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Abstract 

While there is a large body of literature on the micro-mechanical behavior of metal matrix 

composites (MMCs) under uniaxial applied stress, very little is available on multi-phase 

MMCs. In order to cast light on the reinforcement mechanisms and damage processes in such 

multi-phase composites, materials made by an Al-based piston alloy and containing one and 

two ceramic reinforcements (planar-random oriented alumina fibers and SiC particles) were 

studied. In-situ compression tests during neutron diffraction experiments were used to track the 

load transfer among phases, while X-ray computed tomography on pre-strained samples was 

used to monitor and quantify damage. We found that damage progresses differently in 

composites with different orientations of the fiber mat. Because of the presence of intermetallic 

network, it was observed that the second ceramic reinforcement changed the load transfer 

scenario only at very high applied load, when also intermetallic particles break. We rationalized 

the present results combining them with previous investigations and using a micromechanical 

model.  
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1. Introduction 

 

Metal matrix composites (MMC) are advanced materials for various applications in automotive 

and aerospace industries. The addition of ceramic short fibers (SF) [1] considerably improves 

the strength and creep resistance of Al-Si alloys [2-4]. These SF MMC are usually produced by 

infiltration of preforms with a random planar orientation of the short fibers. This leads to a 

highly anisotropic mechanical behavior (see e.g., [5-8]). Such behavior not only depends on the 

stress direction, but also on the stress sign (tension / compression asymmetry) [5,7]. 

The addition of SiC particles as a second reinforcement phase helps to improve the wear 

resistance and fracture toughness of the composite [9-12]. Moreover, based on the results 

reported in [13] and [14], we may guess that the addition of particles to composites reinforced 

with ceramic SF could reduce the anisotropy of mechanical properties, without a dramatic loss 

of creep resistance.  

Recently, the microstructure and the mechanical behavior of an AlSi12CuMgNi alloy 

reinforced with a hybrid preform of 15%vol. of SiC particles and 7%vol. of Al2O3 short fiber 

was reported [15]. This microstructure is characterized by a percolating ceramic preform 

interconnected by eutectic Si and intermetallic (IM) phases. The mechanical behavior of such 

materials and the capability of both Si and ceramic phases to reinforce the alloy were analyzed 

in-situ by compression tests during neutron diffraction (ND) experiments in a direction parallel 

to the fiber plane. The results were compared with previous studies on the same alloy reinforced 
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only with 15%vol. of Al2O3 short fiber. A micromechanical model was developed to simulate 

the evolution of the internal stress of each phase during compression.  

In order to further advance the understanding of the load transfer and damage mechanisms in 

multi-phase composites, with particular focus on Al piston alloy matrices, the present work has 

manifold objectives: a) To expand the horizons of the study mentioned above [15]. We used in-

situ ND compression experiments on composites along a direction perpendicular to the fiber 

plane to investigate the load transfer among phases, and synchrotron X-ray computed 

tomography (SXCT) on plastically pre-strained samples to investigate damage behavior; b) To 

determine whether and to which extent the hybrid reinforcement induces a more isotropic 

mechanical behavior in the composite than the pure SF reinforcement. We therefore compared 

composites with one and two ceramic reinforcements, with alumina fibers in both transverse 

and parallel orientation to load axis; c) To better quantify the role of intermetallic particles (IM), 

which were not considered in [15] but have been recently shown to be part of the reinforcement 

network (see [16]). To this aim, the micromechanical model was extended to include the 

presence of intermetallic particles, and we show that those particles play an important  role in 

determining the mechanical behavior of these composites; d) To expand the basic knowledge 

about mechanical properties of multi-phase composites (limited to a few publications, see [17-

21]). To this aim, we provide experimental data and modeling rationalization fully considering 

these materials as four- and five-phase composites.  

2. Experimental  

2.1 Materials  

Squeeze casting AlSi12CuMgNi alloy (Tab. 1) reinforced with 15%vol of Al2O3– Saffil short 

fibers (Type I) and the same alloy reinforced with 7%vol of Al2O3 and 15%vol SiC particles 

(Type II) were produced as described in [15].  
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Table 1. AlSi12CuMgNi alloy composition 

Element Al Si Cu Mg Ni Fe Mn Zn Ti 

wt% Balance 11-13 0.8-1.3 0.8-1.3 1.3 0.7 0.3 0.3 0.2 

 

In the Type I composite, the alloy was cast and infiltrated in a planar-random oriented Al2O3 

short fibers preform (fiber mats). In case of Type II composite, the preform contained also SiC 

particles in-between the short fibers. The cylindrical samples under study were obtained by 

electrical discharge machining (EDM) of the cast billets with the planes of randomly oriented 

fibers perpendicular to the rotation axis. The samples were therefore tested with the fiber planes 

orthogonal to loading direction (and labelled _O, to distinguish them from our previous work 

[15], where samples with the fiber planes parallel to loading direction (_P) were investigated, 

see below). 

2.2 Compression tests 

The uniaxial compression test at room temperature was carried out to evaluate the macro-

mechanical behavior of the composites. The strain rate in a universal tensile MICROTEST rig 

with a load cell of 20 kN was set to 10-4 s-1
. Cylindrical samples with length of 8 mm and 

diameter of 4 mm were used. 

2.3 3D microstructural characterization 

Synchrotron X-ray computed tomography (SXCT) was carried out in order to disclose damage 

after compression tests, i.e. in pre-strained samples. Samples after uniaxial compression were 

trimmed down to 1.5mm diameter by EDM to be able to achieve the highest possible resolution 

(smallest pixel size). Measurements were performed at the BAMline beamline (BESSY II, HZB 

Berlin, Germany) [22]. The energy of the monochromatic X-ray beam was set to 25keV and a 

pixel size of 0.44×0.44 µm² was achieved using a commercially available system (Optique 
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Peter) with 10x Olympus microscope objective and PCO 4000 CCD-based camera. The 

reconstruction of 3D volumes from single projections was made by means of a BAM in-house-

developed filtered back projection software, and a single-distance phase-contrast correction 

algorithms [23] using ANKA phase software [24]. AvizoFire® software was used for 

segmentation of the different phases (i.e. different grey values) and for visualization of the 

reconstructed volumes. The volume fractions of the different phases as obtained by SXCT have 

been reported elsewhere [25,15]. To estimate the amount of damage in the samples, volume 

fractions of damage-related voids were obtained from the average of 3 sub-volumes 

(440×440×220) μm3, providing the standard deviation among these measurements as 

experimental error. The total volume fraction of damage-related voids only includes features 

that could be segmented (i.e. whose size lies above the resolution limits). 

The interconnected reinforcing network was also analyzed in several pre-strained samples, 

whereby the aluminum matrix had been chemically removed. The deformed samples were 

chemically deep-etched using a solution of H2O and HCl with a volume ratio of 80:20 during 

90 min. The deep-etched samples were then studied in a HITACHI S-4800 scanning electron 

microscope (SEM). 

2.4 In-situ neutron diffraction 

Cylindrical samples with 12 mm length and 6 mm diameter were used (machined following the 

same procedure described above). The axial strain component (1) and the radial component (3, 

assumed to be in-plane isotropic) were measured along the corresponding scattering vectors 

(Figure 1) for each composite and phase, as described below. 
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Figure 1. Set up for ND and in-situ compression experiment (q scattering vector for axial and radial 

components). Axial -1 and radial -2 or 3- directions are given in the sample with respect to the fiber plane 

orientation (in 2). 

 

The in-situ ND experiments were conducted at two neutron beamlines: STRESS-SPEC (FRM 

II, Munich, Germany) and E3 (BERII, HZB, Berlin). The details of the measurements at E3 can 

be found in [15]. The STRESS-SPEC beamline provides a monochromatic beam, and a 

wavelength λ=1.672 Å was chosen. The nominal gauge volume within the sample, defined by 

an incident beam slits and a radial collimator, was of 4×4×5 mm3. The evolution of volume-

averaged lattice strains with the applied load was determined through the shift of the position 

of Al-311, Si-422, and hexagonal SiC-116 reflections (at Bragg angles 2θ = 86°, 98°, and 79°, 

respectively) as a function of the applied load. The diffraction peak of the alumina short fibers 

suffered a broadening effect due to their nanocrystalline (and partially amorphous) nature and 

did not provide a reliable fit to obtain the peak position. The specimens were compressed step-

wise using an in-house-built load-rig with a load cell of 50 kN. The axial and radial components 

were measured with a single sample mount [26]. For each loading step, both radial and axial 

directions were measured acquiring for 3min Al and SiC peaks (recorded at the same detector 

position), and for 15 min the Si peak. For measurements within the Al-matrix elastic region, 

identified by previous diffraction experiments [25,15] (data measured at E3 beamline reported 

also here), the rig was driven in load control, while in the plastic regime of Al the rig was driven 
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in displacement control with a step of 0.08 mm. In this way, similar strains were achieved for 

all samples. During unloading four points were measured in the load control mode.  

A stress-free reference is required for the calculation of absolute internal strains. For the 

investigated multiphase material, the reliable unstrained sample of every phase was unavailable: 

the powders of the alloy would contain the percolating network of the Si and aluminides; 

dissolution of the Al matrix and aluminides could not yield the Si phase alone, most probably 

because of a chemical reaction among phases. Finally, the raw SiC reinforcement was not 

available. Therefore, for each phase, we calculated stress differences using the following 

equation:  

𝜎1 − 𝜎3 = −
𝐸

1+𝜈
(𝜃1 − 𝜃3) cot 𝜃0     (1) 

where 𝜎1 and 𝜎3 are the principal stresses, E is Young’s modulus, ν is Poisson's ratio, 𝜃1, 𝜃3 are 

measured Bragg’s angles along the corresponding sample directions, and θ0 is the reference 

Bragg angle (𝜃0= θ at the pre-load condition of -20MPa). 

Table 2. Diffraction Elastic Constants of the different phases used in micromechanical modelling. 

Phase E 

(MPa) 

G 

(MPa) 

Poisson’s 

Ratio 

Al 311 69.4 25.93 0.35 

Si 422-cubic 167.35 69.96 0.215 

SiC 116-hex 430  0.175 

Al2O3 fibers 300 125 0.2 

Intermetallic 148 - 0.32 

 

The plane-specific diffraction elastic constants used for the calculation of stresses are reported 

in Tab.2. They were calculated using XEC software [27] and adopting a Kröner model [28]. All 

materials have random crystal structure. Although the stresses in alumina short fibers were not 
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experimentally measurable, the stress differences for this phase (combined with those in the 

intermetallic phases) could be obtained from the stress balance condition [29], taking into 

account the volume fraction f for each phase, which for the 4-phase composite reads: 

 𝜎𝑎𝑝𝑝 = [1 − 𝑓𝑆𝑖 − 𝑓𝑆𝑖𝐶 − (𝑓𝐴𝑙2𝑂3 + 𝑓𝐼𝑀)] ∙ (𝜎1
𝐴𝑙 − 𝜎3

𝐴𝑙) + 𝑓𝑆𝑖 ∙ (𝜎1
𝑆𝑖 − 𝜎3

𝑆𝑖) + 𝑓𝑆𝑖𝐶 ∙

(𝜎1
𝑆𝑖𝐶 − 𝜎3

𝑆𝑖𝐶) + (𝑓𝐴𝑙2𝑂3 + 𝑓𝐼𝑀) ∙ (𝜎1
𝐴𝑙2𝑂3+𝐼𝑀

− 𝜎3
𝐴𝑙2𝑂3+𝐼𝑀

)   (2) 

3. Results 

3.1 Macro-mechanical properties 

True Stress-True Strain curves for both Type I and Type II composites are presented in Figure 2. 

For reference, also the curves for the matrix alloy and for both composites with the fiber plane 

oriented parallel to the compression axis (Type I_P and Type II_P, see [15]) are reported. 

Type II_P composite showed a lower yield stress than Type I_P in spite of the higher total 

ceramic reinforcement, since the volume fraction of short fibers was 7% instead of 15%vol. 

This demonstrates the effectiveness of fibers to strengthen the composite, if oriented parallel to 

the load axis. For Type II_O (fibers orthogonal to the load axis) a yield stress similar to Type 

II_P is observed (nearly isotropic behavior), in contrast with the significant difference found 

between Type I_O and Type I_P (see the values in Figure 2). This demonstrates that the addition 

of SiC particles plays a major role in rendering the mechanical properties of such material nearly 

isotropic. In the plastic region, composites with fiber plane parallel to the load axis present 

slightly decreasing work hardening with increasing applied load. As for the orthogonal 

orientation, in the plastic region both Type I and Type II composites show an almost constant 

stress up to failure (nearly perfect plastic behavior). Barreling was observed at high strains for 

both Type I_O and Type II_O composites. The strain to failure for Type I_O and Type II_O is 

nine and six times higher than for Type I_P and Type II_P, respectively. This indicates a more 

catastrophic breakage (very small strain hardening was observed) of composites with the fiber 

plane parallel to the load axis. 
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Figure 2. True-stress true-strain curves from ex-situ compression tests of different composites and fiber 

orientations. Matrix alloy is given as reference. Note that the test on the matrix was interrupted before rupture, 

and that Type I_O suffered from barreling, i.e. cannot be taken as quantitatively reliable. 

 

3.2 Damage characterization 

Direct observation of damage after compression tests is shown in Figure 3 for Type II_O 

material. SXCT data for all other materials have been reported elsewhere [25,15], and only 

some aspects of their quantitative analysis will be used here. Short Al2O3 fibers as well as SiC 

particles appear in light grey (only distinguishable by their shape), eutectic Si in dark grey, 

intermetallics (~5%vol) in white. Sporadically, some pores related to the fabrication process 

are present in the Al-matrix. The volume fraction of the initial porosity (in as-cast condition) is 

less than 0.05%.   

For a pre-strained condition of Type II_O similar to the failure strain of Type II_P, (Figure 3a, 

 ~ -2 %) only a small amount of damage was observed. Damage (in the form of damage-related 

voids) is observed in all reinforcement phases of the material, but not in the Al matrix: voids 

appear in the Al2O3 short fibers, eutectic Si, IM particles, and in SiC clusters (as shown in the 

insert in Figure 3a). After failure, i.e.,  ~ -12.8% (Figure 3b), a large number of voids (related 
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to cracking) is present in the Al2O3 fibers -always perpendicular to the fiber axis-, and in the 

intermetallic particles. Micro-cracking appears in SiC clusters leading to de-bonding of some 

particles from the matrix. In the load plane (1) micro-cracking of SiC clusters is more evident 

and some fibers protruding out of the fiber mat plane are also cracked. The total volume fraction 

of segmented voids at failure is around 7% (this corresponds to the number of damage-induced 

voids, since the initial porosity is negligible).  

For the pre-strained Type II_O composite direct damage observation was also made by SEM 

(Figure 4) on specimens deep-etched after testing. Three cylindrical sister samples with a 

diameter of 5 mm and height of 10 mm were compressed up to a strain of -1.6%, -2.7% and -

8% using the load rig and the loading parameters described in section 2.2. After matrix removal 

(see above), the resulting SEM images for the plane orthogonal to the load direction (plane 2 in 

Figure 1) are shown in Figure 4. Breakage of fibers, Si and IMs is observed in all pre-strained 

samples, but to a different amount. The sample pre-deformed to -1.6% plastic strain (Figure 4a) 

shows a small number of voids. It can be seen that the eutectic Si builds bonds between SiC 

particles (Figure 4a, b) and alumina fibers, creating additional interconnectivity. Those bonds 

are not damaged at low pre-strain (Figure 4a). A more significant amount of damage is visible 

in the sample with -4.9% pre-strain. The main contributions to damage are voids in the bonds 

built by eutectic Si between ceramic reinforcements (Figure 4c) and breakage of Al2O3 fibers. 

Sporadically, voids (created by cracking) can also be found in SiC particles (indicated by red 

circles in Figure 4c). The specimen in a condition close to failure (-8% plastic pre-strain) shows 

a significant fragmentation of alumina fibers, Si and IM particles (Figure 4d).  
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Figure 3. SXCT reconstruction slices for Type II_O material after compression (a) at  = -2%; (b) at  = -12.8% 

(failure) for a transversal section (in the plane of Al2O3 short fibers); (c) at  =−12.8% for a section orthogonal to 

the plane of Al2O3 short fibers.  
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Figure 4. SEM images of etched Type II_O samples in different pre-strain condition: a)  =-1.6%; b) enlarged 

view of the sample pre-strained up to  =-1.6%; c)  =-4.9%; d)  = -8%. 

 

3.3 In-situ neutron diffraction 

We used the initial unloaded condition as reference for each phase (1 = 3 = 0). The in-situ 

evolution of phase-specific principal lattice strains (1 and 3) during compression tests of Type 

II_O are reported in Figure 5. Data from similar measurements on E3 at BER II (HZB, Berlin) 

[25,15] are added for comparison, since they extended further into the plastic region (for Type 

I_O until failure, and therefore without unloading). Note that the E3 ND measurements were 

entirely performed under load control, in contrast with the load-displacement control 

combination at STRESS-SPEC. 

As a result from compression loading, with increasing applied stress (i.e. applied composite 

stress) there is a general tendency to a decrease of the axial strain ( 1) for all measured phases, 

while the evolution of the radial strain ( 3) is strongly related to the load transfer among phases, 

rather than to the bare Poisson’s effect (especially in the matrix). For the Al-phase (Figure 5a, 
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c) 1 increases linearly until an applied stress about -80 MPa for Type I_O or -100MPa for Type 

II_O. This implies a significantly lower yield limit than that found from the macroscopic 

behavior of the two composites and the matrix (see Figure 2). We infer that ND discloses the 

separate behavior of the Al phase, analogous to previous observations for _P samples [15]. 

After yielding, the Al-phase  1 curve shows a monotonic decrease with a particular step at -200 

and -230MPa for Type I_O and II_O, respectively. Type I_O presents more effective hardening 

than Type II_O until -300MPa (i.e. higher slope). This is attributed to a higher volume fraction 

of reinforcement in Type II (larger load transfer from Al to other reinforcing phases). Above -

350MPa, 1 in the Al-phase of Type I_O increases rapidly, whereas for Type II_O similar 

tendency as before is observed. This has been explained (see [6,5,15,25,30]) by a load transfer 

back to the Al matrix (lattice planes with lower Schmidt factor start sliding) when damage takes 

place. In the radial direction, the evolution of 3 in all phases is constrained by the presence of 

Al2O3 fibers and remains nearly constant. Note that it would be incorrect to extract any sort of 

“Poisson’s ratio” from the ratio between the radial and the axial data, because of the complex 

load transfer scenario.  

Upon unloading, the lattice strain evolves in a linear fashion in both the axial and the radial 

directions (but with opposite slopes). After unloading, we observe additional tensile residual 

strain in the axial direction and compressive in the radial. This agrees with previous 

observations in Al-matrix composites [6,31,32]. 

The Si-phase (Figure 5b, d) shows upon loading a mirror evolution pattern of axial and radial 

strain. This would imply a “microscopic Poisson’s ratio” near to -1; this effect is correlated to 

the reinforcement geometry, whereby the fibers play a dominant role in the load transfer 

(especially in their preferential plane 3). Upon unloading, a hysteresis can be observed for the 

radial direction, while lattice strains in the axial direction recur nearly the same curve for both 

Type I_O and II_O. Damage is inferred from the loss of load carrying capability, represented 
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as a decrease of slope for Type I_O above -350 MPa and for Type II_O above -400 MPa. After 

unloading, the radial direction accumulates additional tensile RS, while the axial direction 

returns (nearly) to the initial point for both composites. 

The evolution of strains in the SiC phase shows a similar behavior to that of the Si phase. At 

high applied stress, micro-cracking in the SiC clusters (visible in Figures 3b and 4c, d) is 

reflected by a sudden drop in 1 at about -350 MPa upon loading. Some hysteresis is visible for 

the radial direction, while in the case of the axial direction the final state (after unloading) 

coincides with the initial one. 

The macroscopic displacement given by the load rig during measurements at the E3 beamline 

is shown in Figure 6 to show the onset of the plastic region in the two composites. This 

displacement cannot be translated into strain, since the contribution of the machine compliance 

is unknown. The in-situ compression test at STRESS-SPEC was done only for the microscopic 

elastic region for both composites. For this case the stress-displacement curve is not even 

available. However, the lattice strain evolutions in Figure 5 prove a good correlation between 

the results obtained on the two beamlines. 
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Figure 5. Lattice strain evolution upon compression for two composites Type I_O (left), Type II_O (right) of 

Aluminum phase (a) (c); Silicon phase (b) (d); SiC particles (only in Type II_O) (e). The unloading pattern is 

plotted with dashed lines. 
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Figure 6. Macroscopic relative displacement from load rig during in-situ experiment at E3 beamline. The dashed 

line corresponds to unloading 

3.4 Modelling of mechanical behavior 

Micromechanical modelling is usually applied for calculation of the overall properties of 

heterogeneous materials. In particular, the approach based on Maxwell’s homogenization 

scheme has proved to be accurate [33]. As shown in [25,34,15], the same approach can be used 

to describe the average stress of individual phases in composites. This approach accounts for 

matrix plasticity, possible fragmentation of the inhomogeneities during loading, and interaction 

among the inhomogeneities. The accurate quantitative information about the fragmentation 

process as a function of applied stress would require cumbersome in-situ CT measurements. 

These are certainly desirable but are left for further work. Here we exploited our ex-situ CT 

data and modelled fragmentation assuming a linear dependence of damage accumulation on 

applied stress. The shape of the phases and the damage mechanisms for both composites are 

schematically shown in Figure 7. The model was improved from previous versions by 

additionally introducing failure of intermetallic particles and by adjusting the onset of Al 

plasticity to -100 MPa from ND experiments (previous -200 MPa from macroscopic behavior 

[15]). In the model calculations we took nominal values for the volume fractions of Al2O3 fibers 
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and SiC particles and calculated volume fractions by SXCT for eutectic Si and IMs, reported in 

[15]. 

The two materials were modeled as multiphase transverse-isotropic composites consisting of a 

continuous aluminum alloy matrix and three or four families of inhomogeneities (respectively, 

Type I and II). 

Type I Composite: 

(1) Saffil Al2O3 fibers with an average aspect ratio of 40 were randomly oriented in the 

plane determined by directions 2 and 3 and had a volume fraction of 15%. The damage of fibers 

was introduced by reducing their aspect ratio. The variation of the aspect ratio was assumed 

linear between an initial value of 40 at the applied stress of -360 MPa and a final value of 3 at 

the applied stress of -460 MPa. The aspect ratio at the final loading step was set on the base of 

the large amount of damage observed in the SXCT data [25]. The decrease of the aspect ratio 

of fibers simulated their fragmentation from prolate rods to almost spheroidal particles (Figure 

7a). 

(2) The eutectic silicon phase was modeled by randomly oriented oblate spheroids with the 

aspect ratio of 0.15, and a total volume fraction of 7% (determined by SXCT data). The damage 

of eutectic Si particles observed in the SXCT and SEM data was introduced by linearly varying 

the aspect ratio as a function of load. Onset of damage was assumed to occur at the applied 

stress of -360 MPa (see Figures 4 and 5). The maximum aspect ratio of Si particles was set to 

1 (spherical particles) at the applied stress of -460 MPa (Figure 7b). 

(3) Intermetallic primary phases were modeled as concave particles (see the flaky, star-like 

shapes in Figure 4a and in the SXCT reconstructions) with aspect ratio of 1. Their volume 

fraction was 5.5% (determined by quantitative image analysis of SXCT data). Similar to the 

case of Si and Saffil Al2O3 fibers, a variable aspect ratio accounted for the IM particles 

fragmentation. The first instance of damage in IM particles was assumed to occur at the applied 
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stress -360 MPa, followed by a decrease of the aspect ratio up to a minimum of 0.2 at -460 MPa 

(Figure 7c). 

Type II Composite: 

(1) Saffil Al2O3 fibers we modelled with the same shape and spatial distribution as in Type 

I composite but a volume fraction of 7%. According to the SXCT data (see discussion below) 

the damage in Type II composite occurs at a higher applied load than in Type I composite. In 

fact, as we will see later, CT data imply that the damage rate as a function of strain is much 

larger for Type I composite. 

The onset of damage in the fibers was assumed at -380 MPa, followed by a decrease of the 

aspect ratio down to 20 at the applied stress -450 MPa (Figure 7a).  

(2), (3) For the eutectic silicon phase and IMs we used the same volume fractions and initial 

aspect ratios as for the Type I composite. The volume fractions of Si and IMs were calculated 

from the available SXCT data. The first damage in eutectic Si and IMs was assumed to occur 

at the applied stress of -380 MPa. Similar to alumina fibers, we assumed a lower amount of 

damage (fragmentation of phases) in the Si and IM phases of Type II_O composite. The final 

value of the aspect ratio at the maximum applied stress of -450 MPa was set to 0.35 for Si and 

to 0.5 for IMs (Figure 7b, c).  

(4) Polyhedral SiC particles (volume fraction 15%) form interconnected clusters, clearly 

seen in Figure 3a and 4b. These clusters have rather irregular shapes that are difficult to model 

in a unified way. In the model, the variety of these shapes is described with sufficient accuracy 

by prolate spheroids of aspect ratio 8. For the pre-strained sample (-2% strain) it was shown 

that the damage is initiated as micro-cracking among SiC particles splitting the clusters. Taking 

this into account, the aspect ratio is varied linearly from 8 in the initial condition to 5 at the 

applied stress of -450 MPa (Figure 7d). 
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Figure 7. Schematic shape of phases and damage mechanism in Al2O3 fibers (a), eutectic 

Si (b), intermetallics (c) and clusters of SiC particles (d) in Type I and Type II composites. 

Note that    represent different levels of applied stress. 

 

The elastic properties of the Al, Si and ceramic reinforcements are given in section 2.4 (see 

Tab.2). For the following IM phases: Al7Cu4Ni, Al2Cu, FeNiAl9, previously identified in the 

investigated alloy [35], a (global) macroscopic Young’s modulus E_IM = 148 MPa is calculated 

based on the nano-indentation results reported in [36]. The (global) Poisson’s ratio for IMs is 

taken to be equal to 0.32.  

According to the in-situ ND experimental data (Figure 5) the onset of plasticity of the Al occurs 

at app = -100 MPa. Changes in mechanical properties of the Al are introduced through 

identification of a tracking parameter [37], in this case app . The shear modulus of the material 

is varied as a function of app according to: 

𝐺0(𝜎app) = 𝐺0(0) −
𝑇

𝜋
[arctan (

𝜎app−𝜎y

ℎ
) − arctan (

𝜎y

ℎ
)]  (3) 
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where 𝐺0(0) is the shear modulus prior to loading, 𝜎y is the yielding point, and parameters T  

and h  determine the character of the variation of the shear modulus in the process of loading. 

The following parameters were used in the simulation: 𝐺0(0) = 25.93 𝐺𝑃𝑎, 𝜎y = 100 𝑀𝑃𝑎, 

ℎ = 12 𝑀𝑃𝑎 and 𝑇 = 24 𝐺𝑃𝑎. Note that while the use of the arctan function to describe the 

evolution of the stress-strain curve may seem arbitrary, but it just reflects the necessity of having 

an analytical function that can be used as input in the (analytical) model. Any other function 

fitting well the experimental data can be used without loss of validity (and generality) of the 

model. We also remark that, while the parameters G0, y, h and T may seem experiment-

specific, they are indeed material-related as long as the stress-strain curves of Al are 

reproducible.  The average stress
( )i

σ , over phase i is given by the stress concentration tensor 

Γ , which has been introduced for inhomogeneities of arbitrary shape by Hill [38]. 

𝜎𝑘𝑙
(𝑖)

= Γ𝑘𝑙𝑚𝑛
(𝑖)

𝜎𝑚𝑛
app

 (4) 

where app is the stress tensor acting on the whole sample. Note that for a multiphase composite 

material consisting of N+1 phases with volume fractions 𝜑0 (matrix), 𝜑𝑖; 𝑖 = 1, … 𝑁 

(reinforcements), satisfying the condition 𝜑0 + ∑ 𝜑𝑖 = 1, the identity 𝜑0Γ0 + ∑ 𝜑𝑖Γ𝑖
𝑖 = 𝐽 

holds (where 𝐽 is the fourth-rank unit tensor). Tensor Γ𝑖 for an isolated spheroidal 

inhomogeneity with semi-axes 𝑎1 = 𝑎2 = 𝑎, 𝑎3 has been calculated by Wu [39] as a function 

of the aspect ratio 𝛾 = 𝑎/𝑎3 . The components of this tensor are given in the Appendix. As 

shown by [40], the contribution of a concave inhomogeneity to the overall elastic properties 

and stress concentration in the inhomogeneity can be described with sufficient accuracy by a 

product of Γ𝑖 for a circumscribed spheroid and a multiplier 

𝜂(𝑝) =
3𝜋

4

(5𝑝−1)𝑝2Γ(3𝑚)

Γ(𝑚)3      (5) 
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where 𝑝 ≤ 1 is concavity factor and 
1

0
( ) t pp e t dt

 − − =   is Gamma function (not to be confused 

with the tensor Γ). For intermetallic precipitates the concavity factor is taken as p=0.35. Note 

that the value of p=0.5 corresponds to the boundary between concave and convex shapes. To 

calculate phase-average stresses, an average over the orientation of each phase is performed 

(see Appendix). 

To take the interaction between inhomogeneities into account, any variant of the so-called 

effective field method (where each inhomogeneity, treated as isolated one, is placed into a 

uniform effective field that differs from the remotely applied one) can be used. As it has been 

shown in [15,34] the best agreement with the experimental data is given by Maxwell scheme 

[41] in the interpretation given in [33] and [42]. In the context of the calculation of phase-

average stresses, equating these two quantities leads to the following formula (see [34] for 

further details): 

( )p p
klmn mnij ijkl

A =  σ      (6) 

where collective interaction between all inhomogeneities in the composite is described by 

klmnA  - fourth rank tensor inverse to ( ) ( )( ) ( )0p p
ijkl ijmn p mnrs mnrs rsqt

p

J Q S S
 

−  −  
  

 . Here, 
( )p

S  is the 

compliance tensor of the p-th family of inhomogeneities, 
0

S  is the matrix compliance, J is the 

4-th rank unit tensor. Components of tensor 


Q  are given in the Appendix. The list of all 

parameters used in the model is given in Table 3. 
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Table 3. List of parameters used in the micromechanical model.  

Parameter Value Source Sensitivity 
of model 
prediction 

Reproducibility  

Volume fraction 
of Al2O3 fibers, 
SiC particles 

Type I: 15 vol.%;  
Type II: 7 vol.%; 15 vol.% 

Producer 
specification 

Low Moderate 

Volume fraction 
of eutectic Si, IM 
phase 

Type I and II: 7 vol.%; 
5.5 vol.% 

Computed 
tomography 

Low Moderate 

Aspect ratio of 
Fibers, Si, IMs, SiC 
particles 

see above.  Adjusted in the 
range, evaluated 
from the 
computed 
tomography and 
SEM micrographs 

Moderate Moderate (CT 
data) 

Concavity of IM 
particles 

0.35 Adjusted in the 
range, evaluated 
from computed 
tomography 

Moderate Moderate 

The variation of 
the shear 
modulus 

h=12 MPa 
T=24 GPa 

Evaluated from 
the macroscopic 
experiments 

High High 

Elastic properties 
of the phases 

see Table 2 XEC software, 
literature values 

High Moderate 

 

The onset of damage for different phases occurs for the same applied stress but indeed 

corresponding to different phase-specific stress. 

Figure 8 shows the comparison between the experimental data (Figure 5) and the predictions 

provided by the Maxwell scheme for the principal stress differences in the two composites, 

neglecting any residual stress. Since Al2O3 fibers are randomly oriented in a plane orthogonal 

to the load axis, cylindrical symmetry conditions were applied, i.e. σ2 = σ3. Consequently, in 

the axial plane (the plane of transverse isotropy): σ1-σ2 = σ1-σ3. It is seen that the predictions of 

Maxwell scheme are in the range of the experimental error until app = -400 MPa. Stress 

differences become more compressive with increasing compressive applied load. They show 

elastic, plastic and damage regions: In the case of Al-phase, the onset of plasticity is again 

visible at app = -100 and -80 MPa for Type I_O and Type II_O, respectively (Figure 8a, c). 
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The proposed micromechanical model reproduces well the elastic and plastic region for 

Type I_O, whereas for Type II_O some discrepancy appears above σapp
 = -400 MPa, where the 

Al phase stress starts being constant (loss of load carrying capability). Also for Si-phase (Figure 

8b, d) the model slightly deviates from the last experimental points: this is due to the occurrence 

of damage and might be attributed to the effect of the Si percolating geometry (also not 

considered in the model). Finally, the stress difference in the SiC phase follows the 

experimental data showing a linear behavior up to the applied stress of approximately -360 

MPa. Then a small decrease of the slope occurs (also caught by the model), indicating the 

damage initiation in the SiC phase. Model predictions lie in-between the two available sets of 

experimental data, and therefore agree well with both. 

 

Figure 8. Comparison of experimental (points) and modeled (lines) stress differences for Type I_O: a) Al, b) 

Si; for Type II_O: c) Al, d) Si, e) SiC. The full points present experimental results from E3 and the hollow 

ones from STRESS-SPEC. 

In Figure 9, the stress differences in Al2O3 fibers and intermetallic phases calculated by stress 

balance (Eq. 2) of experimental data are compared with those simulated by using the Maxwell 
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scheme. The sum of volume fractions of the two phases was 20.5% for Type I and 12.5 % for 

Type II (hollow points for STRESS-SPEC, full for E3). The different volume fraction of the 

reinforcement phases in the two composites strongly impacts the final stress values.  

The model provides the separate stress differences for Al2O3 (green dashed) and intermetallics 

(pink dot-dashed - IM), as well as the combined value, which was calculated by the rule of 

mixture (black solid line): 

𝜎Al2O3+IM =
𝑓Al2O3

𝑓Al2O3
+𝑓IM

𝜎Al2O3 +
𝑓IM

𝑓Al2O3
+𝑓IM

𝜎IM    (7) 

The model fits fairly well to the experimental data belonging to the combination of Al2O3 and 

IM. It predicts that the fibers would carry more load (higher slope) than IM in both materials 

(Figure 9a, b). However, for Type I_O Al2O3 fibers present significant damage at high loads 

(decreasing the reinforcement capability in radial direction), and IM would take over part of the 

load (increasing slope of the curves in Figure 9). In the case of Type II_O (Figure 9b) the 

experimental points do not follow a linear trend, evidencing simultaneous damage of both 

phases and load transfer among them. It is impossible to distinguish the two contributions in 

the plots of Figure 9b and Figure 8. It can be clearly seen that part of the load from damaged Si 

and SiC particles is carried by fibers and IMs and is not transferred back to Al at high loads, 

contrary to the case of Type I_O composite (ref. the constant slope in Figure 8c and increase of 

the slope of the Al-stress vs applied stress curve in Figure 8b).  
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Figure 9. Comparison of stress differences calculated from stress balance of experimental data for Al2O3 and IM 

(points) and modelling results (lines) for (a) Type I_O and (b) Type II_O. 

 

4. Discussion 

Previous studies on Type I composite showed different damage scenarios depending on the 

reinforcement orientation [25] and on the type of reinforcement (_P case) [15]. For the matrix 

alloy, Si and intermetallic phases were broken, whereas only Si was damaged for the composite 

with Al2O3 in parallel configuration (Type I_P) [25]. In contrast, when the configuration of 

Al2O3 short fibers is orthogonal to the applied load axis (Type I_O), these fibers are heavily 

cracked and behave as a particle reinforcement (where the Al-matrix takes over part of the 

load). When adding SiC particles in the parallel configuration of Al2O3 short fibers (Type II_P) 

[15], micro-cracks initiate between particles in SiC clusters.  

Figure 10 presents the comparison between the microstructures of Type II composites with 

different fiber orientations (_O and _P). Note that, as mentioned in section 3.2, the initial 

volume fraction of pores in the SXCT reconstructed volumes is less than 0.05% for both 

composites and the void fraction corresponds to damage created by the applied pre-strain. There 

is a large number of interconnected voids in Al2O3 for Type II_O (Figure 10b), whereas for 

Type II_P (Figure 10c), voids are isolated, and the amount of damage is lower. Since Al2O3 are 

brittle ceramic fibers, tensile loads are particularly detrimental to their integrity. Under uniaxial 

compression, fibers orthogonal to the applied stress (Type II_O) will therefore more likely 

break than fibers parallel to the applied stress (Type II_P).  
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Figure 10. Influence of the SF plane orientation for Type II material: Sections of SXCT reconstructions for (a) 

initial state for Type II_O; (b) after failure for Type II_O; (c) initial state for Type II_P; (d) after failure for Type 

II_P. 

 

Figure 11 presents the 3D rendering of SXCT data reconstructions of damage in all composites. 

As expected, at the same pre-strain Type I_O (Figure 11b) shows higher damage than Type I_P 

(Figure 11a), due to the more frequent breakage of Al2O3 fibers in the latter. In contrast, for 

Type II the parallel orientation of fibers (Figure 11d) shows larger damage than Type II_O 

(Figure 11e); this reflects the large amount of damage within the SiC clusters.  
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Figure 11. 3D rendering of damage in (a) Type I _P until failure (at ε=-5%), (b) Type I _O at ε=-5%, (c) Type I 

_O until failure (at ε=-21%); (d) Type II _P until failure (at ε=-4%) , (e) Type II _O at ε=-4%, (f) Type II _O 

until failure (at ε=-13%). Data on Type I are taken from [25], while data on Type I_P and II_P are taken from 

[15]. 

 

Figure 12 summarizes the volume fraction of segmented damage after uniaxial compression for 

Type I and Type II (both _O and _P samples). Type I_P material has better damage resistance 

than Type II_P until failure. This is due to its higher volume fraction of Al2O3 fibers, which all 

contribute to withstand the load. In contrast, for the orthogonal configuration, the volume 

fraction of damage is much smaller for Type II_O than for Type I_O at a pre-strain of about 

5% . Therefore, Type II_O is able to accommodate strain more efficiently in the low-plastic 

strain region. However, at failure, both Type II_O and Type I_O composites reach a similar 

volume fraction of damage, but Type I_O fails at almost double the strain than Type II_O. This 

indicates a more catastrophic development of damage as a function of applied pre-strain.  

Cracking of SiC clusters in Type II_O plays a crucial role (see Figure 3 and 4): since clusters 

have low aspect ratio, one can think that their rupture is “simultaneous”, since the radial stress 

component is always normal to the main axis of some clusters. This is not the case in Type I_O. 
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Figure 12. Total volume fraction of segmented voids for samples of the two composites with fibers aligned 

parallel (P) [25,15] and orthogonal (O) to the compression direction. The strain value for each sample is shown 

under the column. Note that (F) indicates the failure condition. 

 

Damage in each phase can be rationalized by the proposed analytical model; indeed, the model 

represents the only approach to obtain all phase-specific principal stresses, in view of the 

impossibility to extract a strain-free reference for each phase. Those principal stresses for Type 

I_O (left) and Type II_O (right) are plotted in Figure 13 (the plots also assume no residual 

stress).  

For the Al-phase (Figure 13a, e) the axial direction (1) shows a constant slope. However, for 

the radial direction (3) -within the plane of Al2O3 fibers- there is strain hardening (higher slope) 

and the phase-specific stress drops above  
app=-400 MPa. This may be due to the complex load 

transfer scenario, where the intermetallic network carries increasingly more load, in spite of the 

damage within particles.  

Knowing the principal stresses, we can also state that Type I_O shows higher stress levels in 

the Al-phase than Type II_O. This is related to the higher volume of ceramic reinforcement of 

the latter composite. Importantly, we notice that the Al-matrix remains always under increasing 

compressive stress in all directions. The Poisson’s tension in the direction transverse to the load 
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is carried by the alumina fibers for both composites at the same level (Figure 13c, g). This 

explains why damage is largely concentrated in the ceramic reinforcements, and the matrix does 

not suffer any significant micro-cracking (see also [16]). We notice, that in Type II_P, the Al-

phase does carry some load in the radial direction (see Figure 8 in [15]).. Also, stress levels in 

the axial direction are almost twice as high for Type I_O as for Type I_P, while Type II_O 

behaves more similar to Type II_P; this demonstrates the important role of the presence of SiC 

in the _P composites. The smaller volume fraction of fibers in Type I would not explain those 

observations (see [5]).  

The Si-phase presents a similar tendency for both composites (Figure 13b, f) but at higher 

applied loads (around -400 MPa) Type I_O seems to carry more load. 

For the Al2O3 fibers the load carrying capability drastically decreases above app = -350 MPa 

for Type I_O and from app = -400 MPa for Type II_O, but does not vanish. Therefore, Al2O3 

fibers are still reinforcing but in the guise of particles. Interestingly, we could draw similar 

conclusions for the Al2O3 phase in Type I_P and Type II_P composites [25,15]: when fibers 

are oriented in the load axis plane, their fragmentation in the transverse in-plane direction 

renders the response to compression more isotropic (in the other transverse axis, perpendicular 

to the fiber mats, fibers behave as particles from the very beginning of loading). 

The most interesting features are displayed by the intermetallic phases (Figure 13d, h): their 

response to applied compressive stress is basically linear up to app = -400 MPa. Above app 

= -400 MPa, they carry most of the load (experience the highest stress) in the axial direction in 

spite of the damage they suffer, and even upon breakage of the ceramic reinforcements (this in 

fact holds true for both Type I_O and II_O materials). This is only possible considering the 

interconnectivity of the IM particles with the Si (and with the SiC, for Type II_O). In other 

words, the IM phases do not contribute as single particles, but as one entity. This has been also 

observed in the unreinforced alloy [43]. This feature is extremely difficult to model analytically 
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and is per se not contained in our model. Nevertheless, the variation of the aspect ratio, based 

on SXCT 3D reconstructions, allows mimicking it. At high loads, also the Si phase behaves as 

an interconnected network, and carries load in spite of particle breakage. It would be interesting 

to observe this behavior in heat-treated composites, since it has been documented [44,45] that 

the Si network dissolves upon annealing, i.e. Si globularizes.  In such a case it would be 

expected that the strong effect of interconnectivity would disappear, and the reinforcing 

precipitates would act as isolated particles. This problem is subject of a separate study. In the 

radial direction, stress in the IM is small, since, as mentioned above, the Al2O3 fibers play the 

main role in the load transfer. In Type II_O, the SiC-phase (Figure 13i) shows a linear response 

up to app = -360 MPa. At higher applied stresses the effect of damage in SiC clusters reduces 

the load carrying capability of the SiC (the slope is decreasing). This feature is not present in 

Type II_P, because in the case when Al2O3 fibers are oriented parallel to the applied load axis, 

fibers remained effective (as such) until total failure of the composites, while in Type II_O they 

fragment and behave like particles (compare the damage amounts in Figure 10 and 11). This 

causes the SiC particles to carry higher load and finally break.  
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Figure 13. Modeled principal stresses for Type I_O a) Al, b) Si, c) Al2O3 fibers, d) intermetallic particles; for 

Type II_O e) Al, f) Si, g) Al2O3 fibers, h) intermetallic particles, i) SiC. Please note the different scale for each 

phase. 

 

5. Conclusions 

We studied the mechanical response of Al-alloy matrix composites with one and two ceramic 

reinforcing phases (Al2O3 planar random oriented fibers and Al2O3 fibers with SiC particles) 
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under uniaxial compression, with the Al2O3 fiber mats perpendicular to the load axis. We 

compared the mechanical behavior of these materials with similar ones, having the Al2O3 fiber 

mat plane containing the load axis, previously reported.  

We showed that in composites with the Al2O3 fiber mat plane perpendicular to the load axis the 

Al-alloy matrix presents a large hydrostatic stress component, i.e. undergoes compression also 

in the direction transverse to the external load. This feature holds with and without the addition 

of SiC ceramic reinforcement and is absent in the case when the Al2O3 fiber mat plane is parallel 

to the load axis. Load in the radial direction is essentially carried by the Al2O3 fibers and by the 

intermetallic network (attached to the Si network and to the SiC particle clusters). We also show 

here, that the intermetallics play an important role at very high loads, when all other 

reinforcement phases suffer (extensive) damage. Type II composite presents higher mechanical 

resistance than Type I when Al2O3 fibers are in orthogonal orientation to load; this is opposite 

to the case when fibers are parallel to the load axis, and is related to the brittle nature of Al2O3 

phase (more easily breaking under tensile -radial- stresses). The addition of SiC particles does 

alleviate the load on the Al2O3 fibers, on the eutectic Si, and on the intermetallic phases in both 

cases of parallel and orthogonal (to the load axis) Al2O3 fiber orientation, but this effect is much 

more visible in the parallel case. The addition of SiC particles also renders the mechanical 

response of such multi-phase composites nearly isotropic, in spite of the presence of random-

planar oriented Al2O3 fibers. 
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Appendix A 

The components of Wu’s tensor Γ  for an isolated spheroidal inhomogeneity (with semi-axes 

1 2 3,a a a a= = ) of the aspect ratio 3a a = , with bulk and shear moduli 1K  and 1G , 

embedded in the matrix with bulk and shear moduli 0K  and 0G , are as follows: 

( )1111 6 4
2

1 4 2 1
1 2

2 3 3 2 1 2
q K G q K G

q G

    
 = + + + − +     +    

; 
( )1212

2

1

2 1 2q G
 =

+
 

1133 1 3

1 2 4
2

3 3
q K G q K G



    
 = − − + +         

; 

3311 4 6

1 1 2
2

3 3
q K G q K G



    
 = − + + −         

 

3333 1 3

2 1 1 2
2

2 3 3
q K G q K G



    
 = + + + −         

;
( )1313

5

1

2 1 q G
 =

+
   (A.1) 

where the functions 0f  and 1f  are given by 

 

( )
0

2

1

2 1

g
f

−
=

− 

, 

( )
( )2 2

1 2
2

1
2 3

4 1

f g = +  − 
 

− 

, with 

 

( )

( ) ( )

2

2

2

2

11
,

1

1
1 ,

1

arctan  1

g

ln 1

 − 
  

 − 
= 


 +  −  

  −

      (A.2) 

and the following notations are used 

 ( )1 0 0 14 1 2 3 1 2q G f f=  − −  − −    , ( )2 0 0 12 1 2q G f f= − −  −    ; ( )5 0 0 14 4q G f f= +   

 ( )3 4 0 0 12 2 1 2q q G f f= =  − +    , ( )6 0 0 18q G f f=  −  ,    (A.3) 

 ( )1 0 0 1K K K K K= − ; ( )1 0 0 1G G G G G= − ; ( ) ( )0 0 0 03 3 4K G K G = + +   
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1 3 4 6

1 3 4 6

1 1 2 2 4
2 2 1 2

2 3 3 3 3

2 4 1 2
2 2

3 3 3 3

q K G q K G q K G q K G

q K G q K G q K G q K G



          
 = + + + − + − + +           

          

          
− − + + + + −           

          

  (A.4) 

The components of transversely isotropic ( 3x is the axis of symmetry) tensor Q  entering (f) 

are as follows:  

 ( )1111 2222 0 14 5 3Q Q f f = =  − − , ( )1122 0 14 2 4 7Q f f =   − + −  −     

 ( )3333 0 18Q f f =  − , ( )1133 0 12 2 1 2Q f f =   − +    ,

 ( )1313 0 14Q f f =  +           (A.5) 

where 0f  and 1f  are calculated for the aspect ratio of the domain  . In [42] the Maxwell’s 

scheme was completed expressing the aspect ratio the domain   in terms of the sums of 

components of tensors ijklQ  for individual inhomogeneities: for a composite with transversely 

isotropic microstructure, the effective inclusion is a spheroid with aspect ratio  

 
( ) ( )
3333 1111

i i
i i

i i

V Q V Q =           (A.6) 

if it is smaller than 1 (case relevant to the present study). This hypothesis was numerically 

verified in [46]. 

Procedure of averaging of the transversely-isotropic fourth-rank tensor ijkl  over 

orientations has been discussed in detail in [34]. In the case of 3-D random orientation the 

resulting tensor is isotropic and has only two independent components 

( )1111 1111 1133 3311 1313 3333

1
8 2 2 8 3

15
 =  +  +  +  +   

( )1122 1111 1122 1133 3311 1313 3333

1
5 4 4 4

15
 =  +  +  +  −  +      (A.7) 
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Tensor ijkl  averaged over 2-D random orientations is transversely isotropic with the axis of 

symmetry normal to the plane of random orientations. The resulting tensor has six independent 

components (note that stress concentration tensor is not symmetric and 1133 3311   ): 

( )1111 1111 1122 1133 3311 1313 3333

1
4 5 5 12 3

8
 = − +  +  +  +  +  ;  

3333 1111 =   

( )1212 1111 1122 1133 3311 1313 3333

1
3 4 4

8
 = −  +  −  −  +  +  ;  

1313 1313 =   

( )1133 1111 1122 3311

1
4

4
 =  +  +  ;  

( )3311 1111 1122 1133

1
4

4
 =  +  +         (A.8) 
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