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Abstract Starting from a mixture of Al-Cu-Fe quasi-
crystalline (QC) particles and Al powder, a fully dense and
almost Al-Cu-Fe o single-phase alloy was produced by
spark plasma sintering. This technique allows synthesising
large samples with sizes suitable for mechanical spectro-
scopy experiments. Mechanical spectroscopy was selected
because it is a relevant tool for detecting the presence of
structural defects at both nano and microscopic scales.
Young’s moduli were measured in the 15 kHz range as a
function of temperature by the resonant frequency method.
Young’s moduli behave similarly for typical metals and
exhibit values that are comparable to those of the Al-Cu-—
Fe QC phase. The damping coefficient 0! was determined
at various temperatures between room temperature and
840 K over a large frequency range, i.e. between 10~ and
10 Hz. The results suggest that solid friction effects do
occur. In addition, a relaxation peak is observed in the
intermediate temperature range.
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Introduction

A recent study [1, 2] has shown that the flow stress of Al—
base metal matrix composites (MMCs) initially reinforced
by quasicrystalline (QC) Al-Cu-Fe particles was highly
dependent on the synthesis temperature. It was earlier
identified by Tsai et al. [3] that the AlI-Cu-Fe QC phase
was stable for low-temperature (673 K) production pro-
cess, while at high temperature (873 K), the QC phase
transforms in the presence of the Al matrix into the crys-
talline -tetragonal phase. In both composites, plastic
deformation has been identified as resulting from disloca-
tion movements in the ductile Al matrix, and the difference
in flow stress between the two composites has been ascri-
bed to different spatial distributions of the reinforcement
particles into the Al matrix [1]. The reinforcement particles
are localised at grain boundaries in the composite rein-
forced by QC particles, referred to as Al/QC composite
hereafter, and inside the Al grains in the composite rein-
forced by w particles, referred to as Al/w composite
hereafter. Interfaces of different natures between the Al
matrix and the reinforcement particles, i.e. crystal-QC
interface and crystal—crystal interface in the two compos-
ites were in a first analysis ruled out from a purely
mechanical point of view [1], but might also play a role in
the stress enhancement of the Al/mw composite in compar-
ison to the Al/QC composite [4].

A complete understanding of the mechanical properties
of composite materials requires a precise knowledge of the
mechanical properties of both the matrix and the rein-
forcement particles. The Al-Cu-Fe QC phase is rather well
documented in the literature [for review, see 5]. It has been
established [6] that it exhibits high hardness, high Young’s
modulus and high brittle-to-ductile transition temperature
(BDTT) at approximately 0.7 T,,,, T,, being melting
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temperature [7]. Above the BDTT, the stress—strain curves
show a yield point that is followed by a stage of strain
softening only. The yield stress sharply decreases with
increasing temperature over the range 700-1000 K by
about two orders of magnitude, from nearly 1 GPa to
50 MPa [8]. On the contrary, the mechanical properties of
the AI-Cu-Fe o phase are poorly known, and only a few
experimental results on the AlI-Cu-Fe w phase present in
multi-phased materials have been published. The main
reason is the difficulty of producing dense and monolithic
samples of the o phase.

In this study, we have used our expertise in producing
Al-base MMCs reinforced by Al-Cu-Fe w-phase particles
to synthesise from a mixture of Al powder and Al-Cu-Fe
QC particles the o phase only. Preliminary results [9]
indicate that the mechanical properties of the « phase are
similar to those of the QC phase, in particular the flow stress
is strongly temperature-dependent, which suggests that
thermally activated mechanisms are responsible for plastic
flow. In this context, mechanical spectroscopy is a powerful
tool for characterising elementary dislocation mechanisms
and/or diffusion processes that might control plasticity. This
article reports an ongoing study on the mechanical proper-
ties of the Al-Cu—Fe w phase. It describes the production of
bulk samples by spark plasma sintering (SPS) synthesis with
suitable sizes for mechanical spectroscopy. The Young’s
moduli were measured at resonant frequency of approxi-
mately 15.5 kHz, from room temperature (RT) to 840 K.
The related damping coefficient was also determined from
this experiment. The damping coefficients measured over
large ranges of both the frequency (107°~10 Hz) and the
temperature (RT-840 K) are reported and discussed.

Experimental procedures
Synthesis and microstructural characterisation

A polyquasicrystalline ingot with nominal composition
Al ¢35Cug240Feg.125 Was prepared by melting high-purity
elements (>99.99%) under vacuum in an induction fur-
nace, followed by drop casting into a water-cooled copper
mould [10]. The ingot was subsequently annealed for 24 h
at 1090 = 10 K under high vacuum condition (1073 Pa)
and ball milled at 300 K during 40 min using a vibratory
mill. The ball-to-powder mass ratio was set to be 10:1.

A commercially available Al powder (particle size
<150 pm, 99% purity) and the QC-phase powder were
separately sieved to obtain particles smaller than 80 pum.
To ensure homogeneity, both powders were afterwards dry
mixed in a Turbula for 1 h. The o phase in this study is
obtained from the chemical reaction of the original pow-
ders according to
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4.20 A10'635CUO‘24QF60_125 + 0.83 Al
— 5 Alp.695Cup200Fe€0.1055 (1)

by mixing 88 wt% of QC powder with 12 wt% of Al
powder. Note that due to the original QC composition
phase, the stoichiometric w-Alj;Cug,Feq | phase cannot be
achieved. Then, the powder mixture was spark plasma
sintered (SPSed) under vacuum condition (1072 Pa) in a
cylindrical graphite crucible (34 mm in diameter and 8 mm
in height) at a set-up temperature of 873 K for 15 min
under an axial pressure of 80 MPa for synthesising the
w-alloy. The set-up temperature is monitored by measuring
the temperature on the external die wall with a pyrometer.
Heating rate was monitored to achieve 100 K/min.
Density of the annealed QC-phase ingots, QC-phase
powder and o phase were measured by He pycnometry.
Phase identification and lattice parameter measurements
were performed by X-ray diffraction (XRD) using a Bruker
D501 diffractometer with Cu-K,, radiations. Microstructure
was examined by scanning electron microscopy (SEM)
with a JEOL 5600LV microscope working at 20 keV. SEM
observations were performed in the back-scattered electron
mode to determine the phase distribution and their surface
fraction. Local composition was measured by energy-
dispersive X-ray (EDX) spectrometry using an Oxford Isis
300 EDX analyser. The results of EDX analyses are the
average values over at least 20 individual analyses.

Mechanical testing

Beam samples of sizes 25 x 4 x 1.2 mm’ were cut out
from the SPSed compact and further mechanically polished
with SiC papers of successive finer grades from 14 to
4 pum. It must be noted that the extreme brittle behaviour of
the o phase requires careful handling and dedicated sample
holders. The Young’s modulus £ was determined using the
resonant frequency technique in bending mode on the beam
samples. In this technique, the samples are maintained by
steel wires located at vibration nodes. Both excitation and
detection are performed by an electrostatic device that
measures the capacitance between the sample and the
excitation electrode [11]. The tests were performed at a
heating rate of 1 K/min under high vacuum (10~* Pa) at
strain amplitude lower than 10~°. The resonance frequency
F is determined by sweeping the excitation frequency with
a network analyser in the appropriate frequency range. The
Young’s modulus E is calculated according to the relation:

E = 0.9464 F2L—4T ko (2)
- Y- p ]’l2 L ) )
where F'is in the 15 kHz range, p is the density, 4 and L are

the thickness and gauge length of the sample, respectively,

T(%, v) is a numerical factor slightly dependent on the
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Poisson’s ratio v, and for the present sample geometry, it is
close to unity [12, 13]. The damping coefficient Q™" is
determined with the network analyser by measuring the
bandwidth AF of the resonance peak at —3 dB from the
relation [14]:

_, AF
o= ()

The damping coefficient Q~' was also measured using
the low-frequency torsion technique. Measurements were
performed under high vacuum with strain amplitudes of the
order of 107>, The apparatus is an inverted pendulum
allowing measurements at isothermal frequency sweep
(forced vibrations in the range 107°—10 Hz). A special
clamping system has been designed for studying brittle
specimens [15].

The damping coefficient Q™" in this study is given by the
phase lag ¢ between the imposed sinusoidal stress and the
resulting strain, which is determined by Fourier filter anal-

ysis with an accuracy of 10™* according to the relation [14]
0! = an(p). (4)

The main difference with the high-frequency technique
is that anelasticity can be examined isothermally on stable
microstructures over a wide range of frequencies. This
technique is particularly well suited for accurately deter-
mining the activation energy associated with thermally
activated mechanisms.

Results and discussion
Material

A representative XRD pattern of the SPSed compact is
shown in Fig. 1. All the diffraction peaks are indexed
according to the w-Aly;Cug,Feq; tetragonal structure.
Lattice parameters and the resulting cell volume deduced
from the peak positions are given in Table 1 for comparison
with the other published data. Fig. 2 shows a SEM image of
the SPS compact. In the backscattered electron mode, the
difference in contrast is mainly sensitive to mass deviation.
In Fig. 2, all the phases show very close contrast. The pre-
dominant grey areas correspond to the Alg 93Cug201F€0.106
composition, which is very close to the Aly;Cug,Feq
composition of the w stoichiometric phase. The composition
of the darker grey area is Aly793Fe.181Cug.026, Which cor-
responds to the A-phase [10]. The bright grey areas corre-
spond to i-Alg 40Cug 234F€0.126 phase that did not transform.
The QC and w-phases have close compositions, which cor-
respond to a mass deviation of nearly 6% only. Image
analysis allows us to estimate that the QC-phase surface
fraction is 4.3 4+ 0.5%, while it is negligible for the 4 phase.
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Fig. 1 XRD pattern of SPSed compact. All diffraction peaks are
indexed according to the w-Al;Cug,Feq ; phase

The theoretical density of the w phase, py, , is given by
the ratio of the mass of the unit cell, m,. with respect to the
corresponding volume, V.. Here, V. can be deduced from
the lattice parameters a and ¢ of the tetragonal w phase
determined by XRD, see Table 1. Bown and Brown [16]
have established that the @ unit cell contains four
Al,Cu,Fe; units. However, the EDX results show that the
as-synthesised w phase does not have the exact stoichi-
ometric composition. It can be reasonably assumed that the
w-Aly 93Cug201Fep 106 composition corresponds to the
substitution of 0.7 at.% Al by 0.1 at.% Cu and 0.6 at.% Fe,
that is py, ., is then given by:

- Mye o 4 (693 MAl +2.01 MCu + 1.06 M]:e)
P = Ve Ny a?c
= 4.17 glem®, (5)

where My;, Mc, and Mg, are the molar masses of Al, Cu
and Fe elements, respectively, and N, is Avogadro’s
number. The deduced theoretical value is slightly lower
than the experimental density measured for the SPSed
material, psps = 4.19 g/cm® given in Table 2 compared
with values found in the literature [17-19]. It is therefore
necessary in Eq. 5 to take into account that the SPSed
compact still contains QC-phase particles. Using the den-
sity of the QC phase given in Table 2 and a QC-phase
volume fraction of 4.3% leads now to a theoretical density,
O, Of the SPSed compact of 4.19 g/cm3 (Table 2), which
accords better with the experimental value. Taking into
account the inherent uncertainties on the measurements of
both the He volume and the QC-phase volume fraction, it
ensures a maximum porosity of 1%. Therefore, the SPS
process allows for the production of fully dense material as
confirmed by the measured density (psps = 4.19 £ 0.01 g/crn3 )
which is equal to the theoretical density py, = 4.19 + 001 g/em’,
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Table 1 Lattice parameters and associated cell volumes of the w-tetragonal phase (space group P4/mnc)

a (nm) ¢ (nm)

V (nm®) Reference

0.63393 £ 0.00009
0.633
0.6336 4 0.0001

1.4820 £ 0.0002
1.481
1.4870 £ 0.0002

0.5956 % 0.0003
0.5934
0.5970 £ 0.0003

Present work
Phragmen [35]
Bown & Brown [16]

within the standard deviations. psps is also close to the
density given by Tang et al. [20]. Figure 2 shows some
bright grey areas that correspond to QC phase which did
not react. There are possible explanations for the presence
of the residual QC phase:

(1) The QC-phase excess might be due to local Al
depletion in the green compact during the SPS process.
While pyrometric measurements indicate a temperature of
873 K on the external die wall, it does not exclude tem-
peratures higher than that of the melting point of Al. Both
the measurement and the monitoring of temperature of the
reactant powders are known as critical issues with the SPS
technique [21]. Therefore, loss of molten Al may be

Fig. 2 SEM image of the SPSed compact, observed in the back
scattered electron mode. At least three phases are identified,
compositions of which according to EDX analysis correspond to w,
i and A phases

expected by evaporation under vacuum condition leading
to an excess of QC phase, which could not transform into w
phase according to reaction (1) [22].

(2) According to EDX results, the w-phase composition
is slightly heterogeneous from one area to another at the
sample surface. The Al content of the « phase may reach a
concentration up to 71.6 at.% in many places, which is
higher than the average Al content of 69.4 at.%. Therefore,
the amount of Al may be locally insufficient to allow for
the complete transformation of QC phase into @ phase.

Thus, it appears that using the SPS process necessitates
a small excess of Al in the original powder mixture for
obtaining a complete transformation of the QC phase into
the w phase. It must also be emphasised that the production
of dense and monolithic @ phase would require that the
presence of the A-Alg 765Feq 235 phase, which is observed as
dark grey areas in Fig. 2 is avoided within the QC-phase
alloy. The A phase is already present in the QC-phase
ingots, which are used for producing the QC-phase parti-
cles [10], and it has been found very stable during various
heat treatments [1, 23].

Mechanical properties
High frequency measurements

Young’s modulus and damping coefficient were measured
from RT up to 840 K on the as-synthesized sample and
after annealing at 840 K, i.e. after a first temperature run in
Fig. 3. It must be emphasised that the experimental results
are very reproducible over all the studied temperature

Table 2 Elastic modulus and

. 3 s
density at 293 K of o-phase, Phase Processing p (g/cm”) Composition E measurement E (GPa)  Reference
QC-phase and 4-phase (LUPS ®  SPS 4194001 AlyesCugaoiFegi06 RM 161 £ 1 Present work
low uniaxial pressure sintering,
BS Brillouin scattering, RM HIP 41+01 Alo.707Cu0.104F€0.009  — - (31
resonant method) HIP 4.18 - Ultrasonic 168 [19]
LUPS 5.540 £ 0.009 - Nanoindentation 214 £ 10 [18]
i Powder 473 £+ 0.01 Algg11Cugr7nFeg 117 — - Present work
LUPS - Al 620CugossFep. 125  Nanoindentation 196 +£5  [18]
HIP 4.7 - Ultrasonic 182 [19]
- - Al 635Cug24sFe0. 12 BS 172 [29]
- - Alg 65Cug20Fe0 15 RM 168 [28]
A - - Alg 765F€0 235 - 130 [30]
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Fig. 3 Young’s modulus E and damping coefficient Q="' of the w
phase as a function of temperature

range, which clearly indicates that the microstructure of the
SPSed w phase is stable with respect to thermal cycling.
Furthermore, we do not observe any transient effect on
damping curves during the first heating or evolution of the
Young’s modulus values after annealing. Since this type of
experiments is known to be very sensitive to the release of
longitudinal internal stresses, it implies that residual
stresses are not released during the first heating, as it is
usually observed for other materials produced by hot iso-
static pressing (HIP) or ‘severe’ forming techniques
[24, 25].

The temperature dependence of Young’s modulus
behaves like that a typical metal, i. e. the slope is nearly
constant at low temperature, and becomes steeper at high
temperature. It can be reasonably assumed that, in the
present case, the small density of porosities does not sig-
nificantly influence the E value [26]. Its influence must be in
the range of the experimental scatter, which is about
£1 GPa. The E value of 161 £ 1 GPa measured at RT is
comparable to that of the icosahedral (i) and A phases [18,
19, 28-30] (see Table 2). E is in good agreement with the
value measured by Tang et al. [27] using ultrasonic method,
but differs from that given by Comte and Van Stebut [18].
For a polycrystalline sample, ultrasonic and the present
resonant methods allow for the measurement of an elastic
modulus E averaged over all crystallographic orientations.
Comte and Van Stebut determined p, v and E using pyc-
nometry, scanning acoustic microscopy and nanoindenta-
tion, respectively. Nanoindentation corresponds to local
measurements, and the E value given by Comte and Van
Stebut is then probably dependent on grain orientations.
The value given by Comte and Van Stebut is close to the
elastic modulus measured by Tang et al. [19] for the [214]
crystallographic direction, E,;4 = 204.5 GPa, by neutron
diffraction during in situ compression test. E,4 is nearly
25% greater than E. Consequently, the difference between

these values indicates that @ phase shows anisotropic elastic
modulus, probably reflecting the high ¢/a ~ 2.3 ratio of the
tetragonal structure.

Damping Q™' curves show a relaxation peak located at
approximately 710 K, which is superimposed onto a high
temperature-dependent background. The damping level is
low from 300 to 600 K in accordance with the brittle
character of the w phase [17]. According to Boltzmann’s
principle [14], the analysis of the dynamic parameters of
the relaxation peak requires the decomposition of the
spectra into two independent components, corresponding to
the relaxation peak and the high background, respectively.
Unfortunately, the peak height, of the order of 1073, is too
small to allow an accurate decomposition. It also appears
that the high background cannot be analysed in terms of a
classic high-temperature background given by F~'e H/kT
[14, 31], where H is the activation enthalpy of moving
defects responsible of the damping and & is Boltzmann’s
constant. Consequently, a complementary study has been
performed at low frequencies to further investigate this
peculiar behaviour.

Low frequencies measurements

Isothermal damping measurements were performed as a
function of frequency (from 1072 to 10 Hz) from RT to
985 K (Fig. 4). To avoid possible metallurgical scatter, the
sample was the same than the one used for high frequency
measurements. At a given temperature, damping very
slightly decreases with the frequency, in consideration of
the logarithmic scale. Plotting the damping values as a
function of temperature for two frequencies, 10~' and
10 Hz, leads in Fig. 5 to the superposition of a peak onto
an increasing background, similar to the one observed at
high frequency. A striking feature is that there is practically
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Fig. 4 Semi-logarithmic representation of the damping coefficient
O~! obtained at different temperatures as a function of frequency
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Fig. 5 Damping coefficient 0~' of the w phase as a function of
temperature for three different frequencies

no temperature shift of the background, even when com-
pared with high-frequency measurements. Consequently,
the background cannot be associated, as suggested by high
frequency measurements, with thermally activated mech-
anisms characterized by an exponential temperature
dependence, but results from solid friction only. It is
remarkable that a similar behaviour is recorded over five
decades of excitation frequency and at temperature of
nearly 700 K. The damping amplitude associated with this
effect is, however, limited since the damping level does not
exceed 1072 at 985 K. Surprisingly, no other effect is
detected, especially at high temperatures as might be
expected in correlation with the brittle-to-ductile transition
observed in microhardness tests [17]. Slight differences
exist between damping spectra obtained at different fre-
quencies (Fig. 5), but they probably arise from solid
friction instabilities. For measurements performed at fre-
quencies lower than 1072 Hz, isothermal spectra become
instable, and the sample must be heated and cooled for
retrieving the same damping level, but some dispersion still
remains. It can also be reasonably assumed that the
cumulative time during the various tests performed at
variable temperatures influences the damping level, which
may lead to the differences observed in damping curves as
well.

Solid friction effects have been reported in the literature
on MMCs and on damaged materials [32, 33]. These
effects have been only observed on very limited domains of
frequency and temperature. Solid friction effects were
ascribed to interface or free surface friction. At present, it is
not yet possible to identify in this study the exact nature of
interfaces that are, at microscopic scale, responsible of
solid friction effects. Because no extended defects or
structural damages have been observed by TEM [9],
this leads us to assume that the specific nature of the
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Fig. 6 Arrhenius type-plot of the relaxation peak frequency as a
function of the reciprocal temperature

particle—particle interfaces produced by the SPS sintering
process are responsible of the solid friction effects.

Figure 5 allows us to determine the relaxation peak
position in the medium temperature range, as a function of
both the temperature and the frequency. Assuming that this
peak corresponds to a single thermally activated process
characterized by a relaxation time © = toe"/¥", where H is
the activation enthalpy, and 7y is a characteristic time
constant, then the peak position is given by the rela-
tion 2nt = 1. Figure 6 represents the corresponding
Arrhenius plot of the relaxation peak position as a function
of the natural logarithm of the frequency from which the
parameters H and t can be extracted.

The characteristic time constant, or pre-exponential
factor, 7, ~ 1078 5 is much lower than the reciprocal of
the Debye frequency, usually in the range 10~"°-10~'* Hz
for metals, which indicates that the associated mechanism
could be a Zener-type mechanism. It may correspond to
stress-induced reorientation of substitutional defects, as
observed for instance in the ordered alloys [34]. In this
case, the activation energy H = 2 eV is the energy of
diffusion of the substitution element.

Conclusion

The SPS technique has been used to produce almost fully
dense and monolithic Al-Cu—Fe w-phase material. Resid-
ual phases are the QC phase, that did not transform during
the SPS process because of the lack of Al, and the 4 phase,
which is already present in the initial reinforcement parti-
cles. The latter phase was found very stable with respect to
various Al-based MMC synthesis procedures [1, 23]. The
advantage of the SPS technique in comparison with the hot
isostatic pressuring method [17] is that it allows for the
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production of large samples with suitable sizes for
mechanical spectroscopy and for compression tests [9].
The Young’s moduli of the w phase prepared either by SPS
or by HIP techniques are very similar and comparable to
that of the QC phase [28]. Mechanical spectroscopy mea-
surements suggest that damping results from solid friction
effects. These effects rarely observed in mechanical spec-
troscopy are attributed to solid friction at particle inter-
faces. Finally, a relaxation peak due to point defect
relaxation is found at intermediate temperature, which can
be associated with a slight deviation from perfect chemical
composition. A study is in progress to examine pre-strained
samples with the aim of characterising by mechanical
spectroscopy the damping associated with extended
defects.
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