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The high temperature background of ultrasound absorption in aluminum

Abstract

The high temperature background of ultrasound absorption, or equivalently of
internal friction, was measured in the 2-40 MHz range for two aluminum alloys. It
is found that the background can be fitted to Schoeck’s model equation with a
frequency dependence in & where n = 0.6, over the entire frequency range.
This implies that the high temperature background cannot be attributed to a
single anelastic relaxation. Therefore, the mechanism must either involve a wide
distribution of anelastic relaxations or viscoelasticity. The activation energy found
using Schoeck’s model equation is approximately 2.2 eV, which appears to be
excessively high. Therefore, although the equation fits the data well, it seems to
give unphysical results. However, the Nabarro-Herring-Cobble model of creep
caused by the diffusion of vacancies predicts a Schoeck-like model equation
where n = 0.5. In addition, using this vacancy diffusion model, the data yield
activation energies 1.18 and 1.29 eV of, in agreement with the activation energy
1.05-1.4 eV predicted by the vacancy diffusion model. Other experimental
observations made by us and others are reported and support this interpretation
of the data. However, the model predicts an internal friction amplitude four orders
of magnitude smaller than that observed. This suggests that the basic idea of
vacancy diffusion is good, but that the details of the model are wrong. The report
ends by pointing at directions where progress could be made.

Introduction

The increase in internal friction at low frequencies and high temperature is
observed for most, if not all, materials but remains unexplained.'2? It is, however,
of practical significance when trying to relate ultrasound attenuation
measurements to the microstructure of materials. For example, it is a significant
factor when relating ultrasonic attenuation to the grain size of austenitic steels
above 1000 °C. Also, the high temperature background causes a loss of signat
amplitude and renders all ultrasonic measurements more difficult at high
temperatures.* For example, the maximum temperature at which the
recrystallization of aluminum alloys could be monitored was limited by the
attenuation of the shear acoustic wave caused by the high temperature
background.®

One limitation of prior work is that measurements were usually made using
mechanical pendulums at very low frequencies. These measurements were
usually made as a function of temperature and at a single frequency. The lack of
data as a function of frequency has prevented testing various hypotheses.
However, the laser-ultrasonic reverberant technique developed at IMl is
wideband and offers exactly what has been needed.
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The starting point of this internal report is another intemnal report describing how
the measurements were made and presenting a first analysis.® These results will
be reviewed and re-plotted so as to evidence those features of interest to the
present document. Following this review, the high temperature background will
be analyzed in terms of various models.

Experimental method

Ultrasound absorption was measured in small (roughly 10 x 10 x 1 mm?)
aluminum samples in a radiant furnace. The samples were suspended, spot-
welded to the tip of a thermocouple. The ultrasonic coupling between the sample
and the thermocouple was negligible. The measurement was made using the
reverberant technique whereby a laser pulse is used to generate a pulse of
ultrasound of broad bandwidth. The pulse rapidly scatters on the walls of the
sample and on the microstructure so that shortly after, the sample is completely
insonified. We assume that all ultrasonic modes are occupied with equal
probability. This assumption implies that most of the ultrasound energy is in
shear vibrations, but about 10% remains in compressive vibrations. Ultrasound
detection is made by measuring surface displacements using a broadband laser
interferometer. More details about the technique are given elsewhere.®’® The
measurements were made as a function of temperature, between 20 °C and
500 °C, both during heating and coolingof the sample. At the time, the purpose
of the measurements was to observe the effect of annealing and recrystallization
on ultrasound absorption.

Two aluminum alloy samples were measured, an AA5754 and an AA6111. Their
chemical composition is given in Table 1. The AA5754 samples were cold rolled
by either 40% (there is a small possibility that there might have been some 60%
cold-rolled samples, but when we try to retrace the history of the projects, it
would seem not) and the AA6111 samples were cold rolled by 60%. Sample
thicknesses were in the range of 1 to 2 mm.

Table 1. Chemical compositions (in wt %)

Mg Mn Fe Si Cr Cu Ti Al
AAS754 3.07 0.24 0.17 0.057 0.034 0.008 0.006 bal.
AA6111 0.76 0.05 0.05 063 0.06 0.75 0.06 bal.

Unless otherwise noted, such small amounts alloying elements will be assumed
to not affect the interpretation of our data, and we will consider that the samples
behave as pure aluminum. One reason for this is that at high temperatures, the
equilibrium phase diagram shows that these elements either go into solid
solution, or their concentration is so low that they are essentially impurities. For
example, 0.6% Si dissolves into Al a little above 400 °C, 3% Mg dlssolves into Al
well below 200 °C, and 0.75% Cu dissolves into Al betow 350 °C.° Therefore, if
there are precipitates at room temperature, they are expected to dissolve after



HT8 of ultrasound absorption in Al 4

annealing above these temperatures, leaving a simple fully-recrystallized,
polygonal microstructure of 96-99% pure Al with little or no precipitates.

Experimental results

In this report, the internal friction is defined as the fractional loss of amplitude in
units of Np/rad. The measured internal friction is shown as a function of
temperature and frequency in Figs. 1-6. A few comments must be made about
these results before we proceed.

- The data has been smoothed somewhat in frequency to reduce noise.

- The time-frequency analysis was made a long time ago. it is possible that
the window length differed for the two samples. A longer window improves
the frequency resolution at the expense of increased noise. When the
frequency resolution is high enough, some structure is found in the
absorption spectrum. It is thought that this structure is due to changes in
the relative density of longitudinal and shear modes of vibrations causing
different frequencies to have different absorption rates. This probably
explains the “anomaly” in the absorption spectrum of the AA6111 sample
just below 7 MHz. It may or may explain other noise-like features of the
spectrum. True noise is also the main factor for many of these features.
However, in the context of this document, such features are un-important
and the reader should mentally smooth out the spectra.

- All absorption measurements showed an exponentia!l decay of ultrasound
amplitude as a function of time. Thus, no amplitude-dependent absorption
was observed.

- The maximum strain imparted to the sample is of order 10™. This occurs in
the first microsecond after generation. By the time the equipartition of
energy is achieved, the strain has considerably decreased. By the end of
the measurement, the acoustic strains are at most of order 108

- The measurements were made both during heating and cooling of the
sample. However, it was found that the laser-ultrasonic measurements
damaged the sample somewhat. It appears that the damage builds up
slowly and that the measurements are most reliable during heating and
during the initial part of cooling. Measurements at low temperatures after
cooling are unreliable. Therefore, when given a choice, we will display the
heating part of the experiment. Generally, the cooling part was very similar
except that the feature associated with recrystallization was not observed.

- The peaks observed in Figs 5 and 6 are due to a decrease of internal
friction following recrystallization.

Clearly, there are two distinctive regions in these figures: The high-temperature,
low-frequency region (HTLF) where internal friction decreases with frequency,
and the low-temperature, high-frequency region (LTHF) where the internal friction
increases with frequency.
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According to the literature, the LTHF region corresponds to the low-frequency
end of a relaxation peak caused by dislocations. Accordingly, this peak seems to
disappear with increasing temperature, i.e. with recovery and recrystallization.
Note that recrystalilization does get rid of most dislocations, but that some
dislocations may still exist after recrystallization. Also, a comparison of Fig. 2 and
Fig. 4 indicate that this dislocation damping is larger in the AA5754 sample than
in the AA6111 sample. This would indicate either a greater dislocation density or
greater dislocation mobility or both in sample AA5754. Both factors should
promote recrystallization and indeed, the AA5754 sample recrystallizes sooner
than the AA6111 sample during isothermal annealing."™ Although this argument
is self-consistent and plausible, it may not apply here. It is also possible that the
increased damping be caused by a dislocation relaxation peak of equal or lower
amplitude, but of lower peak frequency.

However, the subject of this document is not the LTHF region but the HTLF
region, where the so-called “High temperature background”, or HTB can be
observed. Therefore, the LTHF region will not be discussed any further.
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Figure 1. Internal frequency of the AA5754 as a function of frequency during
heating from room temperature (one of the curves at the lower end) up to 500 °C
(the top curve). The internal friction increases nearly monotonically with
temperature. The main exception is during recrystallization where two curves are

superimposed.
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Figure 2. Enlargement of Fig. 1. The unreliable low-frequency, low-temperature
data is deleted. Measurements as some temperatures are also deleted to clarify

the graph.
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Figure 3. Internal frequency of the AA6111 as a function of frequency during
heating from room temperature (one of the curves at the lower end) up to 500 °C
(the top curve). The internal friction increases nearly monotonically with
temperature. The main exception is during recrystallization where two curves are
superimposed.
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Figure 4. Enlargement of Fig. 3. The unreliable low-frequency, low-temperature
data is deleted. Measurements as some temperatures are also deleted to clarify
the graph.
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Figure 5. Internal friction as a function of inverse temperature during heating of
the AAS754 sample.
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Figure B. Internal friction as a function of inverse temperature during heating of
the AA6111 sample.

The choice of axes in Figs. 1-6 was made to highlight two features of the HTB.
First, the frequency dependence seems to follow an inverse power law. This is
most obvious in Fig. 1 where the top four curves taken at the four highest
temperatures are linear on the log-log plot and parallel to each other. We will see
later in this report that the exponent is approximately -0.6.
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Second, at the highest temperatures (lowest values of 1/T in Figs. 5 and 6),
above the recrystallization peak, the temperature dependence seems to follow an
Arrhenius law,

Q7' = dexp(-U /kT), (1)

where U is the activation energy, k is Boltzmann’s constant, T is temperature,
and A is some constant. Figs. 7 and 8 show enlargements of that region of the
data. It can be seen that the curves at different frequencies are nearly parallel to
each other. The activation energies can be calculated from the slope of these
graphs. They were obtained at 5, 10, 15, 20, 25, 30, and 35 MHz during heating
and cooling at high temperature. The averages and standard deviations are
reported in Table 2. These values are slightly different from those given in Ref. 6
because the temperature ranges utilized here are not exactly the same. Clearly,
these values are somewhat higher in the AA5754 sample, and they are also
somewhat higher during cooling than during heating. In all likelihood, the
microstructure of the aluminium samples did not have time to reach the
equilibrium values at the highest temperature. Therefore, the microstructure
during heating, even above the observed recrystallization, was probably evolving.
During cooling, however, the microstructure must have been relatively stable.
This explains the difference in the measured activation energies between heating
and cooling. It also means that the heating results may not be valid because of
the changing microstructure. Therefore, the rest of this document will discuss
mostly the cooling measurements.

0.01 7=

Internal Friction

0.0001 ’
0.0013 0.0014 0.0015
1T (K™Y

Figure 7. Internal friction during cooling of the AA5754 sample from 500 to
406 °C. The three curves represent three frequencies: 10 MHz (top), 20 MHz
(middle) and 30 MHz (bottom).
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Figure 8. Internal friction during cooling of the AA6111 sample from 500 to
387 °C. The three curves represent three frequencies: 10 MHz (top), 20 MHz
(middie) and 30 MHz (bottom).

Table 2. Activation energies of the high temperature background from fitting data
similar to Figures 7 and 8 to an Arrhenius equation. The error is the standard
deviation on 7 measurements.

Sample Activation energy (eV) Error {(eV)
AA5754 Heating from 400 to 500 °C 1.129 0.044
AA5754 Cooling from 500 to 406 °C 1.294 0.057
AA6111 Heating from 100 to 500 °C 0.954 0.068
AA6111 Cooling from 500 to 387 °C 1.182 0.054

Anelastic relaxation of a single relaxation process

A linear elastic phenomena possesses three universal characteristics:®

1) The equilibrium stress-strain response is unique

2) The equilibrium response is attained instantaneously (in an infinitesimal
volume, in a short time that is nevertheless much larger than the time it
takes for a deformation to propagate at the speed of sound)

3) The response is linear.

A phenomenon that violates characteristic #1 is defined as plastic.

A phenomenon that violates characteristic #2 is defined as anelastic.

A phenomenon that violates characteristic #3 is defined as non-linear.

A phenomenon that violates characteristics #1 and 2 simultaneously is defined
as linear viscoelastic.
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A long-standing question about the HTB of internal friction is whether it is caused
by an anelastic process or a viscoelastic process. The standard model of
anelasticity defines a characteristic relaxation time z. It does not matter what
mechanism causes this relaxation time. However, the consequence is that the
internal friction behaves according to:

T
1+ (o7)* '

Q0" e (2)

where o is the angular frequency of vibration (acoustic or mechanical). This
function and the derivative d log(Q')/d log(wr) are plotted as a function of @rin
Fig. 9. If the HTB is caused by an anelastic process, comparison of Fig. 1 and 3
with Fig. 9 shows that we must be on the high frequency side of the relaxation
peak. Moreover, the stated frequency dependence as «»°® indicates that we must
be in a regime where wris approximately 2. However, the »*® dependence
extends from approximately 2 to 20 MHz, i.e. over one order of magnitude in
frequency. This is incompatible with Fig. 9 where it is seen that
dlog(0™")/dlog(wr) varies from +0.5 to -0.94 when w7 varies from 0.6 to 6.
Therefore, the HTB cannot be cause by an anelastic process with a well-defined
7. Such observations as a function of frequency are somewhat scarce but they
have been reported by others. For example, ... (References).

06— — — ‘ 15

T 0.5

P
Alog Q" /Alog wr

[
-

0.1 1 10

T

Figure 9. Q" and its log-derivative with respect to wz, according to Eq. (2).

In the above, rhas been assumed constant. However, it has already been shown
that the HTB appears to follow an Arrhenius law which implies that rwould be a
function of temperature. This does not affect the above argument on the

incompatibility of our data with the predicted d log(Q')/d log(wr) because this
prediction is valid at constant temperature and the frequency dependence was




HTB of ultrasound absorption in Al 12

analyzed at constant temperature. However, this allows demonstrating that if the
HTB background is indeed thermally activated, then the model of anelastic
relaxation of a single process probably fails a second time.

Indeed, it is well know (see for example Ref. 3 section 3.5) that the internal
friction dependence on 1/T at fixed frequency shifts laterally on the 1/T axis when
two different frequencies are compared. Mathematically:

o) Uf1_1
)27 ®

This relationship is true provided that the internal friction has been normalized in
amplitude, i.e. provided that the internal friction were normalized by the
proportionality constant that would enter Eg. 2 if it were written as an equality.
Because we do not cbserve the peak, we do not know if the measured intemnal
friction needs to be rescaled. But, let's assume that varying the frequency from
10 to 30 MHz would not cause an appreciable change in peak relaxation
strength. With this assumption, the lateral shift in 1/T between 10 and 30 MHz
was measured from Figs. 7 and 8. It is found to be constant with 1/T (provided
we are in the high temperature limit). Its value and the value of activation energy
derived from Eq. (3) are shown in Table 3. The activation energies so obtained
are roughly twice those obtained in Table 2. Thus the mode! of relaxation of a
single anelastic process fails a second time, provided that the relaxation strength
of the mechanism involved does not change significantly when frequency
changes from 10 to 30 MHz.

Table 3. Activation energy obtained using the shift in 1/7 when comparing two

different frequencies during the high temperature portion of cooling, as in Figs. 7
and 8.

Sample Delta1/T f1 2 U (eV)
AA5754 410E-05 10 30 2.31
AAG111 3.61E-05 10 30 2.62

Broad spectrum of anelastic relaxations

Schoeck et al. pointed out that, despite the conclusion of the preceding section,
anelastic relaxation could still cause the observed HTB if a broad spectrum of
relaxation times is involved.'' As a result, they proposed that the internal friction
satisfies the equation:

Qo' = iﬂexp(—nU 1kT), 4)
@
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where w is the angular frequency and nn and U are constant over some limited
temperature range. In this model, the activation energies of Table 2 must be re-
interpreted as the product nU. More generally, it has been noticed that all models
and observations of the HTB are particular cases of the more general equation

Q' = A(w,T)exp(- B/ kT). (5)

Clearly, Eq. 4 is a special case of Eq. 5. It was observed early in this document
that

-l
laan l =|alnA(a),T)| = a constant, ®)
| dlnaw |T | oo |,

where Eq. (5) has been used, and

laing| Jal“A(C"’T)l ~B _ another constant. 7
o/, | ea/ry |, &

It can be shown that Eq. 6 and 7 imply that
a4 A
0™ =-"-exp(-B/kT), (8)
o

The difference between Eq. 8 and Eq. 4 is that Eq. 4 proposes that n is positive
and B = nU, whereas Eq. 8 is completely empirical and contains no model-
related information. Substituting Eq. 4 into Egs. 7 and 8, one obtains:

dlnQ™!

arlana) - ©)
r

and

olnQ™| _ B _ nU (10)

ou/Ty|, kK k-

Therefore, B (or U) can be obtained as in Table 2 by taking the slope of a graph
of In Q" vs. 1/T, and n can be obtained by taking the slope of a graph of In Q"'
vs. In @. The results for n are shown in Table 4. The best estimate of n is -0.60 %
0.04 for the AA5754 alloy and 0.59 £ 0.04 for the AAG6111 alloy, where the cited
errors are the standard errors on the mean. However, a graph of higher visual
impact can be made by rewriting Eq. 5 as follows:
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an"+g=—nlnw+lnA. (11)

If the left side of Eq. 11 is plotted as a function of In @, then n is the slope of the
graph, and In A is the intercept. This is shown in Figs. 10 and 11 where B was
chosen from Table 2. However, B could also be chosen so as to minimize the
scatter in the data. This could be done by iteration. This graph shows clearly that
Eqg. 11 is valid for temperatures above 400 °C. Below this temperature, it had
already been determined that the Arrhenius behavior did not apply.

Table 4. Values of n for the two alloys at four temperatures. The measurement at
500 °C for the AA6111 was discarded because it was unreliable.

AA5754
Temperature (°C) 500 467 427 406 Average Std dev
n 0.610 0.703 0.575 0.532 0.605 0.073
AAB111
Temperature (°C) 471 448 414 387 Average Std dev
n 0.671 0.579 0.555 0.538 0.586 0.059
2 =
1.5
14 372C
b= ]
T —— 406 C
= 05 ——427C
e ——467C
£ o —500 C
-0.5
-1 1 :
2 3 4 5 6

In (w)

Figure 10.  Plot of Eq (11) for the AA5754 sample during cooling at various
temperatures. Eq. (11) is verified at 406 °C and above.
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Figure 10.  Plot of Eq (11) for the AA6111 sample during cooling at various
temperatures. Eq. (11) is verified at 387 °C and above.

Clearly the measured HTB fits Egs. 4 and 8. If Schoeck’s hypothesis of a broad
spectrum of anelastic relaxation times is valid, then the activation energies of
Table 2 are not the activation energies but the parameter B. The true activation
energies would therefore be 2.14 eV for the AA5754 sample and 2.20 eV for the
AA6111 sample (during cooling). These activations energies seem excessively
high. As a reference point, one of the processes with highest activation energy
that is commonly encountered is self-diffusion. In aluminum, this process has
activation energy of 1.47 eV." Consequently, the interpretation B = nU and
Schoeck’s model of a broad spectrum of anelastic relaxations probably does not
explain the HTB.

Viscoelastic relaxation

If the HTB background cannot be explained by anelastic relaxation, then we must
consider viscoelastic relaxation mechanisms.

Nabarro-Herring-Coble creep.

In Nowick and Berry's review of the HTB?, it is said that generally, viscoelastic
relaxation should follow a dependence of the same form as Eq. (8), but where n
= 1. Given that a value of n = 0.6 was measured, most viscoelastic relaxation
mechanisms must be excluded. Nevertheless, Nowick and Berry continue by
presenting a model based on the Nabarro-Herring creep'*'® where n may vary
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between 0.5 and 1. The Nabarro-Herring creep model predicts that when a
crystal of a polycrystalline aggregate is put under tension, there is an excess of
vacancies that are thermally activated on the faces perpendicular to the traction
direction, as compared to the faces that lie in the traction direction. This excess
concentration of vacancies causes a vacancy concentration gradient. Thus the
vacancies diffuse from the high concentration to low concentration faces, causing
creep. This form of creep is one of the best understood. It is the dominant creep
mechanism in the limit of high temperature Iow stress, as shown in the
deformation mechanism map of aluminum'® of Figure 11. It has an activation
energy equal to that of self-diffusion.

TEMPERATURE,(C)
na -? "ﬂ ;. ‘. i. ol .. .m .“
o LS ST, e PURE ALUMINIDM |
a=10pm +
il |PLAsTICITY

3

~

3

L

NORMALISED SHEAR STRESS, %/,
SHEAR STRESS AT 300K (MN/m?)

3
l

' ———tee— D FL w A
' mwx it

Vo 02 04 1.0
HOMOLOGOUS TEMPERATUHE '/r_

Figure 11. Deformation-mechanism map for pure Aluminum with 10 um grain
size. Reproduction of Figure 4.13 of reference16. The Nabarro-Herring creep is
identified as lattice diffusion. Coble creep is identified as boundary diffusion.

Given that the melting temperature, T,,, of aluminum is 660 °C, the measurement
temperatures of 400 to 500 °C corresponds to T/T,, in the range of 0.72 to 0.83.
Also, the ultrasonic stresses rapidly decrease from a maximum at initial times to
values of less than 10 in the first few microseconds. Thereafter, the ultrasonic
stresses continue to decrease by a few additional orders of magnitude.
Therefore, according to Figure 11, the experimental measurement was made in
the region of diffusional flow, either in the lattice diffusion region (Nabarro-Herring
creep) or in the boundary diffusion region (Coble creep). Grain boundary
diffusion creep' is similar to lattice diffusion creep except for the following. The
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mobility of vacancies is higher along grain boundaries than in the lattice. On the
other hand, the total grain boundary volume is a small fraction of the entire
volume. As a result, the higher mobility of the vacancies at the grain boundaries
determines the low temperature behavior, and the greater number of vacancies
in the lattice determines the behavior at high temperature.

Internal friction model based on diffusional creep

A model of internal friction based on lattice diffusional creep was developed first
by Friedel'® and later by Escaig.'® Following the latter, and modifying somewhat
the presentation of the results to suit the needs of this report, the result of the
model is that lattice diffusion should contribute to internal friction as follows:

AW GD b 1
—=2707" =2 *~ __F 12
=270 Jr P @ (12)

where

(sinha +sina)(cosha + cosa)

Fa)= —
(sinha)* + (sinx)

a=\/;%

D

= |—m

|4

U,
Dv = DOv exp(_ EJ = DOV exp[—

U U
D =D “F1l-p —
my v exp[ kT J ov exp( kT ]

and where W is mechanical energy, AW is the mechanical energy loss per cycle,
Q' is the internal friction, G is the shear modulus, D, is the coefficient of self-
diffusion, Dy, is the diffusion coefficient of the vacancies, b® is the volume
occupied by an atom or vacancy, vis the uitrasonic frequency, k is Boltzmann's
constant, T is temperature, / is the mean grain size, U, = Uy, + Uy, is the self-
diffusion activation energy, Uy, is the activation energy of the formation of
vacancies, and Uy is the activation energy of the mobility of vacancies.

Uﬁ +U,,
kT

The intermediate quantity /' is approximately the distance traveled by a vacancy
during a period of 1/v. The quantity « determines whether we are in the high
frequency regime (large a) where grain size (/) is large compared to the vacancy
diffusion length (£} in a single period 1/v, or in the low frequency regime (small
a) where grain size (/) is small compared to the vacancy diffusion length (/) in a
single period 1/v. In those two limits, the function F(«) takes a simple form:
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lim, , Fla)=2/«

Fla)=1

a<<l

lim

a>>l

Thus, in those limits, the internal friction reduces to

AW _4GH’ D, 1
“w kT Py
AW _2JnGb*1 D, 1

a»»l W - kT 7 {_Dmv :/7'

lim

lim

Therefore, the model predicts that: In the low frequency limit, the activation
energy is the activation energy of self-diffusion, the internal friction decreases as
the inverse frequency (n = 1 in Eq. 8), and the internal frequency decreases as
the inverse second power of grain size. In the high frequency limit, i.e. much
above approximately 100 Hz for a mean grain size of about 10 um, the activation
energy is reduced to Uy + 0.5 Un,, the internal friction decreases as the inverse
square root of frequency (n = 0.5 in Eq. 8), and as the inverse grain size.
Physically, the high frequency limit differs in that the vacancies do not have
sufficient time to move the distance to another grain boundary.

Clearly, the high frequency limit of the mode! matches the experimental data
quite well. It was found experimentally that n = 0.6 while the model predicts

n = 0.5, or perhaps a little more than 0.5 if the high frequency limit is not strictly
enforced. This might be the case given a distribution of grain sizes that can
include very small grains. Moreover, the measured activation energy of 1.18 and
1.29 eV compare well with the predicted activation energy of Uy + 0.5 Uy, which
is approximately equal to 0.75 eV + 0.5 - 0.65 eV = 1.08 eV. But given the
uncertainties in the literature for the activation energy of the mobility and
formation of vacancies, the prediction is not precise and ranges between 1.05 to
1.2 eV. Moreover, if there is a distribution of grain sizes including some very
small grains, the high frequency limit may not be strictly valid and the activation
energy could be somewhat higher then that predicted.

The model can be extended to take into account the contribution of boundary
diffusion as this phenomenon may be important according to Fig. 11. Following
Cahn's and Haasen's textbook,?° the total diffusional creep rate, £, is that of the
lattice diffusional rate, £,, multiplied by a correction factor:

5D
é=g’,(1+”wg"} (13)

¥

where
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Ug
0Dy, = 6Dy, exp T )’
Jis the grain boundary thickness, and Uy is the activation energy of diffusion of
a vacancy at the grain boundary. For the experimental conditions of this
document, the correction factor is of order 2, which confirms that the
measurements were made at the limit between grain boundary diffusion and
lattice diffusion (each would contribute approximately equally). Therefore, without
further justification, it will be assumed that if the creep rate is twice that of lattice
diffusion, the internal friction will also be twice that predicted by Eq. (12).

The numerical value of the high frequency limit of EqQ. (12) was numerically
evaluated utilizing values found in Frost & Ashby?' and other data tables. The
model predicts that at 450 °C, 5 MHz, and 10 um grain size, the internal friction
Q" is equal to 6.9 x 107. Comparing with Fig. 1 and Fig. 3, the model prediction
is more than four orders of magnitude too small. Clearly the model fails, but its
success in predicting the activation energy and the frequency exponent must not
be forgotten too quickly.

Discussion and conclusion

This document has shown that the HTB cannot be caused by single anelastic
process because the frequency dependence goes as f” where n is constant over
changes of more than one order of magnitude in frequency. It has also shown
that although the functional dependence of the HTB matches Schoeck’s equation
for a wide distribution of anelastic processes, such an interpretation would lead to
an activation energy of order 2.2 eV, which seems too high to be believable. This
led to the conclusion that the internal friction mechanism must be viscoelastic.
Most such model predict that n = 1, which does not agree with the value of

0.60 1 0.04 found experimentailly. However, the Nabarro-Herring-Coble creep
model leads to an internal friction mechanism based on vacancy diffusion where
n varies from 0.5 in the high frequency, large grain limit to 1 in the low frequency
smali grain limit. Moreover, the model predicts an activation energy ranging from
1.4 eV at low frequencies and small grains to 1.05 to 1.2 eV in the high
frequency, large grain limit. This also agrees with the values of 1.18 £ 0.02 eV
and 1.29 £ 0.02 eV found experimentaily. However, the vacancy diffusion model
fails in predicting the magnitude of the internal friction.

In their well-known textbook®, Nowick and Berry describe some of the properties
of the HTB as follows: “The magnitude of the HTB (...) is highly structure-
sensitive. In general, the background is much smaller in single crystals than in
polycrystals, and is smaller in coarse grained polycrystals (...) than in fine
grained samples (...). The background is greatly enhanced in deformed and
partially recovered or polygonized samples {...) and is reduced by annealing
treatments at successively higher temperatures.” They also mention that the HTB



HTB of ultrasound absorption in Al 20

is "ugually considered to be sensibly amplitude-independent up to stains of
~10- .ll

All of these observations are also predicted by the vacancy diffusion model. The
model predicts high sensitivity to grain size and shape, very low friction in single
crystals or coarse grain polycrystals as well as much larger friction in fine grained
polycrystals. Annealing at successively higher temperature would promote better
recrystallization and grain growth, thus reducing the mechanism. And the
mechanism predicts that the internal friction should be strain independent up to
strains of order 10° to 10™* (see Fig. 11).

The vacancy diffusion model fails only at predicting the magnitude of the
phenomenon. Also, the vacancy diffusion model only considered the effect of
traction {(or compression) strain. No shear strain is considered. On the other
hand, the reverberant technique measures the internal friction of both shear and
longitudinal strain, most of the energy being in shear strain.

Therefore, this work suggests the foliowing: The vacancy diffusion model rightly
assumes that the internal friction is caused by the diffusion of vacancies.
However, either the vacancy concentration gradient or the vacancy mobility is
underestimated which leads to estimates that are much too low. One factor which
is ignored is the mobility of vacancies along dislocations. Another factor is the
effect of impurities or solid solution elements or of dislocation on vacancy
formation. Also, perhaps vacancies are created on dislocation lines which are
much more closely spaced than grain boundaries. This would increase the
vacancy concentration gradient. It would also explain the enhancement of the
HTB “in deformed and partiaily recovered or polygonized samples”.

Finally, this work may have practical applications. First, if the close link between
the high temperature background and diffusional creep can be further validated,
measurements of the HTB could provide a means to non-destructively evaluate
creep at high temperatures and low stresses. Second, this work provides a
model for the background attenuation or absorption caused by the HTB. Now,
this background can be more accurately removed and other sources of
attenuation of absorption can be measured more reliably. The most obvious
applications of this is in improving the accuracy of grain size measurement at
high temperatures or better subtracting the HTB to more accurately evidence
other internal friction phenomena.
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