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Abstract
Nonlinear properties of metal matrix composites (MMCs) are studied. The research combines results of loading–unload-
ing tensile tests, microstructural observations and numerical predictions by means of micromechanical mean-field models. 
AA2124/SiC metal matrix composites with SiC particles, produced by the Aerospace Metal Composites Ltd. (AMC) are 
investigated. The aluminum matrix is reinforced with 17% and 25% of SiC particles. The best conditions to evaluate the 
current elastic stiffness modulus have been assessed. Tensile tests were carried out with consecutive unloading loops to 
obtain actual tensile modulus and study degradation of elastic properties of the composites. The microstructure examina-
tion by scanning electron microscopy (SEM) showed a variety of phenomena occurring during composite deformation and 
possible sources of elastic stiffness reduction and damage evolution have been indicated. Two micromechanical approaches, 
the incremental Mori–Tanaka (MT) and self-consistent (SC) schemes, are applied to estimate effective properties of the 
composites. The standard formulations are extended to take into account elasto-plasticity and damage development in the 
metal phase. The method of direct linearization performed for the tangent or secant stiffness moduli is formulated. Predic-
tions of both approaches are compared with experimental results of tensile tests in the elastic–plastic regime. The question 
is addressed how to perform the micromechanical modelling if the actual stress–strain curve of metal matrix is unknown.

Keywords  Metal matrix composites · Tension with unloadings · Damage · Microstructure · Non-linear effective properties

1  Introduction

Materials such as metal matrix composites (MMCs) during 
exploitation sustain nucleation and accumulation of defects 
called damage. Damage can lead to unexpected failure of 
a component made of the material and cause accident that 
may severely influence human health and life. There are 
methods that allow to observe and quantify damage accumu-
lation during experimental tests on specimens manufactured 

from materials. One of such basic tests in which material 
damage can be characterized and which is standard and nec-
essary to perform for materials is tensile test.

SiC particles are characterized by high stiffness, much 
higher than aluminum alloy. When we combine aluminum 
alloy with SiC ceramic particles, the SiC particles “carry” 
the load and they strengthen the composite and make it much 
stronger in comparison to the aluminum alloy [1]. However, 
a further increase of the ceramic-phase concentration in the 
composite may lead to a reduction in its mechanical proper-
ties, see e.g. [2].

Researchers observed that damage accumulation dur-
ing tension depends on microstructure of the MMC and 
can be initiated and propagated by three damage mecha-
nisms: fracture of reinforcement particles, matrix voiding 
as well as the particle/matrix debonding at the interface 
between two composite phases, what was discussed e.g. 
in [3]. Debonding may also result from voids occurring in 
the matrix at or close to the interface. The possibility of 
occurrence of reinforcement particles fracture as a pre-
dominant damage mechanism increases with an increase 
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of reinforcement particles size or volume fraction [3]. 
Simultaneously, with a decrease of reinforcement particles 
size and volume fraction, microstructural damage changes 
from reinforcement fracture to matrix voiding localized 
near or at matrix–reinforcement interface [4]. Frequently, 
particle fracture takes place at contact points between 
two particles during tension and subsequently such arisen 
cracks open during loading. Matrix voids in MMC often 
develop in places between closely located reinforcement 
particles. In [5], 7049 aluminum alloy matrix reinforced 
with 15% of SiC patricles was studied. Scanning electron 
microscope in situ tensile tests were performed. Two main 
damage mechanisms such as fracture of SiC particles and 
particle–matrix interface decohesion were observed. It was 
noticed that in elongated and large particles, cracks formed 
easier and at beginning of plastic deformation while deco-
hesion occurred less frequently and at larger values of 
plastic strains. Fracture was observed in places were more 
SiC particles were observed and distance between them 
was lower. Authors of [6] studied tensile properties of 
AA7075 aluminum alloy MMC with SiC particles as rein-
forcement. They reported that during composites, loading 
stress is transferred to reinforcement particles. When the 
stress is large enough, damage occurs as a failure at or 
near matrix-reinforcement interface or as a particles frac-
ture. With applied load more particles fail and damage 
accumulates. Damaged particles do not support the load 
and act as voids increasing stress level in the unreinforced 
material. This can lead to voids nucleation and growth 
and subsequently to further failure. In [7], tensile tests 
of AA2124 aluminum alloy reinforced with SiC particles 
were discussed. The SiC particle cracking, decohesion at 
the particle–matrix interface and lattice damage coupled 
with residual stress effect, were recognized as main dam-
age reasons. Fine microcracks initiated at low stresses at 
or near particle–matrix interfaces caused by non-uniform 
distribution of SiC particles were also reported. The lat-
ter shows another reason that can lead to MMC damage 
i.e. formation of reinforcement particle clusters during 
MMC production observed e.g. for Al/SiC composites 
and reported in [8] and [9]. Such particles in clusters can 
be not sufficiently bonded to the matrix and weaken the 
material.

Additionally, the microstructure feature, which may 
next lead to damage development, is the porosity that 
appear during production process e.g. due to mismatch 
in the thermal expansion coefficients of metallic matrix 
and ceramic particles [10]. This effect influences espe-
cially an interface between ceramic particles and metallic 
matrix. Another important phenomenon is the precipi-
tations growth within grains and at grain boundaries of 
metallic phase caused by heat treatment. An intermetallic 

compound phase can form during heat treatment, increas-
ing hardness and reducing ductility of the composites [10].

One of direct methods to assess damage evolution and 
its mechanisms is the observation of the fracture surface 
resulting from a mechanical test, performed on the micro-
scopic level using a scanning electron microscope (SEM). 
Moreover, the examination of microstructure on the cross-
sections near the tensile fracture surface, as well as at a long 
distance from it, is also needed. In composites reinforced 
with hard particles in the whole volume, the following three 
mechanisms of crack formation dominate: deflection on the 
reinforcing particles, bridging of cracks by these particles 
and branching of cracks on reinforcing particles [11–15]. 
Composites with a Zn–Mg–Cu alloy matrix, reinforced with 
SiC particles as well as Zn–Mg–Cu alloy without the rein-
forcing phase, both obtained by powder metallurgy, were 
studied in [11]. Based on a study of crack bridging in com-
posite material, the simple models were developed to predict 
the magnitude of crack-tip shielding during fatigue–crack 
growth [11]. Microstructure and mechanical properties of 
TiSi2–SiC–Ti3SiC2 composites prepared by spark plasma 
sintering were analyzed in [12]. The improvement in fracture 
toughness was attributed to crack deflection and crack bridg-
ing resulted from nano-SiC particles and layered Ti3SiC2 
grains. The research presented in [13] concerned Mo (Si, 
Al)2–SiC composites prepared by in situ reaction of MoSi2, 
Al and C. It was found that the SiC phase may take the shape 
of whiskers and particles act as deflection and bridging ele-
ments improving the toughness of the examined compos-
ites. The authors of [14] studied the fatigue crack propa-
gation (FCP) of aluminum matrix composites and casting 
aluminum alloys. Among others it was shown that in SiCp/
Al composites, cracks propagated avoiding SiC particles 
and predominantly within the matrix, while in the casting 
aluminum alloy, debonding of eutectic Si particles was the 
main feature and cracks grew to link debonded particles 
along dendrite cells that caused remarkable crack deflections 
[14]. The authors of [15] examined the fracture toughness of 
metal-reinforced alumina. By the use of ductile particles in 
a hard ceramic matrix, significant improvements in fracture 
toughness due to plastic deformation of the metallic phase 
has been obtained. However, there are metals that enhance 
the toughness of a ceramic better than others; these are those 
metals that have similar densities to alumina, because they 
help to obtain fine and homogeneous microstructures after 
sintering. From the fracture toughness measurements and 
microstructural observations, finally it can be commented 
that the toughening mechanism in Al2O3/metal reinforced 
composites is due to crack bridging and crack deflection 
[15].

Especially the bridging mechanism observed in 
metal matrix composites plays an important role during 
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degradation of their microstructure. It can inhibit the further 
potential development of cracks in the remaining microstruc-
ture of the material. In the paper, the aim of microstructure 
examination was to assess the microstructure defects and 
their mechanisms observed after tensile tests performed with 
consecutive unloadings.

Continuum damage mechanics (CDM) can be used to 
describe phenomenologically and macroscopically the effect 
of microscopic damage. The framework uses damage param-
eter d as an internal state variable [16]. It is important to 
choose an adequate physical parameter that would charac-
terize damage evolution during material exploitation. One 
of such physical parameters is elastic modulus. Its change 
can be evaluated from several unloading–reloading cycles 
under tensile test, what was presented e.g. in [3]. Elastic 
modulus is used to estimate damage parameter since its 
value decreases with an increase of applied tensile stress 
above the damage initiation stress i.e. an increase in damage 
accumulation. Damage parameter d based on elastic modu-
lus can be calculated as [16]

where E denotes the actual elastic modulus of damaged 
material, in the rest of the work it is called elastic modulus. 
Quantity E0 is Young’s modulus—an initial elastic modulus 
of the undamaged material.

Following the CDM paradigm identification of damage 
evolution in the material can be based on measuring the deg-
radation of the elastic modulus during deformation [17, 18]. 
Procedure of damage evolution measurements is still a chal-
lenging task [19, 20]. The present paper contains an original 
methodology of damage identification in the MMCs. The 
method is based on a standard measurement of the elastic 
modulus degradation in an uniaxial tension carried out in 
quasi-static conditions. However, the uniaxial tension tests 
are performed with double consecutive unloading loops con-
trary to single unloading performed classically. The unload-
ing loops are carried out in certain selected intervals of total 
strain up to zero stress level. The series of unloading loops 
are called “primary” and “secondary”. Material response 
during the primary unloading loops can be characterised 
as nonlinear what indicates occurrence of dissipation in the 
material. That is why, it is difficult to obtain linear properties 
from the entire primary unloading loops. Specimen response 
in the course of secondary unloading loops is linear in most 
parts of their lengths. However, the question remains why 
the secondary loops are more linear than primary ones. It 
can be stated that in the observed ranges, material behav-
iour in the secondary loops is dissipation-free or dissipation 
effects are negligible—strain hardening increases the value 
of the yield stress and material remains in the elastic regime 
contrary to the primary loops, in which most probably due to 
kinematic hardening, plastic yielding is initiated during the 

(1)d = 1 − E∕E0,

loading reversal. Observed linearity of secondary unload-
ings can also indicate mutual cancellation of damage and 
plasticity/dissipation effects. Simultaneously, during second 
unloadings (similarly to fatigue tests observations), cyclic 
hardening was identified what influences the shapes of sec-
ondary loops making them more linear. The question arose: 
which loops the primary or the secondary ones are better 
suited for the assessment of elastic modulus and damage 
parameter. Analysis of results has led to the proposal of the 
method of damage identification in MMCs. The proposed 
solution has been supported by the predictions of microme-
chanical modelling.

Selection of the proper analytical or computational mod-
elling procedure for the specific composite is still a chal-
lenge. A number of analytical methods for estimation of 
non-linear effective mechanical properties are available on 
the market, cf. [21]. A wide review of the computational 
schemes for predicting the non-linear effective properties 
of a heterogeneous material and current challenges was con-
ducted in [22]. One of the leading simulation approaches 
is FE-based homogenization whose principles were first 
formulated in [23]. Such approach may be also applied to 
the periodic heterogeneous microstructures like in sand-
wich panels involving honeycomb cores discussed in [24]. 
As concern analysis of damage evolution different simula-
tion tools have been applied for metal-matrix composites 
[25] and ceramic-matrix composites [26]. There exist also 
numerous analytical or numerical micromechanical analyses 
in which brittle fracture of particles, e.g. [27] and [28] or 
particle debonding on the matrix–inclusion interface, e.g. 
[29] and [30], are considered as basic damage mechanisms 
in metal-matrix composites. It can be mentioned that, when 
ductile failure of the matrix in terms of micro-voiding is 
considered yet another way of modelling is applied in the 
literature, in which the metal matrix follows the Gurson 
model [31].

In the present work, experimental and modelling inves-
tigations have been applied for identification of non-linear 
properties, with regard to damage evolution in composites. 
Due to computational efficiency, the analytical mean-field 
estimates of effective properties are applied [32]. Based on 
experimental findings, damage is considered as degradation 
of bulk and shear moduli of metallic matrix. To this end, the 
method and algorithm developed in [32] is extended. The 
model of damage evolution fits into the CDM framework and 
can be categorized as a direct simplified model according to 
the terminology proposed in [33]. In [32], the concept of 0% 
composite was introduced defined as a pure matrix material 
obtained under the same processing conditions as a given 
two phase composite. Because samples of such material are 
not available in the current research, the novel procedure of 
matrix phase identification based on the composite results 
has been worked out.
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The paper is organized as follows: the second section 
contains description of the composites; in the third section, 
experimental procedure and results of tensile tests are pre-
sented; the fourth one comprises microstructure observa-
tions; the fifth numerical modelling and the last one (the 
sixth) summary and conclusions.

2 � Materials

The AA2124 aluminium alloy-based metal matrix compos-
ites (MMCs) with 17% (AMC217xe) and 25% (AMC225xe) 
of SiC particles content were tested [34, 35]. As informed by 
the producer, the average reinforcement particles size was 
equal to about 3 µm. The materials were produced by AMC 
Aerospace Metal Composites Ltd., Farnborough (United 
Kingdom). During the MMCs production, metal powders 
and SiC particles were subjected to high energy mixing, 
hot isostatic compaction, forging and T6 CWQ (cold water 
quenching) heat treatment. The chemical composition of the 
aluminium matrix is presented in [36].

3 � Experimental procedure and results 
of tensile tests

Strain-controlled tensile tests with consecutive unloadings 
for the AA2124/SiC MMCs were carried out on a servo-
hydraulic testing machine MTS 858 (Fig. 1) with strain rate 
equal to 0.0002 s−1 [35]. Flat specimens with rectangular 
gage cross section were manufactured and tested. Experi-
mental investigations were carried out on three specimens 
for each composite. The first specimen was subjected to 

tension without unloadings, the two others to tension with 
multiple unloadings.

The specimens were named below using the following 
nomenclature:

–	 numbers 17 and 25 stand for percentage content of SiC 
reinforcement;

–	 xe stands for coarser (3 µm) SiC particles;
–	 zm and p stand for a shape of specimen that was manu-

factured;
–	 the final number is a specimen number.

Tensile stress–strain curves for the composites are pre-
sented in Figs. 2a and 3a. Better (higher) tensile properties 
such as the Young’s modulus, yield stress and ultimate ten-
sile strength were obtained for the MMC with higher SiC 
content. Only strain to failure was higher for the composite 
with lower SiC content. Such behavior of tensile proper-
ties follows observations for similar MMCs made by other 
researchers, e.g. [1]. The imposed strain as a function of time 
during one of AA2124 + 25%SiC tensile test is presented in 
Fig. 2b. 

Several unloadings were performed during tension—i.e., 
eight “primary unloadings” for engineering strain levels 
equal to: 0.05; 0.1; 0.15; 0.5; 1; 2; 3 and 4% and four “sec-
ondary unloadings” for engineering strain levels equal to: 1, 
2, 3, and 4% (Figs. 2a, 3, 4, 5, 6).

Primary and secondary unloadings were performed for 
strain levels equal to 1, 2, 3, and 4%. Let us describe the 
procedure of two consecutive unloadings for the strain level 
of 1%. When the engineering strain reaches specified value, 
i.e. 1%, the unloading is started (the strain is decreasing 
in Fig. 2b). It is called “primary unloading”. It is finished 

Fig. 1   Tensile test facilities: (a) 
servo-hydraulic testing machine 
MTS 858; (b) specimen with an 
extensometer mounted on it
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Fig. 2   a Comparison of tensile true stress–true strain curves for AA2124 + 17%SiC and AA2124 + 25%SiC. b Imposed strain as a function of 
time during AA2124 + 25%SiC tensile test

Fig. 3   AA2124 + 25%SiC: (a) tensile stress–strain curves with and without unloadings; (b) three first unloadings in elastic range for specimen 
25_xe_zm_10

Fig. 4   AA2124 + 25%SiC, specimen 25_xe_zm_10: (a) hysteresis loop—primary unloading after 1% of engineering strain; (b) hysteresis loop—
secondary unloading after 1% of engineering strain
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once the force value drops to about 0 and then the loading 
is started again and continues up to engineering strain level 
equal to 1% (the strain is increasing again in Fig. 2b) and just 
afterwards second unloading is performed (the second drop 
of strain in Fig. 2b). This unloading is called “secondary 
unloading” and is finished when force value is again equal 
to about 0. After that point, loading is continued up to the 
next engineering strain level equal to 2% and the procedure 
is repeated.

The investigations were performed to assess degrada-
tion of elastic modulus and damage evolution during tensile 
tests. It is expected that the measured change of slope for 
a primary unloading will be affected both by the material 
degradation due to the damage mechanisms mentioned in 
the introduction (i.e. fracture of particles, matrix voiding 
or particle/matrix debonding) and by microplasticity, so 
the heterogeneous plastic flow in aluminum polycrystalline 
matrix. The influence of the latter phenomenon is expected 
to be much reduced during secondary unloading, since strain 

hardening increases the range of the linear elastic response 
for the metal phase. Therefore, the use of two unloading 
loops in the present experimental procedure enables us to 
assess approximately both impacts on the measured value 
of the current elastic modulus.

The first three unloadings were performed in elastic range 
(Fig. 3b). In a macroscopic scale, they result in approxi-
mately straight lines on the stress–strain curve. However, 
elastic moduli in this region, assessed using linear regression 
method, vary according to the range that was analysed and 
whether the moduli were calculated from loading or from 
unloading path. During subsequent unloadings, hysteresis 
loops were obtained (Figs. 4, 5, 6). The hysteresis loops 
width is larger for primary unloadings in comparison to the 
secondary ones what indicates cyclic hardening. Further-
more, the higher reinforcement content the larger width of 
hysteresis loops was observed. Simultaneously, the width 
of hysteresis loops enlarges for unloadings performed for a 
higher engineering strain level.

Fig. 5   AA2124 + 25%SiC, specimen 25_xe_zm_10: (a) hysteresis loop—primary unloading after 4% of engineering strain; (b) hysteresis loop—
secondary unloading after 4% of engineering strain

Fig. 6   AA2124 + 17%SiC, specimen 17_xe_zm_9: the range of maximum stress level (max stress) obtained at the beginning of unloading for 
strain equal 4%: (a) 80–30%; (b) 90–70%
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Elastic moduli were calculated using linear regression, 
at the beginning of tensile tests and for each unloading in 
the three ranges:

–	 from 80 to 30% (a range situated within the range pro-
posed by Lemaitre [16]);

–	 from 85 to 60% (a range between the two other ranges);
–	 from 90 to 70% (a range from the upper part of unloading 

curve);

of maximum stress level at the beginning of each unloading 
(Fig. 6). Elastic moduli were obtained for the true stress and 
strain values.

Since the initial elastic moduli of undamaged material 
should be calculated in the same way as actual elastic moduli 

of damaged one, initial moduli were calculated from the 
same ranges as actual elastic moduli of damaged material. 
The initial moduli were obtained as an average of elastic 
moduli from second and third unloadings for a given range 
of maximum stress level. Only initial elastic moduli of 
85–60% range for specimen 17_xe_zm_9 and of 80–30% 
range for specimen 25_xe_zm_10 were estimated as an 
average of initial elastic moduli calculated for the two other 
ranges, since their values vary in comparison to the initial 
moduli from the other ranges. Additionally, initial modulus 
for the specimen 17_xe_zm_10 was evaluated from loading 
path of tensile stress–strain curve.

Current elastic modulus, assessed using linear regression 
for given ranges of the unloading curves, and respective 
damage parameter calculated using relation (1) are presented 

Fig. 7   AA2124 + 17%SiC, specimen 17_xe_zm_9. Comparison of 
elastic moduli (a) and damage parameters (b) for primary and sec-
ondary unloadings for ranges (Square plot markers) 80–30%, (Circle 

plot markers) 85–60% and (Triangle plot markers) 90–70%. Curve 
log. (secondary 85–60) and log. (secondary 90–70) overlap

Fig. 8   AA2124 + 17%SiC, specimen 17_xe_zm_10. Comparison of elastic moduli (a) and damage parameters (b) for primary and secondary 
unloadings for ranges (Square) 80–30%, (Circle) 85–60% and (Triangle) 90–70%
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in Figs. 7, 8, 9, 10a and b, respectively. Values obtained 
using the three ranges mentioned above are compared.

In most cases, the higher strain level for the given unload-
ing, the lower elastic moduli values were obtained which 
indicates damage development during tensile tests. Moreo-
ver, elastic moduli calculated for the secondary unloadings 
were higher than elastic moduli calculated for the primary 
ones. Higher elastic moduli were also observed for the com-
posite with higher (25%) SiC content. The obtained values 
of elastic moduli vary with the range of tensile stress–strain 
curve that were analysed. For the range 80–30%, which is 
situated within the range proposed by Lemaitre [16], differ-
ences in the values of elastic moduli obtained for the primary 
and the secondary unloadings were the highest (Figs. 7a, 8a, 
9a, 10a, 11). At the same time, the values of elastic moduli 
assessed for the primary and the secondary unloadings were 

Fig. 9   AA2124 + 25%SiC, specimen 25_xe_zm_10. Comparison of elastic moduli (a) and damage parameters (b) for primary and secondary 
unloadings for ranges (Square) 80–30%, (Circle) 85–60% and (Triangle) 90–70%

Fig. 10   AA2124 + 25%SiC, specimen 25_xe_zm_6. Comparison of elastic moduli (a) and damage parameters (b) for primary and secondary 
unloadings for ranges (Square) 80–30%, (Circle) 85–60% and (Triangle) 90–70%

Fig. 11   Comparison of elastic moduli for AA2124 + 17%SiC (speci-
men 17_xe_zm_9) and AA2124 + 25%SiC (specimen 25_xe_zm_10) 
for primary and secondary unloadings for ranges (Square) 80–30%, 
(Circle) 85–60% and (Triangle) 90–70%
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the closest to each other for the range of 90–70% (at the 
upper part of unloading curve) (Figs. 7a, 8a, 9a, 10a, 11).   

Damage parameters were evaluated using formula (1), 
where E was calculated during given unloading and E0 was 
obtained in elastic range at the beginning of tensile test. 
For a given specimen, damage parameters are higher for 
lower elastic moduli obtained during unloadings. The rate of 
increase of the damage parameter is the highest at the begin-
ning of tensile test and subsequently decreases. The damage 
parameter evaluated for primary unloadings reaches higher 
values in comparison with the one calculated for second-
ary unloadings. Following elastic moduli, values of damage 
parameter obtained for the range 80–30% for the primary 
and secondary unloadings varied more significantly in com-
parison with the range of 90–70% (Figs. 7b, 8b, 9b, 10b). 
Taking into account the values of damage parameter for the 
primary unloadings of the range 90–70%, it can be noticed 
that the values are the closest to the values from the second-
ary unloadings.

Calculated values of damage parameter are the highest for 
the primary unloadings for the range 80–30%. The material 
response in this range is linear in a macroscopic scale, what 
can be seen in Fig. 6a, while for an entire unloading part 
of the primary loop it is nonlinear. As expected, contrary 
to the secondary unloadings, damage parameter calculated 
for the primary unloading loops is not influenced by cyclic 
hardening. Consequently, the measured change of slope for 
a primary unloading is affected both by the material degra-
dation due to the damage mechanisms and by microplastic-
ity in aluminum polycrystalline matrix. This heterogeneous 
plastic flow is much reduced by strain hardening in the case 
of secondary unloading. The stress level is increased what 
then leads to the acceleration of microvoids and microc-
racks growth, and thus degradation of macroscopic elastic 
modulus. Reduction of micorplasticity effects also explains 
why the range 90–70% taken for both unloading loops gives 

the closest values of damage parameter: in this initial part 
of unloading, almost all grains in the polycrystalline matrix 
remain in the elastic regime.

4 � Microstructure examination

Metallographic studies were carried out by means of SEM. 
Based on the observations carried out in the area of the grip-
ping parts of specimens (Fig. 12), it can be concluded that 
no microstructural degradations or the presence of any voids 
resulting from the manufacturing process of the materials 
studied were observed in the microstructure. SiC clustering 
and/or SiC agglomeration are visible (Fig. 12, 13, 14).

The aim of the examination is to determine the micro-
structure changes observed in tested composites after tensile 
loading with consecutive unloadings. The characterization 
of fracture surfaces resulting from mechanical tests has 
been performed. In addition, the microstructure examina-
tion by SEM has been conducted to identify cracks or other 
material discontinuities occurring after the mechanical 
tests. The microstructural effects identified during obser-
vations performed by SEM are shown in Fig. 13 for the 
AA2124 + 17%SiC (specimen 17_xe_zm_9) and in Fig. 14 
for the AA2124 + 25%SiC (specimen 25_xe_zm_10).

During microstructural investigations anisotropic arrange-
ment of sites without SiC particles for AA2124 + 17%SiC 
has been observed (Fig. 13a, d). The effect is not so visible 
for the composite with higher 25% content of SiC parti-
cles (Fig. 14a, d). Deflection of cracks on reinforcement 
particles (Figs. 13b, c and 14b, c), cracking (Figs. 13b, e 
and 14b) and defragmentation of the particles (Figs. 13b, 
c, e and 14b) for both composites are observed. Addition-
ally, crack bridging by SiC particles has been identified for 
AA2124 + 25%SiC (Fig. 14b). The described microstruc-
tural effects were observed mainly at the areas near the 

Fig. 12   Microstructural observations carried out in the area of the gripping parts of specimens: (a) AA2124 + 17%SiC; (b) AA2124 + 25%SiC
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tensile fracture surfaces (Fig. 13a, b, c and 14a, b, c). At the 
areas at a large distance from the tensile fracture surfaces, 
only some particle cracks and defragmentations have been 
observed (Fig. 13e).

In the case of specimens subjected to tensile tests with 
unloadings, it was possible to identify by means of SEM the 
single crack initiations in fracture surfaces of the composites 
with 17% of SiC as well as 25% of SiC contents (Figs. 15a 
and 16a, respectively).

In Fig. 15a, this crack initiation is noticeable at the edge 
part of the tensile fracture surface while in Fig. 16a, it is 
visible in the middle of the tensile fracture surface. The loca-
tions of these areas are marked with red (6) arrows. Unless 
unloadings and subsequent reloadings were performed with 
very low-speed (strain rate equal to 0.0002 s−1) fragments 

of fracture surfaces and crack initiations look slightly simi-
lar to fatigue ones. Simultaneously, taking into account the 
rest part of the fracture surfaces they can be characterized 
as brittle.

In addition, the cracks appearing through SiC particles (7—
green), cracks occurring around SiC particles (8—yellow) as 
well as other microstructural discontinuities (9—white) have 
been shown in fracture photographs (Figs. 15 and 16).

It can be assumed that initiated small microstructural dis-
continuities occurring close to each other may undergo coa-
lescence leading to the formation of cracks of greater width 
and/or length.

(a), (b), (c) Areas near the tensile fracture surface 

without SiC particles, magn. 150x deflection of cracks on SiC particles, 
cracking and defragmentation of SiC 
particles, magn. 1500x 

(a) Anisotropic arrangement of sites (b) Visible site without SiC, (c) Visible sites without SiC,
deflection of cracks on SiC particles 
and defragmentation of SiC particles, 
magn. 1500x 

(d), (e), (f) Areas at a large distance from the tensile fracture surface 

without SiC particles, magn. 150x 
SiC particles, the 

cracks of some SiC particles and 
their defragmentation are visible, 
magn. 1500x 

(d) Anisotropic arrangement of sites (e) The sites without (f) The sites without SiC particles, the
lack of microstructure 
degradation, magn. 1500x 

1 

4 

1 

1 

14

3 

1 

1 

1 

1 

2

3 
2 

4 

Fig. 13   Microstructural effects resulted from tensile loading of the 
AA2124 + 17%SiC specimen 17_xe_zm_9, longitudinal cross sec-
tion: (1) pink—areas without SiC particles, (2) green—deflection of 

cracks on SiC particles, (3) blue—cracks of SiC particles, (4) yel-
low—defragmentation of SiC particles
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5 � Micromechanical modelling of effective 
properties

Modelling of effective non-linear properties of the 
metal–ceramic composites is still a challenge and open 
problem [37, 38]. Many models exist, but few of them have 
been verified using real experimental results [32]. In this 
work, well-known micromechanical averaging schemes 
of linear overall properties are used for further construc-
tion of the methods for prediction of non-linear proper-
ties, in particular elasto-plasticity with damage. A wide 
range of different averaging schemes is available, but at 
the present stage of research, we take into consideration 
only the Mori–Tanaka (MT) [39] and self-consistent (SC) 
[40] schemes. The applied approach requires selection of 
the linearization method, which has crucial influence on 

the estimates of the macroscopic non-linear properties. 
Usually, direct linearization is applied incrementally at 
each step of the analysis, using tangent [40] or secant [41] 
stiffness moduli of elastic–plastic matrix material. The two 
linearization methods and their predictions differ signifi-
cantly from each other, thus both versions are considered 
in this work. This resulted in a set of predictions of effec-
tive non-linear properties.

The effective non-linear properties of the composite are 
calculated using assumption of isotropy of the composite 
and its phases. Tangent or secant effective stiffness tensors 
are anisotropic in general as a result of anisotropy of elas-
tic–plastic tangent stiffness tensor of matrix material [42]. 
The isotropisation method based on the spectral decomposi-
tion [37] of the local tangent stiffness of plastic phase is used 
in the present study.

(a), (b), (c) Areas near the tensile fracture surface  

the SiC particles, magn. 150x SiC particles, SiC particle cracks, 
their defragmentation and areas 
without SiC particles are visible, 
magn. 1500x 

(a) A fairly uniform distribution of (b)Bridging, deflection of crack on (c) Deflection of crack on SiC 
particles and areas without SiC 
particles are visible, magn. 1500x 

(d), (e) Areas at a large distance from the tensile fracture surface – lack of 
microstructural damage 

(d)Uniform distribution of the SiC
particles, magn. 150x

(e) Lack of significant microstructural
degradation is visible, magn.
1500x

1
2 

2

4

5 1

3

Fig. 14   Microstructural effects resulted from tensile loading of the 
AA2124 + 25%SiC specimen 25_xe_zm_10, longitudinal cross sec-
tion: (1) pink—areas without SiC particles, (2) green—deflection of 

cracks on SiC particles, (3) blue—cracks of SiC particles, (4) yel-
low—defragmentation of SiC particles, (5) red—crack bridging by 
SiC particles
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The Mori–Tanaka averaging scheme is specified for 
spherical inclusion embedded into the infinite medium with 
actual matrix properties. The self-consistent scheme is based 
on the treatment of ceramic and metal phases as spherical 
inclusions contained in the matrix with averaged properties. 
The self-consistent scheme has limitations of applicability 
for the composites with very high-contrast of properties of 
both phases, cf. [43]. and literature cited therein. Suitable 
formulas used for calculation can be found e.g. in [44].

Crucial issue in the modelling of elastic–plastic non-lin-
ear properties of the composites is to properly identify a real 
strain hardening curve of metallic matrix, since its mechani-
cal properties have a significant effect on the macroscopic 
properties of the overall composite. The use of the data set 
for metallic matrix from the literature can lead consequently 
to incorrect value of effective properties of the composite 
as compared with experimental results, regardless of the 
selection of averaging schemes and linearization meth-
ods. The plastic properties of ductile metallic matrix differ 
from the conventional metal due to changes in the produc-
tion process. During the production process microstructure 
changes can arise e.g. grain refinement during grinding of 
the metallic powder. Therefore, it is purposeful to perform 
additional experimental tests of metallic matrix produced by 
the same method as composite, to get plastic properties and a 

strain–stress curve. Modelling carried out using the experi-
mental curves for a particular ‘composite’ with a zero con-
tent of the ceramic phase called 0% SiC composite, resulted 
in significantly better results, which confirmed the validity 
of the hypothesis adopted [32].

Besides the elastic–plastic properties of metallic phase 
other effects may affect the composite response and com-
plicate modelling of the overall composite behaviour. Deg-
radation of microstructure is one of such additional effects 
arising in composites during deformation. Various types 
of damage were observed in the literature as discussed in 
the introduction. In the investigated composites damage 
appearing through ceramic particles, damage on interface 
and damage of metallic matrix are found, see Figs. 13 
and 14. Moreover, non-uniform particle distribution is 
observed. For instance, the sites without SiC particles 
are seen in Fig. 13a, d. Thus, in this work the possibility 
of degradation of elastic properties of the composites by 
means of damage development in metallic matrix is inves-
tigated. This assumption is also consistent with observa-
tion made on similar composites, where the main damage 
mechanism leading to failure is damage appearance in the 
matrix and the interface decohesion, [45], and where the 
particles fracture, if it even exists, is not a principal dam-
age mechanism. Therefore, in this work, model of metallic 

20x 
(a) Crack initiation is visible, magn. (b) Microstructural discontinuity is

visible, magn. 2000x  
(c) Microstructural discontinuity,

cracks occurring around and 
through SiC particles are visible, 
magn. 2500x 

cracks occurring through SiC 
particles are visible, magn. 3000x 

visible, magn. 3000x 
(d) Microstructural discontinuity and (e) Microstructural discontinuities are (f) Cracks occurring through SiC

particles are visible, magn. 3000x 

9 9 8 

7 9 

7 7 

6 
7 

9

Fig. 15   Tensile fracture surface of the AA2124 + 17%SiC—specimen 17_xe_zm_9, (6) red—crack initiation, (7) green—crack through SiC par-
ticles, (8) yellow—crack around SiC particles, (9) white—microstructural discontinuity
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phase is extended by taking into account degradation of 
metal elastic stiffness by means of damage development.

Details of the methodology used for modelling of com-
posite in an elastic–plastic non-linear regime have been 
described in [32]. Here we focus on extension of the 
approach necessary to account for the damage develop-
ment in elastic–plastic metal matrix of a two-phase com-
posite. Let us first recall basic relations for the applied 
mean-field model. Effective properties of the composite 
are averaged by micromechanical approach within a rep-
resentative volume element (RVE). Averaged stress � in 
the composite is calculated at each averaged strain � using 
optionally secant

or tangent

linearization of the material response within the RVE. Quan-
tities � and � mean averaged stress and strain rates, respec-
tively. Both, secant �

s
 and tangent �

t effective tensors are in 
the form of the fourth-order overall stiffness tensor. In the 
case of two-phase composites they have the form

(2)� = �
s
�,

(3)� = �
t
�,

To estimate tangent or secant effective properties of a 
composite �

t∕s , it is necessary to know the volume fraction 
of the elastic inclusion ci and elastic–plastic (with damage) 
matrix cm as well as the phase properties �t/s

r
 . The respec-

tive tangent or secant stiffness tensors �r for phases (r) are 
calculated for the ceramic inclusions (r = i) and metallic 
matrix (r = m) by the formula

where �P and �D are identity tensors in hydrostatic and devia-
toric spaces. It is assumed that both phases (r) are isotropic 
and described by tangent or secant (t/s) bulk Kt/s

r
 and shear 

Gt/s
r

 moduli. The ceramic phase is linearly elastic so, both 
the incremental tangent �t

i
 and secant �s

i
 stiffness tensors 

are equal to the isotropic elastic stiffness tensor. In general, 
the current tangent �t

m
 and secant �s

m
 stiffness tensors of 

metallic matrix which is elastic–plastic with damage, are 
anisotropic, but, as already mentioned, an isotropised stiff-
ness tensor of metallic matrix is here assumed. Their exact 
forms are given at work [32] by formulas (16, 18) therein, 
respectively. Note that the tangent linearization is not appli-
cable when metallic phase reaches softening stage, while 

(4)�
t∕s

= ci�i�
t/s
i
+ cm�m,�

t/s
m
, ci + cm = 1.

(5)�
t/s
r
= 3Kt/s

r
�
P + 2Gt/s

r
�
D,

20x discontinuities are visible magn. 
2700x 

discontinuities and cracks around 
SiC particles are visible, magn. 
3000x 

through SiC particles are visible, 
magn. 3000x 

cracks around SiC particles are 
visible, magn. 3000x 

(a) Crack initiation is visible, magn. (b) Small microstructural (c) Small microstructural

(d) Cracks occurring around and (e) Microstructural discontinuities and (f)  Discontinuities and cracks around
SiC particles are visible magn. 
3000x 

9 
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6 
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8

8 
9 9 

7 

Fig. 16   Tensile fracture surface of the AA2124 + 25%SiC—specimen 25_xe_zm_10, (6) red—crack initiation, (7) green—crack through SiC 
particles, (8) yellow—crack around SiC particles, (9) white—microstructural discontinuity
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secant linearization is possible only for proportional strain-
ing process.

The fourth order concentration tensors �r are specified for 
selected micromechanical averaging method—in this work, 
the Mori–Tanaka and self-consistent model. To specify the 
formula for concentration tensors �r the Eshelby’s elastic-
ity solution for an inhomogeneity in the form of ellipsoidal 
inclusion embedded into the infinite medium is used. In this 
work, the microstructure model contains the inhomogeneity 
in the form of spherical inclusion. This assumption simpli-
fies the mathematical description of the model. The specific 
formula for the concentration tensor �r can be found in [32].

The metallic matrix is modeled using the plastic flow the-
ory along with the standard Huber-von Mises yield function. 
To take into account damage evolution, decrease in the aver-
age elastic modulus of damaged metallic phase is realized 
by formulas resulting from the expression (1)

 using the damage parameter d determined for the composite 
from experimental data for selected volume fraction (e.g. 
Fig. 7b), where K0

m
 and G0

m
 are bulk and shear moduli of 

undamaged metallic phase, respectively. No initial dam-
age of metallic phase and no initial porosity, e.g. due to the 
manufacturing process is assumed. The damage parameter 
d = d

(

�am

)

 is a function of accumulated total strain in metal-
lic matrix �am , see definition (9) below.

Model of metallic matrix is assumed to be elastic–plastic 
with damage. Stress state in metallic matrix is calculated for 
hydrostatic and deviatoric part

using the elastic modulus of damaged phase (6). The 
hydrostatic part of strain is elastic 𝜀̇P = 𝜀̇

Pe , the deviatoric 
part of strain contains elastic and plastic part 𝜀̇D = 𝜀̇

De + 𝜀̇
Dp . 

Description of Huber-von Mises yield function f  , the flow 
rule and plastic consistency condition can be found in [32], 
see formulas (9, 10) therein.

Simple computational algorithm of the incremental itera-
tive procedure for two-phase elastic–plastic composite mate-
rials (without damage modelling) has been described briefly 
in [32]. It should be noted that in the present work, values 
of tensors �t

m
 and �s

m
 specified in [32] depend also on the 

damage parameter d of the metallic matrix since bulk Km and 
shear Gm moduli defined by Eq. (6) are used in the cited for-
mulas in place of the constant elastic bulk and shear moduli.

Numerical computations have been carried out for 
Young’s modulus E0 = 476GPa and Poisson’s ratio � = 0.19 
for linearly elastic ceramic phases SiC, properties have been 
found at [46].

As concerns the metallic phase, the identified yield stress 
is �Y = 280MPa . Moreover, Young’s modulus E0 = 77GPa 

(6)Km = K0
m
(1 − d) and Gm = G0

m
(1 − d),

(7)𝜎̇
P = 3Km𝜀̇

Pe, 𝜎̇
D = 2Gm

(

𝜀̇
D − 𝜀̇

D p
)

,

and Poisson’s ratio � = 0.33 are assumed based on [47]. The 
strain hardening function �cr

(

�eq

)

 of the metallic phase has 
been predicted using the developed micromechanical model 
and the curve for AA2124 + 17%SiC composite. The non-
linear isotropic hardening model is used, where hardening 
moduli of 0% stress–strain curve of metallic matrix material 
are reconstructed using linear interpolation (piecewise linear 
function). Interpolation function has been obtained apply-
ing Wolfram Mathematica program. Since the response of 
AA2124 + 17%SiC composite matching the experimental 
data is established using different mean-field and lineariza-
tion schemes, the corresponding strain hardening function 
for the metallic phase has been reconstructed for each of 
these methods independently.

Function

describing degradation of bulk and shear moduli for 
metallic matrix, as expressed by Eq. (6), is directly based on 
the experimental data. Damage parameter function d

(

�am

)

 
depends on nonnegative strain measure

Values of damage parameter function d
(

�am

)

 can increase 
until it reaches 1. The experimental results for both primary 
and secondary unloading loops within the 90–70% range are 
the most consistent (Figs. 7, 8, 9, 10). For this reason, these 
experimental data were selected for modelling of damage in 
the composite. Non-dimensional parameters (A, B, C) have 
been selected so that the function (8) is located equally in 
between both experimental curves of damage parameters 
for composite AA2124 + 17%SiC for primary and secondary 
unloading loops within the 90%–70% range (curves shown 
in Fig. 7b for specimen 17_xe_zm_9). Material properties 
of phases and parameters of the damage function (8) used 
in calculations are summarized in Table 1.

Simulated stress–strain curves for composite with 25% 
volume fraction of ceramic phase are shown as dashed 

(8)d
(

�am

)

= ALn
(

1 + B
(

�am

)C
)

,

(9)𝜀̇am =
√

�̇m ⋅ �̇m.

Table 1   Material data for the phases used in the model

Properties E
0
 

[GPa]
� �

Y
 

[MPa]

SiC 476 0.19 –
AA2124 77 0.33 280
Parameters of damage function (8)
based on

A B C

AA2124 + 17%SiC, primary and second-
ary within 90–70%

0.015 93.9 0.78
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brown lines for tangent linearization in Fig. 17a and dashed 
blue lines for secant linearization in Fig. 17b. Calculation 
have been conducted without modelling unloading loops. 
Calculated curves are compared with experimental obser-
vations. Experimental data for tensile loading without and 
with unloading loops, for both 17% and 25% composites are 

shown as thin black and thin gray solid lines. Additionally, 
backextrapolated curves of AA2124 aluminium alloy mate-
rial (0% SiC composite curves) are shown as black solid-
dotted curves for MT and SC method, independently.

Comparing linearization methods, we can see that use of 
secant linearization results in a stiffer response as compared 

Fig. 17   Comparison of stress–strain response in uniaxial tension. 
Black and grey curves have been obtained experimentally, brown 
and blue dashed curves have been calculated with use of SC and 
MT averaging schemes using (a) tangent or (b) secant linearization, 
respectively. Black solid-dotted curves 0% SiC MT and SC have 
been predicted by independently fitting the predictions of MT or SC 

scheme, respectively (shown by dashed green curves in the figure) to 
experimental results for AA2124 + 17%SiC composites. Description 
of material degradation is based on the damage parameter (8) located 
equally in between both experimental curves for unloading loops 
within the 90–70% range

Fig. 18   Comparison of experimental and numerical results concern-
ing evolution of elastic modulus. Blue dashed lines have been calcu-
lated with use of the SC and MT averaging schemes using tangent 
and secant linearization (curves for tangent and secant linearization 
overlap) and determined by adjusting the dashed green curves to 
experimental results for AA2124 + 17%SiC composites. Descrip-
tion of elastic-moduli degradation is based on the damage parameter 

(8) located equally in between both experimental curves for unload-
ing loops within the 90–70% range. Experimental points for elastic 
modulus of (a) primary and (b) secondary unloading loops are shown 
as full and empty marks for ranges (Filled Square) (Square) 80–30%, 
(Filled Circled) (Circle) 85–60% and (Filled Triangle) (Triangle) 90– 
70%, respectively
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to tangent. Calculations performed for AA2124 + 25%SiC 
using MT averaging scheme predict a softer response than 
the SC schemes for both types of linearization. The best 
agreement with experiments is obtained using SC averaging 
scheme combined with tangent linearization, small deviation 
is only seen for strains above 0.02. The MT schemes with 
tangent and secant linearization are close to each other and 
both provide satisfactory predictions, especially for secant 
method, but they are somewhat below experimental curves.

Predicted evolution of the elastic modulus of 
AA2124 + 25%SiC composite, obtained using tangent 
and secant linearization (as dashed blue lines) and two 
averaging schemes are compared with experiments in 
Fig. 18. Results of both simulations, based on one dam-
age parameter function (8), for primary in Fig. 18a and 
secondary in Fig. 18b unloading loops are shown. Both 
linearization method deliver almost the same result of 
elastic modulus when using the same averaging scheme; 
therefore, respective curves overlap. It can be seen that 
for AA2124 + 25%SiC composite the MT scheme pro-
vides good agreement with the experimental data for elas-
tic modulus based on the primary as well as secondary 
loops. The SC scheme clearly overestimates both experi-
mental results, what results from the initial value of elastic 
modulus overpredicted by the SC scheme. Note that the 
green curves calculated for AA2124 + 17%SiC composites 
should be treated as fitting curves. In summary, taking into 
account both, the predictions of stress–strain composite 
response and damage evolution, the Mori–Tanaka variant 
combined with the secant linearization method provided 
the best predictions when compared with the experimental 
data.

6 � Summary and conclusions

The performed studies lead to the following conclusions. 
Damage parameter calculated on the basis of elastic mod-
uli obtained during subsequent unloadings in most cases 
increases during tensile tests. The increase is more signifi-
cant at the beginning of tension but continues with lower 
speed up to specimen fracture. The primary unloadings give 
as a result higher damage parameter values in comparison 
to secondary ones. The damage parameter values are the 
highest for 80–30% range of primary unloadings. The mate-
rial response in this range is linear in a macroscopic scale, 
while for the entire unloading loop is nonlinear. Moreover, 
this range seems to be not influenced by such mechanisms 
as cyclic hardening during subsequent cycles.

Considering secondary unloadings, the material response 
is more linear in the entire range of hysteresis loops in com-
parison to primary ones. Damage parameter values obtained 
for the upper range of unloading loops are more similar for 

primary and secondary unloadings in comparison to the 
other ranges. The range of 90–70% for primary unloadings 
gives the elastic moduli and damage parameters values the 
most similar to the values from secondary unloadings.

The observed differences between the material behaviour 
during primary and secondary unloading can be explained as 
follows. The observed change of slope for a primary unload-
ing results from both by the material degradation due to 
damage and by microplasticity (i.e. heterogeneous plastic 
flow in aluminum polycrystalline matrix). The influence 
of the latter phenomenon is much reduced during second-
ary unloading. The range 90–70% taken for both unloading 
loops gives the closest values of damage parameter because 
in the initial part of unloading almost all grains in the poly-
crystalline matrix remain in the elastic regime. Following 
this reasoning, the use of two unloading loops in the pro-
posed experimental procedure makes it possible to assess 
approximately both impacts on the current elastic modulus.

Based on structural examination of the composites using 
SEM methods, the occurrence of the crack deflection mecha-
nism on SiC particles and/or bridging of these cracks by 
the reinforcing particles were found. Applied mechanical 
loading also led to the formation of cracks of reinforcing 
particles, often leading to their defragmentation and the for-
mation of the other material discontinuities in the matrix. It 
should be emphasized that all the mentioned microstructural 
effects of mechanical loading are mainly limited to the areas 
located close to the fracture surface of the specimens. In the 
case of composite reinforced with 25% SiC, more cracks 
and discontinuities were formed and they were larger as 
compared to the composite containing 17% SiC. Probably 
this effect results from the coalescence of cracks and small 
discontinuities located close to each other. Moreover, in both 
composites subjected to the tensile tests with unloadings, 
initiation and formation of single cracks slightly similar to 
fatigue ones has been identified. However, the rest part of 
the fracture surfaces can be treated as brittle.

Analytical estimates of effective elastic–plastic proper-
ties of two-phase composites have been used for calcula-
tion of behaviour of AA2124/SiC metal matrix composites. 
With this aim, the method and algorithm developed in [32] 
have been extended to account for the possibility of damage 
development. The self-consistent (SC) and Mori–Tanaka 
(MT) schemes in combination with the incremental tangent 
or secant linearization procedures have been implemented. 
The main difficulty in the numerical modelling was that the 
properties of individual phases of the composite were not 
available. For this reason, the methodology for reconstruc-
tion of elastic and elastic–plastic properties of two phases 
using properties of AA2124 + 17%SiC composite has been 
worked out. Identified phase properties were next used for 
modelling of AA2124 + 25%SiC composite. To capture 
material degradation during deformation, the occurrence of 
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damage development in the metallic phase has been assumed 
in both variants of micromechanical model. As suggested by 
experimental observations values of macroscopic damage 
parameter measured for 90–70% unloading ranges in the pri-
mary and secondary loops for AA2124 + 17%SiC composite 
have been used for identification of evolution of the dam-
age parameter in metallic phase. The results of analytical 
simulations have been compared with the results of tensile 
tests. Both, the self-consistent (SC) and Mori–Tanaka (MT) 
estimates lead to the satisfactory predictions and agree quite 
well with experimental results for AA2124 + 25%SiC com-
posite in terms of strain–stress curve predictions. The MT 
scheme provides also a good agreement with the experimen-
tal data for the change of composite elastic modulus based 
on the secondary loops.
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