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Linking properties and architecture in heterogeneous 
lightweight materials 

 
Abstract 

In the present overview, ten publications are presented for which the characterization of the 

internal architecture of heterogeneous lightweight materials has been essential to understand 

their mechanical, thermo-mechanical and/or physical behaviour. Special emphasis is put on 

the experimental techniques of synchrotron tomography to describe the three-dimensional 

microstructure and on synchrotron/neutron diffraction to study the internal stresses developed 

in these materials. 

The multiphase materials have been subjected to different kinds of external conditions such as 

thermal treatments, thermal cycling, compressive plastic deformation and creep deformation. 

The evolution of microstructural parameters such as morphology, volume fraction, 

distribution, interconnectivity, orientation and contiguity of phases under these external 

conditions is analyzed and the influence on their macroscopical behaviour is discussed. 

Introduction 

The mechanical and physical properties of multiphase metal-based materials, such as metal 

matrix composites (MMCs), eutectic alloys, graded metals, etc., are strongly influenced by the 

geometrical arrangement of their constituents, i.e. their internal architecture, which is 

determined by the processing route and the thermo-mechanical history. The characterisation 

of the microstructure is usually carried out in a sufficient way by conventional 2D 

metallographic methods such as light optical-, scanning electron- and transmission electron 

microscopy, depending on the size of the microstructural features investigated. These 2D 

microstructural analyses can be interpreted by stereographic methods for some specific 
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microstructural parameters such as the volume fraction of the constituents or the orientations 

of straight continuous fibres in unidirectionally single or geometrically oriented reinforced 

composites, if a regular distribution is assumed (e.g. [1-3]). However, in some cases, the 2D 

analysis is not sufficient and can produce misleading interpretations of the microstructure 

and/or the behaviour of the materials. This is the case when, for instance, the connectivity and 

contiguity of the phases has to be determined (e.g. [4-7]), the orientation of the constituents is 

not constant throughout the volume of the material (e.g. [8]) or the sectioning of the samples 

modifies the internal stress condition of the material (e.g. [9-10]). For this, non-destructive 3D 

characterisation tools are needed (see Fig. 1). One of these tools is synchrotron-based X-ray 

tomography [11-12]. This technique gives a volumetric image of the investigated materials. 

The architecture is revealed by the contrast given by the different x-ray attenuation 

coefficients of the constituents of the materials and/or, if the source has a certain degree of 

coherence, by the phase shifting of the electromagnetic radiation as the beam passes through 

the material [13]. Synchrotron-based tomography has received a large interest since the third 

generation synchrotron facilities were opened in the nineties. Since then, new techniques and 

equipments have been constantly being developed in order to increase the spatial resolution 

and the contrast as well as to decrease the acquisition time.  

One way to determine experimentally how the internal structure of crystalline materials 

affects their mechanical behaviour is by means of diffraction. With this technique, the internal 

stresses developed due to different external conditions (e.g. applied loads and/or temperature 

exposure) can be evaluated. Specially, synchrotron and neutron diffraction are bulk 

techniques that have been successfully used to for this purpose in heterogeneous materials 

[14-16]. 
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Fig. 1. Examples for which the 3D characterisation of the microstructure is necessary: 

a) AlMg5Si8 alloy [4]. Top: scanning electron micrograph showing the present phases. Bottom: 3D volume 

obtained by synchrotron tomography where the connectivity of the individual phases (Al-dendrite in blue, 

Mg2Si in yellow and ternary eutectic Mg2Si-Si in red) and the contiguity between them are revealed.  

b) Aluminium matrix reinforced with continuous C-fibres [8]. Top: light optical micrograph showing a cross 

section of the material looking onto the plane perpendicular to the fibres’ axis. Bottom: segmentation of 

single C-fibres showing a non uniform orientation throughout the volume: fibres A, B and C are located 

within channels separating fibre bundles, while fibres D and E are twisting around each other within a fibre 

bundle. 

c) In situ synchrotron tomography during thermal cycling of a copper matrix reinforced with SiC monofilaments 

[10]. Top: reconstructed longitudinal slice of synchrotron tomography showing cracks in the SiC 

monofilaments formed during thermal cycling. Bottom: rendered volume of the composite with the cracks 

passing through the partly visualized fibres. The sectioning of the material would have modified the stress 

state that produced the observed cracks 

Summarizing, the thermo-mechanical behaviour of multiphase materials is given by the 

architecture formed by the constituents of the material and their interaction. This can be 

revealed by combining synchrotron tomography with synchrotron/neutron diffraction. In this 

report, ten publications [8, 17-25] in which the characterization of the internal architecture of 

heterogeneous lightweight materials has been necessary to understand their behaviour are 

presented within the context of the international state of the art. These publications are 

a) b) c) 
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essentially based on the research performed or supervised by the author and are listed 

chronologically below. They will be referred to throughout the text by italics according to the 

numbers in the list of references: 

[17] G. Requena, G. Garcés, M. Rodríguez, T. Pirling, P. Cloetens, “3D architecture and 
load partition in eutectic Al-Si alloys”, Advanced Engineering Materials, 11(12) (2009) 
1007-1014. 

[18] G. Requena, P. Cloetens, W. Altendorfer, C. Poletti, D. Tolnai, F. Warchomicka, H.P. 
Degischer, “Sub-micrometer synchrotron tomography of multiphase metals using 
Kirkpatrick–Baez optics”, Scripta Materialia 61(7) (2009) 760-763. 

[19] Z. Asghar, G. Requena, H.P. Degischer, P. Cloetens, “Three-dimensional study of Ni 
aluminides in an AlSi12 alloy by means of light optical and synchrotron tomography”. Acta 
Materialia 57(14) (2009) 4125-4132. 

[20] G. Requena, G. Garcés, S. Danko, T. Pirling, E. Boller, “The effect of eutectic Si on the 
strength of short fibre reinforced Al”. Acta Materialia 57(11) (2009) 3199-3210. 

[8] G. Requena, G. Fiedler, B. Seiser, H.P. Degischer, M. Di Michiel, T. Buslaps, “3D-
Quantification of the distribution of continuous fibres in unidirectionally reinforced 
composites”, Composites A 40(2) (2009) 152-163. 

[21] G. Requena, H.P. Degischer, E. Marks, E. Boller, “Microtomographic study of the 
evolution of microstructure during creep of an AlSi12CuMgNi alloy reinforced with Al2O3 
short fibres”, Materials Science and Engineering A 487(1-2) (2008) 99-107. 

[22] T. Nam, G. Requena, H.P. Degischer, “Thermal expansion behaviour of aluminum 
matrix composites with densely packed SiC particles”, Composites Part A 39(5) (2008) 856-
865. 

[23] T. Nam, G. Requena, H.P. Degischer, “Modelling and Numerical Computation of 
Thermal Expansion of Aluminium Matrix Composite with Densely Packed SiC Particles”, 
Technische Mechanik 28(3-4) (2008) 259-267. 

[24] M. Schöbel, G. Requena, H.P. Degischer, H. Kaminski, T. Buslaps, M. Di Michiel, 
“Residual stresses and void kinetics in AlSiC MMCs during thermal cycling”, Materials 
Science Forum, 571-572 (2008) 413-418. 

[25] G. Requena, H.P. Degischer, E. Marks, E. Boller, “Developing connectivity of the 
phases in a short fibre reinforced aluminium piston alloy subjected to creep”, Materials 
Science and Engineering Technology 38(11) (2007) 885-893. 
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State of the art 

Synchrotron tomography in materials science 

X-ray tomography has proved to be an important method for the 3D microstructural analysis 

of heterogeneous metals [26]. Laboratory cone beam X-ray tomography can be used to image 

microstructural features down to ∼ 1 µm size, if the absorption contrast between the 

constituents of the material is high enough [26]. Besides the limitations in resolution caused 

by the relatively low signal-to-noise-ratio, this methodology has the disadvantage of not being 

able to resolve metallic and/or ceramic phases with similar x-ray absorption coefficients. 

These drawbacks have been overcome with the introduction of the third generation 

synchrotrons and synchrotron-based tomography (see Fig. 1) [11-12]. The high brilliance of a 

synchrotron beam results in a larger signal-to-noise- ratio besides the improvement of the time 

resolution, critical for in situ experiments. Furthermore, the phase contrast [27] obtained due 

to the high coherence of the beam at some synchrotron beamlines can be exploited applying 

quantitative phase contrast tomography or holotomography [28] to image components with 

similar attenuation (e.g. Al and Si in eutectic Al-Si alloys [29]). Another advantage offered by 

synchrotron-based tomography is the possibility to combine this technique with others 

available in the same beamline, e.g. simultaneous tomography and diffraction [30]. 

The resolution achieved using synchrotron-based tomography can be better than ∼ 1 µm and, 

due to the parallel nature of the synchrotron beam, is limited by the resolution of the detector 

system (min. voxel size (0.2-0.3 µm)³). Table 1 gives an overview of beamlines at different 

synchrotron facilities in which parallel beam synchrotron absorption and/or phase contrast 

tomography can be used for 3D imaging of metallic materials (energies > 6 keV). These data 

should serve as an orientation but it must be taken into account that many beamlines are being 

constantly updated to cope with the requirements of the scientific community. Moreover, new 
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beamlines and new techniques capable of performing tomography of metallic materials are 

currently being developed and are or will be available to users in the near future at existing 

and at new synchrotron facilities (see e.g. [31-36]). 

The spatial resolution obtained by synchrotron-based tomography can be further improved 

using magnifying optics such as Fresnel zone-plates (FZP), Bragg multipliers, compound 

refractive imaging systems or Kirkpatrick-Baez (KB) optics [37-38]. Table 2 gives an 

overview of techniques available at different synchrotron facilities which are suitable for 3D 

imaging of metals using magnifying optics. The highest spatial resolutions (< 100 nm) have 

been achieved so far using FZP, but these are only used for energies below ∼ 12 keV and 

small samples (diameter < 100 µm). This is a constraint for the 3D imaging of highly 

absorbing metallic samples of relatively large sizes. 

In [18], we have carried out magnified synchrotron tomography at the ID22 beamline at the 

ESRF using KB optics [39] combined with holotomographic reconstruction [40]. 

Heterogeneous lightweight materials such as a eutectic Al-alloy, an Al-based metal matrix 

composite, a two-phase Ti-alloy and two Ti-based metal matrix composites were investigated. 

The experiments for the Ti-based materials were carried out using the highest energy 

(29 keV) reported so far using magnified synchrotron tomography [41]. The samples had a 

diameter of 0.4 mm, which represents an improvement to investigate representative volumes 

using synchrotron-based sub-µm 3D imaging. Microstructural features down to 180 nm could 

be resolved. This experimental setup, which combines synchrotron radiation, KB optics and 

holotomography, offers a new level of resolution for 3D imaging of representative samples of 

heterogeneous materials. 
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Table 1 (first part). Overview of the available experimental setups for synchrotron tomography using parallel beam suitable for 3D imaging of 
metals. 

Type of 
contrast Facility/Beamline Energy range (keV) Min Voxel 

Size/Resolution 

Min scan time 
at highest 
resolution 

ID19  7-60 (0.3 µm)³ / ∼ 1 µm ∼ 15 min
ID15 [42] 20-250 (white beam) (1.4 µm)³ / ∼ 3 µm < 20 s 

ESRF (FR) 
 

ID22 7-65 (0.3 µm)³ / ∼ 1 µm ∼ 30 min
2-BM-B [43] 5-30 (0.67 µm)³ / ∼ 1 µm ∼ 15 min 
5-BM-C 10-45 (2.4 µm)³ / ∼ 4 µm ~ 6 hr 
13-BM [44-45] 6-70 (1.0 µm)³ / ∼ 2 µm ∼ 30 min

APS 
(USA) 

32-ID 8-35 (0.3 um)3 /~ 1um ∼ 10 s
BL20B2 8-113 (2.74 µm)³ /∼ 10 µm ∼ 100 min 
BL20XU[46] 8-113 (0.2 µm)³/ ∼ 1 µm ∼ 25 min 

SPring-8 
(JP) 
 BL47XU [46] 6-37.7 (0.2 µm)³/ ∼ 1 µm ∼ 25 min 
DESY (DE) / HARWI-II [31-47] 16-150 n.a. / 2 µm n.a. 
BESSY-II (DE) / BAMline [48] 6-80 (0.35 µm)³ / ∼ 1 µm up to 10 h 
ANKA (DE) / TopoTomo [49] 1.5-40 (white beam) 

6-35 (monochromatic) (0.3 µm)³ / ∼ 1 µm up to 10 h 

Absorption 

SLS (CH) / TOMCAT [50-51] 8-45 (0.37 µm)³ / ∼ 1 µm ∼ 10-15 min 
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Table 1 (continuation). Overview of the available experimental setups for synchrotron tomography using parallel beam suitable for 3D imaging of 
metals. 

Type of contrast Facility/Beamline Energy range (keV) Min Voxel 
Size/Resolution 

Min scan time 
at highest 
resolution 

ID19 (propagation technique [27]) 7-60 (0.28 µm)³ / ∼ 1 µm ∼ 15 min 
ID15 (edge enhancement) 20-250 (white beam) (1.4 µm)³ / ∼ 2 µm < 20 s 

ESRF 
(FR) 

ID22 7-65 (0.3 µm)³ / ∼ 1 µm ∼ 30 min
2-BM-B 5-30 (0.67 µm)³ / 1 µm ∼ 15 min 
13-BM (edge enhancement) 6-70 (1.0 µm)³ / ∼ 2 µm ∼ 30 min

APS 
(USA) 

32-ID 8-35 (0.3 um)3 / ~ 1um ∼ 10 s
BL20B2 (Bonse-Hart interferometer) 15-25 (11.7 µm)³ /∼ 30 µm ∼ 120 min 
BL20B2 (diff. phase contrast by Talbot 
interferometer) 

8-15 (5.5 µm)³ / ∼ 12 µm ∼ 90 min 

BL20B2(edge enhancement) 8-113 (2.74 µm)³ /∼ 10 µm ∼ 100 min 
BL20XU(Bonse-Hart interferometer) 10-25 (2.74 µm)³ /∼ 10 µm ∼ 180 min 
BL20XU(edge enhancement) 8-37.7 (0.2 µm)³ / ∼ 1 µm ∼ 25 min 

SPring-
8 (JP) 

BL47XU(edge enhancement) 6-37.7 (0.2 µm)³ / ∼ 1 µm ∼ 25 min 
BESSY II (DE) / BAMline [48] 6-80 (0.35 µm)³ up to 10h 
ANKA (DE) / TopoTomo [49] 1.5-40 (white beam) (0.3 µm)³ / ∼ 2.5 µm up to 10h 

TOMCAT (propagation technique)  10-40 (0.37 µm)³ / ∼ 1 µm ∼ 10-15 min 
TOMCAT (differential phase contrast) 14-35 (0.37 µm)³ / ∼ 1 µm ∼ 10-15 min 

Phase contrast 

SLS 
(CH) 
[50-51]  TOMCAT (Zernike phase contrast) 10 (0.37 µm)³ / ∼ 1 µm ∼ 10-15 min 
ESRF 
(FR) 

ID19 (propagation technique [28]) 7-60 (0.3 µm)³ / ∼ 1 µm ∼ 15 min per 
distance  

Holotomography 
(e- density map) 

BESSY II / BAMline [48] 6-80 (0.35 µm)³ / ∼1 µm Not applicable 
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Table 2. Overview of available experimental setups for synchrotron absorption and phase contrast tomography using magnifying optics suitable for 
3D imaging of metals. 

Facility/Beamline Type of contrast Energy 
range (keV) 

Max sample 
size 

Min Voxel Size/Resolution Min scan 
time 

Magnified synchrotron tomography using FZP 
Absorption [54] 6-12 diam ∼ 70 µm (40 nm)³ / ∼ (200 nm)³ at 8 keV ∼ 25 min 
Zernike Phase plate [55] ∼ 8 diam ∼ 70 µm (40 nm)³ / ∼ (200 nm)³ at 8 keV ∼ 25 min 

SPring-8 
(JP) 

BL47XU [52-53] 

Differential phase contrast by 
Talbot interferometer 

8-10 diam ∼ 70 µm (40 nm)³ / ∼ (200 nm)³ at 8 keV ∼ 90 min 

26-ID (multilayer 
Laue Lens [56])  

Absorption/phase 8-10 diam ~ 10 µm (30 nm)³ / n.a. 2 h APS 
(USA)  

32-ID [57]  Absorption/phase 7-17 diam ~ 25 µm (11 nm)3 / (40 nm)³ at 8 keV ∼ 20 min 
SLS (CH) / TOMCAT 
(beam-shaper) [58] 

Absorption 8-12 diam ~ 50 µm (16 nm)³ / (144 nm)³ ∼ 1 h 

Magnified synchrotron tomography using Kirkpatrick-Baez mirrors 
ESRF/ID22 [18, 39] Holotomography (e- density map) 17-29 diam ∼ 400 µm (50 nm)³ / ∼ (180 nm)³ ∼ 80 min 

Magnified synchrotron tomography using Bragg crystals 
BESSY II / BAMline Absorption/phase 10-40 ∼ 100 µm (150 nm)³ / ∼ 1 µm³ n.a. 
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Neutron and Synchrotron diffraction to determine internal stresses in multiphase materials 

Internal stresses are those stresses found within materials when they are in equilibrium with 

their surroundings. If no external force is acting they are known as residual stresses [59]. 

These stresses can arise at different length scales within a microstructure. Thus, 

macrostresses, or type I stresses, are those acting over a length scale of the size of the 

considered body. These are stress distributions produced, for instance, due to the different 

cooling rates between the bulk and the surface of a component, bending of a bar, etc. 

Microstresses are divided in type II and type III. Type II microstresses are those occurring in a 

length scale of the order of the grain size, reinforcement size, interspacing between different 

phases, etc. Type III microstresses are found in the smallest length scale, e.g. stress fields 

around dislocations or precipitates. Multiphase materials are prone to develop internal stresses 

due to the different mechanical and physical properties usually found between the phases 

forming the material. This is essential for composites because the distribution and magnitude 

of these stresses can determine their mechanical/physical behaviour. For instance, the 

reinforcing capability of short fibres depends on the partition of load, which is in fact a 

distribution of the internal stresses, between the matrix phase and the short fibres (these are 

type II microstresses). How internal stresses are distributed within the composite as well as 

their magnitude will depend on the properties of the constituents and on the architecture 

formed by the matrix and the embedded phase/s. 

Neutron and synchrotron diffraction can be used to determine volume averaged type I and 

type II residual/internal stresses in the bulk of materials. For this, the crystal lattice structure 

of the studied phase is used as an atomic strain gauge by considering the relative changes of 

the distance between parallel atomic planes and making use of the Bragg’s law [14-16]. In 

practice, this is done by calculating the shift of the reflection peak of a certain atomic plane 

with respect to an unstressed sample. If the strains are determined in three principal 
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directions, the stress in the phase considered can be calculated by means of the generalized 

Hooke’s law [14-15]. It should be emphasized that diffraction allows us to determine 

independently the volume averaged internal stresses acting in each phase of the investigated 

material. Although the strains and stresses are calculated in the same way for neutron and 

synchrotron diffraction, the decision to use one or the other technique will depend on: 

a) the microstructure of the material investigated. The gauge volume that can be defined 

in the case of synchrotron diffraction is usually smaller than the one that can be 

achieved by neutron diffraction. Therefore, if materials with coarse grains are being 

investigated, neutron diffraction will provide results over a larger number of grains 

and will give a more representative picture of the actual situation within the studied 

polycrystal. Typical maximum gauge volumes for synchrotron diffraction are in the 

order of 0.1 mm³, while they can reach up to several hundred cubic millimetres in the 

case of neutron diffraction. 

b) the time resolution. The high brilliance of third generation synchrotron sources has 

made it possible to achieve acquisition times in the order of seconds or less with 

reliable data [60]. So far, this cannot be reached even by the neutron sources with the 

highest available neutron flux, for which minimum acquisition times of at least a few 

minutes are necessary. This can be decisive when time dependent phenomena, e.g. 

stress relaxation, are being investigated. 

c) the spatial resolution. The possibility of using a small gauge volume can be of 

advantage when local strain measurements are necessary or for high-resolution strain 

mapping [61]. 

d) the type of stress (type II microstress or type I macrostress). Gauge volumes with a 

size of at least that of the studied sample will result in macrostresses being 

equilibrated and only type II microstresses will be measured. On the other side, if the 
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gauge volume is smaller than the size of the sample, both the effects of type II 

microstresses and macrostresses will be superimposed. This can be useful when, for 

instance, a macrostress profile is to be determined. 

Neutron diffraction techniques for the determination of internal stresses are divided into 2 

groups: 

a) Angle-dispersive neutron diffraction (see e.g. [62] for a thorough description of the 

method): in this case, a monochromatic neutron beam (i.e. with a single wavelength) is 

used. This is the technique used at neutron reactors. Only a few diffractions peaks 

(usually only one) are recorded using this technique depending on the material and the 

detector. The interplanar atomic distance d of a certain (hkl) plane is determined as a 

function of the diffraction angle θ and it is then used to calculate the strain ε for this 

plane: 

θ
λ
sin2

d
⋅

=    )(cot
d

dd
0

0

0 θθθε −⋅−=
−

=  (1) 

where λ is the wavelength and d0 and θ0 are the interplanar distance and diffraction 

angle of a stress-free reference, respectively. 

b) Time-of-flight neutron diffraction (see e.g. [63] for a thorough description of the 

method): a polychromatic, pulsed beam of neutrons is used in this case. The time of 

flight t that the neutrons need to go from their source to the detector is measured. This 

technique is used at spallation sources, where neutrons are produced in pulses 

containing a continuous spectrum of wavelengths. Due to the polychromatic beam, 

spectra containing several diffracted peaks can be recorded. In this case, the 

interplanar distance d and the strain ε for a certain (hkl) plane can be expressed by: 

θθ
λ

senLm2
th

sin2
d

⋅⋅⋅
⋅

=
⋅

=   
0

0

0

0

t
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d
dd −

=
−

=ε   (2) 
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where m is the mass of the neutron, L is the total flight path and t and t0 are the time of 

fight of the neutrons diffracted by a certain (hkl) plane in the investigated material and 

in a stress-free reference sample, respectively. 

Similarly, synchrotron diffraction techniques for the determination of internal stresses are as 

well divided in two groups: 

a) Angle-dispersive synchrotron diffraction (see e.g. [64] for a thorough description of 

the method): this is analogue to the neutron diffraction angle dispersive technique. A 

monochromatic beam is used and the interplanar atomic distance and the strain are 

calculated as a function of the diffraction angle θ. High beam energies can be used to 

obtain small θ values (< 10°) and record complete Debye-Scherrer rings using a planar 

detector behind the sample (transmission geometry). 

b) Energy-dispersive synchrotron diffraction (see e.g. [65] for a thorough description of 

the method): here, the energy of the diffracted photons of a monochromatic beam is 

used to determine the atomic interplanar distance. Complete diffraction spectra (within 

the energy range of the monochromatic beam) can be obtained by this technique. In 

this case, the interplanar distance d and the strain ε for a certain (hkl) plane is given 

by: 

E
1

sin2
chd ⋅

⋅
⋅

=
θ

  
E

EE
d

dd 0

0

0 −
=

−
=ε   (3) 

Where h is the Planck’s constant, c is the speed of light and E and E0 are the energy of 

the photons diffracted by a certain (hkl) plane for the investigated material and a 

stress-free reference sample, respectively. 

As it can be inferred from the descriptions above, a reliable determination of strain depends 

greatly on the determination of the reference value d0. In principle, this can be accomplished 
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by investigating a stress-free reference sample (e.g. powders) using the same diffraction set-

up. However, this can be affected by differences in composition between the reference and the 

studied materials due to different precipitation kinetics (this is typical for metal matrix 

composites [66]), segregation during casting, etc. Therefore, a careful selection of the d0 

reference sample is necessary in order to minimize errors in the determination of strains [14]. 

Determination of internal stress in heterogeneous lightweight metals 

Neutron diffraction has been used for the determination of internal stresses before synchrotron 

diffraction simply because the third generation synchrotron sources became available later. 

Withers [67] gave a thorough review about internal stresses on metal matrix composites using 

neutron diffraction already in 1995, which was about the time when the new synchrotrons 

started to be available to general users. Since then, several studies have been carried out to 

determine internal stresses in heterogeneous lightweight metals under different external 

conditions making use of the advantages of both techniques. Table 3 gives an overview of 

relevant publications in international scientific journals dealing with this topic and published 

since 1995. The table shows the technique used, in which facility and beamline the 

investigations were carried out, the material/s investigated, the sample used for the stress-free 

reference and some remarks on the experimental results obtained. There is so far a 

considerably larger amount of works using neutron diffraction than synchrotron diffraction 

but the number of works using the latter technique has been increasing in the last years. 

Although, unfortunately, many publications do not inform on the acquisition time required to 

carry out one scan it is clear that the use of synchrotron diffraction has increased the time 

resolution achieving acquisition times below 1 min. However, the neutron beamlines with the 

highest neutron flux are not far behind with acquisition times of only a few minutes. 

Regarding the stress-free sample for the determination of d0, the use of heat-treated 
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monolithic unreinforced matrices as well as matrix powders have been the most frequent 

choice. Some researchers have also reported on methodologies that are independent of the 

measurement of a stress-free reference sample [68-69]. 
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Table 3 (first part). Overview of experimental works dealing with neutron and synchrotron diffraction to determine internal stresses in 
heterogeneous lightweight metallic materials reported in international scientific journals since 1995. 
 

Facility / 
Beamline Material d0 

Acq.Time 
per scan Remarks on experimental procedure and main results Ref Year 

Angle dispersive neutron diffraction 
LLB/G5.2 
(FR) 

2024/SiC/25p powder ground from 
the composite 

- Determination of thermal stresses at different temperatures. Stresses 
in Al decrease during heating and increase in SiC 

[70] 1996 

DR3/TAS8 
(DK) 

2124/SiC/17p heat treated 2124 
and SiC powders 

- RT parabolic macrostresses-profile in Al and SiC in a quenched 
MMC plate. 

[71-72] 1995,
1997 

DR3/TAS8 
(DK) 

AlSi9Mg/SiC/20p arbitrarily set at RT - In situ determination of lattice strain evolution in Al during heating 
and tensile deformation. 

[73] 1998 

NRU/L3 
(CAN) 

Ti64/SiC/35m - monolitic Ti64 
- SiC monofilament 

- -In situ determination of load partition between matrix and 
reinforcement during tensile tests at RT. 
-Determination of lattice planes’ anisotropy: (1010) in Ti is the least 
affected by intergranular strains. 

[74] 1998 

LLB/G5.2 
(FR) 
DR3/TAS8 
(DK) 

2124/SiC/17p heat treated 2124 
and SiC powders ? 

- Strain profile around fatigue cracks. In situ four point bending 
deformation. Stress partition between matrix and reinforcement. 

[75] 1999 

DR3/TAS8 
(DK) 
LLB/G5.2 
(FR) 

Al/SiC/10-20p-w unloaded MMC at 
creep temperature 

5-15 min 
1h for d0 

In situ lattice strain determination during creep  lattice strains 
remain constant during creep for both matrix and reinforcement. 
Whiskers carry load but particles do not. 

[76] 2000 

DR3/TAS8 
(DK) 

AlSi9Mg/SiC/20p initial condition of 
MMC. Only relative 
changes are 
determined. 

3 min for Al 
5 min for SiC 

In situ neutron diffraction during creep at 300°C. Macroscopic 
creep exponent n=8 for the MMCs, while n=3 for the Al matrix in 
the MMC, calculated form the diffraction strain, coincides with the 
n=3 from creep of the unreinforced matrix. 

[77] 2002 

LLB/G5.2 
(FR) 

2124/SiC/17p - heat treated 2124 
powder 
- SiC powder 

- Macrostresses in a bar after quenching and after overaging have a 
parabolic shape. Tension-compression macrostress profile after 
plastic deformation using 4 point bending tests. 

[78] 2002 
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Table 3 (continuation). Overview of experimental works dealing with neutron and synchrotron diffraction to determine internal stresses in 
heterogeneous lightweight metallic materials reported in international scientific journals since 1995. 
 

Facility / 
Beamline Material d0 

Acq.Time 
per scan Remarks on experimental procedure and main results Ref Year 

Angle dispersive neutron diffraction 
LLB/G5.2 
(FR) 

2124/SiC/17p - heat treated 2124 powder 
- SiC powder

- Strain distribution in bars before and after four point bending plastic 
deformation. Determination of macro- and microstresses

[79] 2003 

NFL/REST  
(S) 

6061/SiC/15w - heat treated 6061 powder 
- SiC powder 

- Thermal residual stresses in T6 condition. 
condition. Determination of macro and micro residual stresses. 
Correlation with experimentally observed strength differential effect. 

[80] 2004 

LLB/G5.2 
(FR) 

2009/SiC/25p  Al and SiCp powders - Determination of lattice strains after different heat treatments and 
different degrees of plastification. Plastic deformation tends to relax 
thermal stresses up to strain = 0.2%. Further thermal treatments rebuild 
the thermal stresses. 

[81] 2004 

NFL/REST (S)
ILL/D1A  
(FR) 

6061/SiC/15w - heat treated 6061 powder 
and monolithic alloy 
- SiC powder 

- Thermal residual stresses as a function of annealing time. Macro 
stresses relax with annealing time. Micro stresses remain. 

[82] 2004 

LLB/G5.2 
(FR) 

2124/SiC/17p arithmetical mean of all d 
measurements across the 
sample 

90 min In situ determination of stress partition between Al and SiC during RT 
4 point bending tests. Comparison with self-consistent model. 

[83] 2004 

NFL/REST  
(S) 

6061/SiC/15w - heat treated 6061 powder 
and monolithic alloy 
- SiC powder 

- Lattice strain determination after compressive plastic deformation. 
Strong hydrostatic stress in T6 condition. Macro and micro residual 
stresses relax during plastic deformation (up to < 1%). 

[84] 2005 

NIST/BT8 
(USA) 

Al/AlCuFe/15-
20-30p 

- high purity and 
commercially pure Al for 
thermal stress 
- unloaded composite for 
tensile tests 

- Thermal residual stresses in the matrix < 0 (d0 problem?) 
Determination of load partition during in situ tensile tests applying 
stress balance condition 

[85] 2005 
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Table 3 (continuation). Overview of experimental works dealing with neutron and synchrotron diffraction to determine internal stresses in 
heterogeneous lightweight metallic materials reported in international scientific journals since 1995. 
 

Facility / 
Beamline 

Material 
 

d0 
 

Acq.Time 
per scan Remarks on experimental procedure and main results Ref Year 

Angle dispersive neutron diffraction 
DR3/TAS8 
(DK) 

2124/SiC/17p 2124 and SiC powders - In situ cyclic loading (tension-compression). Development of strain 
and stresses in matrix and reinforcement. Strain inhomogeneities in 
different (hkl) planes of Al. 

[86] 2006 

HMI/E3 (DE) 
NFL/REST (S)
ILL/D1A (FR) 

6061/SiC/15w - heat treated 6061 powder
- SiC powder 

- - RT lattice strains in T6 condition for Al and SiC. 
- Effect of gauge volume size. 
- Determination of macro- and microstresses as well as of hydrostatic 
and deviatoric stresses. 
- Deviatoric stresses are a function of gauge volume size. 

[87] 2006 

ILL/D1A  
(FR) 

Mg/SiC/5-13p Mg and SiC powders 20 min to 
> 1.5h 

Residual strains at RT. Residual strain anisotropy in the Mg matrix. 
Compressive hydrostatic stresses for grains with basal plane 
perpendicular to extrusion direction. Tensile stresses for other 
orientations. 

[88] 2006 

ILL/D1A  
(FR) 

Al/Al2O3/15s independent of d0 20 min to 
1.5 h 

Samples compressively deformed ex situ (plane of short fibres parallel 
to load direction). Determination of deviatoric stresses in Al. Von 
Mises stress in Al increase as a function of plastic pre-strain 

[68] 2006 

ILL/D1A (FR) 
ILL/SALSA 
(FR) 

Al/Al2O3/15 independent of d0 20 min to 
1.5 h 

Samples compressively deformed ex situ. Determination of deviatoric 
stresses in Al for different orientations of short fibre’s plane.  

[89] 2006 

ILL/SALSA 
(FR) 

Al/Al2O3/15s independent of d0 3 min In situ compression tests. Evolution with applied load of deviatoric 
stresses and Von Mises stress in Al. Observation and description of 4 
regions: i) no applied load (only thermal stresses), ii) linear elastic 
regime, iii) enhanced strain-hardening regime and iv) mild strain-
hardening regime. 

[90-91] 2006-
2007 
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Table 3 (continuation). Overview of experimental works dealing with neutron and synchrotron diffraction to determine internal stresses in 
heterogeneous lightweight metallic materials reported in international scientific journals since 1995. 
 

Facility / 
Beamline Material d0 

Acq.Time 
per scan Remarks on experimental procedure and main results Ref Year 

Angle dispersive neutron diffraction 
ILL/D1A 
(FR) 

6061/Al2O3/15p 
2024/Al2O3/15p 

shavings of 6061 and 
2124. 

- In situ compression tests at RT. Relaxation of hydrostatic and 
deviatoric stresses with up to ca. 2-5% plastic strain. 

[92] 2007 

ILL/SALSA 
(FR) 

AlSi12 independent of d0 3 min In situ compression tests. Evolution with applied load of deviatoric 
stresses and Von Mises stress in Al and eutectic Si. Effect of 
spehroidisation of Si. Morphological study of Si using synchrotron 
holotomography 

[17] 2009 

ILL/SALSA 
(FR) 

AlSi1.6/Al2O3/20s 
AlSi12/Al2O3/20s 

independent of d0 3 min In situ compression tests. Evolution with applied load of deviatoric 
stresses and Von Mises stress in Al and eutectic Si. Effect of 
spehroidisation of Si on load transfer from the matrix to the short 
fibres and to the eutectic Si. 

[20] 2009 

Time of flight neutron diffraction 
ISIS/ENGIN 
(UK) 

Al/SiC/10w - monolitic pure Al 
sample. 
- SiC whiskers 
- stress balance for 
correction 

stroboscopic 
technique 
using 100s 
dwells at 
each T 

-Stroboscopic technique to reduce acquisition time at a certain T. 
-In situ determination of residual stresses in Al and SiC developed 
during thermal cycling between 175-400°C with and without 
externally applied load. 

[93-94] 1996-
1997 

Los Alamos 
(USA) 

2219/TiC/15p initial condition of 
MMC. Only changes 
relative to initial 
condition are 
determined. 

5 h  Stress partition between Al and TiC during in situ tensile load. 
Comparison with FEM simulations 

[95] 1997 

Los 
Alamos/NPD
F (USA) 

Ti6242/SiC/31m 
Ti64/SiC/37m 

unreinforced Ti6242 
and Ti64 matrices 

6 h  - Ti6242/SiC/31m: RT stresses after cooling under different stress 
conditions 
- Ti64/SiC/37m: RT thermal residual stresses for different 
reflections. 
- Comparison with FEM model 

[96-98] 1997-
1999-
2000 
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Table 3 (continuation). Overview of experimental works dealing with neutron and synchrotron diffraction to determine internal stresses in 
heterogeneous lightweight metallic materials reported in international scientific journals since 1995. 
 

Facility / 
Beamline Material d0 

Acq.Time 
per scan Remarks on experimental procedure and main results Ref Year 

Time of flight neutron diffraction 
ISIS/ENGIN 
(UK) 

Al/SiC/10-20p-w d0=unloaded MMC at 
creep temperature 

25-30 min In situ lattice strain determination during creep  lattice strains remain 
constant during creep for both matrix and reinforcement. Whiskers 
carry load but particles do not. 

[76] 2000 

Los 
Alamos/NPD
F (USA) 

Ti64/SiC/35m - monolithic Ti64 
alloy 
- SiC fibres 

105 min In situ lattice strain determination during heating. Thermal stresses in 
SiC and Ti. Same expansion for Ti and SiC in axial direction up to 
T=800-900 K. Load transfer becomes ineffective above this 
temperature. 
 

[99] 2002 

ISIS/ENGIN 
(UK) 

2124/SiC/22p - Al and SiC powders 
(no info regarding 
heat treatment) 

-  Lattice strain determination after plastic deformation using 4 point 
bending tests and after different heat treatments. Thermal misfits 
stresses regenerate after heat treatment. 

[100] 2004 

KENS/Syrius 
(JP) 

2124/SiC/20p unloaded MMC? 20 to 60 min Stresses in SiC and Al developed during in situ tensile tests. [101] 2006 

High energy angle dispersive synchrotron diffraction 
ID15A/ESRF 
(FR) 

Al/SiC/10w monolithic Al - 0.05 s for 
unreinf. Al 
- 1.4 s for the 
MMC 

In situ determination of thermal stresses in Al developed during 
thermal cycling between 175-325°C and 175-400°C with externally 
applied load (25 to 45 MPa). 

[60] 1996 

ID11/ESRF 
(FR) 

Ti64/SiC/35m - Ti: strain balance in 
unloaded sample 
- SiC: electropolishing 
to expose fibres  d0 

- Ti: 5-10 s 
- SiC: 5-60 s 

Through thickness strain mapping around a fatigue crack with and 
without applied external load. Load partition between SiC and Ti. 
Effect of broken SiC monofilaments 
 

[102-
103] 

2003-
2004 

APS/1-ID 
(USA) 

Mg/MgB2/68f sin²ψ method 90 s -Alignment of the sample using radiography to follow the same gauge 
volume 
-Load transfer between matrix and reinforcement during in situ 
compression tests 
- Anisotropy between different lattice reflections in Mg and MB2 fibres 

[69] 2007 
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Table 3 (continuation). Overview of experimental works dealing with neutron and synchrotron diffraction to determine internal stresses in 
heterogeneous lightweight metallic materials reported in international scientific journals since 1995. 
 

Facility / 
Beamline Material d0 

Acq.Time 
per scan Remarks on experimental procedure and main results Ref Year 

High energy angle dispersive synchrotron diffraction 
APS/1-ID, 11-
ID  
(USA) 

Al/Al2O3/50-
60ipc 

sin²ψ method 60 s In situ compression tests at RT in periodic interpenetrating 
composite. Load transfer between Al and Al2O3. Space resolved 
measurements: more strain in horizontal rods than in the hairpin 
connecting them. 

[104-
105] 

2009 

ID15A/ESRF 
(FR) 

Ti64/SiC/35m strain calculated relative to 
the d at a crack 

-  Visualization of fatigue crack growth using tomography and 
quantification of strain mapping using diffraction. 

[106] 2009 

APS/1-ID 
(USA) 

AlSi13Mg9/SiC/
50ipc 

calculated from 
relationship between 
Poisson’s constant ν and 
strain free azimuth angle 
η∗  ν=sin²η*/(1-sin²η*) 

30 s In situ compression tests at RT in interpenetrating composite. Load 
transfer between Al and SiC. Load transfer more effective in 
interconnected structure than in particular and whisker reinforced 
composites. 

[107] 2009 

Energy dispersive synchrotron diffraction 
ID15A/ESRF 
(FR) 

AlSi25Cu4Mg1 - Si powder obtained from 
etching the alloy 
- Al  calculated using 
stress equilibrium 
condition 

30-300 s In situ determination of the relaxation of residual thermal strains in 
the Al matrix as function of time and Temperature (150, 200, 300, 
400°C). Residual thermal strains tend asymptotically to a non-zero 
value  

[108] 2004 

BESSY/EDDI 
(DE) 

6061/Al2O3/15p 
2024/Al2O3/15p 

powders of 6061 and 2124 
alloys 

- In situ compression tests at RT. Relaxation of hydrostatic and 
deviatoric stresses with up to ca. 2-5% plastic strain. 

[92] 2007 

ID15A/ESRF 
(FR) 

AlSi7/SiC/70p monolithic AlSi7 matrix 3 min In situ diffraction and tomography during thermal cycling. Closing 
of voids during heating governed by compressive stresses in the 
matrix. Decrease of compressive stresses and even tensile stresses 
during cooling in the matrix resulting opening of voids. 

[24-
109] 

2007 

BESSY/EDDI 
(DE) 

AlSi12/Al2O3/56
ipc  

initial condition of MMC 
before deformation  only 
relative changes 

60 s In situ compression tests. Load partition between Al, Si and Al2O3. 
Al2O3 carries the most of the load. 

[110] 2009 
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The effect of reinforcement interconnectivity on the thermo-mechanical 

behaviour of Al-based composites 

Strength of Al-Si-based composites 

Interpenetrating composites (IPCs) are those in which both the matrix and the reinforcement 

are continuous phases forming an interconnected 3D structure throughout the volume. The 

need of 3D characterization methods to study the internal architecture of this type of 

composites has long been recognized (e.g. [5, 111-112]). IPCs formed by the combination of 

a ceramic phase and Al have been investigated in the last two decades as an alternative to 

discontinuously reinforced and continuous fibre reinforced Al-based MMCs [104-105, 110-

118]. A straightforward analysis of the effect of reinforcement on the properties is difficult 

since there are only few systems in which the same composite can be studied with and 

without interconnected reinforcement. Peng et al. [117] used a stoichiometric mixture of 

phosphoric acid and aluminium hydroxide to create strong inter-fibre cross links in a preform 

of 10 vol% short fibres. They infiltrated both the as-received short-fibre preform and the 

strongly interconnected preform with Al. They found an increase of about 10% in ultimate 

tensile strength at room temperature but no change in the stiffness for the MMC with the 

interconnected reinforcement. Kouzeli et al. [118] investigated the effect of reinforcement 

connectivity on strength and stiffness by comparing an Al/Al2O3/34IPC and an Al/Al2O3/34p. 

Both composites had the same type of reinforcement but the interconnectivity of the Al2O3 

network was destroyed by extrusion to produce the discontinuously reinforced particle 

reinforced metal. They found a slight increase of about 10% of both the Young’s modulus and 

strength at room temperature for the IPC but a considerable increase of strength of up to 50% 

at higher temperatures. At room temperature, the strength in discontinuously reinforced 

MMCs is given by the presence of strain-hardened regions around the stiff reinforcement, 

produced during cooling from processing/heat treatment temperature, and by a load transfer 
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from the matrix to reinforcement if the reinforcement presents a certain aspect ratio. The 

interconnectivity of the reinforcement results in an extra slight increase strength at room 

temperature in IPCs owing to increased load transfer. At higher temperatures, the strain-

hardened regions will disappear and only the effect given by the load transfer due to the 

reinforcement’s aspect ratio and interconnectivity remain. This is the reason why the effect of 

the reinforcement’s interconnectivity is clearer at higher temperatures. 

Eutectic Al-Si alloys are two-phase materials formed by a percolating ductile matrix, the α-

Al, and a harder secondary phase, the eutectic-Si. The morphology of the eutectic Si is 

determined during solidification by the mean temperature gradient in the melt and the growth 

rate of the solidification front [119]. Usually, the eutectic Si forms a long-range 

interconnected structure as it was shown already in the sixties in [120] by deep etching the Al-

matrix. This was later supported by other researchers (see e.g. [119, 121-124]). However, 

later studies focusing on 2D structural characterization methods have reported eutectic Si with 

morphologies of fibres, platelets, needles or flakes without considering the possibility of 

having an interconnected structure (e.g. [125-131]). It is well known that the shape of the 

eutectic Si plays a decisive role in the strength of these alloys (e.g. [121-122]) but little 

attention has been paid to the effect of the reinforcement interconnectivity [132]. In [17] the 

changes of the 3D architecture in a volume of ∼ 3x106 µm³ of a eutectic AlSi12 alloy in as 

cast condition and after a heat treatment at 540°C during 4 h were revealed by means of 

synchrotron holotomography. The non-destructive nature of the holotomography technique 

allowed us to analyze the same volumes in different thermal conditions. In the as cast 

condition, the eutectic Si forms a long-range interconnected lamellar structure embedded in 

the Al-matrix forming an ensemble of metal matrix IPC regions. After solution treatment, the 

eutectic Si structure is disintegrated into isolated elongated particles. The load carrying 

capacity of both types of Si morphologies were studied by in situ neutron diffraction during 
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compression. It was found that the higher strength exhibited by the AlSi12 alloy in AC 

condition is due to two effects: the higher aspect ratio of the Si lamellae and, moreover, the 

long range interconnectivity of the Si structure as indicated by the underestimation of the 

reinforcing effect of Si obtained using mean field calculations. A eutectic AlSi12 alloy 

reinforced with 20 vol% of randomly planar distributed Al2O3 short fibres way investigated 

by a similar approach in [20]. Besides the high interconnectivity observed in the eutectic Si in 

the as cast condition, this phase forms bridges between the ceramic short fibres [133]. Thus, a 

metal matrix IPC is produced where an interconnected reinforcement is formed by a 3D 

hybrid structure of eutectic Si connecting Al2O3 short fibres. The strength, stability and 

degree of interconnectivity of this 3D structure are sensitive to the amount and size of the Si 

bridges, which can be modified by heat treatment [132]. The composite was therefore 

investigated in as cast condition and after a spheroidisation heat treatment at 540°C during 4 

hours in order to study the effect of different Si-short-fibres architectures on the strength. For 

this, similarly to the AlSi12 alloy, neutron diffraction experiments during in-situ compression 

tests were carried out. It was found, that the eutectic Si in the as-cast AlSi12/Al2O3/20s 

composite presented a higher connectivity between the silicon and the short-fibres as well as a 

higher aspect ratio of the silicon in comparison with the composite after the spheroidisation 

treatment. This fact results in a higher load bearing capacity of the hybrid reinforcement. A 

mean field model proposed rationalized the evolution of the principal stress differences and 

the von-Mises stress in the aluminium matrix, the eutectic Si and the short fibres. The 

reinforcing effect of the fibres and of the eutectic Si are reflected as well as the reinforcing 

potential of isolated elongated Si particles. However, this model does not take into account 

the interconnectivity between the short fibres and the eutectic Si underestimating the load 

transfer from the matrix to the reinforcement architecture. This demonstrates the need to take 

into account the interconnectivity of the reinforcing structure to simulate correctly the high 

strength of this kind of composites. 
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AlSi12CuNi alloys are well established for combustion engines components [134]. They 

exhibit relatively high elevated temperature strength, which indicates a composite-like 

behaviour with load transfer from the Al-matrix to harder intermetallic phases. The effect on 

Ni addition to a eutectic AlSi12 alloy was investigated in [19]. It has been observed that Ni 

improves the high temperature strength of Al-Si alloys [135] due to the presence of Ni 

aluminides Al3Ni and Al9FeNi [136-138]. The architecture of an AlSi12Ni alloy and its 

evolution during heat treatment was investigated by combined synchrotron tomography and 

light optical tomography. Al9FeNi and Al15Si2(FeMn)3 aluminides were found in the studied 

alloy with 1 wt% Ni resulting in a total volume fraction of aluminides of about 8 vol%. 

Together with the approx. 12 vol% of eutectic Si results in a composite with ~ 20 vol% of 

reinforcement. The volume fraction of Ni aluminides was about twice as big as the volume 

fraction of Ni-free aluminides. The 3D analysis showed a large interconnectivity between the 

eutectic Si and the aluminides. Some coarsening of the 3D Si-aluminides structure was 

observed after heat treatment during 24 h at 540°C. Contrary to the binary eutectic AlSi12 

alloy [17], the connectivity of the eutectic Si is not lost during heat treatment in the AlSi12Ni 

alloy. The conservation of the connectivity and contiguity between the eutectic Si and the 

aluminides indicates that ripening phenomena take place mainly at interfaces between the stiff 

inclusions and the Al-matrix. It seems that the interface energy between the eutectic Si and 

the aluminides is more favourable than between Si and Al. Consequently, the 3D structure of 

the rigid phases develops stabilizing the microstructural architecture. 

Creep behaviour of AlSi12-based short fibre reinforced metals 

In [133], the isothermal long-term creep resistance at 300°C of an AlSi12CuMgNi alloy 

reinforced with 10, 15 and 20 vol% of Al2O3 short fibres was investigated. During the creep 

tests, the short fibre reinforced metals (SFRMs) showed a decrease in steady state strain rate 

after a period of several hundred hours at moderate load (<20% of the yield stress). Such an in 
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situ improvement in creep resistance was observed only for the MMCs and not for the 

unreinforced matrices. That “training” effect reduces, for example, the steady state creep rate 

for the SFRM from 3.5 × 10−10 s−1 achieved at 30 MPa by about 50% when returning to 

30MPa after a load increase of 10 MPa for about 400 h. Two explanations [133] were 

proposed for the observed creep strengthening of short fibre reinforced Al–Si alloys during 

long-term creep exposure: 

1)  The stress assisted diffusion induced change of the morphology of the eutectic Si 

increases the interconnectivity of the Si-short-fibres hybrid structure. 

2) A diffusion induced re-orientation of the randomly planar distributed ceramic short 

fibres in the direction of the load. 

To investigate the validity of these hypotheses, the architecture of the rigid phases, eutectic Si 

and short fibres, and its evolution during long-term creep was studied by synchrotron 

microtomography. The results obtained are reported in [21] and [25]. The fibre orientation, 

analysed by three-dimensional Fast Fourier Transform, did not indicate any reorientation of 

the fibres along the load direction [25]. On the other hand, the change in morphology of both 

the eutectic-Si as well as Fe- and Ni-rich intermetallic phases results in an increase of 

interconnectivity of the 3D hybrid Si-short-fibres-intermetallics structure. An almost 

completely interconnected rigid network is obtained after 6400 h of creep exposure consisting 

of a short-fibres-intermetallics structure combined with a 3D Si structure which itself exhibits 

a high degree of interconnectivity (at least 70% for the investigated volumes). The high 

diffusivity paths along the interfaces of the short fibres and a favourable interface energy are 

considered to be responsible for the accumulation of Si next to fibres and the subsequent 

increase of interconnectivity. Thus, the morphological changes during long-term creep 

exposure are able to reduce the creep rate by increasing the load carrying capacity of the 
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interconnected hybrid reinforcement. This assumption was as well corroborated by finite 

element simulations using visco-plastic unit cell models [139]. 

Thermal expansion of high volume fraction particle reinforced Al 

MMCs produced by infiltrating a ceramic preform with the molten metallic matrix can exhibit 

some degree of porosity after solidification. This may arise due to incomplete infiltration at 

reinforcement contact areas and/or shrinkage of the matrix during solidification (e.g. Al 

experiences a volumetric change of about 7 % during solidification). The role of porosity in 

the thermal expansion of particle-reinforced metals was explored using finite element analysis 

in [112, 140]. It was found that when the ceramic phase is continuous (like a sponge) the 

voids at the interface between matrix and reinforcement relieve the highly constrained matrix 

by local plastic deformation. In [141], the thermal expansion behaviour of a pure Al and an 

AlSi7 alloy reinforced with 70 vol% of bimodal SiC particles was investigated. The high 

reinforcement volume fraction in these two MMCs results in an architecture with densely 

packed bimodal SiC particles. Furthermore, and similarly to the SFRM described above, the 

composite with the AlSi7 shows Si bridges connecting the SiC particles. The high packing 

density of the SiC particles of the bigger size class changes the role of the reinforcement from 

being an inclusion into forming a percolating network interpenetrating with the matrix, 

namely an IPC. These IPCs show an unexpected decrease of the instantaneous coefficient of 

thermal expansion (CTE) above 250°C [141]. This effect was proposed to be due to a filling 

of the voids present at the interface between matrix and reinforcement [141] during heating 

and reopening during cooling. Theoretical and experimental studies were carried out to 

investigate this asseveration and the results are summarized in [22-23]. 

In [22-23], the effect of voids on the instantaneous CTE was studied using finite element 

analysis for 2D unit cell models of the Al/SiC/70p and AlSi7/SiC/70p composites. The matrix 

was considered as a strain hardening elastoplastic solid with temperature dependant material 
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parameters. MMCs with contiguous reinforcing phases and different architectures combining 

the matrix and the reinforcement with and without voids located at their interface were 

proposed. It was found that the presence of the interface voids effectively reproduces the CTE 

decrease at T > 250°C. The simulations showed a filling of voids by plastic flow of the matrix 

during heating and partially reopening during cooling, supporting the hypothesis in [141]. The 

presence of eutectic Si results in an increase of the reinforcement volume fraction that causes 

a decrease of the CTE of about 1 ppm/K compared to the MMC with the pure-Al matrix. This 

effect, observed experimentally, was as well reflected in the simulations. 

The filling and reopening of the voids during thermal cycling was corroborated 

experimentally [24]. For this, synchrotron tomography and diffraction were carried out in situ 

during thermal cycling of AlSi7/SiC/70p. The combination of these techniques allowed us to 

analyze simultaneously the changes in the internal architecture of the composite and the 

internal stress state. The in situ thermal cycling results showed the generation of volume 

averaged compressive stresses in the matrix together with a decrease of the porosity volume 

fraction down to about 1/5 of the initially measured during heating from RT to 400°C. During 

cooling, the compressive internal stresses decrease being even reversed into tensile stresses 

below 200°C, while the porosity volume fraction increases again. These experiments 

confirmed the hypothesis proposed in [141] and showed the positive effect that a small 

amount of porosity can have during thermal cycling of IPCs by providing the highly 

constrained matrix with free regions allowing viscous expansion. This relieves the further 

build-up of stresses during thermal cycling that could damage the composite. 

Reinforcement distribution in unidirectionally reinforced composites 

The properties of continuous fibre reinforced composites depend on the degree of 

directionality of the fibres (see e.g. [142-143]) and their spatial distribution, e.g. presence of 

fibre clustering or fibre-free regions [144]. The analysis of these features can be performed 
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partially using conventional 2D materialography techniques, but these methods do no take 

into account the possibility that the fibres may present some degree of curvature along their 

axis and require a regular shape of the cross-section of the fibres. In [8], 3D characterisation 

methods were developed to quantify the orientation and spatial distribution of the 

reinforcement in continuously reinforced metallic and polymeric matrices. Representative 

elements for the analysis of the local volume fraction were determined by using two-point 

probability functions [145]. The results show that regions with smaller volume fractions tend 

to form channels along the fibre bundles for both composites. Channels of high volume 

fractions, representing touching fibres (local volume fraction > 55 vol%) were identified for 

the polymer matrix composite. The regions with high volume fraction > 50 vol% tend to form 

clusters in the case of the metal matrix composite. The orientation of the continuous fibres 

was followed throughout the volume of both composites. The results show preferential 

orientations within each bundle of the fibre reinforced metal. The orientation of the 

reinforcement is more homogeneous in the fibre-reinforced polymer and the largest 

misorientations are found within the channels separating fibre bundles. All this information 

may help to assess the processing methodologies of the composites aiming to detect possible 

inhomogeneities that could degrade the properties of the composites. 

Conclusions 

Examples in which the techniques of synchrotron microtomography as well as synchrotron 

and neutron diffraction have been used to describe the 3D architecture of heterogeneous 

lightweight materials and correlated with their thermo-mechanical behaviour have been 

presented in this overview. The following general conclusions can be picked up besides the 

specific conclusions that can be found in the publications [8, 17-25]: 

- The connectivity and contiguity as well as the orientation of rigid phases can play a 

decisive role in the mechanical and physical properties of heterogeneous lightweight 
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materials. The understanding of their interaction and evolution with temperature, time, 

stress, etc. is necessary and can only be done accurately using 3D characterization 

methods. 

- The use of non destructive 3D and bulk characterization methods can be very helpful 

to follow in situ the evolution and response of the internal structure of materials under 

the influence of different external factors such as temperature and stress. 

- Eutectic Si has proven to be a phase with certain versatility in Al-based alloys and 

MMCs. Its architecture can be modified easily by heat treatment and it tends to form 

hybrid interconnected structures with other hard phases such as ceramics and 

intermetallics. Its further study in eutectic Al-Si systems that form stable aluminides, 

e.g. alloys modified with Ni, Cu, Fe, Mg, Mn, should be encouraged to investigate 

potential improvements of their thermo-mechanical properties for elevated 

temperature application. 

- The presence of microstructural defects such as pores and large interfaces should not 

be always considered deleterious for the properties of interpenetrating heterogeneous 

materials. Their presence can result in favourable sites that improve the performance, 

when they act relieve the build-up of stress in a constrained phase or serve as easy 

diffusion paths that favour the contiguity between phases. 
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