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Ultrasonic impact peening (UIP) is used to modify the near-surface layers of cp aluminum. The effects of
icosahedral quasicrystalline (QC) AlCuFe or hcp Ti fine powders added to the zone of severe plastic
deformation at the UIP process on microstructure, phase composition, microhardness of near-surface layers
and damping properties of aluminum are studied. The results show that composite layers, which are
characterized by relatively uniform distribution of reinforcing particulates with similar volume fraction of
about 0.17 are formed. While semi-coherent particulate/matrix interface is observed for QC reinforcements,
the Ti particulates seem to be strongly adhered to the aluminum matrix due to formation of Ti3Al interlayer.
While a dislocation-cell structure is formed after the UIP only, highly-misoriented fine grain structure with
mean grain size of 0.1–0.5 μm is observed in the AlCuFe reinforced composite layer, and the Ti reinforced layer
is characterized by mean grain size of 0.5–2 μm. Observed microsructural features predetermine significant
enhancement of microhardness and damping properties of as-treated aluminum specimens. Much higher
magnitudes ofmicrohardness (about 1.3 GPa) and logarithmic decrement (about 12×10−4) are observed inAl
specimens coveredwith theQC reinforced composite layer in comparison to those for specimens contained the
Ti reinforced layer (about 1 GPa and 3.6×10−4) and to the as-peened aluminum specimen (0.58 GPa and
1.4×10−4). It is due to (i) the smallest grain size, (ii) semi-coherent particulate/matrix interface and (iii) high
hardness and specific stiffness of the AlCuFe QC phase. Relatively high level of microhardness (about 1.1 GPa
and 0.8 GPa) and logarithmic decrement (about 5×10−4 and 2×10−4) are conserved for Al specimens
covered with the QC and Ti reinforced composite layers even after heating to 623 K.
k).
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1. Introduction

Comparing to the un-reinforced aluminum and Al-based alloys,
Al-basedmetalmatrix composites (Al-MMCs) are known to possess a
number of beneficial properties [1,2]. Their high specific strength,
increased hardness and good wear resistance promote wide use for
structural applications in the aerospace and automobile industries.

Bulk Al-MMCs can be produced by dispersing of hard particles
into the aluminummatrix using solid or liquid techniques. One of the
efficient methods to induce ultra-fine-grain structure in bulk
materials including Al-MMCs is deforming it to large strains below
recrystallization temperature without intermediate thermal treat-
ment [3]. At the same time, such surface dependent properties as
wear, fatigue etc. have also been found to be improved by a suitable
modification of microstructure and/or composition of the surface
layer's matrix instead of bulk reinforcement [4]. Therefore, surface
Al-MMCs reinforced by different particulates could also be quite
attractive.

Both a matrix material and reinforcement are usually selected on the
base of the end application of composite. Hard particles such as carbides,
oxides, nitrides or intermetallics are the conventional reinforcement
materials for Al-MMCs [1–3]. Use of quasicrystalline (QC) particles as
reinforcements for Al-MMCs seems to be also prospective because QC
materials have unique combination of high hardness and modulus of
elasticity, highwear resistance, low friction coefficient and relatively low
density. Therefore, QC reinforcements are used to strengthening of Al-
based alloys [5–7]. AsQC particles aremetastable in these alloys, they can
be formed by means of rapid solidification techniques and sustain high
strength of alloy to temperatures of 573–623K. Degradation of
mechanical properties occurred at higher temperatures is due to the
transformation of QC particles into crystalline phases. Al-based alloys
hardenedwith stableAlCuFeQCparticulates cannot beproducedbecause
of very thin existence domain of QC AlCuFe. Thus, composites reinforced
with stableQCparticulates canbe produced only bymeans ofmechanical
treatment or severe plastic deformation. A nature and strength of
particulate/matrix interface, which play an important role in the
composite performance, seem to be dependent on a type of atomic
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Fig. 1. Impact heads used for theUIP processing of plane (a) and cylindrical (b) specimens:
(1) specimen, (2)pin(s), (3)headbody, (4)ultrasonichorn, (5) powder suspension.Upper
surfaces of UIP zones of Al/AlCuFe composite layers produced by 3 (c) and 10 (d) UIP
passes.
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structure of particulate (crystalline/quasicrystalline). Thus, a comparison
of QC AlCuFe and hcp Ti, which therewith have equal density, would be
quite informative.

Presumably, the most known mechanical surface treatment for
production of surface Al-MMCs is a friction stir processing (FSP),
which is shown to be an effective method allowing significant
improvement of different surface dependent properties by uniform
distribution of the second phase [4,8,9]. Besides, such methods of
severe plastic deformations as shot peening [10] or mechanical
alloying in the vibration chamber [11] are also used to produce surface
composites or composite coatings by means of repeated ball collisions
by the treated surface. Recently, ultrasonic impact peening usually
used for modification of structure, phase composition and macro-
scopic residual stress in surface layers of metallic materials [12–15]
has been successfully employed to modify aluminum specimens by
severe plastic deformation of near-surface layers and simultaneous
embedment of fine powders [16,17]. Mechanically mixed surface
layer is shown to be formed either by means of rotation of special tool
penetrated into the surface layer in the case of FSP or by the severe
deformation process in the case of UIP (or other peening techniques).

The aim of present study is to examine the effects of UIP and the
particulate types on microstructure in the surface layer produced by
severe plastic deformation of aluminummatrix. Particular emphasis is
also placed to correlate the microstructure of QC/Ti reinforced
composite layers with their microhardness and damping character-
istics, which are known to be rather informative with regard to the
fatigue behavior of material.

2. Experimental details

2.1. Material selection and preparation of composite layers

Plane (15×2.5×60 mm) and cylindrical (diameter of 5 mm, length
of 100 mm) specimens of cp aluminum (purity of 99.75%)were initially
annealed at 673K for 1h in vacuum of 1.3×10−3Pa. The resulting grain
size was about 60 μm. Atomized powders of icosahedral AL63Cu25Fe12
quasicrystal and hcp Ti were used as reinforcements after preliminary
grinding in an ultrasonic mill [18] down to average particle size of 0.3–
0.5 μm. The resulting powders contained also particles of much smaller
size, i.e., no fractures' separation was carried out. Both reinforcing
materials have similar density ρp=4.5×103kg m−3, which is higher in
comparison to thatof aluminummatrix (2.7×103kg m−3). Suspensions
of the AlCuFe or Ti powders in glycerinwere used to cover the specimen
surface during the UIP process in order to provide the intended
formation of composite layers.

Equipment used for UIP is maintained on the lathe carriage. Details
of theUIP process are described in [12,14]. The energy in this technique
is supplied by an ultrasonic generatorwith a frequency of 18.7 kHz and
a power output of 4 kW. Impact loading is caused by the vibration of an
ultrasonic horn; a specimen is exposed to repetitive sliding impacts by
the pin(s) positioned between it and the horn in a special impact head,
two modifications of which are shown schematically in Fig. 1. The
frequency of impacts in this loading scheme is about 3 kHz. The UIP
impact energy can be defined as EUIP=EUSmp=2π2fus2 ξ2mp, wheremp,
fus and ξ are the pin mass, the frequency and amplitude of the ultra-
sonic horn vibrations, respectively [12–15]. Total mechanical energy P
injected per impact is estimated considering the fact that pins acquire
their kinetic energy from the vibrating ultrasonic horn (EUIP) and from
the rotary motion of the impact head or specimen [12,14]. It is chosen
as the main parameter to normalize two UIP schemes used for
processing specimens of different shapes; it is purposely sustained to
be equal in both cases. The effective mechanical energy Peff might be
dependent on the size (diameter D) and number of particles (N)
situated in the impacted zone as Peff=4P /πND2. However, the
presence of hard reinforcing particles is known to be helpful in
creation of conditions favorable for the formation of mechanically
mixed layer [19]. Multiple sliding impacts in different directions
promote both the formation of plenty of defects in the surface layer
and mechanical mixing of the matrix material and reinforcing par-
ticulates. Besides, the increase of the UIP processing time (quantity of
passes) results in increase of the uniformity of the energy subjected
per surface unit area and in enlargement of the thickness of the
composite layer with more uniform distribution of particulates. Ten
UIP passeswere performed in this study to all specimens to obtain low
surface roughness and uniform distribution of reinforcements
(Fig. 1d). Generally, the following parameters would determine the
optimal regime of the UIP process: intensity of ultrasound (vibration
amplitude of the horn tip), a rotation velocity of the impact head or
specimen, a shift velocity and quantity of passes of a whole acoustic
system along the treated surface (in two directions in the case of plane
specimen).

2.2. Microstructure examination

The XRD θ–2θ analysis of reinforcing powders and plane speci-
mens was carried out using a DART-UM1 diffractometer with Cu Kα
irradiation.

The average compressive stress was estimated from the measure-
ment of the curvature (1/R) of the as-peened specimen by using the
following Stoney–Davidenkov formula [20,21]:

σ1 + σ2 = −EH2
= 6ð1−νÞRh ð1Þ

where E and ν have the same meaning, H and h are the thickness of Al
“substrate” and deformed (compressed) surface layer, respectively. In
this estimation, we consider that the compressive layer is an isotropic



Fig.2.XRDspectraof as-water-atomizedAlCuFepowder (a, spectrum1), annealedandmilled
AlCuFe powder (a, spectrum 2), milled Ti powder (b, spectrum 1) and treated specimens
after UIP with addition of AlCuFe (a, spectrum 3) and Ti (b, spectrum 2) reinforcements.

Fig. 3. SEM high magnified image of Ti particulate in surface of Al/Ti composite (a) and
EDX spectrum (b) obtained from indicated point in the particulate/matrix interface.
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“deformed film” with equi-biaxial stress σ1+σ2, which is rigidly
attached to an initially stress-free isotropic “substrate”.

Local composition analysis of Ti/Al interface was performed in
Scanning electron microscope SEM — 106 M applying energy-
dispersive X-ray (EDX) analysis. An acceleration voltage of 20–30 kV
was used and electron beam hit the specimen perpendicularly to the
surface.

Transmission electron microscopical (TEM) analysis was carried
out using a JEM 100 CX-II microscope. The plane-view TEM foils
prepared from the top sub-surface layer (~5–10 μm) were mechan-
ically polished from the un-treated side to thickness about 100 μm
followed by ionic polishing. Electron diffraction patterns were solved
using a computer aided code.

Microhardness of the specimen's surface and cross-section was
measured at the Vickers indenter load of 100 g and 50 g, respectively.
Due to relatively large imprints produced by these loads one can avoid
possible predominant influence of either soft aluminum matrix or
hard reinforcements and can be assured in obtaining the information
with regard to average microhardness value of the composite layer.

2.3. Damping measurements

Internal friction measurements were carried out in vacuum by a
resonance method allowed simultaneous determination of logarith-
mic decrement (LD) and Young's modulus in wide temperature range
[22]. A damping capacity of cylindrical specimens was measured by
the bending–vibration mode, and the specimen was freely suspended
at vibration nodes with fine wires. Measurements were conducted
after electrostatic excitation of bending vibrations with frequency of
about 2 kHz. Magnitudes of LD were calculated as follows:

δ = lnðA0 = 0:5A0Þ= n = ln2= n; ð2Þ

where A0 is the initial strain amplitude, n is the number of cycles
needed to the initial strain amplitude to drop by a half at free decay.
The relationship between LD (δ), internal friction factor (Q−1) and
damping capacity (ψ=2δ) is known to be given by Q−1=ψ/2π=δ/π.

Young's modulus was estimated considering the change of the
intrinsic resonant frequency (f0) of specimen using the following
relationship between f0, Young's modulus of the specimen (E), its
weight (P), dimensions (diameter d and length l) and the shape factor
(k≈1.6388×10−9), which accounts for the inertia moment of the
specimen:

E = kPl3f 20 = d4: ð3Þ

Relative change of Young's modulus, ΔЕ/Е, was estimated
considering the difference between intrinsic resonant frequencies of
as-annealed (f0) specimen and as-treated one (f) as follows:

ΔE = E = ðf 20 −f 2Þ= f 20 : ð4Þ

Strain amplitude at bending of cylindrical specimen was defined
using a formula [23]:

ε =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KURU

2
m = Eδ

q
; ð5Þ

where K is a coefficient accounting for dimensions of specimen and
excitation/recording electrode, UR is a registered voltage, Um is an
amplitude of input voltage applied to the excitation electrode, E is a
Young's modulus of the specimen, δ is a logarithmic decrement.

Dependences of LD on the strain amplitude (ε) were studied at
room temperature in vacuum in the strain amplitude range of 10−6–

10−4. Initial Al specimen, as-peened specimen (after the UIP only) and
specimens with composite layers (after the UIP with addition of
different powder suspensions into the treated zone) were tested.
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Latter specimens were tested both directly after the UIP processing
and after subsequent heating to 623 K. The temperature dependences
of LD were measured at the strain amplitude ε=5×10−6 in the
temperature range from ambient temperature up to 473 K.

3. Results and discussion

3.1. Microstructure observations

XRD spectra for reinforcing powders and aluminum specimens are
shown in Fig. 2. The AL63Cu25Fe12 powder produced by high-pressure
water atomization of melt contains quasicrystalline and β-bcc phases
(Fig. 2a, spectrum 1). The water-atomized powder becomes com-
pletely quasicrystalline (Fig. 2a, spectrum 2) after vacuum annealing
at 973 K for 2 h [24].

Spectra for as-treated specimens are characterized both by slightly
broadened diffraction peaks of aluminum and their shift to lower
diffraction angles. Spectra 3 in Fig. 2a and 2 in Fig. 2b contain both
reflections from aluminum matrix and from embedded particulates.
Thus, reflections of icosahedral QC phase appear in spectrum3 in Fig. 2a,
while other one is more complex. The latter contains both reflections
from hcp Ti particulates and from additional phase, which could be
indicated as hcp-Ti3Al. Similar phase was obtained during mechan-
ical alloying of Ti+Al powder blend [25] or after surface treatment
[11] and could be a solid solution of aluminum in α-titanium [26].
Such solid solution could presumably be formed on the surface of
embedded titanium particles because of the enhanced diffusion
Fig. 4. TEM observations of microstructure in initial aluminum specimen (a), in the surface
AlCuFe (c) and Ti (d) reinforcements.
process promoted by the UIP conditions used, i.e., high rate straining
produced by numerous sliding impacts and some local heating of thin
surface layer.

Local composition analysis and EDX analysis of Ti/Al interface show
that some transitional layer is formed on the particle surface (Fig. 3)
during the embodiment process. Moreover, most typical atomic
composition of this layer is very close to stochiometric composition
of Ti3Al phase.

Results of TEM observations of top sub-surface layers are
presented in Fig. 4. It is seen that UIP results in formation of dense
dislocation tangles and low angle boundaries imaged as dislocation
walls in microstructure of Al, and a dislocation-cell structure with low
angle boundaries is formed (Fig. 4b).

Dislocation density is relatively low in the cell internal areas. Mean
cell size is within the range of 1–1.5 μm. In contrast, composite surface
layers are formed after the UIP with embedment of reinforcing
particulates (Fig. 4c,d). Distribution of embedded particulates is
sufficiently uniform. Their mean size is of 0.2–0.3 μm, and the volume
fraction of both reinforcements is of 17%, which was estimated using
at least six different low magnification images. Well organized fine
grain structure is observed, which is rather unusual for such material
as aluminum. Average grain size is significantly smaller in the case of
the QC reinforced layer (Dav≈100–500 nm), and the number of
dislocations within the ultra-fine grains seems rather small. On the
contrary, the composite layer reinforced by Ti particulates consists of
mixture of relatively small grains (D≈500 nm) and much larger ones
(D≈1–2 μm), which contain some portion of low angle dislocation
layer after the UIP only (b) and in composite layers produced by UIP with addition of
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walls. A lot of azimuthally diffused diffraction spots corresponded to
two first interplanar distances of Al, which are visible in electron
diffraction patterns (Fig. 4c, d), indicate to existence of many highly-
misoriented fine grains of Al within diffracting area. At the same time,
intensity of diffraction spots from reinforcing phases is rather low, and
selective area diffraction (SAED) is needed to improve their intensity
(Fig. 5).

It is worth mentioning that formation of ultra-fine-grain structure
in pure aluminum is a very complicated task if one considers its
simplified ability to recovery even at low temperatures. Indeed, the
grain size in aluminum severely deformed by different methods does
not achieve the magnitude lower than about 100–300 nm [27–29].
However, it is also pointed out that different alloying elements
(dopants or solute drags) in Al-based alloys or additions of particulates
(particularly, nano-sized ones) in Al-MMCs could inhibit the grain
grows, and, in its turn, diminish the resulting grain size significantly
[5,7,9,10,27,30–33].

Some kind of dynamic recovery process preventing the disloca-
tions' accumulation is believed to operate in thin surface layer at UIP.
The operation of screw dislocations and their ability to cross-slip is
known to contribute to recovery even at low temperatures [34,35],
especially in aluminum, which has high stacking fault energy. In the
case of embedding of reinforcing particulates into aluminum matrix
during severe plastic deformation at UIP, the larger ones seem to play a
role of additional dislocations' sources, while the finest particulates
(down to nano-scale) serve supposedly as inhibitors to the cell/grain
boundaries' motion. Immobile cell/grain boundaries start to act as
effective sinks for dislocations. It is therefore possible that the
dislocations generated at the reinforcing particulates' interface or at
the grain boundary areaswouldmove to the adjacent grain boundaries
Fig. 5. High magnified TEM bright field (a,d) and dark field (b) images of Ti particle (a,b) and
matrix (e).
and disappear enlarging their misorientation. As a result, highly
misorientated grain structure is formed in composite layers (Fig. 4c, d).

It is important also to consider interfacial boundaries between
matrix and particulates formed in the UIP process. Fig. 5 demonstrates
high magnified images of Ti particulate (a, b), neighbor Al matrix (d)
and corresponding SAED patterns with appropriate solutions (c, e).
Dark field image (Fig. 5b) and solution of SAED (Fig. 5c) seem to be
sufficient proof to existence of Ti3Al interlayer. Details of the matrix/
reinforcement interface are shown in Fig. 6 for both particulates used.
Wide bright borders are frequently observed around QC particulates
(Fig. 6a), which could be a result of either increased density of
dislocations (removed during preparation of foil) or relatively large
mismatch conditioned by strong difference between an fcc crystalline
lattice of aluminum and an icosahedral lattice of the AlCuFe
quasicrystal. Presence of the particulate-shaped areas in the observed
structure (indicated by large arrow in Figs. 4c and 6a), which appear as
grains with a number of separate dislocations onto their surface
(indicated by small arrows in Figs. 4c and 6a), could confirm the first
supposition. Indeed, similar areas were observed in the NiCrTiAl alloy,
when in-situ formed precipitates lose their coherence with the alloy
matrix [36]. However, the intergranular QC I-phase was recently
shown to exhibit several crystallographic orientation relationships
with the fcc Almatrix [7]. It is therefore believed that Almatrix/AlCuFe
particulate interface could be considered as a semi-coherent one.

On the contrary, noticeable fringe contrast was mainly observed
on the particulate/matrix interface in the case of Ti reinforcement
(Fig. 6b), although separate dislocations onto the particulates' surface
can sometimes be found (arrow in Fig. 6b). Fringe contrast around the
particulates is known to occur in the case of coherent particle/matrix
interface. For instance, very similar fringe contrast was observed in
neighbor Al matrix (d) and SAED patterns with solutions for Ti3Al interlayer (c) and Al



Fig. 6.Difference inmatrix–particulate interface forAl–AlCuFe (a) andAl–Ti (b) composite
layers. Fig. 7. Microhardness in cross-sections of annealed Al specimen (0) and as-treated

specimens after the UIP only (1) and after UIP with Ti (2) and AlCuFe (3). Magnitudes
measured on the treated surface are indicated by arrows. Inset shows appearance of the
as-treated specimen cross-section. A thickness of hardened (deformed) layer is
indicated with h.
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the case of coherent NiAl precipitates formed in stainless steel [36].
Considering observed transitional areas around Ti particulates (Figs. 3
and 5a–c) and results of XRD analysis with regard to the formation of
transitional Ti3Al phase (see Fig. 2b) we believe that the matrix/Ti-
particulate interface appears strongly adhered. Similar well-bonded
interface is also reported for Al(fcc)/SiC(hcp) composites [37,38].

Finally, to explain themicrohardness and damping behaviors, which
will be discussed below, one should consider a number of micro-
structural features. These features are the following: (i) differences
in the grain/cell size, i.e. in the volume fraction of grain boundaries
(the highest in the case of QC reinforcement); (ii) average size of
reinforcing particulates and their volume fraction (similar for both
reinforcements); (iii) nature of the reinforced particles/matrix inter-
face (low or middle interfacial strength due to the lattice mismatch
(AlCuFe) in comparison to relatively high interfacial strength due to
formation of interfacial solid solution (Ti3Al) in the case of the Ti
reinforcement).

3.2. Microhardness behavior

The hardness measurement is known to be one of the most in-
formative and rapidmethods to determine themechanical behavior of
materials including composites. Yield and ultimate tensile strengths,
fatigue strength, wear resistance, etc., are often in good correlation
with hardness.

Microhardness magnitudes measured both at the surface and
cross-section of as-treated specimens are well consistent to micro-
structure features observed in their top surface layers (Table 1, Figs. 4
and 5). Almost a three times increment and about twice increment in
the surface microhardness in comparison to that of as-peened Al
Table 1
Effect of UIP on microhardness and elastic/inelastic properties of aluminum.

Processing regime Нμ,
MPa

Estimated
Нμ, GPa
(Vp≈0.17)

δ1·104 εc·106

Fig. 7 Eq. (6) Fig. 8a Fig. 8a

Annealed 280 – ~1.3 8
UIP 580 – 1.4 10
UIP+heating to 623 K 300 – 1 13
UIP with Ti 1000 0.736 3.6 >200
UIP with Ti+heating to 623 K 800 2 30
UIP with AlCuFe 1350 1.331 12 >200
UIP with AlCuFe+heating to 623 K 1100 4.7 23
specimen were achieved for the AlCuFe and Ti reinforced composite
layers. Besides, formation of these layers slightly enlarges the overall
thickness of the hardened layer in comparison to that produced by UIP
in un-reinforced aluminum. Slight increased magnitudes of micro-
hardness in comparison to annealed specimen (Fig. 7, curve 0) are
observed down to 1.2 mm from the treated surface. Considering
relatively small scattering of theHμ datawithin the top surface layer of
about 60 μm thick, one could conclude that the distribution of
particulates within this layer is sufficiently uniform. Accounting for
similar magnitudes of the volume fraction estimated for both
reinforcements by TEM observations, more drastic growth of micro-
hardness observed in the case of the QC reinforcement evidently
relates to much higher hardness of AlCuFe QC particulates (5–7 GPa
[24]) in comparison to that of Ti (1.5 GPa [39]).

Besides, the UIP process and formation of residual compressive
stresses during the surface deformation result in outward deflection of
specimens. Evidently, these stresses could slightly affect to the
microhardness magnitude. The average compressive stresses were
estimated from the measurement of the curvature (1/R) of as-treated
plane specimens using Eq. (1). In this estimation, we assume that the
thickness (h) of the compressive layer does notmuch vary from that of
the deformed layer, which is visible to be about a half of the overall
specimen thickness after processing (Fig. 7). Thus, with h=1.2 mm,
H=1.2 mm, R=220 mm (measured in longitudinal direction of
specimen), the Young's modulus and the Poisson ratio for aluminum
matrix, the residual compressive stress is calculated to be σ1+σ2=
−97 MPa. Naturally, accounting for increased magnitudes of Young's
Е, GPa ΔЕ/Е,
%

Estimated EL, GPa (composite layer of 100 μm thick)

Using internal friction data Using TEM data (Vp≈0.17)

Eq. (3) Eq. (4) Eq. (7) Fig. 4c,d

70.29 – – –

71.08 1.12 – –

71.01 1.02 – –

71.18 1.26 91.9 77.04
71.24 1.35 93.46
71.37 1.54 97.03 88.94
71.31 1.45 95.17



Fig. 8. Amplitude (a) and temperature (b) dependencies of the logarithmic decrement
of vibration for aluminum specimens in initial state (1), after the UIP only (1|), after UIP
with Ti (2) and AlCuFe (3) particulates, and two latter after heating to 623 K (2|, 3|).
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modulus (71.18 and 71.37 GPa) estimated using the internal friction
measurements for specimens with Ti/AlCuFe reinforced surface layers
(Table 1), one would obtain slightly higher estimates of residual
compressive stresses, i.e., −98.4 and −98.6 MPa, respectively.

To estimate the microhardness magnitudes of the composite layer,
one can use the formula, which expresses the mixture rule and was
considered to interpret the hardness of composite materials [40]:

Hc = HpVp + Hmð1−VpÞ; ð6Þ

where Hp and Hm are the microhardness of particulate and matrix,
respectively; Vp is the particulate volume fraction. Here, with
Vp=0.17 (TEM-estimated value), HAlCuFe≈5 GPa, HTi≈1.5 GPa, and
measuredmagnitude for the un-reinforced aluminum after UIP–Hm=
0.580 GPa, themicrohardness of the composite layers are estimated to
be Hc≈1.331 GPa and Hc≈0.736 GPa for AlCuFe and Ti reinforce-
ments, respectively (Table 1). These estimates are slightly understated
because the grains' refinement is not taken into account [41]. To more
accurate estimate, the Hall–Petch-type relationship Hm=H0+KyD

−1/2

[42] seems to be used, provided the Ky magnitude would be known.
Besides, in the case of the Ti reinforced composite layer, the presence of
some portion of the Ti3Al interlayer characterized by high microhard-
ness (~5 GPa [43]) was not accounted for.

After annealing at 623 K, the surface microhardness of both
composite layers diminishes only slightly—mostly due to the recovery
of the aluminum matrix (Table 1). Indeed, the AlCuFe quasicrystal is
known to be stable up to the melting temperature of 1143 K [44], and
enhanced thermal stability is believed to appear in the case of Ti
particulates “encapsulated” by Ti3Al interlayer (Figs. 3 and 5a–c).

Possible strengthening mechanisms operated in particle-rein-
forced MMCs are known to be the following [44–46]: (i) grain and
substructure strengthening; (ii) Orowan strengthening; (iii) work
hardening, due to the strain misfit between the elastic reinforcing
particles and the plastic matrix; (iv) quench hardening. Evidently, in
our case, three first contribute mainly to the microhardness of the
composite layers fabricated by UIP.

3.3. Damping capacity

An amplitude dependent internal friction is known to be inter-
related with fatigue behavior, i.e., a lowering of the amplitude stresses
occurs in a materials with higher level of amplitude dependent inner
friction [47].

Fig. 8a shows typical amplitude dependencies of LD of initial
aluminum specimen and specimens processed by UIP in different
regimes. The damping related characteristics determined for all
studied specimens are also listed in Table 1. As usual, the LD
dependence for initial aluminum (curve 1) is characterized by two
clearly separable parts — first one (δI) is independent on the strain
amplitude (ε) up to some critical magnitude (εc≈8×10−6) and
second one (δII) is exponentially dependent on ε. Start of the LD
growth above the εc is usually conditioned by breakaway of
dislocations from the fixation centers and, further, by the dislocations'
multiplication process (above the strain amplitude corresponded to
the microplasticity limit). It is seen that the UIP practically does not
change the LD magnitude, but it leads to almost complete disappear-
ance of the amplitude dependent part of the LDdependence (curve 1|);
i.e., more accurately, it results in the shift of themicroplasticity limit to
higher strain amplitudes. It is due to the hardening of the surface layer
of the aluminum specimen (Fig. 7, Table 1), i.e., due to the formation of
dense network of fixed dislocations and dislocation walls (Fig. 4b).

Much noticeable changes of the LD amplitude dependence are
observed in specimens after UIP with addition of reinforcing
particulates to the treated zone (Fig. 8a, curves 2, 3). The amplitude
dependent part is completely absent for aluminum specimens
covered with surface composite layers contained both reinforce-
ments. This testifies that the dislocations' multiplication is essentially
suppressed in the studied range of strain amplitudes. Besides the LD
magnitudes are strongly increased up to 12×10−4 and 3.6×10−4 for
the AlCuFe and Ti reinforced specimens, respectively.

The damping capacity of the composites is known to be
conditioned by their microstructure via three physically different
zones [48]: (i) the undeformable reinforcement; (ii) the plastic region
around the reinforcement with high density of dislocations and
(iii) the elastic region with fine grain/sub-grain size. Each of these
zones contributes to damping capacity in their specific way.

Thus, in our case, underformable AlCuFe particulate is a relatively
higher damping capacity material. The specific stiffness of material (i.e.
a ratio of elasticmodulus anddensity— E/ρ),which affects usually to the
damping capacity, is much higher for AlCuFe (with EAlCuFe≈180 GPa
[49] and ρ=4.5×103kg m−3–E/ρ=40×106m−1) than that for the
Almatrix (26×106m−1). In the case of the Ti particulate, this difference
seems to be negligible (24.4×106m−1 for Ti), but one should account
for the existence of the Ti3Al interlayer around the Ti particulates
(Figs. 2b, 3, and 5a–c), which possess significantly higher specific
stiffness (with ETi3Al=144 GPa [50] and ρTi3Al=4.2×103kg m−3 [51]–
E/ρ=34.3×106m−1). Therefore, both particulates could greatly con-
tribute to damping properties of the aluminum specimen.

Other possible factors, which may contribute to the improvement
in damping behavior for AlCuFe/Ti reinforced aluminum (i.e. the
enlargement of the LD magnitudes), are the dislocations' movement
and increase of their density occurred during cyclic loading at the
measurements of internal friction [52] or weak interface bonding
between reinforcement and matrix [53]. Based on the microstructural
studies, it is believed that all factors except dislocations' multiplication
could operate in the case of the semi-coherent AlCuFe reinforcements,
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while just first of them contribute supposedly to damping behavior of
aluminum reinforced with strongly adhered Ti particulates “encapsu-
lated” with the Ti3Al interlayer.

Finally, both reinforcements modifies strongly the grain structure
of the Al matrix (Fig. 4c, d). The grain size in the composite layers
becomesmuch smaller than that of the Almatrix after the treatment of
UIP only (Fig. 4b)— average grain size of 0.1–0.5 μmand of 0.5–2 μm is
observed in the AlCuFe and Ti reinforced aluminum, respectively
(Fig. 4c, d). A number of studies have reported that the fine-grained
structure offer a more significant contribution on the dissipation of
elastic strain energy than the larger grain size. It is due to the grain
boundary sliding, which exhibits viscous like properties, i.e. it converts
mechanical energy produced under cyclic shear stress into thermal
energy [54,55]. The energy absorbed in grain boundaries is directly
proportional to the volume fraction of the grain boundary area.
Therefore, both reinforcements produced fine-grained structure
(Fig. 4c, d) offer a significant contribution to the dissipation of elastic
strain energy, i.e., to the damping properties. In the case of the AlCuFe
reinforcement, the effect is apparentlymore pronounced due to higher
volume fraction of the grain boundaries' area (Fig. 4c).

Subsequent annealing at 623 K reduces the LD magnitudes of all
specimens approx. by a half (Fig. 8,a — curves 2|, 3|, Table 1). The
dislocation density is naturally reduced in the composite layers due to
recovery of the aluminum matrix. Thus, a decrease in the damping
capacity magnitude and some restore of the amplitude dependence of
the LD are observed. The latter starts at the strain amplitude εc≈10−5.
Nevertheless, the LD characteristics remain high enough in compar-
ison to that for the initial specimen (Table 1).

Temperature dependencies of the LD for aluminum specimens are
shown in Fig. 8b. In comparison to initial specimen (curve 1),
dependence for specimen after UIP (curve 1|) contains a peak at
about 370 K, which is usually observed in deformed metals (Köster's
effect). Besides, critical temperature for start of the LD exponential
growth shifts to higher temperatures testifying stronger fixation of
available dislocations. On the contrary, formation of fine-grained
composite layers (Fig. 4c, d) in the aluminum specimen leads to sharp
diminish of the critical temperature of intensive exponential growth of
LD (curves 2, 3). It is supposedly due to promoted dislocation activities
on grain/interfacial boundaries. The most pronounced effect is
observed in the case of the AlCuFe reinforcement, where the highest
volume fraction of grain boundaries is observed.

It is interesting also to consider the effect of the UIP regime on the
change in the Young's modulus of Al specimen. These data estimated
usingmeasured changes of the specimen resonant frequency (Eqs. (3),
(4)) are listed in Table 1. Elastic modulus increases in all cases
regardless the reinforcement used. Of special note is that formation of
composite layers causes only slight increase in overall specimen
modulus despite of much higher magnitudes of the Young's modulus
for both reinforcements. It is apparently due to significantly finer grain
structure formed in surface composites (Fig. 4c, d) and much higher
contribution of grain boundaries' area to the modulus diminishment.

Accounting for the fact that in the bending–vibration mode the
surface layer of specimen contributes mainly to the all measured
internal friction characteristics (including the magnitude of the
Young's modulus, ЕM), the following formula can be used to estimate
the intrinsic Young's modulus (ЕL) of modified/composite layer [56]:

EM = ð1−αÞE0 + αEL; ð7Þ

where Е0 is the Young's modulus of core material (initial aluminum
specimen), ЕL and α are the intrinsic Young's modulus and the volume
fraction of modified layer. The latter can be estimated using known
specimen dimensions, the layer thickness (~100 μm) evaluated based
on the microhardness data (Fig. 7) and the assumption that specimen
after UIP can be represented as the aluminum cylindrical substrate
rigidly covered with thin tube of the modified/composite layer. One
can compare these estimates listed in Table 1 to those carried out using
TEM data (Vp) and simple mixture rule [57] similar to that employed
for the macrohardness estimations (Eq. (6)). Slight difference is
observed in the case of the AlCuFe reinforcement, while the estimate
for the Ti reinforced composite shows strongly underrated value.
Obviously, to obtain more accurate estimates, the increased volume
fraction of the grain/interface boundaries should be accounted for in
both cases. Besides, the Ti3Al interlayer observed around Ti particu-
lates (Figs. 2b, 3, 5a–c), which significantly contributes into overall E
and Hμ magnitudes, seems should be taken into account in the latter
case.

4. Summarizing remarks

It has been shown in this study that composite layers can be formed
in aluminum by addition of glycerin suspensions contained either QC
icosahedral AlCuFe or hcp Ti fine powders to the zone of severe plastic
deformation at in the UIP processing. According to XRD analysis and
TEM observations, the composite layers formed are characterized by
similar level of macroscopic compressive residual stresses, fine grain
structure, relatively uniform distribution of reinforcing particulates
and their similar volume fraction (Vp≈0.17). Semi-coherent partic-
ulate/matrix interfaces are observed for QC reinforcements, while the
Ti particulates seem to be strongly adhered to the aluminum matrix
due to formation of Ti3Al interlayer.

These parameters–compressive residual stresses, fine grain struc-
ture (high volume fraction of grain boundaries), and strength of
interfacial boundaries–affect significantly the microhardness and
damping properties. Much higher magnitudes of microhardness
(about 1.3 GPa) and logarithmic decrement (about 12×10−4) are
observed in specimens coveredwith theQC reinforced composite layer
in comparison to those for specimens contained the Ti reinforced layer
(about 1 GPa and 3.6×10−4) and to the as-peened aluminum
specimen (0.58 GPa and 1.4×10−4). This result is conditioned by (i)
the smallest grain size, i.e., the highest volume fraction of grain/
interface boundaries, (ii) semi-coherent particulate/matrix interface
and (iii) high hardness and specific stiffness of AlCuFe QC phase.
Relatively high level ofmicrohardness (about 1.1 GPa and0.8 GPa) and
logarithmic decrement (about 5×10−4 and 2×10−4) are conserved in
aluminum coveredwith the QC or Ti reinforced composite layers even
after thermal treatment at 623 K.
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