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REINFORCED BY CARBON FIBERS

V.V. Levenets®, I.V. Gurin®, M.A. Ovchinnikova?, Ye.V. Gurina®
YInstitute of Solid State Physics, Material Science and Technology NSC KIPT,
Kharkiv, Ukraine;

European Radiological Center, Kharkiv, Ukraine
E-mail: levenets@kipt.kharkov.ua

Computerized tomography is used to study products from non-metallic composites reinforced by carbon fibers.
It is demonstrated that samples do not rotate during the analysis process and can have diameter not exceeding the
gantry hole (75 cm) of the unit. The weight of samples can be up to 200 kg, and the length during one-time testing
does not exceed 150 cm. The results of spatial calibration of the technology are shown using a set of copper wires
with diameters from 0.56 to 0.05 mm. The paper presents the results of defects detecting in products in the form of

gas pores and metal inclusions.

INTRODUCTION
In critical industries, which include, first of all,

nuclear power engineering, aeropace technology,
military industry, medicine and etc., traditionally,
increased requirements are imposed on analysis

methods. One of the concepts is production of reference
samples of products with subsequent determination of
the obtained characteristics on them and attribution of
the obtained results to the entire batch of products. This
concept uses destructive research methods, which, on
the one hand, lead to cost overspending for the
production of reference samples, and, on the other hand,
do not provide absolute quality guarantee for the
remaining products in the batch.

Use of non-destructive research methods constitutes
an alternative concept to solve the quality analysis
problem, production support and final product
certification.

Fig. 1 shows analytical technologies which can be
used as non-destructive methods to study surface and
amount of materials, as well as capabilities of each
method in terms of spatial resolution.
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Fig. 1. Non-destructive analysis methods [1]

The most commonly used methods in production are
ultrasonic diagnostics and X-ray analysis methods.
However, ultrasonic  diagnostics method  has
disadvantages  which include difficulties  with

82

insufficient thickness of analysis, spatial localization of
defects, their visualization and classification.

One of the most advanced and effective methods of
non-destructive analysis is X-ray computerized
tomography (CT) which allows to effectively solve the
problems described above, in particular, allows
identification and spatial localization of inner defects,
assess Vvariation in material density and geometric
conformity of the object. Use of computerized
tomography has been steadily expanding in mane
industrious sectors.

As can be seen from Fig. 1, computerized
tomography, depending on radiation energy of the
source, allows to determine material defects in the
sample amount with rather good spatial distribution, for
large objects as well.

In the world scientific community, more and more
attention is paid to research related to capabilities and
application of computerized tomography in the study of
advanced materials. Large literary reviews are published
on this method of materials research [2, 3].

Non-metallic composites reinforced with carbon
fibers belong to the class of materials that are
intensively studied in the scientific field and are
increasingly used in industry. Use of carbon fibers is
associated with their unique properties, primarily high
strength  characteristics, high elasticity modulus,
excellent corrosion properties, high temperature,
radiation and chemical resistance. For example,
publications [4, 5] present the microCT method in the
study of polymer reinforced with carbon fibers. This
examines the structure of the weave and determines the
distribution and size of the carbon fibers.

However, the published materials practically do not
study defects in the form of voids, cracks in the
material, or metal inclusions in the production of
products. At the same time, presence of metal and gas
inclusions in materials, especially when they are used in
critical nodes, can have a significant negative effect on
the performance of products as a whole, their integrity,
strength, and corrosion. radiation and erosion resistance.
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Fig. 2. Tomograph SOMATOM Definition AS 64

The main purpose of the article using CT method
with non-rotating object is to demonstrate capabilities of
this method to visualize spatial distribution of defects in
preform (product), including voids (gas pores) in
material and possible metallic inclusions.

METHOD AND EQUIPMENT

The concept of CT method is to irradiate the object
under study by X-ray beam in different directions on the
object and determine the decrease of their intensity
linear trajectories. This decrease is determined by the
Lambert-Baer law. In the case of the intensity of the
monochromatic X-ray radiation from the source I, and
the recorded radiation 1, as well as the object under
study, consisting of several materials, this law is written
in the following way:

I =1l exp[Ti(—u,; %)),

where y; — attenuation factor of irradiation for each and
material; x; — path of irradiation transport.

Based on the measured values of X-ray radiation, it
is necessary to restore the decay function of parts of the
irradiated sample.

CT main elements are: radiation source and detector,
as well as their spatial arrangement. X-ray tube is a
source of radiation in most cases of tomography;
however, it is possible to use synchrotron radiation or
particle beam [6, 7].

Currently, most firms use solid-state detectors [8]
These are various scintillators and detectors with direct
conversion of electromagnetic radiation into electric
charge.

For each generation of tomographs, detector and X-
ray tube are located in different spatial positions. We
selected tomograph with spiral CT technology to study
non-metallic composites reinforced with carbon fibers.

Study is focused on the use of carbon-carbon
composite fiber material with orthogonal 3D
reinforcement structure made using original thermo-
gradient gas-phase methods of NSC KIPT [9-11].
Material was made on the basis of PAN
(polyacrylonitrile) carbon fiber frame. The resulting
composite had an apparent density of 1.75 g/cm® with
open porosity of 4...6% and netting unit cell size of
~2.5mm.
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Samples made of carbon materials were tested on
SOMATOM Definition AS 64 multi-detector computer
tomograph (Siemens) (Fig. 2). Measurement was
performed using spiral X-ray tomography. UFC (Ultra
Fast Ceramics) detector of CT allows to get 64 cuts in
one rotation. STRATON X-ray tube was used.
Frequency of position change between points is
4608 Hz. Tube provides direct oil cooling of anode at
rate 7.3 MHU/min with maximum rotation rate of anode
0.33 s. z-Sharp technology was used during the image
reconstruction; this technology allows to get minimum
isotropic voxel with size of 0.24 mm regardless of
scanning field. Gantry aperture of tomograph was
78 cm. Computerized tomograph allows scanning along
Z axis up to 200 cm with rate up to 98 mm/s with time
separation 165 ms. Main data on scanning of products
made from carbon materials were obtained at voltage of
X-ray tube of tomograph 140 keV.

Tomograph table was moved in horizontal direction
according to displacement equation for spiral
tomography while the layers were close to each other.

Sensitivity of tomograph is related to the physical
basis of the method and possible presence of artifacts in
image reconstruction determined by presence of
possible metal inclusions in the object.

For each of the monitored objects, its image was
reconstructed using the obtained X-ray spectra.
Standard tomograph software based on the Algebraic
Reconstruction Method (ART) was used.

RESULTS

Previously, the state standard for radiographic
testing was used in the study and testing of products
made of carbon-carbon materials. Its use allowed to
detect defects of the inspected sample in flat version
using X-ray film. Further, at NSC KIPT, after a series of
experiments, the enterprise standard STP NSC KIPT
076:2017 was established, according to which the study
of carbon samples was performed on standard
tomograph by CT method. This considered the need to
simultaneously and without destroying the object to test
and study carbon products with sufficiently large
weight, reaching hundreds of kilograms; large sizes — up
to 70 centimeters in diameter and various specific
gravity. Tomographic studies were performed both at
the stage of quality control of the weaving of the
reinforcing frame (preform) with a specific gravity of
0.35...0.5 g/lcm®, and at the stage of testing blanks after
pyrocompaction, having a density of 1.65...1.85 glcm®.
At the same time, in all cases, CT testing was performed
with a fairly good spatial resolution — hundreds of
microns.

Study of real objects made of carbon-carbon
materials was preceded by the calibration of the
tomograph using measured samples with pre-introduced
calibrated defects, which showed the possibility of using
CT method to solve the indicated problems.

Maximum possible X-ray energy for the specified
tomograph was selected to prevent intensive
background and achieve the best spatial resolution
during scanning of products and standard samples. It
was 140 keV with current more than 200 mAc.
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Study of spatial resolution method and the
tomography unit was performed before testing real
products, which clearly demonstrates possibilities of CT
method in use.

Fig. 3 shows an object in the form of parallelepiped
made of carbon material, into which copper wires of
different diameters are introduced. Wires are intended
for real determination of spatial resolution of tomograph
which  combines its physical equipment and

measurement method with the applied software.

Study of elemental composition of material from
which the sample is made demonstrated that it is carbon
with with possible additives of organic matter and
impurity elements (B, Si, S, Ca<0.01%, methods
PIXE, PIGE). And this does not change the absorption

factor of the applied X-ray radiation in the objects of the
specified size.

Wires were closed with another scrap of material to
simulate more correctly the location of metal objects in
the body of the carbon material after being installed and
glued on the lateral surface of the sample. Fig. 3b shows
sample for CT  studies with  dimensions
100 x 100 m x 40 mm.

Size of wires was selected so as to cover the range of
possible spatial resolution of the tomograph. Wires are
varnished and, therefore, their actual diameter should be
reduced by 6...15% from indicated value. It was taken
into account that when obtaining a multi-cut image, the
thickness of one cut was equal to 600 pum, which is
practically the minimum for medical X-ray tomographs.

Fig. 3. Real object from carbon material with added copper wires: a — calibrated wires with the changed diameter
(left-to-right) 0.56, 0.4, 0.36, 0.29, 0.18, 0.1, 0.05 mm; b — assembled sample

0.56| 0.4 [0.36] 0.29 |0.18 |0.1|0.05

a
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Fig. 4. X-ray image of the sample from carbon material
with wires:
a — axial projection with the set of wires with diameter
(left-to-right) 0.56, 0.4, 0.36, 0.29, 0.18, 0.1, 0.05 mm;
b — 3D image
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Obijects with copper wires made of carbon material
were examined by method CT. In this case, the object
under study did not rotate, but only shifted in the
horizontal plane, together with the table tomograph.
The experimental conditions were the same as already
indicated. The study time for such small objects and
the subsequent computer processing of the images was
equal to several tens of seconds. Fig. 4 shows X-ray
images of the object with wires after reconstruction.
Fig. 4,a — axial projection of sample, Fig. 4,b —
reconstruction of 3D structure of the object.

During CT it was found that with different
projections of the test object the sensitivity of the
method and tomograph can change. Thus, when
studying the reference sample with wires it was found
that maximum sensitivity occurs in the axial
projection. Noteworthy, that influence of the
tomograph table material on the results of the
reconstruction of the image of the sample can be
ignored.

a
Fig. 5. Defects in preform registered using CT method: a — void formation when weaving from carbon filaments,
b — metal inclusion

The developed method of using CT for non-
destructive analysis was successfully tested on carbon-
carbon composite materials, composites with polymer
matrix, including the objects that are part of the final
product.

CONCLUSIONS

CT method for non-destructive analysis on product
made from carbon-carbon materials demonstrated its
capabilities in identifying different defects — in the
form of gas pores and metal inclusions.

Existing spatial resolution of the method and the
tomograph was determined. It was shown that it is no
worse than 100 pm. Optimal test conditions were
determined on series of samples —optimal combination
of scanning parameters, X-ray tube energy value and
filters for image reconstruction were selected.

It was demonstrated that samples are not rotated
during testing and can have diameter not exceeding
the diameter of gantry hole (75 cm) of the unit.
Weight of samples can be up to 200 kg, and length
during one-time test does not exceed 150 cm. These
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In the described mode of the tomograph, a number
of carbon materials were investigated. Some of the
most obvious defects are shown in the figure. Fig. 5
shows some defects in products from carbon-carbon
composite materials which can be identified using CT
method. Left Fig. (see Fig. 5,a) shows possible
formation in the form of void due to separation of
fibers by metal rod inserted into the reinforcing
preform. The second projection shows possible defect
caused by presence of metal inclusion (see Fig. 5,b).

As can be seen from the Figure, both defects are
registered and visualized quite well using the CT
method. Moreover, software capabilities make it easy
to perform 3D reconstruction of the object and
perform  spatial  visualization and  geometric
localization of the defect in volume. This test method
allows to identify defects and assess their effect on
functional properties of the final product.

b

restrictions are imposed by the physical capabilities of
a particular tomograph.

The developed CT method for non-destructive
analysis was successfully tested on carbon-carbon
composite materials, composites with polymer matrix,
including the objects that are part of the final product.
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KT-JOCILIKEHHSA BUPOBIB 3 HEMETAJIEBUX KOMIIO3UTIB,
APMOBAHMUX BYTJIEHEBUMHA BOJIOKHAMMU

B.B. Jlegéeneup, 1.B. I'ypin, M.A. Osuunnuxosa, €.B. I'ypina

Komm’totepHa ToMorpadisi BUKOPHUCTOBYETHCS I TOCTIMKCHHS BHPOOIB 3 HEMETalIeBHX KOMIIO3UTIB,
apMOBaHMX BYIJICLIEBMMHU BoJOKHaMu. [lokaszaHo, 110 B Ipolieci aHamizy 3pa3ku He 00epTaloThesi 1 MOXKYTh MaTh
JiaMeTp, 10 He TepeBullye noptaisHuii oTBip (75 cM) ycraHOBKHU. Bara 3pa3skiB moxe Oytu 10 200 Kr, a JOBXUHA
IpU OJJHOpa30BOMY BHIIpOOyBaHHI He mnepesuinye 150 cm. HaBeneHo pe3ynbTaTH MpOCTOPOBOro KaiiOpyBaHHS
TEXHOJIOTIT 32 JOMOMOTOI0 Habopy MigHUX ApoTiB miamerpoM Bix 0,56 mo 0,05 mm. Y poboti mpeacraBieHO
pe3yNbTaTH BUSABICHHS Ae(eKTiB y BUp0oOax y BUIIISII TA30BUX Mip T4 METAJICBUX BKIIOUCHb.

KT-UCCJIEJJOBAHUE U3JIEJIUA U3 HEMETAJJIMUYECKUX KOMIIO3UTOB,
APMHUPOBAHHBIX YI'JIEPOJIHBIMHA BOJIOKHAMMU

B.B. Jles¢eneu, H.B. I'ypun, M.A. Os¢uunnuxosa, E.B. I'ypuna

Kommbrorepnass Tomorpadus HpUMEHsSeTCsl IS WCCIEOBAaHMS HM3/ISNH M3 HEMETaJUIMYECKHUX KOMITO3UTOB,
apMHUPOBAHHBIX YTJIEPOAHBIMHU BOJIOKHAMH. [loka3aHo, 4To 00pa3isl HE BPAIAIOTCS B MPOIECCe aHATN3a U MOTYT
UMETh JMaMeTp, He IMPEBBIMIAIOMNI TOpTaabHOro oTBepeTHs (75 cM) ycTaHOBKH. Bec 00pas3noB MokeT OBITH 110
200 xr, a JuIMHA TIpU Pa3oOBBIX HCTBITaHMAX He npeBbimaeT 150 cm. [TokaszaHbl pe3ynbTaThl MPOCTPAHCTBEHHON
KaJTHOPOBKH TEXHOJIOTHH C MCIIOJIb30BaHHEM HAa0Opa MEIHBIX MPOoBOAOB nuametpoM ot 0,56 mo 0,05 mM. B pabote
NPE/ICTAaBICHBl pPe3yJbTaThl OOHApPYXKEHHs B H3JeNuiX Ne(eKkToB B BHAE Tra3oBBIX IOP W METaNIMYECKUX
BKJIFOUEHHUH.
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