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Abstract
Polymer matrix composites have become increasingly popular due to their ability of achieving high stiffness and strength 
without sacrificing desirable ductility. In the present work, we investigate the mechanical properties of borosilicate glass 
spheres reinforced polypropylene matrix composites with varying volume fractions of the glass spheres, using both 
tensile tests and nanoindentation measurements. The objective was to study the effect of volume fraction of borosili-
cate glass spheres on the mechanical behavior of the overall composite system. During the tensile test, the strain in the 
sample was calculated through three different methods: extensometer measurement, digital image correlation and 
image processing. The results from these three methods were discussed and compared. X-ray tomography was used for 
3D characterization of the microstructure and to investigate failure mechanisms. Additionally, we also developed and 
validated a systematic procedure for predicting mechanical properties of the composite system by using constituent 
properties of individual phases coupled with microstructural information obtained from X-ray tomography, quantified 
via spatial correlation functions. This part of the study focuses on using minimum number of slices to predict mechanical 
properties, and this is very crucial as handling large 3D datasets is very complicated and time-consuming.
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1 Introduction

There has been an increasing demand for materials that 
can demonstrate reliability and desirable performance 
under extreme conditions. This has led to a shift in inter-
est from monolithic to composite materials in the past 
few decades. Polymer matrix composites (PMCs) have 
been tailored to obtain high stiffness, strength-to-weight 
ratio, fracture toughness and ductility [1–4]. They are 
being extensively used in structural applications, such as 
aircraft and automobiles. These materials can be tailored 
by changing the type and amount of reinforcement to 

achieve the desired properties. Thus, a thorough under-
standing of the microstructure and mechanical properties 
of materials is very important.

Traditionally, the microstructure of a material is stud-
ied through two dimensional (2D) characterization tech-
niques, such as optical microscopy and scanning electron 
microscopy. However, 2D studies are sometimes inaccu-
rate or insufficient as the surface of materials can have dis-
tinctively different properties from the bulk. In addition, it 
is well known that topologically connectedness informa-
tion of a 3D structure cannot be accurately obtained based 
on analysis of 2D slices. As a result, three-dimensional (3D) 
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characterization techniques are becoming increasingly 
popular [5]. Among them, X-ray tomography has emerged 
as one of the most popular characterization techniques as 
it is nondestructive and precludes the need for extensive 
sample preparation [6, 7]. It also allows the user to study 
the time-dependent behavior of materials under exter-
nal stimuli in situ, commonly known as 4D experiments. 
Furthermore, it is capable of achieving high temporal and 
spatial resolutions at the micrometer or nanometer length 
scales. These datasets then can also be used to perform 
microstructure-based modeling to understand deforma-
tion behavior. Hence, a number of studies have utilized 
the capabilities of X-ray tomography to deepen the under-
standing of microstructure and properties of various mate-
rial systems [8–13].

In the present work, we have investigated the mechani-
cal properties of a model polymer matrix composite sys-
tem containing borosilicate glass spheres embedded in a 
polypropylene matrix. Polypropylene has excellent ther-
mal, mechanical and electrical properties and is one of 
the most widely used polymers. It can also be easily recy-
cled at the end of its lifetime and has applications ranging 
from consumer goods to automotive applications, which 
made it an ideal choice for this work [14–16]. Borosilicate 
glass spheres were chosen as reinforcement for this model 
system to get optimum contrast between the matrix 
and reinforcement in the X-ray images. The effect of the 
sphere volume fraction on the stiffness and strength of 
the composite system was studied via both tensile test-
ing and nanoindentation. The strain during tensile test-
ing was obtained through three different methods: use 
of an extensometer, image-based measurement of the 
displacement between two points and digital image cor-
relation (DIC). The results from these three methods are 
discussed and compared. We also developed and vali-
dated a systematic procedure for predicting mechanical 
properties of the composite system (i.e., elastic moduli), 
without explicit numerical simulations, by employing ana-
lytical formalisms derived from effective medium theory 
(EMT). This is done by extracting key structural informa-
tion from X-ray tomography data through certain spa-
tial correlation functions and coupling it with individual 
phase properties obtained from nanoindentation and 
tensile testing. The major advantage of this procedure is 
that only a small number of the processed 2D images of 
the composite microstructure were necessary and suffi-
cient to derive the required microstructural information. 
This removes the need of extensive image processing of 
the entire dataset which is a very time-consuming and 
laborious task.

2  Materials and experimental procedure

2.1  Materials

Model systems of polymer matrix composites con-
taining borosilicate glass spheres (Bay Materials, CA) 
embedded in a polypropylene matrix were used in this 
study. These PMCs contained 5%, 10%, 20% and 30% 
volume fraction of reinforcement. The borosilicate glass 
spheres (having a diameter in the range of 38–45 μm) 
were mixed with polypropylene using a Brabender 
mixer, and a different batch for each volume fraction 
was prepared. This was then used to obtain a sheet of 
100 mm × 100 mm × 3.1 mm each through compression 
molding. The motivation behind choosing this compos-
ite system came from the significant difference in the 
mass attenuation coefficient between the matrix (poly-
propylene) and the reinforcement (borosilicate), which 
leads to enhanced contrast and easier image processing 
downstream.

2.2  X‑ray tomography

X-ray synchrotron tomography was performed on the 
polymer matrix composite samples at the Advanced 
Photon Source (APS) at Argonne National Laboratory. 
For this particular experiment, the 2-BM beamline was 
used. Details of this beamline can be found elsewhere 
[17–19]. The sample was 5 mm in height and had a near 
square cross section with the diagonal length being less 
than 1 mm. This was obtained by cutting and polishing 
a small piece from the as-received samples. The X-ray 
beam energy was approximately 24 keV. A 2560 × 2016 
pixel PCO Dimax CMOS camera coupled with a LuAG:Ce 
scintillator screen, which converts X-rays to visible light, 
was used for capturing images during the scan.

The scan was conducted at angular increments of 
0.120° over a range of 180°, and 1500 projections were 
collected. With a typical exposure time of 100 ms per 
projection, a pixel size of 0.65  μm was achieved. To 
understand the effect of phase contrast on the quality of 
obtained images and further segmentation, the samples 
were scanned at two sample-to-detector distances, i.e., 
25 mm and 60 mm. TomoPy, an open-source Python tool-
box [20], was used for generating the 3D reconstruction 
from the acquired 2D projections. Before reconstruction, 
the obtained 2D projections were processed through 3 
steps. The first step normalizes the images by using a 
smoothing filter on the raw projections. This was fol-
lowed by stripe removal, which essentially removes ver-
tical artifacts from the sinogram using a Fourier-wavelet 
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approach [21]. These stripes, when not removed, were 
seen as rings in the reconstruction and later interfered 
with the process of segmentation. Subsequently, phase 
retrieval was used to enhance the contrast at the bound-
ary of constituent phases [22]. This is achieved by remov-
ing stripes from the sinogram of the projections using 
Titarenko’s approach [23]. After processing the 2D pro-
jections, 3D reconstruction was performed using the 
filtered back-projection algorithm [24].

2.3  Nanoindentation

Nanoindentation was performed to obtain the Young’s 
modulus of the borosilicate glass spheres and the poly-
mer matrix using a commercial nanoindenter (Nanoin-
denter XP-II, Agilent). The specimens were polished to a 
final finish of 0.05 μm by colloidal silica. Indentations were 
performed using a Berkovich tip to a depth of 1000 nm. 
Tests were strain-rate-controlled with a strain rate target 
of 0.05 s−1. Before indenting the specimens, the calibration 
of nanoindenter was done by measuring Young’s modulus 
and hardness of a standard silica sample.

Nanoindentation was carried out on at least 20 differ-
ent borosilicate particles and at 35 different locations in 
the matrix. Continuous stiffness measurement (CSM) tech-
nique was used during nanoindentation [25, 26] instead 
of the conventional Oliver and Pharr’s method. In the CSM 
method, a small amplitude of oscillating force is superim-
posed on the load that is applied onto the specimen sur-
face. Further, by separating the in-phase and out-of-phase 
components of the load–displacement data, the contact 
stiffness is obtained for indentation depths. The contact 
stiffness is further used for calculating Young’s modulus 
and hardness [25]. The advantage of CSM technique is that 
it enables instantaneous measurements of modulus and 
hardness during loading, thus avoiding the need for con-
ducting multiple indentations at different depths. Young’s 
modulus and hardness for an individual indentation were 
measured as the average value over a depth range where 
both modulus and hardness were independent of depth.

2.4  Tensile testing, digital image correlation (DIC) 
and image‑based measurement of strain

Mechanical properties of the composite systems, as well 
as the unreinforced polypropylene, were obtained by test-
ing dog-bone and rectangular samples in a MTS 810 servo 
hydraulic testing machine. Tensile tests were carried out at 
a strain rate of  10−3 s−1. The dog-bone samples were made 
in accordance with ASTM D638 having a gage length of 
7.6 mm and a total length of 63.5 mm.

Photogrammetry or digital image correlation 
method has been successfully used for local strain field 

measurements in metallic materials with heterogeneous 
microstructure as well as for stress concentration studies in 
structural materials containing notches, holes, etc. [27–32]. 
On loading the sample, its surface gets stretched and 
hence any pattern that might be present on the surface 
naturally or that was made artificially (speckle pattern) 
changes its position [27, 33]. Digital image correlation 
method is based on the tracking of geometrical changes 
in the grayscale distribution of these patterns during the 
test for strain field measurement.

A speckle pattern was applied on the sample. The 
speckle pattern was made on the sample with the help 
of an airbrush (Iwata—Eclipse series). The 0.35-mm 
needle–nozzle combination of the brush helped in fine 
detailed spraying. For better adherence between the sam-
ple and paint, the surface of the sample was cleaned using 
acetone. First, a base of white paint was made and allowed 
to dry for 20 min, after which the pattern was made using 
black color water-based paint as shown in Fig. 1a. It was 
ensured that the entire surface was patterned and a good 
adherence between the sample and paint was achieved.

Strain values were measured using digital image cor-
relation (DIC) and image processing through threshold-
ing. Further, rectangular specimens having dimensions of 
(100 mm × 10 mm × 3 mm) were machined and strain was 
measured using an extensometer. These three techniques 

Fig. 1  a Speckle pattern on the sample using water-based white 
and black paints to measure strains using DIC, b 2 pairs of features 
selected for calculation of strain
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were used to obtain statistically relevant results and vali-
date the accuracy of each method.

To record the deformation during the tensile tests, 
a camera (PixeLink Industrial Cameras, Canada) was 
adjusted perpendicular to the surface of the sample and 
images were taken every 3 s. The camera was equipped 
with a lens of 50 mm focal length (Schneider-Kreuznach, 
Germany). These grayscale images were then used to cal-
culate the displacement field and the associated strain 
using DIC through ARAMIS software. In ARAMIS, a grid 
of square facets is mapped on the first acquired image of 
the unstrained sample. The dimension of the square and 
the distance between them are important and are known 
as facet size and step size, respectively [27]. These values 
are manually entered and can be adjusted in accordance 
with the type of speckle pattern. This is crucial, as each 
facet must contain enough pixels to obtain an adequate 
grayscale distribution.

In the unstrained condition, each facet is character-
ized by the grayscale distribution within the square and 
the coordinates of the facet centers [34]. During strain-
ing, the grayscale pattern gets modified and is tracked 
based on the underlying assumption that this distribution 
remains constant around a certain coordinate. Through 
the tracking of these changes in the grayscale distribu-
tion, displacement gradient tensor field is determined at 
each facet center. This then helps in obtaining the strain 
tensor through the surface components of local displace-
ment gradient tensor. Calibration was performed by cor-
relating two undeformed images. The estimated residual 
error was 0.027%, which is well below the accepted level of 
0.04% [27]. For the present work, all the images that were 
acquired during the test at a regular interval of 3 s were 
imported into the software and each image corresponded 
to a particular stage. After this, a region of interest (within 
the gauge section) for the grid of facets was determined. 
The values of facet size and the step size were 550 μm and 
233 μm, respectively. Through DIC, local and average val-
ues of strain for the entire gage length were obtained.

The average strain was also measured by measuring the 
relative displacement of images from two areas in the sam-
ple. The grayscale images were imported into the ImageJ 
software and binarized using conventional thresholding. 
To measure the strain, a set of features, circular in shape, 
was selected in the gauge section, as shown in Fig. 1b. The 
distance between their centroids during the test was used 
to calculate the strain. It should be mentioned here that 
on being strained, the change in shape of the pattern itself 
can lead to change in the value of centroid. Therefore, two 
such pairs of features were selected for measurements of 
strains and the final value was taken as the average of the 
two strains. In comparison with the DIC, where a map of 
strain distribution on the surface is obtained, strain values 

obtained from the thresholding method are the average 
value through the gage section.

A conventional extensometer was also used 
to measure strains on the rectangular sample 
100 mm × 10 mm × 3 mm. The test was to be conducted 
only in the elastic regime, so a rectangular geometry was 
used. The test was conducted at a strain rate of  10−3 s−1. In 
order to obtain statistically relevant results, the tests were 
done four times for each volume fraction of composite and 
for the unreinforced sample. For each sample, extensom-
eter was placed on all four faces of the sample and aver-
age value from those measurements was used to obtain 
Young’s modulus. These values were further compared 
with the results obtained from DIC and image processing.

3  Results and discussion

3.1  Image segmentation

X-ray synchrotron tomography can be conducted using 
absorption contrast and phase contrast. The proportion 
of absorption and phase contrast depends upon the dis-
tance between the sample and detector. As the distance 
between the sample and detector increases, the propor-
tion of phase contrast (refraction) increases. Figure 2a, c 
shows the 2D reconstructed slices of PMC with 30% vol-
ume fraction of borosilicate particles scanned at sample-
to-detector distances of 25 mm and 60 mm, respectively. 
It can be seen that the proportion of phase contrast, 
which is visible in the form of the dark periphery around 
the borosilicate particles, is higher in the case of 60 mm 
compared to 25 mm. These are called near-field phase 
contrast fringes (mainly first-order interference fringes), 
which form due to the interference between the incident 
and refracted waves in phase contrast imaging. Moreo-
ver, ring artifacts were also more prominent in the images 
obtained at a sample-to-detector distance of 60 mm than 
25 mm. The increased amount of both, near-field phase 
contrast fringes and ring artifacts, led to the problems in 
the segmentation. Therefore, datasets obtained from scan-
ning at a sample-to-detector distance of 25 mm were used 
for image processing and analysis.

Figure 3 shows reconstructed 2D images of the com-
posites with 5%, 10%, 20% and 30% volume fraction of 
reinforcement. For visualization and quantification of the 
3D microstructure, these grayscale datasets were seg-
mented. Several steps were performed in the segmenta-
tion process for better accuracy and efficiency. The dataset 
was first processed by anisotropic diffusion filter, which is 
also known as the Perona–Malik diffusion filter [35, 36]. 
It aims at reducing the noise in images without remov-
ing important features such as edges and cracks. These 
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grayscale images were then binarized through threshold-
ing in ImageJ software, which is based on an ISODATA 
algorithm [37]. However, due to the presence of ring 
artifacts in the reconstructed image, unwanted particles 
were present in the images after thresholding, as shown 
in Fig. 4b (marked by arrow). Some of these were removed 
through pixel erosion followed by a watershed filter [38] 
to separate the particles that were erroneously touching. 
The resultant image is shown in Fig. 4c.

Finally, “fill holes” and “analyze particles” features 
of ImageJ were used to fill the inside of incompletely 
filled particles and to remove the small undesired par-
ticles remaining from the ring artifacts, respectively. In 

“analyze particles,” the minimum and maximum pixel 
area sizes were specified and the particles outside this 
size window were removed. Figure 4d shows the final 
segmented image. These segmented datasets were then 
used for visualization of the 3D microstructure along 
with the prediction of mechanical properties through 
microstructure-based models. Figure 5 shows the 3D 
rendering of the composite systems generated through 
 Avizo®, a commercially available software.

An attempt was made in this study to minimize the 
amount of data required and through strong-contrast 
expansion formulism, and the mechanical properties 

Fig. 2  A single slice from the reconstructed dataset of scan per-
formed at a 25 mm distance and c 60 mm distance between sam-
ple and detector. With the increase in sample-to-detector distance, 

phase contrast increases that is seen in the form of dark outline of 
borosilicate glass spheres. This can be seen from the magnified area 
shown in (b) and (d)
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were predicted using microstructural information that 
was derived from a couple of segmented slices.

3.2  Nanoindentation

Young’s modulus curves as a function of depth for the 
matrix and particle are shown in Fig. 6a and b, respec-
tively. Figure 7 shows the SEM indent of image on par-
ticle. For borosilicate glass spheres, results between a 
depth of 60 and 150 nm were used for the calculations 
and a modulus of 46.1 GPa was obtained. The polypropyl-
ene matrix is much more compliant than the borosilicate 
particles which led to a gradual decrease in the particle 
modulus at greater depths. This can be attributed to sub-
strate effect due to the presence of an underlying softer 

matrix. Thus, the modulus was calculated over the range 
of displacement where the modulus was independent of 
depth and the effect of the underlying matrix was minimal. 
The Young’s modulus values of the matrix remained con-
stant from 300 to 800 nm, and an average value of 2.0 GPa 
was obtained. The Young’s modulus of borosilicate glass 
spheres was then used as inputs for predicting the Young’s 
bulk modulus and shear modulus of composites contain-
ing different volume fraction of reinforcements through 
strong-contrast expansion formulism.

3.3  Tensile testing

Tensile tests were done for the unreinforced polypropyl-
ene and composite material containing 5%, 10%, 20% and 

Fig. 3  A single slice from the reconstructed dataset of a PMC 5%, b PMC 10%, c PMC 20% and d PMC 30%
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30% volume fraction of reinforcements. Rectangular and 
dog-bone-shaped samples were tested for these compos-
ites. Figure 8 shows the sample with speckle pattern and 
the strain distribution on the surface of sample obtained 
from DIC at four different stages during the test. DIC helps 
in obtaining the strain values throughout the sample sur-
face, and it can be observed that the region where neck-
ing initiated underwent more deformation as compared 
to other regions.

Figure  9 shows the comparison of the Young’s 
modulus obtained from DIC, image processing and 

extensometer. It can be seen that the results from all 
three methods are in good agreement with each other. 
This validates the results from image processing where 
strain was obtained from tracking the changes in posi-
tion of centroid of two points within the gage length. It 
can be seen that the value of Young’s modulus increased 
from 1.1 GPa of unreinforced polypropylene to 2.3 GPa of 
composite with 30% volume fraction of reinforcement. 
This was due to the increase in the volume of stiffer boro-
silicate glass spheres which enhances the load-bearing 
capacity of composite system.

Fig. 4  Steps followed for segmenting the dataset a Image after 
anisotropic diffusion, b grayscale image converted into 8 bits by 
thresholding in ImageJ, c “Watershed” was used to disconnect the 
particles which were erroneously touching, d “Analyze particles” 

was used to remove the unwanted features and manual correction 
was done on comparing the segmented slices with initial recon-
struction
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3.4  Property prediction via spatial correlation 
functions

The high-quality imaging data allow us to extract key 
statistical morphological information of the composite 
materials, in forms of the n-point correlation function Sn, 
for direct mechanical property prediction. This is done by 
employing the strong-contrast expansion (SCE) formalism 
that analytically expresses the elastic moduli of a hetero-
geneous material as a series of integrals involving Sn and 
individual phase properties [39]. The n-point correlation 
function Sn generally provides the probability of finding a 
specific n-point configuration, when randomly placed in 
the material, with all of the n points falling into the phase 
of interest [40].

Here, we apply the SCE formalism to estimate the elas-
tic moduli of the composites for different sphere volume 
fractions and employ the truncated expansion at the third 

order (involving S3) for both the bulk modulus K and shear 
modulus G of the system. �1 and �2 are, respectively, the 
volume fractions of the polymer matrix (phase 1) and the 
glass spheres (i.e., phase 2), and d = 3 is the dimension of 
the system.

The scalar parameters �21 and �21 are, respectively, the 
bulk modulus polarizability and shear modulus polariz-
ability, i.e.,
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(3)�21 =
K2 − K1

K1 +
2(d−1)

d
G1

�e1 and �e1 are the corresponding effective polarizabili-
ties, from which the overall bulk modulus and shear modu-
lus of the composite will be obtained. K1,G1, K2 and G2 are, 
respectively, the bulk modulus and shear modulus of the 
polymer matrix and glass spheres. ζ2 and η2 are the three-
point parameters associated with the “sphere phase,” i.e.,

where t =
(

r2 + s2 − 2rs cos �
)1∕2

 and P2 and P4 are, respec-
tively, the Legendre polynomials of orders two and four,

Application of Eqs. (1) and (2) requires the evaluation 
of the three-point parameters ζ2 and η2, which involve 
the three-point correlation function S3. To achieve high 
accuracy of the computed ζ2 and η2 values, we employ a 
non-uniform radial sampling template introduced in [41], 
in which the spatial density of the sampling points mono-
tonically increases (e.g., ~ 1/r) as one moves toward the 
origin along the radial direction. This will provide a suf-
ficient number of sampling points for small r values for an 
accurate numerical integration. In addition, the mechani-
cal properties (i.e., bulk and shear moduli) of the individual 
phases required in Eqs. (1) and (2) have been obtained 
using nanoindentation and tensile test measurements, 
whereas the overall Young’s modulus E of the composites 
was obtained via tensile testing. The predicted E values for 
different sphere volume fractions are shown in Figs. 10 and 
11, which agree very well with the corresponding E values 
obtained from tensile test.
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Fig. 6  Young’s modulus obtained from nanoindentation curves of a 
polypropylene matrix, b borosilicate glass sphere
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4  Validation of property prediction

4.1  Young’s modulus

The values of Young’s modulus predicted for the com-
posite system through strong-contrast expansion for-
mulism were compared with those obtained from tensile 
testing. As can be seen from Fig. 10, both the results are 
in very good agreement with each other. The difference 
in the predicted and actual results was as low as 1.4% for 
composite with 30% volume fraction of reinforcement. 
This difference increased on moving to lower volume 

fraction of reinforcement and was 11.3% for composite 
having 5% volume fraction of borosilicate glass spheres. 
In this case, though a prediction of 1.1 GPa is very close 
to the experimentally obtained value of 1.24 GPa, the 
difference can be attributed to the presence of very few 
particles on one slice of the segmented dataset, which 
was inadequate to represent the microstructure. This 
became more clear when the same comparison was 
done with microstructural information derived from 
two segmented slices as shown in Fig. 11. Here, the dif-
ference in the results for 5% composite system reduced 
to less than 1%. Since this was a simple model system, 
microstructural information derived from a couple of 

Fig. 7  a SEM image of nanoindentation on borosilicate glass particle. b Magnified image

Fig. 8  Highlighted gage length where strain measurements through DIC was taken and localized distribution of strain on the sample for 
four stages during the test having an average value of strain a 0%, b 0.85%, c 3%, d 4
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Fig. 9  Young’s modulus of unreinforced polypropylene and com-
posite calculated from the stress–strain curves obtained from a 
image processing via thresholding, b extensometer, c DIC, d aver-

age values from the three methods were compared and are in 
good agreement with each other

Fig. 10  Comparison of the values of Young’s modulus predicted 
through strong-contrast expansion formalism using one seg-
mented slice with experimental results. The predicted results 
matched well with experimental results

Fig. 11  Comparison of the values of Young’s modulus predicted 
through strong-contrast expansion formalism using two seg-
mented slices with experimental results. An improvement in the 
predicted result can be observed for 5% volume fraction, which 
contains very less number of spheres
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slices was adequate to predict the mechanical proper-
ties accurately. This was possible because of the isotropic 
nature of spherical borosilicate glass spheres, and a few 
2D slices in this case are sufficient for its 3D representa-
tion. However, with an increase in complexity of micro-
structures, a couple of segmented slices might not be 
sufficient for this study and more data might be required 
for predicting the mechanical properties of the hetero-
geneous materials accurately.

4.2  Bulk modulus and shear modulus

The results of bulk modulus and shear modulus of the 
composite were compared with the Hashin–Shtrikman 
bounds. These are well-established bounds that are used 
to predict the range of composite bulk modulus and shear 
modulus for two phase materials [42]. On specifying the 
volume fraction of the reinforcement, upper and lower 
bounds for the composite are calculated by using equa-
tion. For calculating these bounds, the moduli of indi-
vidual components are interchanged with their respec-
tive volume fraction. If one phase has zero elastic moduli, 
the lower bound becomes zero and thus only the upper 
bound is useful. Bulk modulus and shear modulus of the 
composite system should lie within these bounds and can 
change value depending on the nature of microstructure. 
The Hashin–Shtrikman bounds for the composite system 
were calculated by giving the individual modulus and vol-
ume fractions as input. The results obtained in Sect. 3.4 
were then compared with these bounds. It was seen from 
Fig. 12 that the obtained values coincided with the lower 

bound. This was due to the spherical nature of the rein-
forcement which gives it a low aspect ratio and hence a 
better fit with the lower bound.

5  Conclusions

The microstructure and mechanical properties of the 
PMC model system containing borosilicate glass spheres 
embedded in polypropylene matrix were studied. 3D 
X-ray tomography helped in capturing the microstruc-
ture, whereas nanoindentation and tensile tests were 
performed for obtaining the Young’s modulus. The effect 
of particle volume fraction on the stiffness and strength 
of the composite was evaluated. Moreover, a systematic 
procedure was developed for predicting mechanical prop-
erties of the composite system using analytical formalisms. 
Both the data from X-ray tomography and individual phase 
properties from nanoindentation as well as tensile testing 
were used. It can be concluded that:

• From the experimental investigation, it was established 
that there was an increase in the Young’s bulk modulus 
and shear modulus of the composite with increase in 
volume fraction of stiffer reinforcement. The Young’s 
modulus increased from 1.1 to 2.3 GPa with an increase 
in borosilicate glass spheres reinforcement from 0 to 
30%.

• The strain in the sample was calculated through three 
different methods: strain from extensometer, DIC and 
image processing. Extensometer provided the overall 

Fig. 12  Results of a bulk modulus and b shear modulus compared with Hashin–Shtrikman bounds. The results coincided with the lower 
bounds due to low aspect ratio of spherical borosilicate reinforcement particles
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strain of the sample, whereas DIC helped in mapping 
strain value on the sample surface. It was seen that the 
results from these three methods were in good agree-
ment with each other.

• Microstructural information derived from 3D X-ray 
tomography through three-point correlation function 
along with the constituent phase properties was used 
to predict the mechanical properties of the compos-
ite through strong-contrast expansion formulism. An 
excellent match was seen between the predicted and 
experimental values even though segmentation of just 
two slices was used for deriving the three-point param-
eters.
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