fl), This special vibratory annealing treatment produces a

characteristic structure that we have been unable to duplicate by purely

thermal anneals. The striking structural differences caused by thermo-

mechanical pretreatments which give rise to intense PQ, P, and P~ peaks

and the standard VC(a ^ $) pretreatment are illustrated in Figure 38.

Both of the optical micrographs are of polished cross-sections, perpen-

dicular to the plane of bending, of flexure pendulum samples that have

been subjected to vibration-annealing programs. The upper micrograph is

of a sample vibration-conditioned overnight at 400°C, a pretreatment

which gives rise to an intense P-i/Po complex as shown in Figure 4. The

lower micrograph is of a sample subjected to the standard VC(a ̂  £) pro-

gram, a pretreatment which gives rise to a low-background curve on sub-

sequent reheating from below about 450°C, as shown in Figure 16. Ob-

viously, the VC(a £ 3) leads to substantial grain growth. However, this

marked increase in grain size is not solely responsible for the absence

of a P-./P-J complex because, as we have seen above, a significant V^/V^

complex is regenerated on cooling the sample, presumably without any

further change in the grain size. This amounts to very strong evidence

that peaks P_, P. and P_ are all due to the same dislocations and the

same pinning points, are not associated with GBD's but with lattice dis-

locations. In the following, we shall refer to the large grain struc-

ture, i.e., following a VC(a ̂  3), as a 'super-annealed' condition.

Vibration conditioning appears to have a significant effect on grain

size at lower temperatures also. For example, some slight differences

in grain size are already visible in the structures corresponding to the

two curves of Figure 4, i.e., with and without vibration conditioning at

only 400°C. A discussion of the mechanisms responsible for the effect

of vibration conditioning on the grain size is not within the scope of

this report. Nevertheless, it is clear that this remarkable phenomenon

is of importance to the whole field of vibration annealing and vibratory

stress relief.
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The super-annealed condition of large grains must represent an

enourmous decrease in the overall density of dislocations, both within

the grains and GBD's (since the number of grain boundaries is decreased),

compared with the dislocation structures in deformed and only partially

recovered samples. A comparison of the structures we envisage is shown

schematically in Figure 39. In the case of the deformed and partially

recovered state, we expect a high density of dislocations in a network

configuration. Moreover, since the material in question is rather pure,

there will be only a few pinning points per network length. This is the

condition (for example, deformed and pre-annealed for 2 h at 700°C)

which gives rise to very intense peaks Po, P^ and P~. In contrast, in

the super-annealed state the dislocation density will be drastically

reduced, but the impurity content remains the same (or is possibly

slightly enhanced by pick-up at the high temperatures) so that the few

remaining dislocations will be more heavily pinned by a segregated cloud

of impurities, as sketched in Figure 39. More specifically, at tempera-

tures below about 450°C, we expect each length of network to be anchored

in some zig-zag configuration in an extended atmosphere of oxygen inter-

stitials. Since both the unpinning strain amplitude, and the critical

strain amplitude for longitudinal redistribution within the core, in-

crease significantly with increasing numbers of pinning points, it is

probable that neither will now fall within the experimental strain am-

plitude range. Thus, both P.. and P.. will be absent on subsequent heat-

ing, so that the spectrum will be a low-background curve. Nevertheless,

at temperatures of about 600°C, i.e., T(P2), some transverse drag will

become possible. This, in turn, will lead to the atmosphere being

smeared out over a much larger area of the slip plane. Moreover, in the

thinned out atmosphere, some longitudinal rearrangement will become

possible and some unpinning events will also occur. Consequently, a

hold or rest at a temperature in this range will lead to an increase in

internal friction as the equilibrium longitudinal and transverse distri-

butions develop. Such an increase in internal friction with time is

shown in Figure 32.
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In the swept-out region of the lattice, as shown in Figure 39,

the effective pinning point density is low so that, on cooling from

above 600°C, both V^ and P? will reappear. However, this intensity will

be much reduced compared with deformed and annealed samples, because in

this super-annealed condition the dislocation density is much reduced.

This is seen to be the case in the cooling leg of Figure 21. Now, pro-

vided that the sample is not cooled below about 450°C, i.e., T(P_), and

the vibration amplitude is maintained, the configuration will remain in

the unpinned region, C, of Figure 32 and the small P-i/P? c o m P l e x c a n b e

retraced even on heating. A demonstration that P-i/Po •'•s n o t completely

suppressed on heating, if prior cooling did not reach as low as about

450°C, is shown in Figure 20. However, if the sample is cooled a little

below T(P-), we know that the dislocation will become pinned (in a zig-

zag configuration) and the swept-out atmosphere will gradually return to

form a pinning cloud.

In essence, therefore, the explanation of the anomalous hys-

teresis phenomenon in super-annealed samples is surprisingly simple. On

heating from below about 450cC, very little internal friction is observed

because the dislocation segments are trapped in heavily pinned configu-

rations or impurity clouds. Above about 600°C, transverse drag becomes

possible and each segment sweeps out a relatively clean area of lattice.

This, in turn, allows all of the mechanisms involving relatively long

pin-free lengths to become operative. The relaxation peaks correspond-

ing to these mechanisms can then be observed either on heating or cool-

ing, provided that the temperature does not fall below about 450°C,

where the segments become repinned and the pinning clouds re-develop.

Complications are added by the fact that different equilibrium

distributions of pinning points pertain at different temperatures. If

the initial distribution of pinning points at a particular temperature

represents the equilibrium distribution at a lower temperature, then the

internal friction will increase with time. This is the case for the
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holds on the heating segment of Figure 22. In contrast, on the cooling

segment, the initial distribution will be the constant distribution

(produced by both longitudinal and transverse mobility) and the internal

friction will decrease with time as also shown in Figure 22.

From the above discussion, it is evident that, if the oxygen

content is increased, it should have an effect on the amount of the hys-

teresis anomaly, if in fact oxygen is the pinner involved. The results

of an experiment to test this hypothesis are shown in Figure 23, where

it is demonstrated that an increased oxygen content decreases the amount

of the hysteresis, as expected intuitively.

Similar reasoning also explains the results we observed on the

single-crystal samples. These contain a very low dislocation density
f\ 9

(A < 16 cm ) in the as-received condition and a much higher impurity

content (200 ug/g of oxygen) than our pure polycrystalline samples.

This results in the annealed dislocation structure remaining completely

pinned throughout the HTIF and in a background which remains remarkably

low even at 800°C. If a few long, fresh dislocations are introduced,

some indications of the P-i/P? complex can be observed during a subse-

quent rapid heating, but these are quickly pinned so that there is no

sign of the induced peaks on cooling (as shown in Figure 13).

Anomalous hysteresis curves of internal friction as a function

of temperature during thermal cycles through the HTIF range have also

been reported by Yokoyama and Okazaki . In fact, their curves are

very similar in form to the anomalous hysteresis curves observed in this

study. Thus, it is probable, that whenever the conditions are such that

the analogues of V and the P /P. complex appear in the HTIF spectrum of

any metal, a hysteresis loop can be produced on thermal cycling.

Little further can be added to the treatment of P, and B given

in section 4.2. Although we have amassed considerable evidence that the
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high temperature end of the HTIF spectrum is due to dislocation climb,

the detailed mechanisms remain elusive. The observed amplitude depen-

dence of the HTB curve should be investigated in more detail with the

type of equipment used in this study. However, we believe that further

insight into the mechanisms of P, and B must come from studies using

other techniques. In particular, a search for micro-deformation stages

corresponding to the peaks of the HTIF spectrum, using quasi-static

techniques such as micro-creep, would be worthwhile. Such studies, if

successful, should yield estimates of the activation volumes involved.

In addition, much more work is required on the dislocation structures

and grain boundaries in a-Zr. To test some theories, fundamental param-

eters such as jog formation energies, vacancy migration energies, the

extent of dislocation splitting and energies associated with cross-slip

are required. In a-Zr these parameters are either completely unknown or

the estimates available are uncertain.

6. SUMMARY AND CONCLUSIONS

The salient features of the experimental results presented in

this report are:

1. The HTIF spectrum in a-Zr can be resolved into five peaks, P..

to P,, plus a background, B, that increases exponentially with

the temperature. Of these, only P2, P, and B have been reported

by previous workers.

2. Significant strain amplitude dependence of the internal fric-

tion is associated with P_, P.. and B.

3. A P.. /P complex of very weak intensity can be induced in sin-

gle crystals by very slight deformation. Therefore, the dis-
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sipative mechanisms associated with P. and P« cannot be con-

fined to defects in ordinary grain boundaries.

4. Phenomenological analysis of the data on B shows that it is an

anelastic rather than a viscoelastic process.

5. Of all the peaks in the HTIF of a-Zr only P, is probably asso-

ciated with relaxation at grain boundaries.

6. Correlation of the experimental relaxation parameters for P,

and B with those obtained from their analogues in other pure

metals yields two, apparently independent, estimates for the

self-diffusion enthalpy in a-Zr. These are:

Hy = 3.2 + 0.4 eV from B

and

H^ = 3.0 + 0.4 eV from P..

7. Programmed vibrational annealing cycles over the temperature

range 400 to 800°C on samples previously vibrated in the a fi (3

range, show a remarkable hysteresis anomaly between the inter-

nal friction measured on the heating and cooling cycles.

8. Vibration-conditioning at any temperature in the HTIF range

has a marked effect on the internal friction and the grain

structure of the sample observed by optical metallography.

From a detailed analysis of the experimental results in terms

of current theories, the most important conclusions are:

a) Peak P_ is due to the thermally assisted unpinning of disloca-

tions from oxygen interstitial defects. The binding enthalpy

involved is 1.47 eV.
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b) Peak P.. is due to the longitudinal redistribution of the same

oxygen interstitial defects in the dislocation core. The

equation for the longitudinal core diffusion coefficient is

D = 1570 exp(-1.86 eV/kT) .
±j

c) Peak P_ is due to the transverse core movement of the same

oxygen defects. The equation for the transverse core diffu-

sion coefficient is

DT = 210 exp(-2.50 eV/kT).

It is approximately equal to D ,„. Peak P« can be classified

as an oxygen Snoek-Koster peak.

d) Both Pn and P, give rise to characteristic peaks of internal

friction as a function of strain amplitude. However, the

ratio of the modulus defect, n, to the internal friction, A,

at the peak position is 0.5 in the case of unpinning (PQ) and

significantly greater than 0.5 in the case of longitudinal

core diffusion (P.).

e) A behavioural 'phase diagram' or map can be constructed to

interpret the complex non-linear behaviour occurring in the

T-e plane in the regions where P_, P, and P« overlap.

f) Either unpinning, longitudinal core rearrangement, or both

together can be observed at a given temperature, depending

upon the strain amplitude and the time of vibration.

g) P_ appears to be associated with special dislocation struc-

tures generated during twinning or hydride precipitation.
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h) P, is probably caused by the climb of screw dislocations in

grain boundaries. Detailed comparison between experiment and

various theories requires a more detailed knowledge on the

intrinsic properties of dislocations in oc-Zr.

i) The HTB curve, B, appears to be due to the climb of network

dislocations in the case of single crystals. However, it is

probable that in polycrystalline samples GBD's also contribute

to B. The relationship between the distribution of relaxation

times responsible for the characteristic shape of B and the

postulated distribution of fundamental quantities such as net-

work lengths, misorientation angles, etc. remains empirical.
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FIGURE 1: Internal friction vs. high temperature spectrum of high-
purity zirconium strip, pre-annealed for 2h at 700°C. The corres-
ponding dynamic modulus curve and its derivative are also shown.
The component peaks of the spectrum are labelled P 1 to P^.
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FIGURE 2: Internal friction vs. temperature spectrum of high-purity zir-
conium strip, pre-annealed for 2h at 700°C (upper curve). First heating
•; second heating X. The step decrease in internal friction at 680°C
occurred while the sample was vibration-conditioned overnight at
e = 2.4 x 10 6. The lower curve is the HTIF spectrum for a similar sample
pre-annealed 2h at 800°C.
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FIGURE 3: HTIF spectrum, measured at constant strain amplitude, for an
'as-received' sample of the high-purity zirconium strip is shown in the
upper curve. The second warm-up of the sample, after VC(ct^3) is given
by the.lower curve. These measurements were performed at a strain ampli-
tude of e = 2.76 x 10 6 and a frequency of about 4 Hz.
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FIGURE 4: 'As-received' sample of zirconium pre-annealed overnight at 400°C
with the sample at rest (x). Similar sample pre-annealed overnight at 400°C
with the sample continually vibrated at a strain amplitude c = 2.6 x 10 (o).
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FIGURE 5: Comparison of two samples of ziwonium each subjected to
VC(a^*B) and subsequently deformed. Results indicated by • are for a
sample deformed 5% in tension, while those indicated by o are for a
second sample cold-rolled to a 38% reduction in thickness.
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FIGURE 6: HTIf spectrum of cold-rolled sample from Figure 5 compared
with that for same sample after second warm-up from room temperature.
This figure shows the regeneration of peak P» at 600°C.
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FIGURE 7: Curve 1 is the HTIF spectrum of a sample of zirconium pre-annealed
2h at 700°C, deformed 5% in tension and annealed again for 2h at 700°C. Curve
2 is for same sample after VC(a«-*6), while curve 3 represents measurements
after a subsequent deformation of 5% in tension. Curve 4 is the HTIF spectrum
after a second V C ( a ^ S ) . Curves 2 and 4 are identical within experimental
error. These sequential experimental runs on the sa»e sa»ple allow the approxi-
mate graphical resolution of the HTIF spectrum into the indicated four peaks and
background.
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FIGURE 8: Arrhenius plot of the various data on peak ?„; A
from Ref. (3), x from Refs. (5), (6) and o from this study.
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FIGURE 9(a): Internal friction as a function of strain amplitude for
temperatures in the range 429-493°C. The strain amplitude factor is
2.51 x 10 6.
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FIGURE 9(b): Continuation of the results of Figure 9(a) for selected
temperatures in the range 493 to 580°C.
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FIGURE 9(c): Continuation of the results of Figures 9(a) and 9(b) for
selected temperatures in the range of 595 to 643°C.
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FIGURE 10: Temperatures from Figures 9(a), 9(b) and 9(c) as a function of
the strain amplitude at the peak position. The strain amplitude factor is
2.51 x 10~6. Regimes (a), (b) and (c) correspond to the data from Figures
9(a), 9(b) and 9(c) respectively.
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FIGURE 11: Typical result from Figure 9(b), compared with an immediate
repeat. The strain amplitude factor is 2.51 x 10 6.
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FIGURE 12: Results from Figures 9(a), (b), (c) plotted as internal fric-
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is 2.51 x 10~6.
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FIGURE 13: HTIF spectrum of a slightly deformed single crystal of zirconium during a thermal
cycle 400 ?=•' 300°C. The curve -o- is for second warm-up after cooling to room temperature.
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FIGURE 14: HTIF spectrum of zirconium samples hydrided to levels of
20 yg/g, 100 yg/g and 300 yg/g and homogenized for 3 days at 800cC.
Curves are traces of the x-y plots of the drive signal (proportianal to
internal friction) as a function of temperature at constant strain ampli-
tude. Data points are from free decay tests at selected temperatures.



- 96 -

500 600 700

TEMPERATURE °C

800

FIGURE 15: Anomalous thermal hysteresis observed during the tracing of
HTIF spectrum during a thermal cycle from 400*=*800°C on a sample of
zirconium previously subjected to VC(on=£{5). The difference curve be-
tween the heating and cooling legs has been graphically resolved into
its component peaks.



30

14

g

LJz
111
DC
O
Ui
O

O

20

io

, BACKGROUND
' CURVE

POLYCRYSTAL

AFTER VCta=

\

SINGLE CRYSTAL

400 500 600 700 800 900

TEMPERATURE »C
FIGURE 16: Comparison of the HTB curves^In a polycrystall ine sample pre-treated with a VC(a<=*P)
and in an 'as-received' single crys ta l .



- 98 -

18-

17

16

15-

14

13

12

II

10

9

x--
JC-X

699°C

-X'
. ' * • '

„-*'

XX
656°C

6I6°C

- - X - , - x -
- X - -

.-X—X-X—X
x~*~*-

574°C

53I-CX-X---X—X-^< X X--X

— * " * " " ' X — X — X - *

446OC X."X—-X—-X—X—X—*X

403»C X--X—

J l
1 2 3 4 5

NOMINAL STRAIN AMPLITUDE, N

37

36

35

34

33

32

31

30

29

28

27

26

25

24

23

22

21 -

2 0 -

19

823°C
839°C

786°C

- X - HEATING

—— COOLING

r

1 2 3 4 5

NOMINAL STRAIN AMPLITUDE, N
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temperatures on the HTB curve of a polycrystalline sample pre-treated with
a VC(a^=?3). The strain factor is 1.2 x 10 6 .
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FIGURE 20: HTIF spectrum of a zirconium sample pre-annealed 2h at 700°C, further annealed by
a run up to 830° in the pendulum, and measured over range 400 to 865°C in upper spectrum. The
same sample was then cooled to 500°C and the spectrum traced (lower curve) during re-heating.
Note the P,/P9 complex (̂  600°C) is not complexly suppressed by cooling to only 500 C.
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FIGURE 21; Anomalous hysteresis In a zirconium sample pre-treated with a VC(a ?=*S) in
a thermal cycle from 400°C to only 680°C and back. The difference curve shows that a
small Pj/Po comPlex is regenerated on cooling.
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FIGURE 22: Anomalous hysteresis in a zirconium sample pre-treated with
a VCCa^P) during a thermal cycle with 20 min holds at selected tem-
peratures. Above 600°C, the internal friction increases with time during
the holds on heating, and decreases with time on cooling.
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FIGURE 23(a): Anomalous hysteresis in a zirconium sample pre-treated with a VC(a ?=*3) during a very slow
thermal cycle (80h) designed to introduce oxygen, (b) Second thermal cycle (16h) on same sample after the
introduction of oxygen. A comparison of 16h cycles before and after oxygen introduction, this figure and
Figure 15, shows that the amount of hysteresis, particularly around 600°C is considerably reduced in the
presence of increased amounts of oxygen.
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FIGURE 24: Peak temperature of P^ as a function of the nominal strain ampli-
tude. The strain amplitude factor is 2.51 x 10~6.
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FIGURE 25 (a): Resolved forces acting on a pinning point in the double-
loop model, (b) The resolved forces giving rise to purely transverse
motion of the pinning point in the dislocation core, (c) The resolved
forces giving rise to purely longitudinal motion of the pinning point in
the dislocation core.
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FIGURE 26: Comparison of experimental results from Figure 9(b), after
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FIGURE 27: Comparison of the experimental modulus defect curve s at
selected temperatures with the theoretical curves calculated lor longi-
tudinal redistribution at the same temperatures. The strain factor for
the experimental results is 2.51 x 10 6.
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FIGURE 28: Experimental results of internal friction as a function of strain amplitude at
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theory of longitudinal redistribution of pinning points adapted to the flexure pendulum
strain amplitude distribution. Broken curve is for the unadapted theory.
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FIGURE 29J As in Figure 28, but for the corresponding modulus defect curves.
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in zirconium. The experimental peak positions are al9o indicated.
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FIGURE 33: Experimental results caused by unpinning at 480°C compared
to results caused by longitudinal core redistribution at 512°C. Note
the difference between n/A at the peak for the two sets of results.
The strain factor is 2.51 x 10 6.
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FIGURE 34: Schematic diagrams comparing the long loop produced
by the unpinning of a dislocation with the long loop produced by
longitudinal core redistribution.
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FIGURE 36: Cylindrical geometry and boundary conditions used to
solve the diffusion equation for the climb of a mixed dislocation
segment'-^).
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FIGURE 37: Comparison of various equations for the diffusion of oxygen
in a - Zr with equation for coefficient of transverse core diffusion.
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FIGURE 38: Micrographs of polished cross-sections of flexure pendulum
specimens. In the upper micrograph the sample was vibration-conditioned
overnight at 400°C and e = 5.0 x 10 6 which gives rise to intense Pi and
?2 peaks as shown in Figure 4. Lower micrograph is of a sample subjected
to a VC(a=^B) at e = 5.0 x 10 6, the standard pre-treatment which gives
rise to a low background curve on heating from below 450°C. Magnifica-
tions are x 100.
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