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Abstract

The isothermal forming behaviour of AA2618 4 20% Al,O; has been studied by hot-torsion and hot-compression tests. The constitutive
equations and the strain rate sensitivity coefficient of the investigated composite were estimated from flow stress curves. The strain rate
sensitivity coefficient reached the highest values in the temperature and strain rate ranges of 450—500 °C and 10 >=10"" s ™', respectively.
The microstructural evolution of the material during deformation was studied by optical and scanning electron microscopy. The degree of
material damage was evaluated in terms of matrix —particle decohesion and particles fracture. A three-dimensional FEM modelling of a real
industrial component was performed in order to determine the best forging conditions. This component was isothermally forged under the
process conditions derived by the FEM simulations, a defect free product was thus obtained.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The strong pressure for weight reduction in car and
aircraft fabrication urges the optimisation of the design of
products employing low weight materials. The replacement
of conventional materials by lighter metals such as
aluminium alloys is, therefore, highly desirable. However,
aluminium alloys are not sufficiently stiff or strong for many
purposes and their reinforcement is necessary. Aluminium
based metal matrix composites (Al-MMCs) are outstanding
candidates for these applications owing to the high ductility
of the matrix and the high strength of the hard reinforcing
phases. Unfortunately, such materials are difficult to form
due to their intrinsic poor ductility caused by the presence of
the undeformable reinforcing phase, usually SiC or Al,O3
particles. As a matter of fact, previous investigations on hot
formability of metal matrix composites (MMCs) typically
show unacceptable degrees of damaging associated with the
matrix—particle decohesion and particle fracture. These
failure modes are due to two chief mechanisms: (i) high
concentration of dislocations at the matrix—particle inter-
faces, (ii) void growth originating from microvoids
generated during prior thermomechanical history of
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the material [1-6]. Embury and co-workers demonstrated
that damage initiation is governed by particle size, particle
aspect ratio and spatial distribution [7]. Mummery et al. [8]
and Lewandowski and co-workers [9,10] have experimen-
tally shown the effect of morphology and matrix properties
on reinforcement fracture and interfacial decohesion.
Studies by Li and Ellyin [11] revealed different damage
mechanisms, in terms of particle debonding and fracture or
matrix cracking, as a function of forming conditions in
alumina-reinforced aluminium.

Consequently, the proper selection of the forming
parameters critically affects the production of sound
components. Forming conditions can be more easily
optimised if experimental and numerical models are
available, that describe the evolution of damage. Work-
ability describes the ability of the material to be shaped by
plastic flow without fracture and it is strongly influenced by
the processing parameters, such as temperature and strain
rate, which also affect the microstructural development
during hot forming processes [1—5]. Even though in some
forming processes, the stress state is essentially compressive
or tensile, practical stress fields generally exhibit stress
components that can be compressive or tensile in the same
workpiece. As a consequence, it is difficult to estimate
the workability because of all the variables, which play
a role during deformation. For this reason, several
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simple laboratory tests have been developed to simulate the
stress state taking place within the workpiece during
deformation.

The design and control of forming processes depend on a
large number of parameters among which: material proper-
ties, environmental conditions, thermomechanical par-
ameters, mechanics of plastic deformation and equipment
used. Another important aspect is the frictional behaviour of
the workpiece—die interfaces. Because of the large surfaces
in contact, very high friction forces can be developed during
forging processes; such forces can be reduced by using
appropriate lubricants.

Hot-torsion and -compression tests can be conveniently
used to study the plastic deformation of a material under
different conditions of temperature and strain rates. More-
over, they allow simulating the isothermal conditions
occurring in some industrial forming processes. In fact,
isothermal forging of Al-MMCs has the potential to
manufacture components characterised by low damage
levels. This technology seems to be the most promising
for these purposes [12—14]. Several investigations were
published on the hot forming of AI-MMC:s; in particular, the
constitutive equations relating flow stress, temperature and
strain rates, have been analysed in order to correlate the
mechanical response to the microstructural evolution in
terms of grain size, dislocation distribution and damage.
Roberts and co-workers studied the hot-compression
behaviour of AI-MMCs relating the composites damage in
terms of: (i) number of voids per mm?, (ii) percent of area of
the voids respect to the total section of the specimen as a
function of hot-compression parameters (temperature and
strain rate) and (iii) particles fracture, by using optical and
electron microscopy techniques [15,16]. They also studied
the influence of particles size and distribution (clustering),
on damage levels; in particular they demonstrated a change
in damage mechanisms from particles fracture to void
formation as a function of the degree of particles clustering
[17]. Other scientists published some papers regarding the
debonding and damage behaviour of ceramic-reinforced
MMC using tomography techniques and finite element
modelling [18-21].

In order to implement MMCs on a wide scale in the
modern industry significant effort is still required to
understand the relationship between processing and in
service behaviour. In particular, the forging route would
provide a significant improvement in the elongation
properties of the material, thereby making it less susceptible
to fracture with respect to its cast counterpart. At the same
time, the forging process imparts localised damage in some
areas of the workpiece, with an associated detrimental effect
on properties. The complex interaction among temperature,
strain, strain-rate, stress and microstructure make physical
modelling of damage accumulation during processing
difficult. Approaches such as the ‘critical strain-rate’
criterion of Humphreys and Kalu and calculations of the
stress in and around the particle using the methods of Mori

and Onaka, have been attempted with some success.
These methods have given some indication of the areas in
a forging susceptible to damage but have so far failed to
predict a priori the absolute values of damage levels. The
increasing application of FEM methods to materials science
problems makes it possible to simulate forming processes
and furthermore to determine the strain, strain rate and
damage distribution within the forged parts. In this paper,
the best-practice forging conditions obtained by laboratory
tests, have been used to model the material behaviour by
using a 3D FEM code. Subsequently, a practical component
used in the aeronautic industry was produced in isothermal
conditions obtaining a defect free product. Specifically, the
aim of the present work is the characterisation of the hot
formability of AA2618 + 20% Al,O; in isothermal con-
ditions in order to correlate the forming parameters to the
microstructural evolution in terms of damage mechanisms,
dynamic recovery and recrystallisation (DRX) [22-27].
The microstructural damage of the material has been
evaluated in terms of area of the voids/total area of the
specimen in order to calculate the reduction of the resistant
section to the applied stress after the thermomechanical
processing of the material. The damage levels were
evaluated in all the isothermal forming conditions investi-
gated by scanning electron microscopy technique (SEM).

2. Experimental procedures

The material investigated (AA2618 4 20% Al,03) was
produced by DURALCAN (USA) by mixing 20% of Al,0O;
particles into a molten AA2618 aluminium alloy. After
casting, billets were pre-homogenised at 570 °C for 4 h and
cooled to room temperature at 200 °C/h. Then, the billets
were hot extruded into 80 mm diameter rods. The matrix
used in the present work had the following chemical
composition (wt%): Cu = 2.3%, Mg = 1.6%, Fe = 1.1%,
Ni = 1.0%, Ti = 0.07%, Si = 0.18%, Al = bal. The aver-
age size of the Al,O; particles was about 10 pm.

The damage of the material caused by the extrusion
process was evaluated by SEM-FEG and quantified as
percent of the void area with respect to the total section of
the specimen (Table 1).

Isothermal compression tests were carried out using a
servohydraulic testing machine (MTS 810).Cylindrical
samples with an initial height (/,) and diameter (d,) of 18
and 12 mm, respectively, were used in order to obtain

Table 1
Damage of the materials in terms of area of the voids (%) normalized to the
total area of the specimen in the as-received condition

Area of the voids
(%)ltotal area of the specimen

Composite Section

2618/20% Al,O5
2618/20% Al,04

Longitudinal 6.70
Transverse 7.40
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the true stress—true strain curves. The specimens were
compressed up to a height reduction of 50%, in isothermal
conditions in the temperature and strain rate ranges of 350—
500°C and 107 °-1s"', respectively. The sample-die
interface was lubricated with molybdenum disulphide.

Light microscopy, scanning electronic microscopy and
computer image analysis have been used to quantify the
microstructural damage in the deformed samples. The
samples were prepared for metallographic observations by
grinding consecutively on 360, 600, 800, 1000, 2400 and
4000 SiC papers, and then polished on 3 pwm diamonds
cloths. The samples were etched with Keller’s reagent in
order to show the grain size developed by dynamic recovery
or recrystallisation. The samples subjected to compression-
tests were analysed in the core region parallel to the
compression axis, whilst the torsion-tested ones were
ground on the gage surface parallel to the torsion axis
where the strain is the maximum. A set of samples was also
cut from the forged component in order to evaluate the grain
size evolution and damage mechanisms developed during
forming operations.

3. Results and discussion
3.1. Mechanical testing and constitutive equations
The applied load (P) versus ram linear displacement (Ah)

were converted to true stress (o) versus true strain (&) values
by means of the following relationships:

_ P(hg — Ah)
= A (1
_ ho

where A, and h are the initial cross-sectional area and the
height of the sample, respectively.

The true stress (o) was subsequently corrected for
friction according to the slab analysis of the compression
of a cylinder with a constant friction shear factor (f), the
value chosen for the present study was f = 0.3 [28,29]:

fd() 1.5
— 1 o
p cr[ + W V3 exp(e) ] 3)

The compression curves are illustrated in Fig. 1 at
different strain rates (Fig. 1(a)) and temperatures (Fig. 1(b)).
The flow curves show a classical behaviour with a net
increase in stress with strain up to the maximum, followed
by a limited flow softening. The flow stress of the material
increases with increasing strain rate and decreasing
temperature.

Torsion tests were carried out in the same temperature
and strain rate ranges as the hot-compression tests. The
samples were heated using an induction furnace;
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Fig. 1. True stress (MPa) versus true strain hot-compression curves of
AA2618 + 20% Al,0O; MMC at various strain rate and temperatures.

the temperature stabilisation time was 6 min. The gauge
section of samples was a solid cylinder with a length (L) of
7 mm, and a radius (R) of 4 mm; the fillet radius between the
gauge section and the shoulders was 0.5 mm. The torque (I')
and the twist angle (0) were converted to surface shear stress
(7) and strain () with the relationships:

RO

T L

G+n+m) vy “)

_r
27w
where n' (= dlog I'log I76l;) is the work hardening rate
and m' (= dlog I'log I76l,7) is the revolution rate sensi-
tivity coefficient of torque. Equivalent stresses (o) and
strains (g) were derived from surface shear stresses and
strains by means of the Von Mises yield criterion [30,31]:
o=1/3 e=v/3 )
Because of the temperature increase (AT) due to the
deformation heating, the flow curves for ¢ = 1071 s7! did
not correspond to isothermal conditions. Therefore, a
temperature correction was applied to flow stress under

such conditions. For each value of equivalent strain, the
temperature increase was calculated using the following
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relationship:
B J ode
AT = 20 (6)
pc

where B is the deformation heat factor, p is the material
density, and c is the heat capacity.

The temperature increase was used to offset flow-
softening effects due to the deformation heating by
correcting flow stress employing the equation:

do

(rc:a'—}—Acr:U—l—ATdT

(N
where o, is the flow stress corrected for the deformation
heating.

The torsion flow curves are characterised by an increase
in flow stress with strain up to a peak followed by a steady
state or by a very limited slight softening until fracture
occurs, as shown in Fig. 2. By analysing the true stress—
true strain curves in torsion and compression, it results
that the flow stress in compression is higher (=10%) than
that in torsion [29]. The torsion stress—strain curves
show consistently lower levels of flow stress because of
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Fig. 2. True stress (MPa) versus true strain hot torsion curves of
AA2618 + 20% Al,0; MMC at various strain rate and temperatures.

different reasons such as the effect of deformation path
different microstructure transformations and in particular
lower levels of strain hardening. This effect is more
evident at the lower temperatures investigated during tests
[28-32].

The ductility is quantified as strain to fracture versus
temperature at different strain rates. In the range investi-
gated, ductility increases with increasing temperature and
decreasing strain rate (Fig. 3).

The isothermal forming behaviour of AA2618 4 20%
Al,O3 was subsequently modelled by correlating flow stress
to strain rate and temperature according to the well known
constitutive equation [33-35]:

Z = é exp(Q/RT) = A[sinh(ao)]" (8)

where Z is the Zener—Hollomon parameter representing the
temperature-modified strain rate, Q is the activation energy
for deformation, R is the universal gas constant, 7 is the
absolute temperature, € is the strain rate, A, n and « are
material parameters.

The activation energy was calculated by the relationship:

0=—R dlng | dlog & dlog sinh(ao)
A le dlog sinh(ao) 57 9(1000/T) |oc
=2.3Rns &)

The slopes of log(¢) — log[sinh(ao)] at constant 7" and
log[sinh(ao)] — 1000/T at constant strain rates were
calculated, leading to a value of the activation energy of
186 kJ/mol. The value of the stress multiplier a was
calculated by means of an optimisation procedure and
a=0.02(MPa)"! gave the best correlation coefficient

for the Ilinear relationships log(¢) — log[sinh(ao)]
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Fig. 3. Plots of strain to fracture as a function of temperature and strain rate
showing the ductility of the AA2618 + 20% Al,0; MMC obtained by
torsion tests.
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Fig. 4. Zener—Hollomon parameter plotted as a function of flow stress for
the AA2618 + 20% Al,0O5; composite.

and log[sinh(ac)] — 1000/T. The calculation of the Zener—
Hollomon parameter showed a good correlation for the
compression and torsion test data by considering Q = 186
kJ/mol and o = 0.02 (MPa) ! and is shown in Fig. 4.
The strain rate sensitivity coefficient (m) of the material
was calculated employing the following equation [35-38]:
__ dlog o

= 10
" olog & |1 (10)

The m value was calculated by interpolating the data
obtained by torsion and compression tests at an equivalent
strain of 0.5 (Fig. 5). The cubic interpolation was applied
between o and & logarithmic values [5,39-42]. The map
obtained shows the variation of the strain rate sensitivity
coefficient m with temperature and strain rate, giving the
behaviour of the material in all the test conditions.
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Fig. 5. Two-dimensional maps showing the strain rate sensitivity (m) as a
function of temperature and strain rate for the studied material.

Fig. 6. SEM microstructure of the studied composite.

3.2. Microstructure and damage evaluation

The microstructure of the AA2618 + 20% Al,O; in the
as-extruded condition consists of fine equiaxed recrystallised
grains with an average size of 10 wm and of a relatively high
fraction of second-phase precipitates (Al,CuMg), located
both at the grain boundaries and inside the grains. The SEM
microstructure of the as-received material is showed in Fig. 6.
The 2618-aluminium alloy is age hardenable and can be
strengthened through heat treatments, inducing a fine
dispersion of precipitates giving rise to obstacles for
dislocations motion. The addition of Fe and Ni favours the
microstructural stability at temperatures up to 200 °C. The
strength of the material is due to a combination of
precipitation and dispersion hardening. The main precipi-
tates were recognised as coherent Guinier—Preston—Bagar-
yatskii (GPB) (Cu, Mg) zones and semi-coherent S’
(Al,CuMg) phase. The presence of stable intermetallic
particles, such as aluminides (AlgFeNi), favours the grain
size control and inhibits the dislocation motion.

The microstructure of samples tested in compression at
500°C and e =10"2s"! (e=1) is shown in Fig. 7.

Fig. 7. Optical micrograph of hot-compression tested sample (500 °C,
107257,
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The uniform and fine grain size can be attributed to the
occurrence of dynamic recrystallisation [21]. The most
heavily deformed zone of the samples revealed chains of
particles (intermetallic phases or fragmented reinforcement
particles) aligned along the flow direction, but separated by
equiaxed and undeformed grains. The size of the equiaxed
grains at 500 °C is slightly larger than at 450 °C, whilst
a reduction in strain rate at a given temperature results in a
moderate increase in grain size. These phenomena have a
straightforward physicak explanation. It has been known
since the late 1950s or early 1960s that the flow curves
associated with DRX are characterised by being cyclic or
‘single peak’. It has been recently shown that single peak
flow is associated with grain refinement [21,43,44]. The
physical mechanisms governing DRX are very similar to
those controlling static recrystallisation (SRX). Normally,
aluminium alloys do not exhibit DRX because of their low
hot worked dislocation densities, but nucleation and growth
of new grains can indeed be induced in the presence of
sufficient quantities of hard second phase, such as in
composites reinforced with small particles [45]. These
appear to raise the local dislocation densities and lattice
curvatures above the critical levels needed for the initiation
and propagation of DRX. It has long been established that
recrystallisation is prevented or delayed by a dispersion of
closely spaced second-phase particles, due to the pinning
(Zener drag) of both high and low angle boundaries. During
deformation, particles will affect the deformation micro-
structure through effects such as an increase in dislocation
density, the production of large deformation heterogeneities
at larger particles and the alteration of the homogeneity of
slip, e.g. shear bands. During the deformation of a particle-
containing alloy, the enforced strain gradient in the vicinity
of a non-deforming particle creates a region of high
dislocation density and large orientation gradient, which is
an ideal site for the development of a recrystallisation
nucleus [21]. It is well known that the resulting deformation
zones extend to a distance of about a diameter from the
surface of the particles and that they may be misoriented by
tens of degrees from the adjacent matrix. Recent work on
the deformation of particle-containing single crystals [44]
has shown that, in addition to the lattice misorientations,
small deformation bands may be formed very close to the
particles and these can extend for more than 10 particle
diameters. These bands are regions which are destabilised
by the presence of the particle, and which rotate during
deformation towards stable orientations. In particular,
dynamic recovery leads to the formation of subgrain
boundaries, which progressively transform at large strains
into new large angle grain boundaries, a mechanism that has
been referred to as continuous DRX. Under such mechan-
ism, the material grain size decreases during straining.
Geometric DRX is a process in which the high angle
boundaries are forced together at large strains and elevated
temperatures. At a critical strain, which is a function of
the flow stress and the initial grain size, the spacing of

the high-angle boundaries is reduced to the dimensions of
the subgrain size, the high angle boundaries begin to touch
and a new microstructure of mainly high angle boundaries is
effectively formed [45—-48]. It has been demonstrated that
several metals, such as particles reinforced MMCs, develop
a very fine grain structure classified as ‘continuous
recrystallization’ when deformed at high temperature.
Many authors have widely demonstrated that hot restoration
mechanisms are favoured by the addition of ceramic
reinforcements to aluminium alloys and in particular
promoted the initiation of DRX during hot deformation by
increasing dislocation density in the matrix [49,50].

The flow behaviour response of ceramic-reinforced
MMCs is mainly governed by two processes: (i) the first
one involves load transfer from the matrix to the particles,
leading to an increase in flow-stress at the interfaces
between the ductile matrix and the quasi-rigid particles;
(ii) the second one involves the development of micro-
structural damage producing particle cracking or decohe-
sion of the particle—matrix interface. Particle cracking
occurs when the composite material is not able to dissipate
the energy produced by the deformation through metallur-
gical transformations such as dynamic recovery or recrys-
tallisation [50—53]. This process, in turn, is possible only
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Fig. 8. Damage evolution of the studied material after hot-compression tests
in all the investigated conditions.
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when the particle—matrix interface is largely undamaged. On
the other hand, particle cracking could lead to the
macroscopic crack initiation up to the fracture. The same
could be said for crack initiation at the interface between
particles and matrix. Finally, also the nature of the load
affects the material response: compressive stresses, in
principle, should in fact retard crack propagation [54,55].
Decohesion at the particle—matrix was observed in all
samples; the material damage in the deformed conditions was
evaluated as a function of temperature and strain rate in all
the investigated conditions. The images for the evaluation of
the material damage were taken from the centre of the
compression specimens deformed at a true strain value of
= 1. For every calculation, the mean area of the voids formed
around 100 particles were considered. At all the temperatures
investigated, the area of the voids decreases with decreasing
strain rates until a value of 10~ s'. At 350,400 and 450 °C,
it starts to increase at a strain rate value of 10~ % s~ ' (Fig. 8).
The calculation of the strain rate sensitivity led to the
conclusion that m increases with increasing temperature in
the strain rate regime investigated. At the same time, it
increases with decreasing strain rate up to a maximum
observed in the range of 10~ '=10"?s~'. Many fractured

particles were observed at 350 and 400 °C at all the strain
rates investigated. In these deformation regimes, the matrix is
not so ductile as to dissipate the stress but transfers a large
part of the force to the particles with the consequence of the
formation of large voids, accompanied with particles
fracture.

3.3. FEM analysis and isothermal forging experiments

The FEM simulations of the isothermal forging of
AA2618 + 20% Al,0O; were performed using a 3D
numerical code with a rigid-visco-plastic formulation; the
frictional shear stress (1) was expressed as: 7= fo. The
value of the friction factor was taken from Refs. [28,29].
The properties of the composite were determined exper-
imentally assuming an isotropic continuum. At the macro-
level, this is acceptable as the typical 10 wm diameter of the
particulate is small in comparison with the scale of the
studied component. The stress state in the forged com-
ponents depends on the geometry of the deformation zones.
The workpiece during deformation is subjected to a three-
dimensional (3D) state of stress. This stress state is
represented by a stress tensor with nine components or six
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Fig. 10. True stress versus true strain curves in different points of the forged
component.

independent components. Three shear stress components
contribute to the plastic flow of the material, whilst the
hydrostatic components affect the workability. The stress
state is specific of the forming process and is independent on
the material behaviour. For this reason, FEM codes have
been developed to predict the stress—strain state in different
points of a complex geometry component [40,41]. The finite
element analysis of the isothermal forging process was
carried out using the DEFORM™ 3D FEM code, a general
purpose program performing both elastic-plastic and rigid-
plastic analyses.

The subdivision of subregions into a mesh system of
eight-node hexahedral elements was performed automati-
cally in the workpiece. Three-dimensional metal forming
processes are characterized by a continuous shape modifi-
cation of the workpiece. The simulations were performed by
using the geometry of the real dies and of the billet; the
computation was carried out with automatic remeshing; at
every increment step. The method of modifying the node in
contact with the die according to its original normal has
been applied. In fact, this approach causes the initial FEM
mesh to distort during the deformation to such a degree that
a new FEM mesh system is necessary for the correct
simulation. The step increments were saved at every mm
of the stroke. After simulation, 10 points were chosen in

Fig. 11. Flow lines and fracture observed in the AA2618 4 20% Al,O3
MMC forged at 450 °C.

the billet in order to perform the point tracking and
follow the behaviour of stress, strain, strain rate and
damage during the stroke of the dies. The flow data of
AA2618 + 20% Al,O3, experimentally determined by
compression tests, were given as input to the FEM code.
The simulations were carried out at the temperatures of 450
and 500 °C and initial strain rates of 10~ % and 10" s ".
The principal stress can be a very good indicator of the
material behaviour during forming operations; its distri-
bution was obtained through the FEM simulations and
mapped in different conditions of temperature and displace-
ment. The highest value of the principal stress was 55 MPa
(line 1, Fig. 9) at 500 °C and initial strain rate of 1072571,
The negative values of the principal stress, in Fig. 9,
represent the regions of the workpiece subjected to a
compressive stress state during deformation. The stress
distributions in the forged component were calculated in all
the simulated conditions. The principal stress levels reached
in the component during the simulations at 450 °C resulted
higher than those observed at 500 °C. The forming curves
were obtained in order to evaluate the possibility of forging
the component in all the simulated conditions. The stress
state in the component was examined, especially at the top.
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Fig. 12. Clusters of particles in the AA2618 + 20% Al,O; MMC forged at
450 °C.

In fact, the stress reached 55 MPa in the simulations
performed at 500 °C and 77 MPa at 450 °C. The same values
were observed in the flash zone of the component. The stress
versus strain curves were calculated for the points 6, 7, 9 in
the component, as shown in Fig. 10. The points indicated
with the number 9 correspond to the flash zone where the
highest values are reached. The points 6 and 7 are those
corresponding to the top of the component, where the stress
state is quite similar to the maximum observed in the
laboratory tests. The maximum stress values, reached
during the isothermal forging of the component, are lower
than those calculated from the simulation tests by torsion
and compression.

3.4. Microstructure of the forged component

Finally, the MMC component, industrially produced by
2618 matrix alloy, was forged under isothermal
conditions at temperatures of 450 and 500 °C and with an
initial strain rate of 1072s ' in order to evaluate the
macro and microstructure of the material in these
forming conditions The forging operations were carried
out at the CSM Laboratories (Rome) by a 250 kN testing

Fig. 13. Non-etched and etched microstructure of AA2618 + 20% Al,O3
MMC forged at 500 °C and 1072 s~ ",

machine on specimens of 50 mm diameter and 35 mm
height. The macro and microstructure of the isothermally
forged components have been examined in detail. Some
cross-sections of the component were observed in order to
reveal the flow lines of the material during plastic
deformation. The microstructure was observed in order to
evaluate the void formation at the matrix —particle interface
and grain evolution [14,22,31]. The flow lines were
observed in the component forged at 450 °C. In the same
component, an underfill of the die is shown (Fig. 11). For the
materials deformed at 500 °C, this phenomenon was not
present because of the higher ductility of the alloys at that
temperature. At 500 °C, in fact, a homogeneous particle
distribution and a more uniform microstructure were
observed. The examination of the forged materials con-
tinued with the microscopic observation of non-etched
samples of different sections of the component. Several
fractured particles were observed in the component forged
at 450 °C with the formation of particle clusters in the high
strained zones (Fig. 12). These clusters inhibit the plastic
flow of the material owing to a reduction of maximum
stresses at the centre of the clustered particles and the high
levels of hydrostatic stress in the clustered regions.
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All this clusters are accompanied by void formation
indicating large zones of stress concentration in the structure
during forging. In these temperature conditions all the stress
is transferred from the matrix to the particles which fracture
when this stress reaches high values.

In the material tested at the temperature of 500 °C, this
phenomenon is absent because the matrix ductility can be
restored through various mechanisms such as DRX and
recovery. The material is thus able to flow transferring the
stress to the particles without fracture. The non-etched
microstructure appears very uniform and without voids. The
etched microstructure is characterised by small and
uniformly distributed equiaxed grains, typical of DRX
(Fig. 13). Normally in the unreinforced aluminium alloys
DRX is absent at these temperatures, while in the
composite, the reinforcing particles can act as nucleation
sites. The particles play a fundamental role in controlling
the grain size by particle-stimulated nucleation. If each
particle produces one recrystallised grain, it is clear that a
very large number of new nucleation sites are produced and
so a lot of small new grains are achievable in these
materials. The recrystallisation kinetics of particulate
MMCs is usually very rapid compared to the unreinforced
matrix. This is a combination of the large driving force due
to the geometrically necessary dislocations and the large
number of nucleation sites. In addition, the fine precipitate
dispersion observed in this material promotes new nuclea-
tion sites for the recrystallisation phenomenon [21].

4. Conclusions

In the present work, the hot formability of a
AA2618 + 20% Al,O3 composite was tested in torsion
and compression at temperatures between 350 and 500 °C
and strain rates between 10~ and 1s~'. The flow-stress
versus strain rate data obtained from the experiments were
used to calculate the values of strain rate sensitivity in all the
conditions of temperature and strain rates. Subsequently, the
constitutive equations of the composite were determined
and the microstructure was characterised by using optical
and SEM techniques. The damage level of the material was
then evaluated in all the deformation regimes in terms of
reduction of the resistant section due to decohesion at the
interfaces between the hard reinforcing particles and the
ductile aluminium matrix. Optimal forging conditions were
individuated in the temperature and strain rate ranges of
450-500°C and 107%-10""'s~', respectively. In these
conditions, by using a FEM 3D numerical code the
simulation of isothermal forging of a complex component
was performed in order to evaluate the stress distributions in
different points of the trial. Afterwards, the component was
isothermally forged with good results in terms of die filling

and microstructure at 500 °C and 10~ 2s™ L.
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