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The paper reports on the results of a systematic study of the effects of micrometre-sized pores
on the damping response of 6061 aluminium alloy. Spray atomization and deposition
processing was utilized for the present study as a result of its ability to produce a material with
a pre-determined amount of non-interconnected, micrometre-sized pores. The amount and
distribution of pores present in the material may be systematically altered through variations in
the processing parameters by using this synthesis approach. The damping measurements were
conducted on cantilever beam specimens by using free vibration decay and resonant vibration
technigues. Experimental results showed that the porosity increased with increasing average
pore size; the damping capacity, in terms of logarithmic decrement §, of the as-spray-
deposited 6061 Al alloy, increased from 1.8 to 2.9% as the amount of porosity increased from

4 to 10%. Comparisons show that the damping capacity of the as-spray-deposited 6061 Al
alloy is higher than those reported by other investigators using the same alloy but with
different processing techniques. The loading damping mechanisms are discussed in the light
of data from the characterization of microstructure and damping capacity.

1. Introduction

The effective utilization of advanced metals and alloys
in structural applications that require minimal sound
and vibration transmission is often limited by our
existing understanding of the factors that govern their
microstructural damping response. The microstruc-
tural damping capacity of a material, referred to here-
after simply as damping capacity, is defined as its
ability to dissipate clastic strain energy during mech-
anical vibration of the material under cyclic loading,
although plasticity may be involved at large strain
amplitudes. The dissipation of elastic strain energy in
the microstructure typically occurs through a combi-
nation of several mechanisms. Among the damping
mechanisms that are important in metals and alloys,
thermoelasticity effects and microstructural effects
(e.g. crystallographic defects) are the two main
contributors to material damping under conventional
conditions, although other damping mechanisms such
as eddy-current effects, Snoeck effects, stress-induced
ordering reactions and electronic effects may induce
damping peak phenomena under certain temperature,
strain amplitude and frequency conditions [1]. Ther-
moelastic damping can be described by the fact that
thermal conductivity provides the mechanism of re-
laxation in metals, whereas microstructural defects
contribute to damping by dissipating energy during
their movement and interaction. The defects inside
polycrystalline metals and alloys include point defects
(vacancies and disorders), line defects (dislocations),

0022-2461 © 1993 Chapman & Hall

surface defects (grain boundaries and interfaces) and
bulk defects (micro-pores and micro-cracks). It has
been shown that mobility of point defects and dense
dislocations give intermediate damping, while sliding
along grain boundaries and bulk defects are respons-
ible for high damping capacity [2-5].

Experimental evidence has demonstrated that the
presence of pores or cavities in some non-metallic
materials may play an important role in the damping
response of the material. Shimizu [3], for example,
showed that the damping behaviour of a carbon-
epoxy composite could be modified either by adding a
certain amount of plasticizer or by foaming the epoxy
matrix. His results demonstrated that the damping
behaviour of the carbon—epoxy composite samples
was strongly influenced by the resulting porous micro-
structure that was induced during the foaming of the
matrix. In related studies, Klimentos and Mc¢Cann [4]
investigated the relationship among compressional
wave attenuation, porosity, clay content and per-
meability in sandstones. In their study, they measured
the attenuation coefficients of compressional waves in
sandstone samples containing pores filled with clay
and saturated with some type of fluid. Their results
showed that the logarithmic decrement & of the sam-
ples at 1000 kHz and 40 MPa was related to the
porosity P% and the clay content inside the pores
C%byd =aP + bC — ¢, where a, b and ¢ are positive
constants. They also noted that there was no apparent
correlation between attenuation and mean grain size
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for their samples. Nielsen [5] developed a theoretical
model to estimate the complex modulus of porous and
impregnated materials (e.g. cement) and viscoelastic
porous materials. Rice [6] also proposed a theoretical
model to predict the effects of porosity and grain size
on the tensile modulus, strength and fracture energy of
ceramics.

Although the aforementioned results suggest that
the presence of pores and cavities may have a strong
influence on the overall damping response of non-
metallic materials, the role played by pores and cavit-
ies in the damping behaviour of metallic materials is
not clearly understood. This lack of knowledge may
limit the efficient use of certain advanced materials in
damping-critical structures, since these materials often
exhibit some porosity. One such class of materials
includes that produced by powder metallurgical
means (consolidating fine powders into bulk preforms)
[7, 8]. In addition, more or less porosity may exist in
metals and alloys processed by other metallurgical
techniques.

The objective of the present work is to provide
insight into the effects of porosity on the damping
behaviour of structural aluminium alloys. Spray at-
omization and deposition processing was selected for
the present study as a result of its ability to produce a
material with a pre-determined amount of non-inter-
connected, micrometre-sized pores [9-15]. Further-
more, by using this synthesis approach, the amount
and distribution of pores present in the material may
be systematically altered through variations in the
processing parameters. 6061 aluminium alloy was
selected for the present study because it has been
widely used in structural applications, and because its
damping behavior has been studied previously [16,
17].

Monitor panel

2. Experimental procedure

2.1. Materials synthesis

The aluminium alloy used in the present study was a
commercial quality 6061 aluminium alloy, with the
following nominal composition: 0.6% Si, 0.28% Cu,
1.0% Mg, 0.2% Cr, balance Al (wt%). Spray at-
omization and deposition processing involves the en-
ergetic disintegration of the molten 6061 alioy into
micrometre-sized droplets by high-velocity inert gas
jets (N, was used in the present study), followed by
deposition on a water-cooled Cu substrate. The
rapidly quenched, partially solidified droplets impact,
first on the deposition surface, and subsequently on
each other, and coliect into a preform whose micro-
structure is largely dictated by the solidification condi-
tions during impact. A diagram of the experimental
apparatus used in the present study is shown in Fig. 1.
The geometry of the spray-deposited material, which
normally exhibits a contour akin to the Gaussian
distribution of droplets impacting on the substrate
[9-13], was readily modified in the present study by
displacing the substrate during deposition. In order to
avoid extensive oxidation of the 6061 Al matrix during
processing, the environmental chamber was evacuated
to a pressure of 0.2 kPa and backfilled with inert gas
to pressure of 0.1 MPa. This procedure was performed
again to reduce the amount of residual oxygen inside
the chamber prior to melting and atomizing the ma-
terial. A more detailed discussion of the spray at-
omization and deposition experiments can be found
elsewhere [9-15].

Two runs of spray atomization and deposition ex-
periments using 6061 Al ailoy were conducted for the
present study. The primary experimental variables
used during each experiment are shown in Table 1.
The parameters in this table show that the metal-to-
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Figure I Schematic diagram showing spray-atomization and deposition processing.
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TABLE [ Experimental variables used in the study

Experiment No. 132 134
Alloy 6061 Al 6061 Al
Atomization pressure (MPa) 1.21 1.21
Atomization gas Nitrogen Nitrogen
Flight distance (mm) 406.4 406.4
Pouring temperature (°C) 750 750

J et/ gas 229 1.97

gas mass flow ratio, J ,e;,/J 4., Was the only variable
altered during the experiments. The effects of the melt-
to-gas mass flow ratio used in experiment 132, relative
to that used in experiment 134, on the resulting micro-
structure will be discussed in a subsequent section.

2.2. Specimen preparation

The geometry of the spray-atomized and deposited
6061 alloy is shown schematically in Fig. 2. In this
figure, the orientation of the Z axis was selected to lie
in the height direction, whereas the orientations of the
X and Y axes were chosen to lie in the short transverse
and long transverse directions, respectively. Cantilever
beam specimens for damping characterization studies
and samples for porosity analyses were simultan-
eously removed by sectioning the as-spray deposited
material into rectangular bars. The following proced-
ure was adopted in order to keep track of the precise

location of each sample within the spray-deposited
material. The central core of the deposit was first
sectioned into a block with the following approximate
dimensions: 150 mm long, 70 mm wide and 60 to
80 mm high. This block was subsequently sectioned
into several layers along the height direction, and each
layer was then divided into rectangular samples. This
procedure is shown schematically in Fig. 3 for ex-
periments 132 and 134. In this figure, the relative
location of each rectangular specimen inside the
spray-deposited block is designated by a number.
Every rectangular sample was subsequently divided
into two pieces; one was used for the damping meas-
urements, and the other for porosity analyses (Fig. 4).
The dimensions of the damping specimens were
101.6 mm long, 12.7 mm wide and 2.54 mm thick. The
procedure allowed careful analysis of the microstruc-
ture present in the damping specimens, since the
microstructure of spray-atomized and deposited ma-
terials has been reported to change with spray depos-
ition thickness (Z axis), but remain relatively constant
along the longitudinal dimension (Y axis) [ 18, 19].

2.3. Porosity characterization

Quantitative characterization of the porosity present
in the spray-deposited materials was accomplished by
means of density measurements and computerized
analysis of metallographic samples using an Imageset
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Figure 3 Schematic diagram showing position of samples within the as-spray-deposited materials.
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Figure 4 Schematic diagram showing specimen configuration and
geometries.

image analyser. The density measurements were con-
ducted in accordance with ASTM B311-83 standard,
based on Archimedes’ principle. In this procedure the
weight of each specimen in air and in liquid was
obtained using a Fisher Scientific A-250 clectronic
balance. The liquid used in the present study was
ethylene glycol with a density of 1.113 gem ™ at room
temperature (25°C). Accordingly, the density of a
specimen is calculated from the equation

ps — msapl (1)

Mg — Mg
where p, and p, denote the density of the specimen and
the liquid, respectively, and m,, and mg denote the
mass of specimen in air and in liquid, respectively. It
then follows that the amount of porosity present in
cach spray-deposited sample can be determined from

p - Par — Ps 2)

Par — pgas
where P denotes the volume fraction of porosity pre-
sent in the sample material, p,, represents the theoret-
ical density of 6061 Al and p,,, represents the density
of any inert gas that might be present inside the pores.
In the present study, the density of extruded 6061 Al
was used as the theoretical density p,,, and deter-
mined according to the following procedure. A
254 mm diameter billet was removed from the as-
spray-deposited 6061 Al, and extruded into a rod of
12.7 mm in diameter under 27.58 MPa and at 400 °C.
The density of the extruded material was then deter-

Amplitude , A4l¢)

mined according to Equation 1 as p,; = 2.73 gem ™3,

This value compares favourably with the measured
density of 2.72 gem ™3 for the as-received 6061-T6
aluminium alloy. Based on the fact that p,,, is sub-
stantially smaller than p,, and can be ignored in
Equation 2, P is calculated from the equation

p — Par — Ps (3)

P a1

While the total amount of porosity present in the
spray-deposited materials was determined using the
procedure described above, the distribution of pore
sizes was quantitatively characterized for each speci-
men by using image analysis in combination with a
Nikon Epiphot optical microscope and a Macintosh
IIci computer. An adaptor was utilized in the present
work to transmit images from the optical microscope
directly to the computer, where the size distribution of
pore was readily established. This procedure allowed
the characterization of a large number of metallo-
graphic samples, accurately and efficiently.

2.4. Damping measurements

The cantilever beam technique was used in the present
study to characterize the microstructural damping
response of the spray-deposited materials. In this tech-
nique, one end of a rectangular specimen was fixed
while the opposite end was allowed to move freely in
response to a mechanically induced displacement or
vibration. The damping capacity of the material was
then determined from the resulting displacement spec-
trum, by utilizing the logarithmic decrement and the
half-power bandwidth analysis methodologies. In the
logarithmic decrement method, a history of amplitude
versus time during a free vibration of the cantilever
beam specimen was recorded by an oscilloscope
through an optical displacement transducer. By
measuring the free amplitude decay after excitation,
the logarithmic decrement & can be evaluated from [2]

1 A;
= - ! 4.
o nln<AHn> (4)

where A4; and A4, ,, are the amplitudes of the i'® cycle
and the (i + n)'® cycle, respectively, separated by n
periods of oscillation (Fig. 5).
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Figure 5 Schematic diagram of free vibration decay [2].
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Figure 6 Schematic diagram showing Lorentzian peak.

The half-power bandwidth methodology was based
on a forced vibration test in which the specimen was
vibrated at the free end by a shaker which was driven
by an amplified signal from a white-noise generator.
In this technique the resonant frequency peak is dis-
tinguished by recording the vibration amplitude as a
function of frequency. The inverse qualtity factor or
loss factor, Q "1, is then calculated from the vibration
spectrum, recorded by a Fast Fourier Transform
(FFT) signal analyser through an optical transducer
using the equation [2]

_L—f 5

fl’

where f; and f, are the half-power frequencies at
which the vibration amplitude is equal to the2~'/* of
the maximum amplitude at resonant frequency f,
(Fig. 6). The three frequencies can be readily deter-
mined from the Lorentzian peak yielded by plotting
the square of amplitude against frequency [2]. Finally,
experimental data for the logarithmic decrement 6 and
the loss factor QO ' can be checked by using the
relationship [2, 20]

5§ = nQ! (6)

All of the damping data used in the present study were
derived from experiments performed at the Westing-
house Science and Technology Center (Pittsburgh,
Pennsylvania).

Q—l

3. Results

3.1. Porosity and microstructure

Table II shows the density p, and the amount of
porosity P of the as-spray-deposited 6061 Al speci-
mens, calculated from Equations 1 and 3, respectively.
The results as shown in Table II correspond to the
various locations within the as-spray-deposited ma-
terials, as designated in Fig. 3.

Optical microscopy was conducted on unetched
and Keller’s etched coupons of the as-spray-deposited
materials. Two examples, corresponding to experi-
ments 132 and 134, are shown in Figs 7 and §,
respectively. The presence of numerous pre-solidified

Y

/H Frequency

TABLE II Density and porosity of as-spray-deposited 6061 Al

Deposit Sample* mg, (g) my(g) polgem™7) P (%)

132 222 8.5844  4.8565  2.5606 6.20
242 8.5541 4.8380 25597 6.23
252 8.6848  4.9720 2.6011 472
234 83702  4.7875  2.5980 4.83

134 422 8.0587 44268 24674 9.61
442 7.5877  4.2314 25139 791
452 83760  4.6700 2.5132 7.94
433 8.3339  4.6130  2.4906 8.77

2 Sample location is shown in Fig. 3.

droplets in the microstructure precluded a precise
quantitative assessment of the grain size. However, a
large number of observations revealed that the as-
spray-deposited grain size ranges from 15 to 49 um
with an average of 32 pm for deposit 132 and from 10
to 35 um with an average of 22 um for deposit 134. In
addition, the microstructure remained relatively con-
stant throughout the entire specimen length of the as-
spray-deposited materials. The evolution of micro-
structure during spray atomization and deposition
has been addressed by numerous investigators, and
the interested reader is encouraged to consult the
available scientific literature [10, 15, 18].

Size distributions of the pores present in the samples
from deposits 132 and 134 are shown in Figs 9 and 10,
respectively. In order to quantify the size distribution
and morphology of the pores, optical metallography
samples were studied using image analysis, in combi-
nation with a Nikon Epiphot optical microscope and
a Macintosh Ilci computer. The results are shown in
Table III, where the total amount of porosity present
in the samples, as inferred from image analysis, is
compared with that obtained using Archimedes’ prin-
ciple. Also shown in Table IIT is the average diameter
of the pores present in the as-spray-deposited micro-
structure, as determined from image analysis. Each
data point shown in Table ITf was determined by
‘examining two to three viewing areas. This procedure
increased the accuracy of the measured values. In
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Figure 7 Optical micrographs showing the typical grain and pore
morphology present in deposit 132: (a) pore distribution, (b) grain
structure.

general, comparison of the amount of porosity present
in the' spray-deposited materials determined using
image analysis and Archimedes’ principle revealed a
relatively good agreement between both techniques.

3.2. Damping capacity

Experimental results of representative damping speci-
mens for two runs of the as-spray-deposited 6061
aluminium alloy are summarized in Table IV. Also
shown in this table are the Lorentzian peak frequen-
cies for each of the samples tested. The free decay
vibration tests were performed at a frequency of 290
+ 10 Hz with the strain amplitude in a range of

TABLE III Porosity of as-deposited 6061 aluminium alloy by
image analysis

Run Sample? P (%) P (%) d (pm)®
(Image (Archimedes)
analysis)

132 222 6.45 6.20 5.38

242 6.90 6.23 3.96
252 4.80 4.72 2.36
234 3.78 4.83 1.91
134 422 10.12 9.61 9.30
442 8.99 791 7.32
452 7.42 7.94 5.51
433 9.48 8.77 5.50

2Sample location is shown in Fig. 3.
bAverage pore diameter as determined from image analysis.
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Figure 8 Optical micrographs showing the typical grain and pore
morphology present in deposit 134: (a) pore distribution, (b) grain
structure.
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Figure 9 Distribution of pore sizes present in sample 222 from
deposit 132 (see Fig. 3): total count = 424, mean = 60077, s.d.
= 3-3497.

TABLE IV Damping capacity of as-spray-deposited 6061 Al

Deposit  Sample 8 (%) £, (Hz) Q (%)
132 222 2.0 294.50 0.7

242 1.9 292.00 0.6

252 19 300.25 0.6

234 2.0 287.50 0.7
134 422 29 280.75 0.8

442 2.6 261.25 1.7

452 1.8 281.25 0.8

433 2.3 280.50 0.8
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Figure 10 Distribution of pore sizes present in sample 422 from
deposit 134 (see Fig. 3): total count = 288, mean = 9.3283, s.d.
= 8.2564.

4+ 340 to + 60 microstrain. The resonant vibration
tests were conducted under the strain amplitude of
+ 20 microstrain over a 240 to 330 frequency range.
Comparison of the values of the logarithmic
decrement & with those of the loss factor Q !, using
Equation 6 suggests good agreement between the
logarithmic decrement and the half-power bandwidth
techniques. One notable exception to this observation
is the result obtained for sample 442 from deposit 134,
which shows that the loss factor for this sample was
abnormally high (1.7%). This was attributed to diffi-
culties with the experimental measurements.

4. Discussion

4.1. Formation of porosity

In order to discuss the effects of porosity on damping
behaviour it is first necessary to provide some back-
ground information on the factors that govern the
formation of pores during spray-atomization and de-
position. This background information will also pro-
vide a basis for the discussion on the differences in the
size and distribution of pores present in the materials
obtained from deposits 132 and 134. Both Table III
and Fig. 11 show that there was a relatively close
correlation between the amount of porosity present
and the average pore size. Therefore, in the discussion
that follows, average pore size and amount of porosity
may be thought of as interchangeable terms.

—_
o

Mean pore size {(um}

Porosity (%)

Figure 11 Relationship between mean pore size and porosity for as-
spray-deposited 6061 Al alloy.

An important microstructural characteristic
frequently associated with the microstructure of the
as-spray-atomized and deposited materials is the pres-
ence of a finite amount of non-interconnected pores
[9-15, 18, 19, 21, 22]. The overall amount of porosity
present in spray-atomized and deposited materials
depends on: (a) the thermodynamic properties of the
material, (b) the thermodynamic properties of the gas,
and (c) the processing parameters. Under conditions
typical for aluminium alloys, for example, the amount
of porosity present in spray-atomized and deposited
materials has been reported to be in the 1 to 10%
range [13, 14, 18]. This is consistent with the results of
the present study which showed porosity levels in the
4 to 10% range. Furthermore, the present results also
revealed that the size distribution of pores was skewed
(see Figs 9 and 10), with an average pore diameter in
the 6 to 10 um range.

The origin of porosity in spray-atomized and depos-
ited materials may be attributed to one or a combina-
tion of the following mechanisms: (a) gas rejection, (b)
solidification shrinkage, (c) interparticle porosity. The
first mechanism, gas rejection, is anticipated as a result
of the limited solid solubility of inert gases in most
structural materials. As the temperature of the mater-
ial decreases during solidification, any amount of gas
that might have dissolved during the melting and
superheating stage will be rejected into the matrix,
leading to the formation of gas pores. However, results
obtained using fast neutron activation analyses show
that spray-atomized and deposited materials exhibit
extremely low levels of dissolved gases, suggesting that
this mechanism is not as important as originally sug-
gested [23]. In addition, in view of the irregular
morphology of the pores, it is highly improbable that
a large proportion of the porosity originates from the
rejection of entrapped gases, since gas porosity gen-
erally exhibits a spheroidal morphology (see Figs 7
and §).

The formation of shrinkage porosity is generally
associated with sluggish solidification kinetics, such as
those present during ingot casting. In view of the
limited amount of liquid phase present under normal
spray-atomization and deposition conditions, it is un-
likely that solidification shrinkage plays an important
role in the formation of the observed pore distribution
[12-14]. Tt is worth noting, however, that if the spray-
atomization and deposition conditions are such that
there is an excessive amount of liquid phase present at
the deposition surface, this mechanism may play a
significant role in the formation of porosity. The
presence of an excess amount of liquid phase during
impact may develop as a result of (a) coarse droplet
sizes, (b) high deposition temperatures, and (c) re-
melting of solid phases caused by high spray enthal-
pies [ 13, 14]. Under these conditions, the atomization
gas may interact with the molten metal, leading to the
formation of large amounts of porosity.

The available experimental evidence suggests that a
large proportion of the porosity that is generally
observed in spray-atomized and deposited materials
may be attributed to the third mechanism, inter-
particle porosity. As the droplets descend, first on the
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deposition surface, and eventually on each other, they
overlap leaving micrometre-sized cavities in between.
In spite of the large amount of turbulence present, the
relatively rapid drop in temperature during deposition
prevents any liquid phase present from filling all of the
cavities, leading to the formation of irregular pores.
This mechanism is consistent with the observed cor-
relation between deposition conditions such as spray
density, powder size, and the amount of porosity
present throughout the deposit. For example, the
higher density associated with the central region of the
deposit may be attributed to the elevated mass flux of
droplets in the region of the spray, relative to the
periphery [19]. These droplets contain elevated frac-
tions of liquid phase, effectively filling the interstices
between droplets. Regarding the variations in density
as a function of thickness, the present results show
that the highest amount of porosity present in the
spray-deposited materials was present in the samples
closest to the water-cooled substrate (samples 222 and
422 in Table III). This is consistent with the initially
high rates of heat extraction experienced by the region
of the deposit in close proximity to the substrate. In
contrast, the high amount of porosity generally ob-
served in the periphery of the samples (samples 234
and 433) results from a large proportion of small, pre-
solidified droplets that tend to segregate to this region.
It is noticed that under the processing conditions
where deposited droplets are allowed to solidify com-
pletely before the arrival of more droplets, interlayer
porosity will also develop at the original droplet
boundaries.

In order to establish a relationship between the
amount of porosity present and the processing para-
meters, it is useful to consider the factors governing
the atomization stage of the process. The disintegra-
tion of a molten metal by high-energy gas jets (at-
omization) is complex and only portions of it have
been addressed from a theoretical viewpoint [24, 25].
The work of Lubanska [25] showed that the disinteg-
ration of liquids by high-velocity jets obeys a simple
correlation. A slightly modified form of the original
correlation has been shown to represent the results of
molten metal atomization experiments reasonably
well [12, 21, 22]. According to the modified
Lubanska’s correlation, the mass mean droplet dia-
meter (i.e. the opening of a screening mesh which lets
through 50% of the mass of the powder resulting from
an atomization experiment), ds,, is given by

Jmelt) < l‘lmeGm >:| 12
Kgtl1+ —_— (7N
d[( Jeas ) \HgV 2P

where K, is an empirically determined constant with a
value between 40 and 400; a value of 51.7 was sclected
for the conditions used in the present study, since this
has been shown to yield a good correlation between
theory and experiment [26]; By, Om. P and J ., are
the viscosity, surface tension, density and mass flow
rate of the melt, respectively; p,, V', and J, are the
viscosity, velocity and mass flow rate of the atomizing
gas, respectively; and d, is the diameter of the metal
delivery nozzle. Expressions for the flow rates can be
obtained as functions of the process parameters from

dso =
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Bernoulli’s equation in the case of the metal [27] and
from the theory of compressible flow [28] in the case
of the gas. The mass mean droplet diameter of the
powder size distribution (ds,) for both experiments
was computed from Equation 7, using the processing
parameters and physical constants corresponding to
each experiment (see Table I and Table V). Equation 7
predicts d, values of 108 and 98 pm for deposits 132
and 134, respectively. These results are consistent with
the higher densities that were noted for deposit 132,
relative to those of deposit 134, since a smaller droplet
diameter will dissipate thermal energy more effect-
ively, thereby leading to a greater extent of pre-solidi-
fication prior to impact.

4.2. Relationship between porosity
and damping

The damping capacity of the as-spray-atomized and
deposited 6061 aluminium alloy obtained in the pre-
sent study is summarized in Table VI, where the values
of the logarithmic decrement 6 are compared with the
results obtained by other investigators using the same
alloy. The values of & shown in Table VI were the
average of the four samples investigated for each
deposit (see Table V). The results show that the value
of & for as-spray-deposited 6061 Al is higher than
those reported by other investigators. The damping
response of the as-spray-deposited 6061 Al is thought
to be derived from two factors: (a) the presence of a
finite amount of micrometre-sized pores, and (b) a
fine-grained microstructure. In the discussion that
follows, this suggestion is discussed with reference to
results reported by other investigators.

Previous studies [3-5] demonstrated that the
damping capacity of an impregnated porous non-
metallic material increases with amount of porosity,
concomitant with a drop in elastic modulus and
strength. This observation is substantiated by the
results obtained for 6061 Al alloy processed by spray-

TABLE V Computational d, for two deposits of 6061 Al

Deposit  do (em)  Jgo (85 ™")  Jpen (8571)  dso (um)
132 03048  9.87 22.58 108
134 02794 9.87 19.46 98

® Gas: nitrogen with p, = 1.54 x 107* gem " 's ™!,

Peas = 3.375 x 1073 gem ~3,
Ve =3.232x 10*cms ™ !;
K, =517,

melt: 6061 Al with

B, =13x10"2gem " ts7?,
P =2.385gcm ™3,

O, =914gs7 2,

TABLE VI Comparison of damping behaviour of 6061 with
results of other studies

Processing Reference f(Hz) 8(%)
As-deposited, run 132 This work 290 1.95 + 0.05
As-deposited, run 134 This work 280 240 + 047
6061-T6 [16] 500 0.62
6051-T6 [17] 15 1.82
6061-0 [20] 19.8 0.65
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Figure 12 Relationship between damping capacity and porosity for
as-deposited 6061 Al alloy.

atomization and deposition in the present study, as
shown in Fig. 12. The results shown in this figure
suggest that the value of the logarithmic decrement
increases with increasing porosity present in the 6061
Al alloy, although the data points for the damping
specimens were somewhat scattered. The scattering
that is evident from Fig. 12 was attributed to the slight
variations in microstructure that were present in the
samples investigated. The relationship between poros-
ity and mean pore size for the samples is shown in Fig.
11. It is seen that the amount of porosity is propor-
tional to the average pore size. Fig. 13 shows two
typical pore size probability distributions from
deposits 132 and 134, as determined by image analysis
(see Figs 9 and 10). The results in Fig. 13 reveal that
even though there was no difference in the pore size
below the tenth percentile of the pores (d,,, the
opening of a screening mesh which lets through 10%
of the mass of the powder) between both runs of the
as-spray-deposited 6061 Al alloy, the difference in the
ninetieth percentile of pores (dgq, the opening of a
screening mesh which lets through 90% of the mass of
the powder) was substantial. do, was 10.1 um for
sample 222 from deposit 132 and 19.1 pm for sample
422 from deposit 134. On the basis of these observa-
tions, the larger pores inside the as-spray-deposited
6061 aluminium alloy appear to play a more import-
ant role in damping behaviour than the smaller pores.
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Figure 13 Typical distributions of pore sizes in as-spray-deposited
6061 Al alloy (see Fig. 3 for sample identification numbers).
(O) Sample 222; d,, =321, dgg = 10.1. (A) Sample 422; d,,
=321, dyq = 19.1.

The dissipation of elastic energy in porous materials
has been rationalized in terms of a mechanism known
as mode conversion [29-31]. From a microscopic
viewpoint, every point inside a cantilever beam speci-
men under lateral vibration will move in a transverse
direction. Hence, every crystal or grain deforms in
shear due to the transverse motion of the specimen
and in tension and shear due to the non-uniform
deformation along the longitudinal direction of the
cantilever beam. In a porous metal, the stress state
may change from tensile stress into shear stress at the
boundaries of pores. The shear deformation may fur-
thermore produce viscoelastic flow that is most re-
adily achieved at the pore boundaries. The viscous
flow is then converted to heat by molecular collisions
or dislocations during cyclic movement. The produc-
tion of either thermal energy or dislocations is benefi-
cial to internal friction or material damping according
to thermodynamics [32] and Granato-Lucke disloc-
ation theory [33, 34], respectively. The eventual result
of these serial conversions is the decay of vibration of
the porous material. The mode conversion changes
normal stress into shear stress at pore boundaries and
therefore increases the probability and density of dis-
locations around the pores, thereby increasing the
damping capacity due to internal friction. In addition,
the movements of dislocations tend to end at pore
surfaces where there is high surface energy converted
from dislocation mobility, and therefore pores may be
high-energy dissipation resources. It is also worth
noting that on the basis of the present experimental
results, the mode conversion effect appears to be more
pronounced around large pores (see Figs 11 and 12).

Mode conversion may be also partially reached
when there is a certain medium inside the pores [29].
The spray-atomized and deposited 6061 alloy used in
the present study was processed in an inert gas atmo-
sphere. Inside the deposited 6061 aluminium alloy, the
low solubility of the atomizing gas may lead to the
formation of some pores containing a partial pressure
of inert gas. In this case the motion of the inert gas
relative to the porous framework material will be high,
since the porous material is rigid in comparison with
the inert gas [12-14]. As a consequence, there will be
an impedance mismatch to vibration movement be-
tween the inert gas and the as-spray-deposited metal.
This mismatch may change the deformation field in
the neighbouring metal region and therefore lead to
secondary shear deformation in the neighbouring me-
tal, increasing the density of dislocations, and thereby
the damping due to internal friction.

4.3. Effect of grain size on damping

Fine grain morphology is one of the characteristics of
spray-atomized and deposited metals and alloys. The
average grain size of the as-spray-deposited 6061 alu-
minium alloy was 32 um for sample 222 from deposit
132 and 22 pm for sample 422 from deposit 134; both
were much smaller than the 73 pm of the as-received
6061-T6 aluminium alloy [35]. Damping associated
with grain boundary relaxation, anelasticity or vis-
cosity in the polycrystalline metals has been described
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by ké [36], Zener [37], and Nowick and Berry [2],
respectively. In polycrystalline metals there exist
amorphous grain boundaries that display viscous-like
properties. The viscous flow at grain boundaries will
convert mechanical energy produced under cyclic
shear stress into thermal energy, as a result of internal
friction. The thermal energy will then be dissipated by
the conductivity of the metal and by heat exchange
with the surroundings. The energy absorbed in grain
boundaries not only depends on the magnitude of the
shear stress and the anelastic shear strain, but also is
proportional to the grain boundary area per unit
volume, ie. inversely proportional to grain size
[36-38]. In view of these results, the fine-grained
microstructure of the spray-atomized and deposited
6061 aluminium alloy may also play an important role
in the dissipation of elastic strain energy.

5. Conclusions

The spray-atomization and deposition processing
technique can be used to produce a metal or alloy with
a pre-determined amount of non-interconnected,
micrometre-sized pores. The damping characteriza-
tion results of the present work show that the pres-
ence of micrometre-sized pores increases the damping
capacity of the as-spray-atomized and deposited 6061
aluminium alloy. The damping capacity, in terms of
logarithmic decrement & of the 6061 aluminium pro-
cessed by spray-atomization and deposition, is higher
than that reported by other investigators using other
processing techniques on the same alloy. The damping
characteristics of the spray-deposited material ob-
tained in the present work are thought to be derived
from two factors: (a) the presence of a finite amount of
micrometre-sized pores, and (b) a fine-grained micro-
structure. Damping mechanisms may be associated
with porosity by stress mode conversion and resultant
dislocation damping at pores and with a refined grain
morphology by grain boundary sliding.
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