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Research is presented about the mechanical behavior of a 6061 aluminum alloy reinforced with alumina
particles. In particular, the role of thermal-induced residual stresses on the mechanical behavior of this
composite is analyzed. Experimental tests were carried out to evaluate the mechanical characteristics of
this type of material under static and fatigue loading. Fractographies on broken specimens evidenced the
failure mechanisms under different load conditions. Also carried out were measurements using the x-ray
diffractometric (XRD) technique to determine the residual stresses due to the thermal treatment both in
the matrix and in the particles. A microscale finite-element model (FEM) of this material was developed
to investigate the actual stress state caused by the thermal treatment and an applied load. A comparison
of the numerical results and the experimental observations helped to explain the fracture modes under
static and cyclic loading and to determine the role of the residual stresses under both monotone and cyclic
loads. These results suggest some treatment to improve fatigue strength of the material.

|Keywords FEM. MMCs, residual stress, XRD geous in that shapes similar to those experimentally observed

can be modeled and analyzed. Furthermore, the elastoplastic

behavior of the matrix and, consequently, phenomena such as
1. Introduction the Baushinger effect and work hardening due to plastic defor-
mation are taken into account. The latter mentioned method

Due to their good strength-to-weight ratio, metal matrix provides an accurate account of the stresses and strains
composites have been increasingly used in various engineeringhroughout a specific time history, for example, during a heat

fields. In particular, aluminum matrix composites have been treatment.

used in aircraft for many years and more recently in automotive  Finite element models can be two-dimensional or three-di-
components, cross-country bicycles, and other sports equip-mensional. Generally, three-dimensional models lead to a bet-
ment (Ref 1). However, to exploit these materials, itis essentialter description of the stress-strain state in the material.
to be fully aware of their mechanical characteristics. Not only However to obtain reliable results, the models must be quite ac-
is it important to understand the mechanical behavior of thesecurate’ which can be Cosﬂy_ Furthermore’ these models require
types of materials, but it is also necessary to determine the lopowerful computers. If the studied models are coarse, the re-
cation a fracture might occur (in the matrix, in the particles, or gyjts obtained cannot be considered reliable especially if the
atthe interface). . o mechanical behavior of the matrix-reinforcement interface is
From a mechanical viewpoint, it is necessary to know the ¢onsjdered. In fact, this problem involves a nonlinearity due to
strength of materials in the composite and the local stress/strainq contact of the two phases and the nonlinear behavior of the

response in the different parts of the material under an applieqy, atarial. These factors contribute to considerable numerical
load. Complete characterization of the mechanical behavior Ofdifficulties and calculation time

the material requires a determination of the residual stress state
induced by thermal treatment and its influence on mechanical
properties. Hence, different approaches can be found.

Yet two-dimensional FEMs may give useful information
about the mechanical behavior of the composite without neces-

Eshelby (Ref 2) solved the elastic problem of an isolated el- sitating expensive compu_ter fac_ilities. Levy and Papazian (Ref
lipsoidal inhomogeneity embedded in an infinite domain under 4) developed two three-dimensional models of a SiC/Al com-

the action of a uniform remote stress field. Eshelby’s approachPOSite material. The reinforcements were assumed to be cylin-
led to the development of a theoretical model capable of pre-drical and aligned in a three-dimensional array. Levy and

dicting the average residual stresses induced in the matrix byP@pazian (Ref 4) analyzed the influence of the relative position
the cool-down process (Ref 3). of particles which were transversely aligned or staggered. The

The recent ever-increasing development of the finite-ele- elastoplastic nature of the matrix were considered whereas, the
ment method (FEM) has aided in the development of numericalProperties of the interface were not considered. Further analy-
models representing microstructural schemes of different Sis of their model allowed Levy and Papazian (Ref 5) to also
kinds of Composite materials. This type of approach is advanta_ta.ke into account the effect of the residual stresses caused by

heat treatment.
M. Guagliano, Dip. to Meccanica, Politecnico di Milano, P.zza L. da X_U and Watt (Ref 6) L_Ised th? FEM tO_StUdy the role of a hard
Vinci, 32, 20133 Milano, ltaly. particle in a metal matrix. Their analysis was based on the re-
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sults obtained by Eshelby (Ref 2), but the effect of the interfacecle shape, the nature of the interface, and the mechanical be-
was not considered. havior of the metal matrix, the modeling scheme of these com-
On the contrary, the model developed by Wisnom (Ref 7) posites cannot be generalized.

considers the role of the interface using special finite elements, In this article, an Al/AJO; composite was considered. Be-
although the interface strength had to be assumed arbitrarily cause experimental observations showed that the alumina par-
Sadouki and Wittmann (Ref 8) developed a general model thatticle cannot be compared to a cylinder or a spherical inclusion
simulated the presence of an interface with springs and damp&n appropriate numerical microscale model of the studied ma-
ing elements. Christman et al. (Ref 9) studied the influence oft€fial was developed to investigate the effects of thermal treat-
factors such as shape, distribution, volume fraction, and clus-mentin terms of induced residual stresses and to understand the

tering, on the mechanical behavior of a reinforced 2014Al al- actual stress-state both in the matrix and in the particle under
loy ’ tensile load action. The interface was simulated by a numerical

. ., technique capable of reproducing the specific nature of the
More recently, Ho and Saigal (Ref 10) calculated the resid- contact between alumina and aluminum. The role of the resid-

ual stresses resulting from thermal treatment and evaluateq,| gyresses deriving from the thermal treatment and from the
their effect on the tensile curve and strength. They used athreeapp”ed loads was analyzed and compared with residual
dimensional FEM to simulate the changes of material charac-giresses measured using the XRD technique.
teristics because of the heat treatment. Conversely, Llorcaand g resuits were validated by comparing them with the ten-
Poza (Ref 11) developed a numerical model to investigate thegjje stress-strain curve. They also were compared with the re-
cyclic behavior of a ceramic-reinforced aluminum alloy. sults obtained in tensile and fatigue tests. These results then
The commonality of all these models is that they use silicon were used to interpret the failure modes and mechanisms ob-
carbide particles for reinforcement. However, due to the parti- served to subsequently explain the actual behavior of the mate-
rial and to illustrate the role played by residual stresses on

Table 1 Physical and mechanical characteristics of 6061 mechanical properties.

aluminum alloy and Al,O4

Property O0oLA s 2. Material and Experimental Tests
Elastic modulus, MPa 297000
At 293K 69000
At 373K 68000 The composite material tested was W6A20A, which is
At 423K 66000 manufactured by DURALCAN, USA. It consists of an alumi-
2: g;g E géggg num 6061 alloy matrix, and the reinforcement is made DAl
At 573 K 45000 particles with an average size of about 15 tp20An average
Poisson ratio 0.33 0.21 dimension ratio of 2 was observed, and a volume fraction was
Yield stressRy 5 MPa 20%. The mechanical characteristics of the matrix and of the
At 293K 276 reinforcements are illustrated as a function of temperature in
2: j;g E ggg Table 1 (Ref 12).
At 473K 221 The material was solutionized for 2 h at 530 °C, water
At 523K 165 quenched, and then aged for 15 h at 165 °C (this treatment is
At 573K 90 usually called T6). Tensile tests were carried out on cylindrical
U"A“tmz"’gg t}fns"e strengtRy, MPa 210 specimens according to ASTM E 8-95 standards. The average
At373 K 283 results obtained from five tests performed at room temperature
At 423 K 262 are shown in Table 2.
At 473K 228 Rotating bending fatigue tests on smooth specimens were
2: g;gi 19772 performed to evaluate the behavior of this material under cy-
Elongation, % 17 clic loading and to _analyz_e the failure mechanisms at different
Density, kg/m 2700 3720 stress levels. Detailed fatigue test results are found in Ref 13.
Thermal conductivity, W/iK 167 19 Surface residual stresses due to the heat treatment were
C(;_Eﬁ(i)cﬁieK'n}Of thermal expansion, 23.6 7.4 measured using an XRD. Table 3 shows the details of the x-ray
Table 3 Detail of x-ray measurement conditions
Table 2 Mechanical characteristics of 6061 Al/AD5 Equipment:
composite material Target, Cr Rigaku Strainflex
Filter, V Rigaku Strainflex
Characteristic Value Diffraction planes:
Elastic modulus, MPa 9280G 1000 Aluminum, (311)
Poisson ratio 0.3% 0.02 Irradiated area, £ 1 mnf
Ultimate tensile strength, MPa 3#b Incident angles, 0, 15, 25, 35, 45
Yield stress, MPa 342 10 Geometry, side inclination
Elongation, % 4 1.5 Method, sify
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measurements. Fractographies on the fracture surfaces of the The material behavior of the matrix was simulated by repro-
broken specimens completed the experimental analysis. ducing the experimental trend of the tensile curve while the
alumina was schematized as a perfectly linear material.

.. Another peculiarity of this model is that the thermal and the
3. Finite-Element Analyses mechanical analyses are conducted at different times using dif-
) ) ) . ferent, but interdependent, models. The advantage of this pro-
A two-dimensional and plane-strain model of the micro- ceqyre is that the analyses can be optimized. In fact, the

structure of the composite was developed to investigate the nalyses are performed in the time domain, and at successive

role of re5|dqal stresses on the gqtual mechanical bEhaV'or.ofncrements. By separating the thermal and the mechanical
the composite material. The finite element code used is

ABAQUS. analyses, it is possible to choose the best increments for each

. . analysis, which do not necessarily have to be the same increments.
The three-dimensional nature of the problem was neglected )
For both calculations, the mesh must be the same even

because of the shape of the reinforcement particles and the nu- i g
merical difficulties due to the simulation of the contact be- though the type of element changes. In the first analysis, the
tween the particle and the matrix. This made it impossible to
build a three-dimensional mesh fine enough to reproduce the
stress-strain state correctly.

The model is based on a cell of an alumina particle sur-

rounded by the matrix. Particles were equal tpui8ong and i | EREEE —

9 um wide, resulting in a dimensional ratio of 1:2, which was : e b B o - =T
similar to the one observed experimentally. Spacing between i - ™
particles was 1um in direction 1 and 5.fm in direction 2 = —— —

(Fig. 3) so that in the plane model the actual 1:5 volume ratio : :
was maintained. Because the model is made of plane-strain ele - — o= S L
ments, this assumption can appear incorrect; however, in this [ : : = e
model, the thickness of the matrix and the particle is the same L
but the local stress-strain response will be affected by this as-
sumption. ] e s s

This basic cell is repeated to simulate the presence of aseto _ & |
aligned particles. Other ordered particle layouts were not con- 5 i i
sidered because recent technological improvements made i T
possible to align the particles satisfactorily in any direction and
because Levy and Papazian (Ref 4) found that the most realisti 8
layout is the one considered in the present analysis.

Basing the analysis on many microscopical observations,
the shape of the alumina particle was octagonal and stretched ii
one direction. The experimental investigations showed that the
particles did not have sharp corners, unlike the SiC particles ()
commonly found in this type of analysis. Figure 1 shows the
mesh of the material compared to an experimental particle. A 208 LU W0:ile S F A3 Pi§ 278
nine-particle model was developed and used to carry out analy: T ———————
ses with different boundary conditions. Nevertheless, the most
interesting results obtained were those presented with symmet
rical boundary conditions and applied loads. Yet the boundary
nodes of the model were restrained by symmetrical boundary
conditions, thus simulating the action of surrounding material.

Another important consideration is correct simulation of the
mechanical behavior of the interface between particles and ma:
trix. In fact, this type of composite is characterized by the pres-
ence of spinel crystals at the interface. These crystals preven
the macrosliding of the two components and their separation,
until the material breaks. Special elements were used, allowing
for normal contact and sliding. The Lagrange multiplier con-
tact approach (Ref 14, 15) was used to numerically schematize
the particular behavior of the spinel crystals. This does not pro-
vide any slip, but facilitates contact surface separation. Other
analyses have been carried out by using the classical Coulomb
contact theory and by varying the friction coefficient, to inves- (b)
tigate the quantitative influence of the numerical characteristic Fig. 1 (a) Mesh of the composite material, particular of the par-
of the interface. ticle. (b) Alumina particle observed via electronic microscope

L B —: . ==l
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thermal transient caused by the heat treatment is simulated, andf the convective heat transfer coefficiérfor water and air,

the temperature distribution is calculated. where the heat treatment is made. Tihvalue was determined
The thermal law imposed on the boundary of the model using the procedure described in Ref 10 using the dimension-

simulates cooling of the water from 573 to 293 K. For tempera- less Rayleigh (Ra) and Nusselt (Nu) numbers.

tures higher than 573 K, the material is assumed to be free re- In the mechanical analysis, the stresses were derived from

sidual stresses. The material is then heated to 438 K, and théhe temperature distribution calculated in the thermal transient.

artificial aging is simulated. To make the heat transfer from the The transformation of the mechanical characteristics during

matrix to the alumina particle possible, the particular one-di- the thermal transient was followed by assigning the values in

mensional elements between opposite nodes of the matrix and’able 1. At the end of the analysis, a tensile load was applied, and

the particle were constructed. This heat conduction simulationthe actual stress-strain state in the material model was calculated.

at the interface can be compared with the presence of the spinel

crystals, which in some way influence the uniform heat diffu- . .

sion in that area. The values of the heat transfer coefficients o4. Results and Discussion

these elements were taken as the average values of the matrix

and particles. The numerical procedure allowed simulation of ~ Different preliminary analyses were made of the thermal

the heat transfer between the matrix and water or air. Thistreatment by considering one particle (free to move at the

simulation was possible by a boundary surface and calculationdoundaries), by using the Coulomb contact law and by chang-
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Fig. 2 Von Mises equivalent stress trend for the different interface simulations tested (thermal treatment analyses)
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Fig. 3 Trend of the different stress components in the middle section of the center particle (thermal treatment analysis)
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ing the friction coefficient. Results were compared with those tion with the other particles has on the residual stress state is
obtained using the Lagrange multiplier contact approach. Theevident. The value in the matrix, in the proximity of the inter-
aim being to evidence the importance of the contact algorithmface, doubles.

chosen. This comparison shows that similar trends are obtained The numerical results were compared with the experimental
by using the Coulomb contact approach with different friction residual stress measurements obtained using an XRD. The re-
coefficients. A different trend is obtained using the Lagrange sidual stress state in the matrix, soon after the thermal treat-
multiplier approach. In particular, the von Mises equivalent ment and before any other mechanical working, proved to be

stress, defined as: about equibiaxial, and the average value of ten measurements
was 50+ 5 MPa. Because of the area affected by the x-ray
(I AT S A =S B < TS S S = beam (1 mm), the obtained values can be considered as aver-
V§2+§,2+5,7-55,-55, - 5% (1 mrd)

age values of the actual trend. Consequently, comparison with
the numerical results may be considered satisfactory and sup-

whereS, S, andS,, are the principal stresses. These increase ported by the fact that if these analyses are enlarged to cover

near the interface due to the shear stresses that arise, particg larger area around the particle, then there are zones that

larly near the corners, to prevent sliding. were not affected by residual stresses or that preset small
Flgure 2 Shows the trend for the d|fferent mode's tested in Va|ueS Of reSidua| stresses. Therefore, the aVerage Value on a

terms of the von Mises equivalent stress: the results of the nindinite area of measurement reduces with respect to the trend

particles (free to move at boundaries of the model) refer to theShown in Fig. 3.

central one. The difference between the trends of one and nine

particles is due to the boundary conditions and shows the im-

portance of the correct choice of the kinematic conditionsatthe

boundaries. Considering the physical nature of the interface P T TR

(which prevents macrosliding), the Lagrange multiplier ap- ., I -

proach was chosen for the final nine-particle model. Different | F Py I L P EEEYT e,

analyses were conducted on this model, simulating the therma | SR T e T

treatment, monotonically increasing the load, and a cyclic I e Wt

repetition of load.

4.1 Thermal Treatment

The boundary conditions imposed along the edges are those. :
of double symmetry to simulate the internal layers of materials. =~ '. a T T B
Figure 3 illustrates the trend of the stress comporgntsd ik A Gy £y
Sy, along the matrix and the central particle (directions 1 and 2 ko e L - e
are shown in Fig. 3). Note that in the section considered, the tht 3 . e 2
matrix is subjected to tensile residual stresses along directior. = o
1. The residual shear stresses are not large, and during thermal(a) o T S h
treatment, the formation of spinel crystals is not involved in the
prevention of sliding and in the development of a detrimental
residual stress state. This is mainly due to the different thermal
expansion coefficients of the matrix and the particles.

If the von Mises residual stress trend is compared with that
obtained by considering only one particle without kinematic
restraint at the boundaries, the strong influence that the interac'r

400

w
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o

o FEM (thermal treatment+tensile load)
o FEM (tensile load)

Stress [MPa]
N
o
o
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0 + + i f .
0 2 4 (b)
Strain [%] . o . .
Fig. 5 (a) Stress in direction B{1) contours around and in the
Fig. 4 Tensile stress-strain curves obtained numerically and reinforcement particle. (b) SEM image of the fracture surface
experimentally (thermal treatment and monotonic applied load)
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4.2 Monotonic Applied Load

The second analysis involves the mechanical behavior of
the composite material following a thermal treatment and im-
plies a tensile load applied along direction 1. Figure 4 shows

Fig. 6 Von Mises equivalent stress contours in and around the
reinforcement particle (thermal treatment and monotonic ap-
plied load)

O L T T T

(b)

Fig. 7 Von Mises equivalent stress (a) after the thermal treat-
ment and (b) after the load cycle
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the comparison between the stress-strain curve obtained ex-
perimentally and numerically. Agreement is good until the
highest load is applied, which can be considered as validation
of the FEM microstructure model. Figure 4 also shows the role
played by the residual stresses by the curve obtained without
taking the thermal treatment into account. In fact, the numeri-
cal stress-strain curve obtained by considering the thermal
treatment is approximate to the experimental one, both in the
elastic and the elastoplastic fields. The global elastic modulus
is practically equal to the experimental modull, (=
92.800 MPaEggy, = 93 200 MPa), whereas the value numeri-
cally obtained without considering the thermal treatment is
10% higher Ergy= 101.800 MPa, without residual stresses).
This can be attributed to local plasticization of the matrix near
the sharp corners at the interface with the reinforcement. Due
to the presence of residual stresses, this occurs for low applied
loads and globally reduces the elastic modulus. Furthermore,
the presence of the tensile residual stresses in the matrix causes
yields for low loads. This also is in concordance with the ex-
perimental evidence.

Figure 5(a) shows the longitudinal stresg($nap across
and over the particle. The most stressed zone is in the middle of
the particle. This agrees with experimental observations. In
fact, scanning electron microscopy (SEM) observations show
that there are many particles broken in the middle section of the
fracture surface (Fig. 5b).

On the contrary, the matrix is subjected to low stresses. Fig-
ure 6 shows the von Mises stress around the particle where the
trend is uniform and lower than the yield stress.

4.3 Cyclic Loading

Further analyses assessed the mechanical behavior of the
composite in alternate cyclic loading where the cyclic loading
was equal to the fatigue limit of the material (160 MPa). Ac-
cordingto Ref 11, and due to the lack of reference experimental
data, the matrix was assumed to harden isotropically.

In this case too, two types of analyses were carried out. The
first analysis did not consider the thermal treatment while the
second considered the effects of the thermal treatment. The

3,97k P:08001
iBum—

18kV HD:15mm §: T6

Fig. 8 SEM image of the decohesion between matrix and particle

Journal of Materials Engineering and Performance



first analysis showed that the global stress state throughout thevith and without the heat treatment, evidenced the importance
material does not reach near the yield stress values. The reinef residual stresses on the behavior of the material under static
forcement particle is not subjected to dangerous stresses. loads.

If residual stresses caused by thermal treatment in the ma- Thermal-induced residual stresses also play an important
trix are observed, the von Mises stress is locally higher than therole in the high-cycle fatigue region. In fact, without their pres-
yield stress inducing plasticization. Figure 7 shows the initial ence, the stress state near the interface would not reach a criti-
stress distribution (Fig. 7a) and the stabilized residual stresscal value. Furthermore, residual stresses are the main cause of
situation (Fig. 7b). Figure 7 demonstrates that the residualthe interface damage and, consequently, of the fatigue crack in-
stress concentration on the boundary of the particle, after theitiation.
application of the load cycle, did not change. Whereas at dis- The quantitative values of the stress cited above are influ-
tances away from the reinforcement, the residual stresses reenced by the plane schematization of the material. However,
main similar to the initial stresses, and the fatigue damagethe simplified model which was developed provides useful in-
process is able to be interpreted. formation about the damage mechanism under both monotonic

In fact, the repeated application of the load causes damagend cyclic loading.
to the interface (fracture of the spinel crystals or decohesion of The results suggest that, in order to improve fatigue behav-
the particle and the matrix) or the formation of voids in the ma- ior of this type of material, it is necessary to perform a surface
trix, thus resulting in fatigue crack initiation. This agrees with treatment capable of inducing compressive residual stresses
the experimental observations of fatigue-broken specimens, inand preventing fatigue crack propagation in its early stage.
which itis possible to note decohesion and a lack of sliding be-
tween the matrix and the particle (see Fig. 8). Also, the pres-References
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