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The laser ultrasonic monitoring of aluminium alloy microstructural development during
thermal processing is demonstrated. This monitoring is based on the ability to measure the
differential ultrasonic attenuation in alloy systems. Differential attenuation is related to
anelastic physical processes which are active during microstructural evolution. For the
aluminium alloys studied, these anelastic effects derive from alloying species solution and
mobility. Methods have been outlined for separating processes which affect the physical
properties but are not related to microstructural changes from those properties which are
linked to microstructural evolution.  1998 Kluwer Academic Publishers

1. Introduction
Ultrasonic property variations in metals and metal
alloys have been studied extensively and have been
used to infer the microstructural states of these mater-
ials. The modulus variations which accompany tem-
perature changes have been quantified for numerous
alloy systems [1] and have been used to estimate the
internal temperatures in alloy ingots which are being
thermally treated [2]. Previous work using laser-
induced ultrasound in various alloy systems has
quantified ultrasonic velocities as a function of tem-
perature; in particular, measurements through the
liquidus and solidus temperatures in aluminium alloys
have been presented, showing effects of alloying con-
stituents [3]. Unfortunately, a functional relationship
between the state of the material and the ultrasonic
properties does not occur in general since multiple
aspects of the state affect the ultrasonic properties. For
example, variations in crystalline grain orientation in
alloys can affect ultrasonic velocities [4] as much as
externally applied temperature variations do. In addi-
tion, microstructural variation as a result of thermal
treatment may occur, producing coupled influences on
the ultrasonic properties. Sufficiently precise ultra-
sonic measurements of longitudinal velocity have been
used to elucidate and separate various influences on
the ultrasonic properties of aluminum alloys under-
going heat treatment [5]. The precision required
for these measurements of ultrasonic wave speed
approached 0.03% and was achieved using momen-
tary contact methods on the samples at elevated
temperatures. Generally, ultrasonic attenuations are
affected by microstructural variations more strongly
than are the corresponding ultrasonic velocities and
may be used to assess microstructural states; however,

the precision of attenuation measurements is generally
low compared with ultrasonic velocity measurements
owing to the difficulties involved in making attenu-
ation measurements especially at elevated temper-
atures [6, 7].

Continuous monitoring of ultrasonic properties at
elevated temperatures may be performed using laser
ultrasonic methods [8]. Owing to the remote nature of
these sensor methods, ultrasonic data may be acquired
without incurring significant effects on the overall
temperature or microstructure of the material. Laser
ultrasonic monitoring of ultrasonic velocities in vari-
ous materials systems undergoing thermal treatment
has been conducted by various groups [9—11]. The
results of these studies indicate that the precision of
ultrasonic velocity measurements using laser-based
methods is about 0.1% which is not quite sufficient to
separate subtle microstructural effects on velocity
from larger temperature-driven effects. To achieve the
stated precision for velocity determination, the results
in these studies were obtained predominately using an
ablative laser source. The ablative source removes
material from the sample surface at sufficiently high
laser pulse fluences and produces large forward-
directed longitudinal waves which improve the signal-
to-noise of the corresponding ultrasonic signals. The
increased signal-to-noise ratio for these signals allows
relatively precise determination of times of flight when
compared with non-ablative laser generation of ultra-
sound. In addition, it is noted that the highest frequen-
cies in the laser ultrasonic signal are quite sensitive to
the microstructure of the material, and it has been
shown that for ablative laser sources, the signal-to-
noise ratio for high frequencies is sufficient to deter-
mine aspects of aluminium alloy microstructure [12].
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However, the signal-to-noise ratio at these frequencies
for thermoelastic generation is small. Unfortunately,
the sample surface is changed by the ablation process,
introducing a source of uncertainty into the measure-
ment. Additionally, other information in the laser
ultrasonic signal is not enhanced by the ablation pro-
cess; the longitudinal wave amplitude increases, but
the shear wave signal amplitude does not. In general,
the laser source produces both longitudinal and shear
waves which propagate from the source to the ultra-
sonic receiver interacting with essentially the same
volume of material. Ultrasonic interrogation using
longitudinal and shear waves may be conducted
nearly simultaneously using laser ultrasonic methods.
Consequently, compared with conventional contact-
ing techniques, laser methods may be used to provide
significantly more ultrasonic information about
a given state of the material microstructure. However,
the ablative laser source does not improve the
forward-directed shear wave signal and, as such, does
not exploit the full character of the laser source.

At laser pulse fluences below the onset of ablative
processes, laser ultrasonic wave generation occurs by
the thermoelastic effect where the laser pulse energy is
absorbed by the material, rapidly heats and expands
the irradiated region launching ultrasonic waves into
the material. The thermoelastic laser ultrasonic source
is well understood and has been studied by many
workers [13]. However, even though the thermoelas-
tic laser source has unique characteristics as an ultra-
sonic source, these characteristics have not been fully
exploited in the determination of materials micro-
structural evolution during thermal processing. In this
paper, thermoelastic laser source theory is examined
to identify aspects of the theory which aid the ultra-
sonic monitoring of materials microstructure. These
aspects are combined with ultrasonic wave scattering
theory to develop simple expressions for experimental
data analysis. Laser ultrasonic results obtained during
thermal treatment of various aluminium alloys are
analysed using these expressions and are used to
identify aspects of microstructural evolution in these
alloys. In particular, the dissolution of secondary
phases is identified indicating the potential of the
method for real-time in-situ determination of solution
temperatures in systems which exhibit precipitation-
hardening effects.

2. Theory
The seminal principle to the current work is to identify
those laser ultrasonic source characteristics which
may be exploited to monitor microstructural changes
in aluminium alloys continuously during thermal pro-
cessing. As a guide to the results presented, the overall
issues concerning laser ultrasonic monitoring of alu-
minium alloy microstructure will be outlined. The
essential theory surrounding these issues will be given
in detail sufficient to justify the analysis of experi-
mental results. Previous work on aluminium alloys
has shown that the effects of microstructural changes
on longitudinal wave velocity are small [5]. Unfortu-
nately, the signal-to-noise characteristics of thermo-

elastic laser ultrasonic signals generally do not
approach those required for precise wave speed
determination for microstructural monitoring. The as-
sociated changes in ultrasonic attenuation have been
shown to be relatively large in other alloy systems and
should provide valuable information regarding the
alloy microstructural state [6]. Conveniently, laser
ultrasonic methods for attenuation measurements
have been investigated previously where conventional
ultrasonic methods for attenuation determination
were applied to laser-induced ultrasound. An ablative
laser source was required to produce forward-directed
ultrasound of sufficient amplitude to apply conven-
tional attenuation measurement methods to laser
ultrasonic signals and, consequently, only longitudi-
nal wave interactions with the microstructure were
quantified [14]. However, it is well known that ultra-
sonic shear waves interact with a given material
microstructure differently from the way in which lon-
gitudinal waves do. In particular, in polycrystalline
materials, the longitudinal and shear wave attenu-
ations differ and depend intimately on a range of
materials properties including grain size and elastic
moduli [15]. A simultaneous measurement of the lon-
gitudinal and the shear wave attenuations may be
used to identify microstructural variations in alloys
undergoing thermal processing.

Since the thermoelastic laser source generates both
longitudinal and shear waves, it would appear that
this type of ultrasonic source may be used to measure
both attenuations in an alloy. Unfortunately, the
ultrasonic wave amplitudes from the thermoelastic
laser source preclude accurate determination of at-
tenuation using conventional analysis techniques. In
particular, if the epicentral laser ultrasonic waveform
is considered (Fig. 1), the signal amplitudes for the
dominant features vary as l~2 where l is the source-
to-receiver separation or the plate thickness. Conse-
quently, signal amplitudes rapidly decrease as the
ultrasound traverses a plate structure. Additionally,
changes to the microstructure which impose signal
attenuations beyond those expected from the noted

Figure 1 Experimental epicentral laser ultrasonic waveform ob-
tained in aluminium alloy 1100. The step-like discontinuities in the
waveform which occur at approximately 3 and 6ls correspond to
the arrival of longitudinal and shear waves, respectively.
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geometrical effects may preclude independent assess-
ment of the wave attenuations. However, if absolute
determination of attenuation is not required and only
accurate indication of microstructural variation is
needed, then the relative attenuation between the lon-
gitudinal and shear waves may be sufficient to charac-
terize material evolution. For wave propagation
through a fixed amount of material, the relative at-
tenuation may be inferred by direct comparison of the
step displacements which occur at the ultrasonic
arrival times.

Simple detection of the displacement amplitudes
would be sufficient if the thermal and optical proper-
ties and the elastic stiffnesses were constant; however,
as the material temperature changes, all these proper-
ties vary as a result of intrinsic material behaviour or
as a result of changing surface conditions. The effects
of these property variatons must be minimized to
extract information which is linked intimately to the
microstructure. The relative attenuation measurement
minimizes the effects of thermal and optical property
changes since the longitudinal and shear displace-
ments have the same functional dependence on these
properties. Unfortunately, intrinsic temperature-
induced modulus variations affect the displacement
amplitudes such that their ratio and, consequently, the
relative attenuation would apparently change with
temperature. These modulus-driven effects may be
eliminated if results for the description of laser ultra-
sound are used [16]. Similarly, another source for
differential attenuation which is not linked to micro-
structural variations is grain scattering in crystalline
materials. Grain scattering is strongly influenced by
the material moduli such that modulus changes not
linked to microstructural variations would affect the
differential attenuation. Fortunately, these variations
may be taken into account using the results of ultra-
sonic scattering theory [15]. Given the ability to
compensate for modulus changes, a meaningful indi-
cator of microstructural variations is the relative dis-
placement amplitudes accompanying the longitudinal
and shear waves in the epicentral laser ultrasonic
waveform.

To derive quantitative relationships for data analy-
sis, the essential aspects for the theory of thermoelastic
laser ultrasonic wave generation in metal alloys is
reviewed. This theory has been studied extensively and
has been the subject of numerous investigations which
have concentrated on divers aspects of the laser ultra-
sonic process [16—21]. For a material containing var-
ied microstructural elements, the analysis of the laser
ultrasonic process is quite involved; however, if the
material may be represented by an isotropic homo-
geneous solid, then the required results may be
derived directly. For the development presented here,
it is assumed that effects of microstructure may be
imposed on the results obtained for the isotropic
homogeneous solid.

Consider the experimental geometry shown in
Fig. 2a where a laser pulse impinges on one surface of
a plate and the resulting ultrasonic displacements are
measured on the opposite side of the plate. The re-
ceiver position is directly opposite that of the source in

Figure 2 (a) Detection geometry for the epicentral waveform pro-
duced by a laser source. (b) Calculated epicentral waveform show-
ing the times of arrival and the amplitudes of the ultrasonic modes
used in this study.

the epicentre location. If the plate is sufficiently thick
that thermal disturbances generated at the source do
not interact with the material at the receiver location
during the times of interest, then the plate appears to
be thermally thick. Given these conditions, it has been
shown that the laser source may be modelled using an
equivalent elastic source acting at the surface of the
plate [19]. As this source approaches the limiting
characteristics of a spatially point-like temporal im-
pulse in a material of vanishing thermal conduction,
the displacements occurring at the epicentre receiver
may be derived analytically [16]. The displacement
versus time waveform for early times using a spatially
and temporally finite source is shown in Fig. 2b. For
the times of this waveform, the features of interest are
the step-like displacements which occur at the longitu-
dinal and the shear wave arrival times, t

L
and t

S
,

respectively. Since these displacements result from a
common-thermal-expansion source, the amplitudes of
these displacements are related by the elastic moduli
of the material. Indeed, for a point impulse source in
a thermally non-conductive material, the following
result has been derived relating the displacements and
the elastic constants in the material [16]:

A
SS

A
LS

"!2(1!m)

1!2m
(1)
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where A
SS

is the amplitude of the step which occurs at
the shear time of arrival (shear step), A

LS
is the step

amplitude at the longitudinal time of arrival (longitu-
dinal step) and m is the Poisson ratio for the material.
This elegant analytical result may be adapted for use
in examining experimental observations by converting
the Poisson ratio to elastic moduli (the Lamé con-
stants) and then to elastic wave speeds. The result is
given as follows:

K
A

SS
A

LS
K"

c2
1

c2
2

(2)

where c2
1

is the longitudinal wave speed, c2
2

is the shear
wave speed and the absolute value sign merely yields
the magnitude of the ratio without the relative dis-
placement directions. Typically, wave speeds are cal-
culated on the basis of a wave time of flight and
a dimensional measurement; however, since the wave
speeds appear in ratio to one another, the sample
dimension does not enter into the expression for the
displacement ratio. That the relationship is sample
dimension independent is quite useful in that it elimin-
ates the need to perform measurements outside the
laser ultrasonic measurement. Using expressions for
the wave speeds, the amplitude ratio is expressed in
terms of the wave times of flight as follows:

K
A

SS
A

LS
K"

t2
S
t2
L

(3)

where t
S
is the time of flight for the shear step and t

L
is

the time of flight for the longitudinal step. Not only
does this equation hold regardless of sample dimen-
sion, but also it is independent of the thermal and the
optical properties of the material so long as the pre-
vious assumptions concerning the source continue to
obtain. The results of more accurate laser source mod-
elling, which are shown in Fig. 2, indicate that the
effects of finite source size and laser pulse duration do
not significantly alter the relationship given in Equa-
tion 3 for the current work. Consequently, as an alu-
minium alloy is thermally processed, laser ultrasonic
data can be analysed to provide information concern-
ing the expected variation in the ultrasonic mode
amplitudes regardless of changes in surface reflectiv-
ity, material thermal properties, sample length or elas-
tic moduli. The result given in Equation 3 should hold
unless microstructural effects cause the material to
behave differently from an isotropic continuum.

One effect which produces experimental deviations
from the predicted behaviour in Equation 3 is grain
scattering in materials. The effects of grain scattering
on the relative attenuation between the longitudinal
and shear waves may be expressed conveniently if the
following conditions hold:

(i) The grain size in the material is small compared
with the ultrasonic wavelength.

(ii) Variations in moduli from grain to grain are small.
(iii) Grains are randomly oriented such that the

bulk material behaves isotropically.

Using these assumptions, the results for the relative
amplitudes of the steps in the epicentral laser ultra-

sonic waveform could be modified; however, the
length of the derivation prevents its investigation in
this work. Rather, previous results for the ratio of the
attenuation coefficients will be repeated as follows:
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where r
S

is the attenuation coefficient for the shear
wave and r

L
is the longitudinal wave attenuation

coefficient [15]. In Equation 4, substitutions for the
wave speeds in terms of experimentally measurable
times of flight have been made. As was found for the
amplitude ratio from laser ultrasonic theory, this ratio
is independent of sample length.

The results given in Equations 3 and 4 may be
combined to yield a new relationship between the times
of flight and the amplitudes which includes the effects of
grain scattering. This expression is given as follows:
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where l is the ultrasonic propagation length which is
nominally the sample thickness. Equation 5 is of the
form y"(m)x with the slope yielding the attenuation
coefficient for the longitudinal wave if the sample
length is known. The grouping of measurables
y"ln Dt2

S
/t2

L
/A

LS
/A

SS
D
z/l

D will be referred to as the laser
ultrasonic group, and x"3/4t3

L
/t3
S
!1 as the attenu-

ation group. In the absence of attenuation resulting
from grain scattering, the laser ultrasonic amplitude
ratio holds and both sides Equation 5 are equal to
zero. Amplitude effects which are related to modulus
changes at the source and through the bulk of the
material are described by Equation 5. However, if an
attenuation mechanism other than grain scattering
manifests itself during thermal treatment, then the
description provided by Equation 5 fails to hold and
the linear relationship between the laser ultrasonic
group and attenuation group is not expected.

Grain scattering in aluminium alloys is generally
small and, consequently, the laser ultrasonic group
should be approximately zero. However, as the
temperature of an aluminium alloy is raised, anelastic
processes contribute to the ultrasonic attenuation.
These processes can be linked primarily to the mobil-
ity of solutionized alloying elements in the microstruc-
ture at temperatures above the solvus. This mobility is
generally linked to vacancies in the microstructure
which aid the diffusion of alloying species. However, in
general, a range of physical processes affect the anelas-
tic response of aluminium alloys at ultrasonic frequen-
cies and the description of the functional dependence
of attenuation on these processes is incomplete. Re-
gardless, if it is assumed that the longitudinal wave
attenuation in the alloy is linked to the mobility of
alloying species, then a form for the attenuation may
be arrived at as follows:

r
L
"r

0LC1#a expA!EJk
B
¹BD (6)

where r
0L

is an attenuation coefficient which is related
solely to scattering processes, a is an amplitude factor
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for anelastic grain scattering, E is the activation en-
ergy for the anelastic attenuation process, k

B
is the

Boltzmann constant and ¹ is the absolute temperature.
At low temperatures, the grain scattering attenuation
should not be affected by anelastic processes; however,
as the temperature increases, anelastic processes should
contribute to the attenuation. Owing to the uncertain-
ty concerning the actual processes which actively con-
tribute to the attenuation in various aluminium alloys,
a single effective activation energy will be assumed
and will be used in the experimental data analysis.

Both the laser ultrasonic group and the attenuation
group are composed of experimentally measurable
quantities. Consequently, if the ultrasonic propaga-
tion length is known approximately, then the attenu-
ation may be determined and may be measured as
a function of temperature. According to Equation 6,
attenuation variation does not reflect abrupt, changes
in microstructure but is continuous with temperature
in aluminium alloys and is linked to diffusing species
number and mobility. Experimental results may be
analysed using Equations 5 and 6 to demonstrate laser
ultrasonic monitoring of aluminium alloy microstruc-
tural evolution. In particular Equations 5 and 6 are
combined as follows:
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which represents the laser ultrasonic data as a func-
tion of temperature and indicates that the subtraction
of a constant, r

0L
l, from the experimental data will

allow an activation energy to be determined from the
data. Unfortunately, at the frequencies of interest, the
low-temperature grain scattering in aluminium alloys
is small and the laser ultrasonic group is close to zero.
Owing to signal-to-noise considerations, the ratio of
the laser ultrasonic group to the attenuation group
varies about the constant, r

0L
l, such that, when this

constant is subtracted from the data according to
Equation 7, the logarithm argument may be negative
for low-temperature data. For the results in the current
work, only high-temperature data for which the ultra-
sonic signal-to-noise ratio is sufficient to apply Equa-
tion 7 may be used to extract information about the
activation energy of the anelastic attenuation process.

3. Experiment
The materials chosen for study in this work included
aluminium alloys 2024, 7075 and 1100. Aluminium
alloys 2024 and 7075 were chosen on the basis of their
well-understood metallurgical behaviour during ther-
mal treatment. These materials contain a range of
alloying constituents which are solutionized at elev-
ated temperatures and precipitate under equilibrium
conditions to form secondary phases at low temper-
atures [22]. Aluminium alloy 1100 was chosen as
a reference material; it is commercially pure alumi-
nium with only residual tramp impurities which do
not form phases with solvus temperatures in the range

investigated in this work. Multiple samples of each
alloy were prepared as discs, approximately 19mm
thick and 50mm in diameter, with one face on each
disc polished to a mirror surface and the other face not
being specially prepared beyond the original lathe
finish. All samples were subjected to a high temper-
ature thermal treatment to remove any residual stres-
ses and to normalize the microstructure. The samples
were furnace cooled to produce the equilibrium micro-
structures of the various alloys.

The experimental apparatus used for the laser ultra-
sonic monitoring of the aluminium alloys as a func-
tion of temperature is shown schematically in Fig. 3.
An alloy sample was placed near one end of a box
furnace where optical access to the sample was pro-
vided by clearance holes in the front and back insula-
tion materials. The atmosphere in the furnace was not
controlled and was open to the laboratory environ-
ment. Heating of the furnace was controlled by
manual adjustment of the temperature set point of
the furnace controller unit. The temperature was
monitored and adjusted using the furnace ther-
mocouple. All ultrasonic data were recorded at
various fixed and equilibrated temperatures for the
furnace thermocouple. The sample temperature
was inferred through calibration of the furnace
thermocouple to a second thermocouple placed at the
sample position in the furnace.

A Molectron MY 32, pulsed neodymium-doped yt-
trium aluminium garnet laser (pulse full width at half-
maximum, about 16 ns; pulse energy, about 60 mJ)
was used for generation of ultrasound. The laser pulse
fluence was adjusted using a focusing lens to yield
a spatially restricted source while maintaining ultra-
sonic generation in the thermoelastic regime. The
ultrasonic transients were detected using a modified
Michelson-type stabilized interferometer. This type of
interferometer is sensitive to surface displacements
and is inherently uniform in its frequency response
characteristics [23, 24]. The interferometer signal was
recorded using a digital oscilloscope at a sampling

Figure 3 Schematic diagram of the experimental apparatus for laser
ultrasonic monitoring of aluminium alloys subjected to thermal
processing.

3903



rate of 500 M samples s~1 and was transferred to
a computer for data storage and analysis. For the
experimental results presented in this work, the inter-
ferometer bandwidth was limited to about 60MHz
and was sufficient for recording the necessary dis-
placement data for analysis. Ultrasonic detection was
performed on epicentre to the source; this position
was determined through ultrasonic alignment of the
source and receiver and was maintained throughout
the experiment while the sample was heated.

Owing to the low power of the interferometer laser
(about 8 mW), the sample surface had to be in mirror-
like condition to provide adequate signal-to-noise
ratio for the recorded transient signals. Laser noise in
these signals required that ten waveforms be averaged
to provide sufficient signal-to-noise ratio for data
analysis. These waveforms were averaged over a 1—2 s
signal acquisition time with the temperature being
held constant during this time. At temperatures in
excess of about 540 °C, surface oxidation decreased
the sample reflectivity irreversibly during the time of
the study. Consequently, ultrasonic data could not be
gathered during sample cooling and were gathered
solely during sample heating.

4. Results
Velocity calculations for the longitudinal and shear
waves were made for all waveforms as a function of
temperature. The sample dimension was taken to be
the initial sample length; corrections for thermal ex-
pansion were not made since this correction is neg-
ligibly small for the data shown. Times of flight for
longitudinal waves were taken from the time origin to
the beginning of the precursor [21]; those for the shear
step were taken from the origin to the displacement
minimum at the beginning of the shear step. Typical
results for aluminium alloys 1100, 2024 and 7075 are
shown in Fig. 4 where the longitudinal and shear wave
speeds are shown as functions of temperature. The
velocity variation with temperature for aluminium
alloy 1100 is shown in both graphs to establish a base-
line from which the effects of alloying constituents
may be assessed qualitatively. Additionally, the alumi-
nium alloy 7075 data represent the results obtained on
two different samples to indicate the reproducibility of
results from sample to sample. The curves shown with
the points are provided to associate those points
which belong to a given data set. For all samples, the
decreases in wave speed with increasing temperature
are indicative of intrinsic moduli reductions. The dif-
ferences between the temperature dependence of the
wave speed of pure aluminium and those of the other
materials are attributable primarily to intrinsic
moduli changes brought about by the alloying con-
stituents. Additionally, anelastic processes contribute
to wave speed variation at the higher temperatures
where the points for the alloys deviate considerably
from those for the pure aluminium [5]. The results
presented here are not sufficiently precise to determine
quantitatively the functional dependence of the wave
speeds on these processes; however, the results are
consistent with previous work on aluminium where

Figure 4 (a) Ultrasonic velocities for aluminium alloys 1100 and
2024 as functions of temperature. Ultrasonic data were obtained for
aluminium alloy 1100 to higher temperatures than for aluminium
alloy 2024 owing to the solidus temperature for aluminium alloy
2024 which is significantly lower than the nominal melting temper-
ature for aluminium alloy 1100. (b) Ultrasonic velocities for alumi-
nium alloys 1100 and 7075 as functions of temperature. The data
from two samples of aluminium alloy 7075 have been used to
construct this graph to demonstrate measurement consistency.

formulae were given for the temperature variation
of longitudinal wave speeds in various alloy systems
[5].

Ultrasonic amplitude variations are expected to
accompany the modulus changes indicated by the
ultrasonic velocity data. Measurements of the step
amplitudes for the longitudinal and shear arrivals
were made according to the prescription shown in
Fig. 2. It is noted that the onsets of these arrivals are
quite abrupt and the corresponding signal level is
easily determined. The signal amplitude at the end of
these steps is not so easily determined owing to the
smoothly varying nature of the signal. Various
methods have been employed to determine the step
amplitudes from the experimental waveforms; all these
methods yield results that are in general agreement
with one another. The first method uses the extrema of
the second temporal derivative of the signal to indi-
cate step initiation and termination. A second uses
linear fits to the data immediately after step onset and
after step termination to produce an intercept that
indicates step amplitude at termination. A third
method that was robust and was most directly auto-
mated employed error minimization signal processing
algorithms to fit theoretically derived waveforms us-
ing Rose’s [16] theory to the experimental waveforms.
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Figure 5 Ultrasonic signal amplitudes for the longitudinal and
shear steps as functions of temperature. These signals depend on
a range of factors and cannot be used as direct indicators of actual
ultrasonic amplitudes.

The step amplitudes were extracted directly from the
theoretical waveforms.

Ideally, the amplitude variations extracted using
these methods should depend solely on the modulus;
however, the relation between ultrasound amplitude
and modulus does not follow directly from the laser
ultrasonic waveforms. In Fig. 5 the signal amplitudes
associated with the longitudinal and shear steps are
shown as a function of temperature for one of the
aluminium alloy 7075 samples. The signal amplitudes
generally decrease as the temperature increases. As
was discussed previously, the decrease in signal ampli-
tude could result from changes in the thermal and
optical properties, from changes in the material
moduli or from increases in the ultrasonic attenu-
ations. Variations in thermal and optical properties
may be minimized by considering the ratio of the step
amplitude signals. Remaining effects related to cha-
nges in the moduli may be taken into consideration
using the laser ultrasonic group and the attenuation
group according to Equation 5. Any remaining de-
pendence of the signal on temperature must result
from microstructural variations occurring in the ma-
terial and may be described using the result derived in
Equation 7.

Applying the analysis suggested by Equation 7 to
the data obtained on the aluminium alloy 1100 sample
produces the results shown in Fig. 6a where the ratio
of the laser ultrasonic group to the attenuation group
less a constant is shown as a function of the reciprocal
temperature. The solid line represents the least-
squares linear fit to the data. The data suggest that
through the temperature range of investigation, no
significant changes occur to the aluminium micro-
structure. At the maximum temperature, there may be
effects related to dislocation interactions; however, the
results presented here do not justify comment to these
effects. By contrast, analysis results for the data from
the aluminium alloy 7075 samples using Equation
7 are shown in Fig. 6b. Data sets from aluminium
alloy 7075 samples are represented using different data
point markers: open squares for sample A and open
circles for sample B. The solid curve in this figure
represents the least-squares fit to the data for sample

Figure 6 (a) Anelastic attenuation in aluminium alloy 1100 as
a function of reciprocal temperature. These results indicate that
thermally induced anelastic effects do not contribute to the ultra-
sonic attenuation in the temperature range studied. (b) Anelastic
attenuation in aluminium alloy 7075 as a function of reciprocal
temperature. The solid curve is an exponential function which
represents the least-squares fit to the data for one of the aluminium
alloy 7075 samples.

A using an exponential function where, owing to sig-
nal-to-noise considerations, only the high-temper-
ature data points were used in deriving the curve. The
effective activation energy associated with the curve
shown is 1.06 eV which is consistent with activation
energies for diffusion related phenomena in alumi-
nium [25]. Clearly, the anelastic effects related to
alloying species solution have been separated from
processes which affect the physical properties but do
not represent microstructural changes.

Similar results to those presented for aluminium
alloy 7075 were obtained for aluminium alloy 2024.
Unfortunately, the signal-to-noise characteristics for
the aluminium alloy 2024 results were not adequate to
extract a meaningful value for the effective activation
energy even though reasonable results were obtained
for the wave speed measurements. For all the wave-
forms recorded, the longitudinal step amplitude was
less than that of the shear step, and the resulting
accuracy of the step ratio, present in the laser ultra-
sonic group, is limited by the signal-to-noise ratio of
the longitudinal step. At elevated temperatures, the
step signals decrease owing to lowered surface reflec-
tivity even as the anelastic effects become significant.
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The resulting degradation of the longitudinal step
signal introduced significant error into the analysis for
several of the intermediate temperature data points for
the aluminium alloy 2024 material. At intermediate
temperatures the anelastic effects were small while
signal levels were diminished. Improvements to the
interferometer components would directly enhance
the detection of the anelastic effects at the elevated
temperatures.

5. Conclusions
The laser ultrasonic monitoring of aluminium alloy
microstructural development during thermal process-
ing has been demonstrated. This monitoring is based
on the ability to measure the differential ultrasonic
attenuation in alloy systems. This attenuation is re-
lated to anelastic physical processes which occur dur-
ing microstructural evolution. For the aluminium
alloys studied, these anelastic effects were related to
alloying species solution. Methods have been outlined
for separating processes which affect the physical
properties but are not related to microstructural
changes from those properties which are linked to
microstructural evolution. These methods are concep-
tually simple and could be performed to identify
microstructural changes in aluminium alloys in situ
during thermal processing. For aluminium alloy 1100,
the analysis of the laser ultrasonic data indicated that
no significant microstructural changes occurred
throughout the temperature range of this study.
Results for aluminium alloy 7075 indicated that signif-
icant changes to the microstructure occurred and that
these changes were brought about by thermally ac-
tivated processes which had an effective activation
energy of 1.06 eV. This value for the effective activa-
tion energy can be compared favourably with those
for diffusional processes in aluminium.
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