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Abstract 

Methods based on X-ray tomography are developed to study the relevant statistical quantities 

describing the microstructural inhomogeneity of particulate reinforced composites. The 

developed methods are applied in estimating microstructural inhomogeneity parameters of 

composites containing metallic glass particles in metal matrix, extruded in varying pressure 

loads. This study indicates that the critical characteristics with regard to the effect of particle 

clustering are cluster size and shape, local volume fraction of particles in the cluster and the 

distance between clusters. The results demonstrate that the spatial distribution of 

reinforcement is very uneven and the amount of particle clustering varies with amount of 

reinforcement. Moreover, X-ray nanotomography was used to investigate the structure of 

individual clusters and the results suggest that high extrusion load may cause break-up of 
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individual particle clusters so that their shape changes from solid and spherical to broken and 

ellipsoidal. 

 

Keywords: Particle-reinforcement, Microstructural analysis, Non-destructive testing, 

Multiscale 

 1. Introduction 

Particulate reinforced lightweight metal matrix composites (MMCs) are widely used in a 

spectrum of engineering applications for example in aerospace and automotive industries. 

Conventionally, ceramic materials such as SiC and Al2O3 have been used as reinforcements 

in MMCs [1-4]. Recent research has led to utilizing metallic particles stronger and stiffer 

than the matrix such as Ti, Cr, and Nb, as reinforcements, to improve the strength and / or 

ductility without compromising lightweight [5-8]. Amongst metallic materials, amorphous 

alloys possess excellent properties such as extremely high strength (1 to 2 GPa), large elastic 

strain limit of ∼2% and superior corrosion resistance, and therefore investigations on making 

composites reinforced with these unique materials are being performed [9-12].  

In most particulate reinforced composites, the particles are not uniformly distributed. Instead, 

these materials contain local regions where the particles are clustered. Agglomeration of the 

reinforcement phase has been shown to have deleterious effects on tensile strength and flow 

stress [13-15], ductility [16] and fatigue performance [17-19]. Clearly, particle clustering is 

a serious obstacle to the commercial structural application of particulate reinforced MMC 

materials. Therefore, further understanding of the relationship between the processing, the 

structure, and the properties of particulate reinforced composites is considerably important.  
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Microstructural design is an important approach for enhancing material behavior at the 

macroscopic scale. Thus, microstructural characterization of composite materials is a 

necessity for understanding the relationships between microstructural quantities and 

mechanical properties. For particulate reinforced composite materials, the relevant statistical 

quantities describing the microstructure include, e.g., spatial distribution and volume fraction 

of particles. Mechanical properties of particulate reinforced composites are highly dependent 

on the real microstructure of the composite [15, 20-23], and in this respect, methods capable 

for accurate quantification of the microstructure across multiple length scales are most 

desirable. In addition to modelling of the mechanical performance of the material, the results 

of these measurements can be used, e.g., for quality control and tuning of processing 

parameters. 

X-ray computed tomography (XCT) is a powerful non-destructive method to characterize the 

structure of heterogeneous materials [24-25]. The method is based on computationally 

reconstructing the three-dimensional (3D) structure of the sample from a number of two-

dimensional X-ray attenuation images taken from different directions [26]. Particularly 

useful flavor of XCT for materials science is X-ray microtomography, where the resolution 

of the 3D image is of the order of one micrometer. Such a resolution enables convenient 

characterization of the overall structure of many kinds of traditional composite materials 

where the size of the individual reinforcement domains is typically several micrometers. One 

area attracting a lot of attention is the area of submicron X-ray tomography, popularly dubbed 

X-ray nanotomography [27]. Recently XCT devices capable of resolutions in the 50 nm range 

have been introduced [28-29]. In many cases such devices can be used, e.g., to characterize 

the internal structure of individual reinforcement domains. The downside of increased 
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resolution is decreased volume of the region visible in the image. Thus, to capture all the 

relevant structural information, a multiscale characterization is often required. 

In XCT studies the information about the structure of the material is in the form of a 3D 

volume image. In order to arrive in estimates of relevant engineering quantities, like volume 

fractions and sizes of reinforcement domains, image analysis must be performed. Often such 

analysis is done manually, but to decrease operator-induced bias and increase the size of data 

that can be analyzed, automated methods are usually preferred. 

XCT has been adopted to characterize the microstructure of various kinds of composite 

materials [30-32]. For example, Quan et al. [33] characterized the microstructure of 

additively manufactured parts; Miettinen et al. [34] introduced an automated method to 

evaluate the fiber length distribution of short-fiber composites from a binarized 3D 

tomographic image of material sample; and Joffre et al. [35] investigated the fiber length 

degradation of wood pulp-fiber reinforced polylactide composites by XCT. 

In order to exploit the full potential of metallic glass particles in composite materials, better 

understanding of real morphology of these materials and the effect of processing parameters 

on the spatial distribution of particles is crucial. In this study, XCT has been used to 

characterize the 3D distribution of Ni60Nb40 particles and clusters in magnesium matrix. This 

investigation studied the relevant statistical quantities describing the microstructural 

inhomogeneity of particulate reinforced composites. A method based on X-ray 

microtomography is presented to measure these quantities. This method is capable of 

measuring the size distribution of clusters, distribution of distance between clusters and 

distribution of particle volume fraction inside the clusters. This study provides precise picture 

of the microstructural heterogeneity in the particulate reinforced composites. 
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2. Microstructural inhomogeneity parameters  

The MMC materials are often fabricated by a powder metallurgy and extrusion process or by 

liquid infiltration and thus it is difficult to obtain a uniform and homogeneous distribution of 

reinforcement particles. Thus, some local regions have higher concentration of particles than 

the average volume fraction in the material. Additionally there may be a tendency for particle 

clustering, especially in the fabrication processes of real materials, where individual 

reinforcement particles form agglomerates whose mechanical properties differ from those of 

individual particles and matrix.  

At the largest scale studied here, the local volume fraction and its spatial distribution 

characterizes the variability of the amount of reinforcement. The amount of clustering can be 

naturally expressed by dividing the total volume of particles 𝑉௙ into two parts 𝑉௙
௖ and 𝑉௙

௠ 

 where 𝑉௙
௖ is the volume of clustered particles, 𝑉௙

௠ is the volume of individual particles, and 

𝑉௙ = 𝑉௙
௖ + 𝑉௙

௠. The volume ratio of the particles in the clusters over the total particles, i.e., 

the fraction of particles in clusters, is then defined as  

𝜁 =
𝑉௙

௖

𝑉௙
. (1) 

From the point of view of mechanical properties, a particle cluster is effectively the region 

around a group of agglomerated reinforcement particles where the mechanical properties of 

the material are different from the surroundings [15]. Denoting that volume by 𝑉௖௜ for cluster 

𝑖, we end up with another natural descriptor of amount of clustering, the volume fraction of 

clusters 

𝛾 =
𝑉௖

𝑉
, (2) 



6 
 

where 𝑉௖ = ∑𝑉௖௜ is the total volume of all clusters and 𝑉 is the total volume of the sample. 

The local volume fraction of agglomerated reinforcement particles in the volume of the 

cluster is defined by 

𝑓௖௜ =
𝑉௙

௖௜

𝑉௖௜
 (3) 

where 𝑉௙
௖௜ is the volume of particles in the cluster and 𝑉௖௜ is the volume of the cluster. 

3. Materials and methods  

3.1. Materials  

Amorphous alloy powder with composition Ni60Nb40 (at. %) was prepared by mechanically 

alloying powder mixtures of elemental Ni and Nb metals. The powder mixture was milled at 

room temperature in air for 87 h, using a Retsch PM400 planetary ball mill with a ball-to-

powder ratio of 3:1 and milling speed of 200 rpm. To produce Mg-composites, elemental 

Mg-powder (99.6% purity) was blended with volume fraction 5% of Ni60Nb40 powder for a 

duration of 1 h and consolidated at room temperature at 450 MPa for 1 min. The compacted 

cylindrical billets of 36 mm diameter were microwave sintered at 100% power level for 12.5 

min so as to achieve a temperature of 5500C (based on prior calibration). The sintered billets 

were soaked at 4000C for 1 h, and hot extruded at 3500C to produce rods of 8 mm diameter. 

Rods extruded at 750 psi and 600 psi were used for further analysis.  

 3.2. X-ray micro- and nanotomography and image analysis 

In order to select representative regions of the rods for high-resolution XCT analysis, low-

resolution XCT images of the intact rods were captured using SkyScan 1172 microtomograph 

(Bruker-microCT, Belgium) with 5 µm pixel size. The X-ray tube acceleration voltage and 

power were set to 100 kV and 5.5 W, respectively, and 1 mm aluminum filter was used in 
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order to absorb low-energy X-rays not necessary for imaging. 1800 projection images over 

3600 of rotation were acquired with a total of 31 s exposure time per angular position. In the 

reconstructed volume images, regions containing large amount of reinforcement particles 

could be easily distinguished from nearly particle free regions (Figure 1). The particles were 

segmented from the images with simple thresholding such that their average volume fraction 

in the whole sample became 5 %. Local volume fraction was then determined by local 

averaging using a window corresponding to the size and shape of the sample in the following 

high-resolution XCT study described below.  

For high-resolution XCT imaging two cylindrical (diameter ≈ 1 mm, height ≈ 1 mm) regions 

were selected from each rod. One of the regions was taken from a location with low 

reinforcement concentration (entitled ‘normal’ region) and the other from a location with 

high reinforcement concentration (entitled ‘clustered’ region, see also section 3.1) as shown 

with red cycle in the Fig. 1. One of the selected regions with low reinforcement concentration 

is visualized in Fig. 1. Samples corresponding to the selected regions were milled out from 

the material and glued on the top of sample holder rods. The samples were imaged using 

Xradia MicroXCT-400 tomograph (Zeiss Xradia, Concord, California, USA) with 0.59 µm 

pixel size. The X-ray tube voltage and power were 40 kV and 4 W, respectively, and 0.37 mm 

glass filter was applied. Total of 1800 projection images over 360 degrees of rotation were 

acquired with 50 s exposure time per angular position.  

Segmentation of the reinforcement regions in the reconstructed high-resolution images was 

made using local thresholding with Phansalkar method [36]. The segmented regions were 

classified into clustered and individual particles based on observation that a cluster consisting 

of multiple smaller particles has many local gray-value maxima inside it, even though the 
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individual particles forming the cluster may not be distinguishable from each other. Thus, a 

reinforcement region was classified as a cluster of particles if the original volume image 

contained more than three local maxima in the corresponding region; otherwise, the region 

was classified as an individual particle. This classification resulted in visually plausible 

results irrespective whether the sample was taken from region with high or low reinforcement 

concentration (Figure 2a-d). 

In order to determine the microstructural inhomogeneity parameters 𝜁 and 𝛾, one must 

calculate the volume of particles 𝑉௙, the volume of particles in clusters 𝑉௙
௖, the volume of the 

composite 𝑉, and the volume of particle clusters 𝑉௖. The volume of particles and the volume 

of particles in clusters were determined as the count of pixels in all particles, and count of 

pixels in regions classified as particle clusters, respectively. The volume of composite was 

determined by manually measuring the size of the sample in the image. 

The volume 𝑉௖ refers to the total volume of regions around clusters where the elastic 

properties of the material are different from the non-clustered surroundings. Such a volume 

cannot be directly seen in the XCT images and thus geometric approximation must be done 

instead. Here we propose two approaches for approximating 𝑉௖, viz. bounding spheres of 

clusters [15] and bounding ellipsoids of clusters. The bounding sphere for each cluster, i.e. 

the smallest sphere that contains all the cluster pixels, was determined using Welzl method 

[37] that calculates the optimal bounding sphere of a set of points in linear time using a 

randomized linear programming type algorithm.  

The bounding ellipsoid for a cluster was determined using principal component analysis 

(PCA) [38]. The directions of the semi-axis of the bounding ellipsoid were taken to be the 
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three principal components of the cluster pixels. The lengths of the semi-axis were selected 

to be square roots of variances in the directions corresponding to the principal components, 

scaled uniformly such that all the cluster pixels fit into the ellipsoid. 

Finally, the volume of bounding spheres (ellipsoids) was determined as the count of pixels 

inside at least one of the bounding spheres (ellipsoids), and the results were used to determine 

two sets of microstructural parameters, one for spherical and one for ellipsoidal clusters. 

In order to determine inner diameter of clusters (see Fig. 3), the local thickness algorithm 

was used [39]. It replaces value of each pixel in the image by the diameter of the largest 

sphere that fits into the cluster and contains the pixel. The sphere is considered to fit into the 

cluster if there are no background pixels inside the sphere. The distribution of cluster 

diameter was then calculated by statistical binning of the pixel values in the image. The 

distribution of distance between clusters was determined similarly but by applying the local 

thickness algorithm to the background between the clusters.  

In order to characterize the internal structure of particle clusters and measure the amount of 

very small reinforcement particles that are not seen in the microtomographic images, regions 

around randomly selected particle clusters were imaged with Xradia nanoXCT-100 device. 

The device employs X-ray optics optimized for 8 keV photons to focus a magnified X-ray 

projection image of the sample on a camera. In order to make a tomographic scan, 901 

projection images with 65 nm pixel size were recorded over 180 degrees of rotation. 

Exposure time for single projection image was 200 s. The reconstructed volume images (see 

Figure 1d) were processed similarly to the microtomographic images discussed above, except 

thresholding was done with Otsu method [40] after Gaussian smoothing (𝜎 = 65 nm).  

4. Results and discussion 
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The applicability of the developed method based on X-ray tomography is investigated in 

multi-scale microstructural characterization of particulate reinforced MMCs, extruded at 

different pressure loads. 

4.1. Internal structure of individual clusters and X-ray nanotomography 

The structure of individual clusters in the 5 vol. % Ni60Nb40/Mg composites was probed with 

X-ray nanotomography as discussed in section 3-2. Figures 1c-d and 4 shows 

nanotomographic slices through, and 3D visualizations of two particle clusters taken from 

rods extruded at different pressure loads. The cluster extruded at 600 psi seems to be solid 

and relatively spherical when compared to the cluster extruded at 750 psi. The latter one 

consists of multiple small pieces of reinforcement that have been broken, possibly during the 

extrusion process. This suggests that there may be two types of clusters in the present 

composites; intact, relatively spherical ones and broken, more ellipsoidal ones. This 

conclusion is supported by Figure 4b, where the local inner diameter distributions of the two 

clusters are shown. The diameter distribution of the cluster extruded at 600 psi exhibits a 

large peak with small background, corresponding to almost spherical structure. The 

distribution for the cluster extruded at 750 psi displays several peaks, corresponding to a 

more complicated structure with several, almost separate, parts. 

In order to model the effect of clusters on the mechanical properties of the material, 

homogenization techniques may be used to convert the complicated cluster structure into an 

equivalent inclusion (see Eq. 3). In this process, the volume fraction of particles inside the 

cluster, 𝑓௖௜ is one of the governing parameters, in addition to the shape of the cluster. The 

Table 1 shows volume fractions of particles inside the clusters in the nanotomographic 



11 
 

images, for both ellipsoidal and spherical bounding volumes as discussed in section 3-2. In 

this table, 𝑉௖,௕௔௟௟ 𝑉௖,௘௟௟௜௣௦௢௜ௗ⁄   shows the degrees of freedom in bounding with a sphere compare 

to an ellipsoid. The results indicate that for the spherical cluster in the sample extruded at 

600 psi pressure load the two methods give similar values for 𝑓௖௜, but for the more 

complicated cluster structure in the sample extruded at 750 psi pressure the results 

corresponding to the two techniques differ more. 

The nanotomographic images can also be used for verification of results calculated from the 

microtomographic images below. To this end, the resolution of the nanotomographic images 

was artificially reduced such that it corresponded to the resolution of the microtomographic 

images. The particle cluster and individual particles were then analyzed from both the 

reduced-resolution and the full-resolution images as discussed in section 3-2. Comparison of 

the results indicates that the difference in volume of individual particles is on average 3.7 % 

between the full resolution images and the reduced resolution images. The corresponding 

difference in cluster volume is on average 0.5 %. The relatively small differences suggest 

that the resolution of the microtomographic images is good enough for the analysis presented 

below. 

Material 𝑓௕௔௟௟
௖௜  𝑓௘௟௟௜௣௦௢௜ௗ

௖௜  𝑉௖,௕௔௟௟ 𝑉௖,௘௟௟௜௣௦௢௜ௗ⁄  

 
5. vol% 

600 psi 0.38 0.35 0.92 
750 psi 0.13 0.27 2.07 

Table 1. Volume ratio and local volume fraction of different fitting approaches. 

4.2. Microstructural inhomogeneity parameters 

Figure 5 shows the microstructural inhomogeneity parameters, 𝜁 and 𝛾, of 5 vol. % 

Ni60Nb40/Mg composites for regions with low and high concentration of particles. These 
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parameters have been calculated from the microtomographic images based on the method 

and definition discussed in section 3-2 for spherical and ellipsoidal clusters. The specimens 

have been chosen from different rods extruded at 600 psi and 750 psi. The values of the 

inhomogeneity parameters are lower for regions with low concentration of reinforcement, 

revealing that the microstructure of the material differs between locations. Locations with 

low concentration of reinforcement are thus not as clustered as locations with high 

concentration of reinforcement. This observation is consistent with Fig. 2, where the 

locations with high concentration of particles exhibit visually more clustering, and suggests 

that the elastic behavior of the material is different from region to region.  

It can be seen that the specimen with higher extrusion load has lower values for the clustering 

parameters. This means smaller amount of particles are agglomerated in the clusters and the 

volume fraction of clusters is lower. Moreover, Figure 5 indicates that the volume fraction 

of clusters, 𝛾, possess higher values for bounding spheres approach compared to the bounding 

ellipsoids approach 

The microstructural inhomogeneity parameters can be used both as an indicator of processing 

conditions during manufacturing and of mechanical properties of the product. As an example, 

the results of measurements of Young’s modulus and tensile properties of these composite 

materials are listed in Table 2.  Increase in 𝛾 and 𝜁 means volume fraction of clusters increase 

while larger amount of particles are agglomerated in the clusters. This implies that the local 

rigidity is increased in the material. In this respect, the agglomeration degree of particles is 

higher and the clustered regions will be potential sites for damage formation. However, this 

aspect should be investigated in more detail and thus the effects of clustering and critical 
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microstructural characteristics of particulate reinforced composite on damage formation will 

be further investigated in the following part of this study. 

Material Young’s 
modulus 

(GPa) 

0.2% Offset 
Yield 

Strength 
(MPa) 

Tensile 
Strength 
(MPa) 

𝜁௡௢௥௠௔௟  𝛾௡௢௥௠௔௟ 𝜁௖௟௨௦௧௘௥  𝛾௖௟௨௦௧௘௥ 

 
5. vol% 

600 
psi 

40.7 84 109 0.90 0.08 0.96 0.47 

750 
psi 

46.5 174 208 0.51 0.02 0.84 0.32 

Table 2. Results of room temperature tensile testing [15] and clustering parameters. 

4.3. Cluster size 

The importance of reducing the cluster size is critical if particulate reinforced metal matrix 

composites are to compete with monolithic alloys, e.g., in automotive and aerospace 

structural applications. In these applications, tensile strength and fatigue behavior are critical 

material selection drivers, and both properties are adversely affected by particle clustering 

[15,19]. Figures 6a-b depict the distribution of particle volume and cluster diameter of  

5 vol. % Ni60Nb40/Mg composites in various locations with different microstructures. In the 

case of normal region for composite extruded at 750 psi, peak in the probability density of 

cluster diameter (which corresponds to the most probable cluster sizes) occur at values lower 

than in the composite extruded at lower load. The peak is also higher and narrower than for 

composite extruded at 600 psi, indicating a larger size concentration in smaller range of 

diameters. Moreover, it can be seen that the particle volume and cluster size distribution of 

composites extruded at 600 psi do not vary considerably with respect to region. Additionally, 

they have a similar variation; however, this trend is quite different in the case of composite 

extruded at higher load. Indeed, in terms of particle volume and diameter, clustered region in 
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composite extruded at 750 psi corresponds well to both normal and clustered regions in 

composite extruded at 600 psi. The same correspondence can be seen also in the 

visualizations in Figure 2. 

4.4. Cluster distance 

When multiple clustered reinforcement regions are in close proximity, they behave as a large 

single cluster. Thus, it is important to elucidate the effects of processing parameters on the 

proximity of clusters. Figure 7 shows the distribution of distance between clustered particles 

of 5 vol. % Ni60Nb40/Mg composites in various locations with different reinforcement 

concentration. It is apparent that the distribution is shifted towards large distances between 

clusters in the normal regions. In addition to smooth background, the distributions exhibit 

sharp local maxima. Each of those corresponds to one or more large, cluster-free regions of 

the same diameter, and they seem to occur more frequently in the composite extruded at 750 

psi than in the composite extruded at 600 psi. The peaks are higher for normal region of the 

composite extruded at 750 psi than for normal region of the composite extruded at 600 psi, 

implying that large, cluster-free regions constitute a larger fraction of the total cluster-free 

volume in the sample extruded at 750 psi. 

4.5. Volume fraction of particles in clusters 

The volume fraction of particles inside each cluster, 𝑓௖௜, is determined to make a more 

accurate characterization of the microstructural heterogeneity. The volume of particles inside 

each cluster, 𝑉௙
௖௜, is determined as total count of pixels in each individual cluster. The volume 

of each cluster, 𝑉௖௜, is calculated using Welzl algorithm for bounding spheres and PCA 

algorithm for bounding ellipsoids of the cluster as explained in section 3-2. 
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Figures 8a-b, 9a-b show the bivariate distributions of particle volume fraction inside the 

clusters and volume of individual clusters using sphere bounding and ellipsoid bounding 

approach, respectively, for normal region of 5 vol. % Ni60Nb40/Mg composites extruded at 

750 psi and 600 psi. Figures 10a-b, and 11a-b show the same distributions for clustered 

region. It can be seen that smaller clusters have large variety of particle volume fraction. In 

the normal region chosen from the rod extruded at 600 psi, count of clusters with high 

concentration of particles is greater than in normal region of rod extruded at 750 psi, which 

is not desirable. The clustered regions have higher rigidity due to high Young’s modulus of 

particles and they seem to be the fracture origins and potential sites for interface debonding 

and crack formation [15]. Therefore, it is preferable to have clusters with low concentration 

of particles than clusters with high concentration of particles. By comparing Figures 9 and 8, 

it can also be concluded that extruding at 750 psi decreases count of large clusters and increases 

count of small clusters.  

Figures 12a-b depict the distribution of particle volume fraction inside the clusters using 

sphere bounding and ellipsoid bounding approach, respectively, for different microstructures 

of 5 vol. % Ni60Nb40/Mg composites (i.e. marginal distributions of the bivariate distributions 

in Figs. 8-11). Smaller volume fractions are more probable than the larger ones as seen 

particularly by the rather early peak in data corresponding to the normal region of the 

composite extruded at higher load. The peak is found to be highest at low values of local 

volume fraction signaling a preponderance of relatively sparse cluster regions.  

 

Conclusions 
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Methods for characterization of the particulate reinforcement distribution in MMCs using 3D 

X-ray micro- and nano-tomographic images were developed. The tomographic images of 

composite materials and microstructural inhomogeneity parameters calculated based on the 

images were used in finding critical morphological characteristics of particulate reinforced 

composites. The images revealed that on the largest scale studied, the spatial distribution of 

reinforcement in the composite material is very uneven. On intermediate scale there seems 

to be multiple types of microstructures: the regions with low volume fraction of 

reinforcement contain less particle clusters than the regions with high concentration of 

particles. Furthermore, X-ray nanotomography suggests that the structure of the individual 

clusters of reinforcement particles vary from regular, solid ones to highly irregular, broken 

ones. This might be due to higher extrusion load causing larger forces that break regular 

particles into irregular ones, but confirmation of such a hypothesis would require more 

experiments. 

The results indicate that the microstructural inhomogeneity parameters vary in different 

locations in the material. These parameters possess lower values in the regions with low 

concentration of reinforcement while their values increase significantly in the regions with 

high concentration of particles. Moreover, these parameters can be used as an indicator of 

processing conditions during manufacturing as they possess lower values for composites 

extruded at higher pressure loads. 

It was also shown that the composite extruded at higher load exhibits more cluster-free 

regions and overall size of clusters is smaller than in composite extruded at lower load. 

Additionally, extruding at lower load seems to lead to more clusters with high volume 

fraction of particles. These trends are the same irrespective whether the total volume of a 
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cluster is defined using bounding sphere or bounding ellipsoid, although nanotomographic 

imaging suggests that bounding ellipsoids may lead to much smaller (i.e. better fitting) 

bounding volumes. 

This study confirms multi-scale 3D imaging as a powerful quantification method for 

microstructural characterization allowing inhomogeneity parameters to be defined to study 

the effects of processing parameters on the spatial distribution of the reinforcement particles 

and their critical morphological characteristics. Results and techniques discussed here will 

be applied in modelling of the MMC materials in part II of this study. 
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Figure 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. (a) Slice through low-resolution XCT image of the sample extruded at 600 psi. The 

bright dots are the reinforcement particles or particle clusters and the gray curves are contours 

of local volume fraction field. Dashed circle indicates the intended location of the high-

resolution XCT sample, and solid circle indicates its true location as determined with digital 

image correlation. (b) Slice through a high-resolution XCT image of the region indicated in 

(a). (c) and (d) Slice through a nanotomographic image of a randomly selected particle cluster 

in a sample extruded at 600 psi and 750 psi, respectively. 
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Figure 2 

 

 

 

 

 

 

 

 

Figure 2. Visualizations of different types of microstructure. (a-b) and (c-d): normal and 

clustered regions of composite extruded at 750 psi and 600 psi, respectively. Red and purple 

colors correspond to clustered and individual particles, respectively. 
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Figure 3 

 

 

Figure 3. Schematic representation of various diameters measured from the tomographic 

images. Red and purple regions represent clustered particles and individual particles, 

respectively. Solid circle and solid ellipse represent bounding volumes of the cluster inside 

them. Diameter of the dashed circle is the distance between clusters at locations inside the 

circle. Similarly, the diameter of the dotted circle is the inner diameter of the corresponding 

cluster at locations inside the circle. 
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Figure 4 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. (a) Visualization and (b) diameter distribution of two individual clusters in 

nanotomographic images. In the visualization at left, the clustered particles are marked with 

red color and individual particles with purple color. 
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Figure 5 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. The microstructural inhomogeneity parameters of different types of microstructure 

(normal and clustered) for samples extruded at different pressure loads. 
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Figure 6 

 

 

 

Figure 6. (a) Particle volume and (b) cluster diameter distribution of 5 vol. % Ni60Nb40/Mg 

composites in various regions with different microstructures. 
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Figure 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. The distribution of distance between clusters of 5 vol. % Ni60Nb40/Mg composites 

with different microstructures. 
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Figure 8 

 

 

 

 

 

 

Figure 8. The bivariate distribution of particle volume fraction inside the clusters and volume 

of individual clusters using (a) sphere and (b) ellipsoid bounding approach in the normal 

region of composite extruded at 750 psi. 

Figure 9 

 

 

 

 

 

 

 

 

 

 

Figure 9. The bivariate distribution of particle volume fraction inside the clusters and volume 

of individual clusters using (a) sphere and (b) ellipsoid bounding approach in the normal 

region of composite extruded at 600 psi. 
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Figure 10 

 

 

 

 

 

 

Figure 10. The bivariate distribution of particle volume fraction inside the clusters and 

volume of individual clusters using (a) sphere and (b) ellipsoid bounding approach in the 

clustered region of composite extruded at 750 psi. 

Figure 11 

 

 

 

 

 

 

 

 

 

 

Figure 11. The bivariate distribution of particle volume fraction inside the clusters and 

volume of individual clusters using (a) sphere and (b) ellipsoid bounding approach in the 

clustered region of composite extruded at 600 psi. 
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Figure 12 

 

 

 

 

Figure 12. The distribution of particle volume fraction inside the clusters: (a) sphere 

bounding approach, (b) ellipsoid bounding approach. 
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