
Nano Trends 6 (2024) 100035

Available online 8 April 2024
2666-9781/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Micro-reinforced polymer composite materials studied by correlative 
X-ray imaging 

Andrey Mikhaylov a, Jorge Luis Beltran Diaz a,*, Margarita Zakharova a,b, Vitor Vinieska a,c, 
Daniel Münch a, Edwin Fohtung d, Sergio Henrique Pezzin e, Danays Kunka a 

a Institute of Microstructure Technology (IMT), Karlsruhe Institute of Technology (KIT), Hermann-von-Helmholtz-Platz 1, Eggenstein-Leopoldshafen, 76344, Baden- 
Württemberg, Germany 
b Center for Free-Electron Laser Science CFEL, Deutsches Elektronen-Synchrotron DESY, Notkestrasse 85, Hamburg, 22607, Germany 
c Laboratory for Functional Polymers, Laboratory for Thin Films and Photvoltaics, Swiss Federal Laboratories for Materials Science and Technology (EMPA), 
Überlandstrasse 129, Dübendorf, 8600, Canton of Zürich, Switzerland 
d Department of Materials Science and Engineering, Rensselaer Polytechnic Institute, 110 8th St, MRC 213, Troy, 12180, New York,United States of America 
e Center of Technological Sciences, State University of Santa Catarina, R. Paulo Malschitzki, 200 - Zona Industrial Norte, Joinville, 89219-710, Santa Catarina, Brazil   

A R T I C L E  I N F O   

Keywords: 
phase-contrast imaging 
scattering-contrast imaging 
multi-contrast X-ray imaging 
tomography 
polymer composites 
glass fiber reinforced polymer 
MSC: 
0000 
1111 
PACS: 
0000 
1111 

A B S T R A C T   

Three-dimensional insights into the microstructure of composite materials are vital for enhancing their perfor-
mance under operational conditions. Phase-sensitive methods can offer supplementary data, especially for ma-
terials with low absorption, compared to standard absorption-based techniques. This work presents the 
correlative X-ray imaging and computed tomography results of polymer composites reinforced with glass fibers 
using an inverted Hartmann mask. This method identified areas with enhanced refraction and scattering due to 
glass fibers and discriminated signals based on their orientation, offering an advantage in evaluating anisotropic 
materials. The simplicity of the setup, adding the inverted Hartmann mask, makes integration feasible in com-
mercial CT scanners and existing radiography laboratories, enabling simultaneous phase, scattering, and ab-
sorption information extraction. Our approach, which combines refraction and scattering with absorption 
signals, exposes intricate structures beyond the usual spatial resolution threshold. Despite the distinct absorption 
coefficients of air, polymer-based, and glass fibers, the inverted Hartmann mask is crucial for examining similar 
absorption composites and low-absorbing materials. This research offers profound insights into the micro-
structures of fiber-reinforced polymer composites, laying the groundwork for studies of nanostructured func-
tional composite materials.   

1. Introduction 

Studies on composite materials with tailored structures are of great 
interest in material science [1–6]. Polymer composites with glass fibers 
exhibit high strengths and low specific weights. The mechanical prop-
erties of glass-fiber-reinforced polymers are defined by the interaction 
between the fibers and matrix. Technological advances in techniques to 
improve material performance have led to new characterization ap-
proaches for studying fiber-reinforced polymer composites [7–9]. 

Imaging modalities that utilize the high penetration ability of X-rays, 
such as radiography, phase-sensitive X-ray imaging, and CT, are 
powerful tools for revealing the inner structure of such materials 
[10–19]. Previous studies have used μCT to study the internal 

microstructure of woven glass fiber composites, including tow archi-
tecture [20], microcracking [21], and three-dimensional visualizations 
[22]. Although X-ray absorption tomography is a valuable tool, in the 
case of low absorbing materials or materials with similar absorption 
coefficients, phase, and scattering imaging modalities could offer addi-
tional increased feature detectability [10,12,14,23,24] and information 
about fiber orientation [11,25–28]. 

Single-shot techniques have been adapted to tomographic settings 
because of their competitive advantage in terms of image acquisition 
time, such as single-shot speckle tracking [29–31] or adapting various 
optical elements such as arrays of zones [28,32,33] and Talbot Array 
Illuminators [34] including tomography at synchrotrons. 

One of the ways to perform single-shot multi-contrast X-ray imaging 
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at laboratory sources is to use a Hartmann/inverted Hartmann mask 
[35,36] or a Shack-Hartmann sensor for hard X-rays [37]. A single op-
tical element acts as a wavefront modulator represented by arrays of 
apertures, pillars, or microlenses underlying the essence of the proposed 
method. There are two main approaches to retrieve contrasts using 
Hartmann or Shack-Hartmann sensors: FFT (Fast Fourier Trans-
formation) routine [38] and two-dimensional Gauss peak fitting [37]. 
One reference image with an optical element and no object is required to 
retrieve three imaging modalities. Relaxed requirements for the spatial 
coherence of the beam, high visibility, low absorption, and simple 
implementation in both laboratory [35,36,39] and synchrotron [40–43] 
sources with only one optical element in the beam path make this 
method very promising. Within this method, one could benefit from 
either a large field of view and higher spatial resolution or higher flux 
efficiency by choosing between a Hartmann-like mask and the 
Shack-Hartmann approach. 

We reported a study of flat composite samples reinforced with glass 
fibers in the same laboratory environment (cone beam configuration) 
[39]. To extend the imaging capabilities of the method and obtain 
three-dimensional information, we conducted tomography measure-
ments of bulk composites. In this study, for the first time, we demon-
strate the results of single-shot multi-contrast X-ray imaging and 
tomography of glass-fiber-reinforced polymer composites using an 
inverted Hartmann mask in a laboratory environment. 

2. Materials and methods 

2.1. Materials and composite fabrication 

Epoxy resin RenLamë M, with diglycidyl ether bisphenol A (DGEBA) 
as main component, hardener (Aradur HY956-2), with triethyltetramine 
(TETA) as main component, were purchased from Huntsman (Sao Paulo, 
SP, Brazil). Plain weave type E-glass fiber fabric (ABCOL Brasil Comp-
sitos Ltda) was used as reinforcement, with 300 g/m2 and a density of 
2.50 g/cm3. 

2.2. Composite description 

Epoxy matrix composite specimens were prepared at GRUPOL- 
UDESC by vacuum-infusion molding. A stainless-steel mold (150 150 
6 mm) was covered with a thin polyvinyl acetate layer. Afterward, ten 
layers of plain weave glass fiber fabric, approximately 40% of the total 
composite volume, were placed on the mold, which was closed with a 25 

mm thick tempered glass plate. Polymer composite was composed of 
plain weave glass fiber (GF) and epoxy resin (60/40 m/m, fiber volume 
fraction = 39.33%). Composites were produced by mixing DGEBA epoxy 
resin (RenLamë M) with the curing agent (Aradur HY956-2) in a 5:1 (m: 
m) ratio, as recommended by the manufacturer. The specimens were 
produced with dimensions of (50 50 6 mm) for mechanical measure-
ments and later cut to about (4.40 x 3.46 x 5.26 mm) for X-ray imaging. 

2.3. Experimental setup 

Multi-contrast X-ray imaging and tomography data sets were ac-
quired at the Computed Lamiography/Computed Tomography Labora-
tory of the Institute for Photon Science and Synchrotron Radiation (IPS) 
at the Karlsruhe Institute of Technology (KIT). The imaging setup con-
sisted of a microfocus X-ray tube (XWT-225, X-RAY WorX, Garbsen, 
Germany) with a tungsten target. An X-ray source was operated at the 60 
kVp voltage and 3 W target power which, according to the manufac-
turer, results in a focal point size of approx. 1 μm. The detector was a 
unit Perkin Elmer XRD 1621 flat panel coupled to a Gadox scintillator, 
which has a 200 μm physical pixel size and a 40 x 40 cm area. Exposure 
time was 4 seconds per frame. For tomography measurements, 1024 
projections over 180 degrees were acquired. Fig. 1 depicts the experi-
mental setup. 

We have used the same setup described in Mikhaylov et al. (2022) 
[39] with the addition of a rotary stage. Inverted Hartmann mask had 10 
μm period, duty-cycle of 0.5, and an average height of 45.92 ± 0.07 μm, 
allowing to maximize spatial resolution. The visibility shows a high 
average value of 0.46. Distance from the source to the inverted Hart-
mann mask D1 was approx. 11 mm, source-to-sample distance D2 was 
26 mm, and source-to-detector distance D3 was approx. 1500 mm. The 
mentioned setup allows us to achieve a mask magnification of approx. 
140X (projected period of 1400 μm), with a sampling of 7 pixels per 
period of the mask. 

We performed the optimization procedure as proposed in Bennett 
et al. (2010) [44] to achieve setup parameters allowing minimal 
penumbral blur (equation 1) and avoid phase wraparound artifacts 
(equation 2) with bounding condition (equation 3) to resolve the pro-
jected period of the mask: 

s
P

⋅
D2

D3
<< 1, (1)  

s
P

⋅
(D3 − D2 − D1)D1

D2D3
> 1, (2) 

Fig. 1. Diagram illustrating the laboratory setup for single-shot multi-contrast X-ray imaging and tomography. Distances from the X-ray source are marked as: D1 for 
the inverted Hartmann mask, D2 for the sample, and D3 for the detector. 
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D3⋅P
3⋅s

> D1. (3)  

where s is the focal spot size of the X-ray tube, P is the period of the iHM 
(Fig. 1). Solving the optimization problem, the penumbral blur at the 
detector plane for the mask was approx. 150 μm, for the imaging of the 
polymer composite was 75 μm. Taking into account the physical size of 
the detector unit, the effect of blurring on the spatial resolution for the 
mask and the object in the setup can be neglected. 

Multi-contrast retrieval procedure was performed utilizing the FFT 
routine [38]. Wavefront reconstruction was achieved using the zonal 
method based on a modified Southwell algorithm with 10 iterations [45, 
46]. Directional scattering in both directions combined using equation 4 
under the condition of isotropic small-angle scattering: 

Imscattering =
Imscatt,x + Imscatt,y

2
, (4)  

where Imscatt,x and Imscatt,y are one-directional scatering images. Modi-
fication of FBP (Filtered Back Projection) algorithm for cone-beam ge-
ometry, known as FDK method [47], with ramp filtration was used for 
tomography reconstruction of absorption and scattering data. 

The spatial resolution, defined by the period of the inverted Hart-
mann mask projected on the detector, is 24μm. By using the equation 5, 
we estimate the phase detection limit to be 0.06 μrad. 

αmin =
PS(D1 + D2)

D3(D1 + D2 + D3)
⋅Inoise (5) 

Therefore, the reconstructed volume consists of 246 ×246 ×246 
voxels with a voxel size of 24 μm × 24 μm × 24 μm and a volume of 
205.79 mm3. The point of origin, with respect to which we will specify 
slicing, is a relative point that is located in Fig. 5(a), 7(a), and 8(a) in the 
lower-left corner for axes x and y, and in Fig. 5(b,c), 6(b,c) and 8(b,c) in 
the lower-left corner for axis z. Another way to imagine the point of 
origin is to think of it as the closest lower-left corner of the reconstructed 
volume, the frontal facet of which is attributed to angle 0. 

3. Results 

3.1. Multi-contrast single-shot X-ray imaging 

Initially, images were recorded from the mask’s periodic pattern as 
projected onto the detector to retrieve absorption information and de-
tails about phase and scattering through spatial harmonics analysis, 
which utilizes the Fourier Transform. Subsequently, reference samples 
composed of DGEBA epoxy resin (RenLamë M) with small glass fibers 
and curing agent Aradur HY956-2, were evaluated using multiple 
contrast X-ray imaging. These images, detailed in Fig. 2, include a) ab-
sorption contrasts, b) bidirectional scattering, and c) bidirectional 
phase. This figure is a referential basis for evaluating changes in ab-
sorption, refraction, and scattering signals when introducing glass fiber 
reinforcements. 

Fig. 3 (a,b,c) shows projections in absorption contrast. Due to the 
tailored design of the glass-fiber-reinforced composites, we clearly see a 

difference in structure between en face and en profile projections. Fig. 3 
(d,e,f) shows bidirectional scattering contrast, and (g,h,i) retrieved 
phase maps reveal areas with high scattering and refraction signals 
corresponding to the glass fiber bundles. The interfaces between plain 
weave fabric tows and resin-rich areas are clearly distinguishable at 
173.52 degrees (Fig. 3(c,f)). The presence of the ten layers of glass fiber 
fabric can be noticed, where tows and deformations are identifiable. 
Although the spatial resolution of the setup is not enough to resolve 
single separate fibers, the presence of scattering and refraction indicates 
the inhomogeneity of the area. On the contrary, absorption projections 
do not reveal structural information and show just a difference in the 
density of the material (for the full range of absorption projections, see 
supplementary video S1). Fabric-reinforced composites can usually 
present internal microstructure defects, such as voids, fiber misalign-
ment, and resin-rich regions, which can be caused by poor resin 
impregnation, residual thermal stress, and out-of-plane stitching [22]. It 
is worth to note the evident presence of phase retrieval artifacts in the 
background of the phase-contrast images in Fig. 3(g,h,I). 

In areas near the bottom part of the sample in fig. 3(e), one might 
notice a decrease in the scattering signal. In the corresponding area in 
Fig. 3(h), representing phase image, a similar pattern arises. It might be 
explained by the transition between scattering and phase signals under 
certain conditions, such as the relative position of the fiber or fiber 
bundles [48,49]. Although the profile absorption projection Fig. 3(b) 
shows a uniformly composed material with good density homogeneity, 
scattering projection Fig. 3(e) and phase projection Fig. 3(h) reveals the 
inhomogeneous distribution of signals. 

Fig. 4 shows differential phase (a,b,c) and scattering signal (d,e,f) in 
the vertical direction at the projection angles 162.25, 168.39, and 
175.08 degrees. A background correction was performed to exclude the 
impact of intensity gradient using Fiji software[50]. Due to the design of 
the polymer composite sample and experimental setup, scattering and 
refraction signals are mixed. Projections reveal complementary infor-
mation regarding glass fiber distribution. Refraction under angles below 
the angular resolution of the setup contributes to the scattering contrast 
available with this method [39,48]. In the case of glass fiber-reinforced 
polymer composite, refraction and scattering occur at the same loca-
tions. This effect happens due to the slightly different morphology, size, 
and alignment of the glass fibers in the bundle. The refraction signal 
appears at the edges of the fiber agglomerates. In addition, the glass 
fibers directly unsolvable by the measuring system show a prominent 
scattering signal due to their different orientations. 

Special attention should be paid to the fact that fibers oriented under 
a slight angle to the optical axis of the setup generate strong refraction 
and scattering signals. In contrast, for the differential phase and scat-
tering in the vertical direction, we do not record a prominent signal in 
areas where fibers are vertically oriented. It could be explained by the 
directional sensitivity of the imaging with an inverted Hartmann mask. 
This approach can be potentially explored for imaging anisotropic ma-
terials. It is possible to focus on one type of feature orientation by sup-
pressing the signal from one of the directions by the alignment of the 
sample relative to the optical axis (see supplementary materials: dif-
ferential phase and scattering in vertical direction videos S2 and S3, 

Fig. 2. Multi-contrast single-shot X-ray imaging of a polymer matrix with glass fibers, serving as a reference sample. a) Depicts contrasts in absorption (linearized 
transmission), while b) illustrates bi-directional scattering, and c) presents a bi-directional phase (phase map). 
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respectively). The projection of the sample does not allow one to assess 
the quality of the polymer composite fabrication procedure. Possible 
imperfections such as air bubbles, cracks, and misrun defects are not 
visible on projection due to the composite’s complex structure, the 
presence of the refractive and scattering media, and the low absorbing 
properties of the defects. We conducted tomography measurements to 
perform the all-around examination of the inner structure. 

3.2. Absorption and scattering tomography of the polymer composite 

Fig. 5 shows absorption and scattering tomography slices in positions 
2.54, 2.52, and 3.72 mm relative to the point of origin of the composite 
sample for transverse, coronal, and sagittal planes, respectively. One 
could notice three different density media in the polymer composite: air- 

containing regions, resin-rich areas with polymer matrix material 
(media boundaries marked with yellow arrows), and average absorption 
approx. 10 times higher than air and glass fiber material with an average 
absorption of approx. 17 times higher than air. 

The presence of the molding and curing flaws is clear. air-containing 
defect with approx. 450 μm radius, marked with white arrows, was 
chosen as a reference point for the slicing. Other smaller air-containing 
defects vary in radius from 75 μm to 120 μm. Resin-rich areas and air do 
not show prominent scattering signals due to the absence of scattering 
centers in contrast to glass fiber bundles. Fig. 6 illustrates presence of 
air-containing defects and shows line profiles along marked lines. Re-
gions marked with blue lines allows to visually link 2D image with 1D 
line profile. 

Fig. 7 shows absorption and scattering tomography slices 3.17, 2.93, 

Fig. 3. Multi-contrast single-shot X-ray imaging of a polymer composite. The images present contrasts in absorption (linearized transmission) in panels (a,b,c), 
bidirectional scattering in panels (d,e,f), and integrated phase in panels (g,h,i). These images correspond to angles of 0, 90, and 173.52 degrees, labeled as I, II, and 
III, respectively. The bright white sections in images (a,b,c) highlight the glass fiber bundles due to their higher absorption properties. These areas, when observed in 
phase and scattering contrasts, exhibit increased refraction and scattering signals. Notably, a line of defective pixels can be discerned on the upper right corner of 
each image. Additionally, the background of phase images (g,h,i) displays retrieval artifacts. A scale bar is provided in the image (g) for reference. 

Fig. 4. Differential phase images (a,b,c) and scattering signal (d,e,f) oriented vertically, corresponding to angles 162.25, 168.39, and 175.08 degrees, labeled as I, II, 
and III, respectively. Notably, there are segmented signals indicative of glass fiber bundles, which are oriented within a narrow range relative to the X-ray prop-
agation axis. The scale bar can be found in image (d). 
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and 2.66 mm relative to the point of origin of the composite sample for 
transverse, coronal, and sagittal planes, respectively. White arrows 
signalize the intersection of slicing planes. On the zy-slice, one could see 
the borders of the resin-rich areas. Scattering tomography slice Fig. 7(i) 
shows a significant scattering signal in the lower-left corner of the area 
signalized with a red arrow compared to the resin-rich area marked with 
a yellow arrow. This increase of scattering might be interpreted as the 
presence of a thin layer of the glass fibers that is barely visible on ab-
sorption tomography Fig. 7(c). Resin-rich areas and air-containing de-
fects exhibit, on average, similar scattering signals. At the same time, the 
scattering signal retrieved in glass fiber-containing regions is approx. 8 
times higher. 

Fig. 8 shows absorption and scattering tomography slices 2.42, 3.19, 
and 3.22 mm relative to the point of origin of the composite sample for 
transverse, coronal, and sagittal planes, respectively. White arrows 
signalize the intersection of slicing planes. The zy-slice shows orthog-
onal bundles of glass fibers. They give a prominent absorption and 

scattering signal. Scattering and density distribution are in good 
compliance. In the Fig. 8(f), a prominent scattering signal appears in the 
area marked with a yellow arrow. The same area in Fig. 8(c) has a 
slightly increased absorption signal. That could be explained by the 
presence of a thin layer of glass fibers, similar to the one signalized by 
the red arrow in Fig. 7(c,i). 

Segmentation of the acquired tomographic data was performed using 
Fiji software [50] and open-source 3D Slicer software, version 4.11.2 
[51,52]. 

Fig. 9 (a) shows a very characteristic profile of the plain weave fabric 
layers present in the composite, while Figs. 9(b,c,d), taken on transverse, 
coronal, and sagittal planes, respectively, evidence boundaries of vol-
ume of interest inside the composite structure. As shown by the render of 
the volume of interest (Fig. 9a), segmentation of the absorption signal 
associated with voluminous glass fiber agglomerates works well in the 
mentioned composite. This is due to the high difference between ab-
sorption signals of glass fibers bundles, polymer base, and air, as stated 

Fig. 5. Tomographic slices showing absorption (a, b, c) and scattering (d, e, f). In the upper left, markers denote the slicing planes: xy for the transverse plane, xz for 
the coronal plane, and zy for the sagittal plane. The white arrows highlight an air-containing defect with an approximate radius of 450 μm, which was not discernible 
in the projections. Yellow arrows demarcate the boundaries between media of differing densities. A scale bar is provided in image (d). 

Fig. 6. Detailed features in a tomographic slice highlighting manufacturing imperfections. a) Provides an overall view of the slice tomography. b) Offers a zoomed 
view of the area marked by the upper rectangle. c) Shows a zoomed view of the area marked by the lower rectangle, with d) and e) presenting their respective line 
profiles to estimate the radius of local features indicative of manufacturing imperfections. Blue lines are utilized to visually link the profiles of bubbles/imperfections 
with the 2D image, facilitating size estimation using a calibrated scale. 
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in section 3.2. However, the segmentation of separate thin layers that 
exhibit poor absorption signals could be a challenging task. The infor-
mation on fiber orientation could be extracted from the bidirectional 

scattering and differential phase signals (Fig. 4) and volumetric scat-
tering data (figures 5,8(d,e,f) and Fig. 7(g,h,i)). Applying approaches 
similar to those described by Kim et al. ([28]), this method can serve as a 

Fig. 7. Tomographic slices (a,b,c,g,h,i) and line profiles (d,e,f,j,k,l) for absorption and scattering, demonstrating the strength of scattering signals in the presence of 
fiber bundles. Slices a), b), and c) with their respective line profiles d), e), and f) for absorption. Slices g), h), and i) with their respective line profiles j), k), and l) for 
scattering. The white arrows highlight where the slicing planes intersect. The red arrow points to a thin layer of scattering media, while the yellow arrows denote the 
boundary of a distinct resin-rich area. A scale bar can be found in the image (a). 

Fig. 8. Tomographic slices showcasing absorption (a, b, c) and scattering (d, e, f). The annotations in the upper left define the slicing directions: xy for the transverse 
plane, xz for the coronal plane, and zy for the sagittal plane. White arrows highlight the intersections of the slicing planes. A discernible air-containing defect, 
approximately 495 μm in radius and previously unseen in projections, is evident. The yellow arrow points to a thin layer of glass fibers that contribute to the 
scattering signal. A scale bar is included in image (d). 
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multipurpose tool for predicting the behavior of composite materials 
with tailored structure and the volumetric data can be used in computer 
modeling ([16–18]). In addition, this method opens a new window to 
distinguish among composites with similar absorption cross-sections 
and low-absorbing materials. 

4. Conclusion 

This study pioneered the utilization of multi-contrast X-ray imaging 
and computed tomography using an inverted Hartmann mask to explore 
fiber-reinforced polymer composite materials in laboratory settings. 
While only absorption signals facilitate the segmentation of areas with 
varied absorption properties, they do not delve deeply into structural 
intricacies. Incorporating refraction and scattering data reveals detailed 
structures, including those beneath the spatial resolution. Notably, even 
when the material in question exhibits distinct absorption coefficients 
for air, polymer base, and glass fibers, the inverted Hartmann mask’s 
inclusion proves valuable, especially when examining composites with 
analogous absorption or those with minimal absorption properties. This 
not only facilitates structural segmentation and discrimination at the 
physical level but also underscores the method’s unique capabilities. 

Through tomography, we identified density variances, such as air- 
filled defects and resin-rich zones that possess absorption rates 
approximately 10 times greater than that of air. Moreover, glass fiber 
bundles demonstrated absorption approximately 17 times more than air 
and produced scattering signals almost 8 times stronger than those from 
air or resin-rich areas. This heightened scattering signal accentuates the 
visibility of thin bundle layers with minimal absorption. Notably, air- 
containing defects, with radii spanning from 75 μm to 495 μm, were 
obscured in projections due to the dominating media possessing potent 
absorption, refraction, and scattering attributes. A significant advantage 
of our proposed method lies in its simplicity, necessitating just a single 
shot and a singular optical element. As such, it’s adaptable to various X- 
ray infrastructures, ranging from large-scale entities like synchrotrons to 
basic laboratory setups and even readily available commercial systems. 

Introducing these imaging modalities could revolutionize micro- and 
nanostructured material research by offering deeper insights into their 
structural intricacies, functional traits, and potential applications. 
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