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Application of the X-ray micro-computed tomography 
to the analysis of the structure of polymeric materials
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Abstract: In this paper the application of X-ray micro-computed tomography (micro-CT) as a non-de-
structive testing method of polymeric materials is presented. Increasing applicability of polymers in va-
ried end-use industries such as automotive, building and construction, consumer goods, and packaging 
is propelling the growth of the global polymer processing market. However, controlling of the polymer 
structure is one of the most important aspects since it affects mechanical properties of the components. 
The paper contains examples of two- and three-dimensional analysis of selected polymeric materials 
using of X-ray micro-computed tomography. Due to the complex structure of polymers, their shape and 
pores that are embedded inside the material and are not connected to the surface, the X-ray micro-com-
puted tomography is an ideal solution for the analysis of the microstructure of polymeric materials to 
improve the process of their production in order to obtain components with the best possible properties.
Keywords: microstructure, non-destructive test, polymeric materials, X-ray micro-CT.

Zastosowanie mikrotomografii komputerowej do analizy struktury 
materiałów polimerowych
Streszczenie: Przedstawiono zastosowanie mikrotomografii komputerowej do bezinwazyjnej analizy 
struktury wewnętrznej materiałów polimerowych. Zwiększenie możliwości zastosowania polimerów 
w różnych branżach, takich jak: motoryzacja, budownictwo i opakowania, napędza rozwój światowego 
rynku przetwórstwa polimerów. Kontrola struktury materiałów, mającej ogromny wpływ na właściwo-
ści mechaniczne kompozytów polimerowych, jest bardzo istotna. Przedstawiona metoda mikrotomo-
grafii komputerowej, służąca ulepszeniu procesu wytwarzania komponentów o jak najkorzystniejszych 
właściwościach, jest idealnym narzędziem do analizy mikrostruktury materiałów polimerowych ze 
względu na ich złożoną budowę, kształt oraz liczbę porów zawartych w strukturze materiału (niesty-
kających się z jego powierzchnią zewnętrzną). Podano przykłady dwu- i trójwymiarowej analizy mi-
krostruktury wybranych materiałów polimerowych z zastosowaniem mikrotomografii komputerowej.
Słowa kluczowe: mikrostruktura, badanie bezinwazyjne, materiały polimerowe, mikrotomografia 
komputerowa.

Materials science is interdisciplinary by nature and ap-
plications can be found in most industrial sectors, such 
as the automotive, building, chemical, medical, electri-
cal, pulp, and paper industries. A distinctive feature of 
materials science is the search for useful relations be-
tween the structure (on different levels) and material 

properties. In the case of polymeric materials, the pro-
cessing techno logy chosen and processing parameters 
have a very strong influence on the structure of the ma-
terial and thus on its performance in a given applica-
tion. Controlling the geometry of molded pieces and its 
structure plays a very important role since it determines 
the quality of final product. Most often, the porosity or 
samples’ internal defects are investigated after breaking 
the specimen. The exposed cross-section is investigated 
visually or using scanning electron microscopy (SEM). 
However, there may be additional distortion of the real 
cross-section images in case of polymers existing at room 
temperature above its glass transition temperature, so 
lowering the temperature at breaking is necessary in 
this case. Recently, the application of the high-resolution 
X-ray computed tomography (called also micro-CT) sig-
nificantly increased. It is a non-destructive technique that 
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provides 3D images of the structure in materials from 
different life domains. Micro-computed tomography in-
vestigations are used, among others, to study the struc-
ture of tissues and organs (e.g., bones, teeth, lungs) [1–3], 
living organisms [4], electronic devices [5], food products 
[6–9], geology [10–11], wood [12], etc. The micro-CT image 
analysis offers the possibility to study in detail the size 
and shape of each individual particle present in polymer-
ic materials. 

The main objective of this paper is to demonstrate ap-
plications of X-ray micro-computed tomography in inves-
tigations of polymers microstructure on the basis of some 
examples. Obtaining porous polymers by injection mold-
ing process and their porosity measurements are ones of 
the main specializations of the Department of Materials 
Science and Polymer Processing (DMS & PP) at the UTP 
University of Science and Technology in Bydgoszcz. 
Therefore, porosity measurement of polypropylene (PP) 
Acurell® XP 100-84 sample by using CT and comparing 
the results with data delivered by a producer was one of 
the first investigations. PP molded pieces modified by mi-
crospheres blowing agents by AkzoNobel are the other ex-
ample. Microspheres are being often used at the DMS & 
PP since they have many applications like in packaging 
materials and deliver spherical pores with a dia meter be-
tween 50–200 μm depending on the processing conditions 
and specific microspheres applied. This kind of samples 
was chosen for obtaining pore size distribution. MuCell® 
technology is an example of obtaining porous injection 
molded pieces by physical process. DMS & PP cooperates 
with a company producing large-scale elements for auto-
motive industry and applies MuCell® technology. Samples 
from those elements were investigated by CT in order to 
obtain pore size distribution and glass fiber orientation. 
The last example are CT results of 3D printed inserts being 
placed in injection mold in order to obtain multistructural 
parts. Application of 3D printed inserts in injection mold-
ing technology is one of the last interests at the DMS & PP. 

X-RAY MICRO-COMPUTED TOMOGRAPHY 
TECHNIQUE

The X-ray micro-computed tomography (called also 
micro-CT) is a non-destructive 3D imaging technique 
which uses X-rays to create cross-sections of a physical 
object that is used to recreate a virtual model (3D model) 
without destroying the original object (Fig. 1). 

The pixel sizes of the cross-sections are in the micro-
meter range. The first prototype of X-ray micro-com-
puted tomograph was developed by Godfrey Newbold 
Hounsfield. Initial application of this type of apparatus 
was in medical field. Prototype, constructed in 1971, was 
used a year later and obtained images helped to diag-
nose a tumor in patient’s head. This invention had such 
a wide range of applications, that Godfrey Hounsfield 
and Allan McLeod Cormack, who developed a ma-
thematical method to calculate radiation absorption in 
human body, received a Nobel Prize in 1979. The first 
system of micro-computed tomography was built by 
Elliott and Dover at the beginning of 1980s [13]. In gen-
eral, micro-CT scanning techniques can be divided into 
two main groups: in vivo and ex vivo, intended for test-
ing of living organisms and non-living objects, respec-
tively. In the first case, the examined object is placed 
on a fixed “bed”, which may possibly perform a sliding 
motion. The X-ray tube and detector are opposite to each 
other and move in a circular motion around the object 
being examined. In the second case, when examining 
non-living objects, usually the X-ray tube and detector 
are placed against each other, while the object being ex-
amined rotates around its own axis. The basic physical 
X-ray principal of the micro-computed tomography is 
the interaction of the ionizing radiation with the mate-
rial, where the so-called photo-effect builds the main 
interaction mechanism. The photo-effect attenuates the 
photons proportional to the third power of the order 
number of the elements and inverse proportional to the 

Fig. 1. Operation principle of X-ray micro-computed tomography (www.bruker-microct.com)
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third power of the photon energy. As the X-ray beam 
penetrates an object, it is exponentially attenuated ac-
cording to the material along its path. The energy-de-
pendent material constant appearing in the exponent of 
the attenuation formula is called the linear attenuation 
coefficient. It expresses the amount of the radiation that 
is attenuated on an infinitely small distance in which 
the final attenuation reflects the sum of all these local 
linear attenuations along the X-ray beam. The X-ray im-
age represents an image of the sum of all local attenu-
ations along the X-ray beam [14]. The 3D images of the 
interior of an object are obtained by collecting a series 
of 2D images that are stored while the specimen investi-
gated is rotated. The structures are reconstructed using 
the combination of all 2D cross-sections (projections) 
which are then used to analyze the 2D or 3D morpho-
logical parameters of the object and create a realistic 
visual model. The source is mostly either a microfocus 
X-ray tube or a device of a synchrotron radiation facility. 
The detector is normally based on a CCD camera with a 
phosphor layer to convert X-rays to a visible light. 

Some artefacts are commonly encountered in micro-
-computed tomography and may obscure or simulate pa-
thology. There are many different types of micro-CT ar-
tefacts, including: ring artefacts, noise, beam hardening 
and scatter, motion artefact, misalignment, metal arte-
facts, out of field artefacts and defect pixels which were 
discussed in detail in [15, 16].

APPLICATION OF X-RAY MICRO-CT 
IN POLYMERIC MATERIALS 

In general, micro-computed tomography method en-
ables to non-destructively evaluate voids, delamination 
phenomenon, imperfections and cracks, porosity, fiber 
orientation and distinguish different phases in polymer-
ic materials and composites [17].

Porous polymers analyzed by micro-CT can reveal 
pore size and pore size distribution. Evans et al. inves-
tigated surface porous polyether-ether-ketone as ortho-
pedic implant materials [18]. Roughness, surface poros-
ity, distribution of open and closed pores were analyzed. 
Polymeric foams are often investigated by micro-CT, both 
at static and dynamic conditions [19–21]. There are many 
publications showing the porosity analysis by micro-CT 
of polymers for medical and scaffold applications [22], 
but not so much of porous polymers obtained under in-
dustrial conditions, like in case of applying gas in super-
critical state as a blowing agent [23]. 3D analysis of dif-
ferent phases in blends composites, visualization of talk 
dispersion and morphology of natural fiber and wood 
polymer composites (WPC) are possible as well [24–26]. 
Diameters and orientations of celluloses fibers, e.g., in 
polylactide (PLA) or PP matrix were wildly investigated 
[27–30] while Han et al. [31] tried to establish a correlation 
between density and micro-CT number in case of WPC. 
Dispersion and degradation of natural fibers, e.g., wood 

fibers in PLA matrix, during polymer processing are an-
other interesting research topic [32, 33]. 

In addition to natural fibers, orientation and distribu-
tion of glass fibers in injection molded materials have 
been presented in many publications, since its signifi-
cant importance in strengthening polymeric composites 
[34, 35]. Simultaneous effect of fiber orientation and notch-
es on fatigue behavior was investigated by Bernasconi et 
al. [36]. In the other paper one can see the comparison 
of glass fiber orientation evaluation by optical and mi-
cro-computed tomography method [37]. Micro-CT can 
be also used as a method confirming modeled behavior 
and orientation of glass fiber in injection molded samples 
[38, 39]. Similarly, tomography is more often used as a di-
mensional verification method to injection molded parts, 
e.g., wall thickness of the injection blow molded bottles 
can be measured with tomography and compared with 
polymer processing simulation [40, 41]. 

Except from pores, voids and fibers distribution and 
orientation, micro-CT is being widely applied for damage 
analysis of composites [42]. For example, it can be used to 
apply in such important applications like observing cracks 
in epoxy composites used in aerospace [43]. Investigation 
of cracking phenomenon in laminated carbon fiber com-
posites, damage and fracture resistance in glass fiber ep-
oxy resin or voids being created during creep mechanism 
can be found in literature [44–46]. Interesting way of re-
search is combining tensile test machine together with 
micro-computed tomography, which enables to perform 
in situ test, e.g., breaking mechanism of PA66 composites 
reinforced with short glass fiber or influence of humid-
ity on PA6 damage mechanism between fibers and ma-
trix [47, 48]. Similar technique but joined with volumetric 
digital image correlation was applied to investigate other 
composites, like deformations in CFRP [49, 50]. There are 
many other in situ experiments and applications summa-
rized by Buffiere et al. [51]. Some tests were carried out on 
samples, which were stopped before failure during tensile 
tests and necks were investigated by micro-CT [52]. 

Recently, dynamically developing rapid prototyping 
technologies became another field of applications for mi-
cro-computed tomography investigations. In case of fused 
deposition modeling (FDM) the precision of building the 
polymer layers and adhesion between filaments influence 
the quality and mechanical properties of printed element. 
Imperfections and voids are weakening the product and 
micro-computed tomography enables to analyze the final 
product [53, 54]. It should be mentioned, that micro-com-
puted tomography has many applications in investigating 
polymeric and composites’ materials used in stomatology, 
for example in evaluation of bonding between polymeric 
cements and tooth in dental applications [55, 56].

EXPERIMENTAL EXAMPLES

This part presents some applications of X-ray micro-
-computed tomography in analysis of the microstructure 
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of polymeric materials. An explanation of choosing the 
following examples is presented earlier. Samples of mi-
croporous polypropylene (PP) Acurell® XP 100-84, poly-
propylene (PP) with the addition of blowing agent in the 
form of microspheres were investigated using SkyScan 
1272. Polyamide 6 (PA6) samples with the addition of 
glass fiber that were obtained using MuCell® techno logy 
and samples printed in the incremental technology were 
scanned using SkyScan 1173. 

Microtomography apparatus

X-ray micro-computed tomograph Skyscan 1272 and 
prototype extended X-ray micro-computed tomograph 
Skyscan 1173 (Fig. 2) were used. Both scanners are par-
ticularly advantageous at intermediate resolution levels, 
where scans are completed up to ten times faster with 
the same resolution and image quality, compared to pre-
vious micro-CTs with a fixed source-detector design. 
Scanners are equipped with the newly developed 130 keV 
and 100 keV microfocus, X-ray source for SkyScan 1173 
and 1272, respectively, with a very stable focal spot po-
sition, flat panel sensor of a large format (up to 11 Mpx) 
with a special protection by a lead-glass fibre-optic win-
dow. The scanners are additionally equipped with a pre-
cision object manipulator which allows for a very precise 
and automatic specimen positioning. Both scanners have 
several filters available in the front of the X-ray detector: 
0.25 mm brass filter, 1.0 mm aluminum filter, 2.0 mm lead 
filter and 0.25 mm copper filter. As compared to usual 
micro-computed tomographs, there is one main advan-

tage of our apparatus Skyscan 1173: large specimens up 
to 300 mm in diameter may be scanned (using an over-
size function).

Samples of microporous polypropylene Acurell® XP 
100-84

Porous polypropylene carrier Acurell® XP 100-84 
(Fig. 3) was scanned by Bruker SkyScan 1272 micro-com-
puted tomograph in order to compare analyzed total po-
rosity with data presented by the producer. Accordingly 
to product data sheet the pores content should be on the 
level 84 ± 5 %. 

Scanning parameters for the sample: source voltage 
35 kV, source current 200 μA, image pixel size 2 μm, ex-
posure 1780 ms, rotation step 0.3°, frame averaging 4 and 

A
C

B

Fig. 2. X-ray micro-computed tomograph Skyscan 1173: A) X-ray 
source, B) flat panel, C) precision object manipulator

1 mm

Fig. 3. Pictures of microporous polypropylene Acurell® XP 100-84 obtained by: a) digital microscope Keyence VHX 6000, 200× ma-
gnification, b) micro-computed tomograph SkyScan 1272 by Bruker; picture presents cross-section (approximately 2.6 mm in dia-
meter) of investigated sample with scanning resolution of 2 μm 

a) b)
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random movement 10. The reconstructed cross-section 
in the middle height of the scanned sample is presented 
in Fig. 3. All cross-sections were analyzed in CTAn soft-
ware and 3D analysis showed that total porosity of poly-
propylene was approximately 84.87 %. This value was 
obtained by CTAn software after binarization of the re-
constructed layers of the object. Each pixel of the image is 
recorded in a grey scale in a range of values from 0 to 255. 
For purpose of morphometric analysis each pixel needs 
to become white or black. Therefore a threshold value on 
the histogram needs to be established to define which pi-
xels (in 2D) or voxels (in 3D) should be black (recognized 
as pores) or white (recognize as bulk material). The dis-
advantage is the subjective method of establishing this 
value, which influences the final result of calculated po-
rosity. The aim of investigating PP Acurell® sample was 
to determine the consistency of total porosity value ob-
tained by CT measurements with values delivered by the 
producer. Similar results confirmed correctness of ap-
plied reconstruction and data analysis procedure. 

Microspheres as a polypropylene blowing agent 

3 % by weight of microspheres 930 MB 120 by Akzo Nobel 
was pre-mixed with polypropylene Moplen HP500N by 
Basell Orlen Polyolefins. Material was injected by ENGEL 
e-victory 310/110 hybrid injection molding machine, poly-
mer processing conditions were as follow: polymer melt 
temperature: 200 °C, injection mold temperature: 30 °C, 
no holding phase. Sample was scanned by using Bruker 
SkyScan 1272 with the following scanning parameters: 
source voltage 40 kV, source current 200 μA, image pixel 
size 3.5 μm, exposure 670 ms, rotation step 0.3°, frame av-
eraging 3 and random movement 40. Figure 4a presents a 
single layer after tomographic reconstruction, where dark 
spots represent pores obtained by microspheres. In order 
to perform the 3D analysis and obtain pore size ranges 
distribution images need to be binarized – image com-
posed of only white and dark spots, which represent bulk 
 material and pores, respectively (Fig. 4b). 

After this operation there are many artefacts like white 
spots inside big pores and numerous tiny black spots in bulk 
material, therefore a despeckle operation needs to be carried 
out (Fig. 4c). Final plot pore distribution is presented in Fig. 5. 

Obtained results show the highest amount, on the 
level of 20 %, for pore size in range between 0.108 and 
0.143 mm. Presented results are part of the expanded ex-
periment in which the influence of microspheres concen-
tration and the addition of a nucleating agent on the pore 
size distribution was investigated. Completed data are 
going to be presented in a separate publication.

MuCell® polyamide samples 

Samples were cut from large-scale element from PA6 
reinforced with 30 wt % of glass fiber. Molded pieces 
were obtained in injection molding technology com-

1 mm

Fig. 4. Pictures of: a) 2D visualization of a single layer of micro-
porous polypropylene with microspheres, b) picture after crop-
ping the region of interest and binary selection, c) the same pic-
ture after binarization of the image and removing white and 
dark spots by despeckle operation; pictures obtained by Bruker 
micro-computed tomograph SkyScan 1272 
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500 m� 500 m�

a) b)

Fig. 6. 3D images of the MuCell polyamide sample: a) outer surface, b) cross-section; black color represents pores
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Fig. 7. 3D images of the MuCell polyamide sample: a) vertical cross-section in the middle of the sample thickness, b), c), d) horizon-
tal cross-sections across the lines 1-1, 2-2 and 3-3, respectively; black color represents pores
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a) b)

c) d)

Fig. 8. Distribution of pores size in polyamide specimen (cross-section 1.5 × 8.0 mm, height 6.0 mm) by structure thickness analysis 
in micro-computed tomography: a) pores size 0–50 μm, b) pores size 50–75 μm, c) pores size > 75 μm, d) all pores  

500 m�

75 µm

50 µm

Fig. 9. 3D distribution of pores in polyamide specimen by struc-
ture thickness analysis in micro-computed tomography 

bined with installation with nitrogen in supercritical 
state, which works as a blowing agent (microcellular 
MuCell® injection molding technology). In presented 
example large-scale element was injection molded with 
3  wt % of nitrogen. From the large-scale molded pieces 
three samples were cut out: one which was in a close 
distance to the gate (Gd1) and two samples in a far dis-
tance from the gate (Gd2 and Gd3). Micro-computed to-
mography was performed in order to obtain pore size 
ranges and their distribution and to observe glass fiber 
orientation.

Samples were approximately 15 mm high, 10 mm wide 
and 2 mm thick. During tests the X-ray source voltage of 
the micro-CT scanner was set to 50 keV, the current to 
160 μA, the exposure time to 500 ms, rotation step was 
0.4° (total rotation 180°), frame averaging was 4, random 
movement was 10 and no filter was used. Pixel size was 
5.2 μm and scanning time was about 35 min. The struc-
tures were reconstructed using the combination of all 
2D cross-sections (projections) with smoothing (using 
Gaussian distribution), ring artefact reduction and beam 
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hardening. To preserve the problems with eccentricity of 
sample rotation misalignment compensation option was 
introduced. 

Figure 6 demonstrates the 3D images of the scanned 
sample. Figure 6a presents the outer surface of the en-
tire sample and Fig. 6b presents the vertical cross-section. 
Black dots represent pores that are randomly distributed 
in the entire sample. Figure 6 shows that it is difficult to 
obtain accurate images for glass fiber due to insufficient 
resolution of the apparatus. It is much easier to obtain ap-
propriate images for fibers with a larger diameter than 
the diameter of glass fiber. Figure 7 shows vertical cross-
-section made in the center of the sample width (Fig. 7a) 
and corresponding horizontal cross-sections made at 
the bottom (Fig. 7d), at the center (Fig. 7c) and at the top 
(Fig. 7b) of the sample height. Different concentration and 
distributions of pores can be noticed. 

Figure 8 presents the distribution of different size of 
pores: 0–50 μm (Fig. 8a), 50–75 μm (Fig. 8b), > 75 μm 
(Fig. 8c) and distribution of all pores (Fig. 8d). Figure 9 
shows 3D distribution pores in polyamide specimen by 
structure thickness analysis in micro-computed tomo-
graphy. Both Figs. 8 and 9 are attached in order to pres-
ent possibilities of separation of pores with a given diam-
eter range in 3D space. Figure 10 presents distribution of 
pores of different size in samples marked Gd1, Gd2 and 
Gd3. At the point closest to the gate, the pores in the 67–
77 μm range dominate, similarly for the point Gd3. The 
peak of pore size distribution for the point Gd2, which is 
the furthest from the gate, is clearly shifted towards the 
pores with a larger diameter, in the range of 77–80 μm. 
The explanation of the difference in pore size between 
Gd2 and Gd3 points would require additional analysis 
of polymer flow length which was not the subject of this 
article. Larger pore sizes for the most distant Gd2 point 

may be due to a drop pressure and since better conditions 
for pore growth.  

Samples prepared by 3D printing process

Samples for tensile tests were prepared by fused fila-
ment fabrication (FFF), one of the most popular 3D print-
ing process, with use of Mark II 3d printer by Markforged. 
Samples are reinforced with filament glass fiber which 
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Fig. 10. Distribution of pores in polyamide specimen: Gd1 (blue bars), Gd2 (red bars), Gd3 (green bars)

Fig. 11. 3D visualization of printed sample with filament glass 
fiber in the central part
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was extruded with the second head. The basic, matrix 
material is called ONYX by Markforged, which is PA re-
inforced with short cut carbon fiber. Figure 11 presents 
a 3D scan of such sample, where filament glass fiber is 
in the middle part. In Fig. 12 center line of filament glass 
fiber is marked with dark arrows. This filament is most 
probably in its own matrix, which melts in the 3D printer 
head and enables adhesion between filament layers. In 
the picture it is seen, that this filament is squeezed in 
the printing process. White arrows present area of joint 
PA filament without glass fiber with visible pores. All 
those spaces are weakening points and will influence the 
tensile strength and impact resistance of 3D printed ele-
ments like inserts for injection molded pieces. CT enables 
non-destructive verification of such inserts before plac-
ing it in the injection mold. Correlation between distri-
bution of pores in 3D printed inserts verified by CT and 
its mechanical properties will be presented in a separate 
publication.  

CONCLUSIONS

The following conclusions can be drawn from the litera-
ture studies and experiments with polymeric materials:

– X-ray micro-computed tomography is a powerful 
tool for the visualization and quantification of polymer-
ic materials structure. The 3D distribution and size mea-
surement of pores can be achieved. 

– Micro-computed tomography technique allowed 
for detailed analysis of pores size and pores distribu-
tion. Total porosity measured in polypropylene carrier 
Acurell® XP 100-84 was 84.87 %, measurements preci-
sion was ± 0.5 %, while, according to product data sheet, 
the pore content should be on the level 84 ± 5 %. Pore 
size, pore size distribution as well as fibers orientation 
can be estimated for porous PP and PA6 samples, how-
ever proper data reduction is necessary in order to avoid 
misinterpretations. Imperfections and pores in 3D print-
ed elements can be easily reviled as well. 

– Some of the disadvantages of CT methods are high 
cost of apparatus, necessary high computing power to 
operate the data, personnel high skills to interpret and 

prepare the 3D visualizations correctly and longtime of 
data handling which increases with higher resolution of 
obtained images.

FUTURE PERSPECTIVES

Our experiments will be continued. More advanced 
quantitative analysis of the polymeric materials will 
be carried out. Additionally, the servo-testing machine 
INSTRON 5569 that is equipped with a special load han-
dle which will allow for the specimen rotation during 
deformation. The successive 3D images during deforma-
tion (compression and bending) will be obtained and an-
alyzed.
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