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Abstract

In this reported research activity, a quantitatively 3D characterization at microscale of a
CFRP reference composite with controlled porosity was performed by micro X-ray CT
(UXCT); the results were compared with the destructive acid digestion analyses, follow-
ing the procedure reported in the standard test method (ASTM D 3171 15) used to deter-
mine the composites’ porosity in General Aviation (GA). The pXCT analyses revealed a
pore content of 4.37%v and identified the components, respectively, in 66%w of carbon
fibres and 34%w of matrix; all obtained results demonstrated a high correspondence to the
theoretical values of porosity (5.0%v) and components (67%w of carbon fibre and 33%w
of polymer matrix). Instead, a not complete correspondence of the measures obtained by
acid digestion was reported: 4.36%v of porosity, but 57%w of carbon fibre and 43%w of
matrix. Therefore, the conformity of the pXCT results to the theoretical values demon-
strated the feasibility and distinctiveness of the proposed NDT method for a rapid and reli-
able inspection of CRFP components used in GA in substitution of the standard DT and
time-consuming digestion procedure. The proposed NDT inspection technique permitted
not only the individuation and visualization in the reconstruction of the 3D analysed mate-
rial of different components (e.g. pores, carbon fibres and polymer matrix) but also the 3D
evaluation of the material composition with the identification and quantification of each
constituent element.
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o Comparison of the non-destructive X ray CT vs destructive acid digestion to inspect the structure of
aircraft CFRP-based components.

o Interactive 3D exploration and quantitative analysis of CFRP composites by uXCT.

e Multiple images processing technique for components quantification, individuation and visualization
in 3D reconstruction.
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1 Introduction

The use of carbon fibre-reinforced polymer (CFRP) composites to reduce the struc-
tural weight and to improve the fuel efficiency in aeronautical field is increasing every
year, specifically for manufacturing components as flaps, ailerons, landing-gear doors,
and other artefacts [1], up to the extreme example of the Boeing 787 fuselage. This
increase can be ascribed to their high specific properties, such as low density and corro-
sion resistance, that make these composites competitive respect to the commonly used
monolithic metals [2].

The properties of each component are important since they affect the performance of the
overall composite whose it is made up, as, for example, the quality of the fibre-polymer
matrix interphase; specifically, the porosity or the presence of voids, particularly at the
interface, has a negative effect on the overall performance of the composite [3]. Therefore,
the knowledge of the porosity value of the composite is important to calculate and predict
its mechanical properties [4—6]; indeed, porosity in CFRPs can negatively affect the mate-
rial strength: the interlaminar shear strength of the composites can be reduced by about 7%
per porosity of 1%vol [7]. Nowadays, the most published researches have correlated the
average through-thickness void volume fraction to the composite mechanical properties,
demonstrating that the individual void features and their distribution affect the failure
analysis [8]. For this reason, to evaluate the effect of the porosity defects on the material
strength is important to determine non-destructively the pores’ volume distribution in a
component. Moreover, also the appropriate selection of the matrix material, fibre length
and orientation, and, particularly, the fibre content has a great influence on the composite’s
mechanical characteristics [9]. In a CFRP composite, fibres are the primary load-carrying
component in a composite; in general, their typical volume content is about 60 vol.%, since
its positively result on the composites mechanical properties [10, 11].

The product quality and the optimization of CFRP properties can be ensured by the
quantification of the volume of fibres and pores in the composite. The conventional
techniques used to characterize the CFRP composites rely to DIN EN 2564 and ASTM
D 3171 standard test methods [12, 13], based on physical or chemical experiments, such
as matrix burn-off and acid digestion. Specifically, such techniques, used alone or in
combination with others, include those listed below.

(a) Archimedes test to calculate the sample density, releasing on the accurate knowl-
edge of fibre and matrix density and their weight fraction; indeed, the pore volume fraction
is obtained by the theoretical composite density with no pores present [14]. This method
could give as result a negative pores fraction, which is theoretically not possible [15].

(b) Matrix burn-off, based on an oven to degrade and remove the matrix from the
fibres, permitting the measurement of the fibre weight. The determination of the sample
density by the Archimedes test, together with the accurate knowledge of the constituent
density, is necessary to calculate the composite pore volume fraction.

(c) Matrix digestion, based on an exposure to a highly oxidizing acid (commonly
concentrated sulfuric acid) to completely dissolve the matrix leaving only the chemi-
cally resistant carbon fibres.

The use of concentrated acids and high operating temperature, and the production of
toxic fume is dangerous for the health and the environment [16]; moreover, the proce-
dure is time-consuming, has a low sample yield, and must be constantly controlled.

All of these three listed methods are not visual, and give only information on the
total components, including the porosity, but not the pores size and distribution [13].
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(d) 2D imaging by optical and/or electron microscopy (e.g. Scanning Electron
Microscopy) [17], based on visual and destructive analysis method, permitting to evalu-
ate the pores size, shape and distribution [18]. Although, it is largely used in indus-
try thanks to the easiness of a visual characterization, inherent section-bias errors are
associated to sample cross-sectional 2D analyses. Moreover, 2D imaging methods can
give important visual information, but limited by the information on 2D, that is not rep-
resentative of the whole sample [19, 20].

(e) Ultrasonic imaging based on the ultrasonic attenuation levels to predict the pores
content [18], with direction-dependent wave speeds and strong ply/resin boundary
reflections [21]. This technique shows beam-skewing effects due to sample anisotropy
that causes several problems like inaccurate sizing and faulty location of the defects
with respect to quantitative non-destructive evaluation [22]. The complexity of ultra-
sonic inspection not only arises from the nature of anisotropy but there are other prob-
lems due to complex geometries [23]. Moreover, the ultrasonic wavelengths, used for
the quality control, are too large to provide sufficient resolution to determine void size
and shape, and may not detect micro voids at all [24]. Finally, this NDT method has
the distinct disadvantages of being intrinsically slow and requiring a coupling agent
in most situations [25]. Ultrasonic imaging is commonly used for quality control by
detecting delamination and large spots. In general, it is applied to detect general attenu-
ation, which is in turn correlated to the void content, thus providing an estimate of local
void concentrations across the entire part surface [26, 27]. The ultrasonic inspection
has some disadvantages, such as the inspection speed, a limited lateral and axial spatial
resolution, and the requirement of a coupling agent, which may contaminate the sample
[28—30], or of a coupling with another NDT method as thermography [31].

The all reported conventional composites inspection analyses have limits in accuracy
and reliability, including also problems in the extraction of information from their data
[13,26-32].

Nowadays, among various NDT methods, X-ray CT is increasingly used to evalu-
ate and reconstruct three-dimensional (3D) internal structures and to inspect the struc-
tural characteristics of composites [31, 33—35]. Recently, the use of X-ray micro-CT has
increased in various application fields (e.g. medical, geological, biological, material,
and food sciences), allowing not only qualitative but also quantitative non-destructive
inspection of composite materials [32]. Radiographical slices permit to obtain unique
insights, providing information across the length scales, from the whole sample to the
individual components (e.g. pores, fibres, etc.) [33, 34, 36, 37]. The X-ray CT tech-
nology is based on the computational reconstruction of the radiographs (projections)
acquired at various angles of illumination; the image contrast relies on differences in
the attenuation of X-rays paths through the object under investigation [35]. This permits
to mathematically reconstruct a cross-sectional image by the attenuation measurements
at different angles on the detector. Moreover, since the thickness of each 2D slice is
known, a 3D model can be virtually created by stacking the 2D images [32].

The image conversion in the binary format, created from the grayscale histogram,
permits to individuate and to separate each identified phase from the others [38]. How-
ever, some challenges and limitations in utilizing X-ray CT still have not been overcome
such as the time-consuming scan duration, which affects the analysis cost, and the limi-
tation on type of materials and on size of specimens [39].

In the previous manuscript, the versatility of NDT X-ray CT in the inspection strat-
egy to evaluate various types of CFRP-based structures, not only monolithic but also
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sandwich configurations which otherwise could not have been analysed by the standard
DT acid digestion method, was demonstrated [40].

In this study, a monolithic CFRP-based panel with controlled porosity (about 5 vol.%)
has been used as composite reference to compare the two techniques, the NDT X-ray
micro-CT and the acid digestion method reported in the standard procedure ASTM D3171
DT, both used in the structural inspection of materials for GA. The porosity and composi-
tion analyses acquired by pXCT have revealed values comparable with both methods, the
theoretical and the standard DT ones, demonstrating, at the same time, its accuracy and
versatility based on a 3D visual reconstruction and inspection.

Finally, the conformity of the obtained pXCT results respect to the theoretical values
has demonstrated the possible application of this NDT technique as a fast screening analy-
ses of GA components, in substitution of the standard DT and time-consuming digestion
procedure.

2 Materials and Methods
2.1 CFRP-based Panel

A reference panel made up by T700 twill prepreg epoxy resin/carbon fibres (2x2 twill
12 k T700S pre-impregnated epoxy carbon fibre as supplied by Torayca) [41], consisting of
[(0°/90°)¢]g layers, was built in high-pressure autoclave; details about the processing condi-
tions and procedure can be find in Ref. [42].

The description of the CFRP-based panel is reported in Table 1.

Three samples with approximately the same dimensions were cut in parallelepiped form
from the same panel. Firstly, they were analysed by NDT X-ray CT. To have a good resolu-
tion of 5 um, the analysed volume had to be lower, for each sample, therefore three differ-
ent regions with the same volume were selected for a statistical evaluation, and the post-
analysis data treatments were repeated 5 times for a good measure reproducibility.

Subsequently, the entire three samples were digested by the DT acid treatment.

2.2 Acid Digestion

Three samples, with the same dimensions and minimum weight of 1 g, were obtained from
the same CFRP-based panel. After the panel cutting, the samples were conditioned, follow-
ing the D procedure reported in the ASTM D5229 standard test method, at a temperature
of 25 °C £ 5 °C and relative humidity of 65% [43].

Following the A procedure of ASTM D3171 standard test method, the polymeric
matrix was dissolved in an acid nitric solution [13]. The residue, consisting only of the
reinforced carbon fibres, was, subsequently, filtered, cleaned, dried, and weighted to calcu-
late the weight percentage of fibres in the sample. Therefore, knowing the composite and
fibres densities, that were obtained following the ASTM D792 standard procedure and/or
extrapolating by dimensional measurements [43], the weight percentages allowed to obtain
the volumetric percentages; moreover, information on the voids (porosity) content was
extracted.

In Table 2, the measured weight, before (M;) and after the acid digestion (Mp), and vol-
ume values of three tested samples, Reference 1 (Ref. 1) and Reference 2 (Ref. 2), and
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Table 2 The measured weight

and volume values of three tested Sample g‘) ?:glg 2/01;71113)
samples
Ref.1 1.2345 0.6913 0.9213
Ref.2 1.1693 0.6665 0.8726
Ref.3 1.7533 0.9906 1.3084

Reference 3 (Ref. 3), with the use of a hydrostatic balance, on the basis of the indications
reported in ASTM D792 standard procedure, are reported.

The extrapolated densities values of the composite components, fibres and resin, and of
the entire material are listed in Table 3.

After the acid digestion, the resin matrix was removed, the residual content was the
carbon fibres that were cleaned and weighted to calculate the parameters of interest by the
following equations, reported in ASTM D792 standard procedure [44].

The content of reinforced carbon fibres (Wp), expressed in weight percentage, is calcu-
lated as reported in Eq. 1:

w /100
= —_—
F7 oM, M

where M, and M, are the sample weights before and after the acid digestion, respectively.
The volume fraction of the carbon fibres (Vj), expressed in volume percentage, is
obtained by the following equation:

Pc
Vip=Wp— )
PFr
where p- is the composite density, pg is the fibre density.
In the same manner, the polymer matrix weight and volume fractions, W,, and V,,, both
expressed in percentages, are calculated, as reported in Egs. (3) and (4):

we = (MM 100
m=\ " 3)
p
Vi = Wy = 4)
Pm

where py; is the polymer matrix density.
These data permit to calculate the percentage volumetric quantity of pores (porosity) in
the composite by Eq. 5:

Table 3 Nominal densities of

the components and of the entire Material Nominal density (p)

composite Fibre pr=1.50 glem?
Polymer matrix py=1.29 glem?
Composite pc=1.34 g/cm’
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Table 4 Extrapolated values of the three reference samples

Sample Fibre content Polymer matrix Fibre volume Polymer matrix Porosity (vol.%)
(wt.%) content (wt.%) (vol.%) volume (vol.%)
Ref.1 56.00 44.00 50.03 45.71 4.26
Ref. 2 57.00 43.00 50.92 44.67 4.41
Ref. 3 56.50 43.50 50.47 45.19 4.34
Vp =100 — (Vi + Vy) 5)

The extrapolated components content, referred in weight and volume percentages, and
the porosity values of three tested samples, originated from the same panel, are reported in
Table 4.

2.3 Optical Microscopy

A preliminary screen of the composite lay-up structure and thickness was carried out by
optical microscopy. The optical images were acquired by an optical Nikon microscope
(AZ100 Multizoom), equipped with a Digital Camera Nikon DS-Fil.

2.4 X-ray CT

The 3D structure of the composite was evaluated by a high resolution X-ray micro-CT sys-
tem, GE Phoenix Nanatom S, equipped with a nano-focus X-ray tube and a 12 bit Hama-
matsu flat panel detector (2300 x 2300 pixels and pixel pitch, P, of 50 pm). The experimen-
tal conditions used for -ray CT analyses, optimized after a preliminary evaluation of the
best set-up regarding the tomographic system parameters, are reported in Table 5.

By measuring the X-ray attenuation on the detector plate while rotating the specimen,
the regional density in specific 3D locations, or voxels, of the part was reconstructed; to
each voxel (3D pixel) a grayscale unit was assigned, representing its relative density.

Table 5 Experimental conditions used for X-ray CT analyses

X-ray tube

Target: C/W Voltage: 80 kV Current: 140 pA Filter: No

Detector

Detector area: Binning mode: Integration time: 500 ms Number of average

2300 %2300 pixels 1x1 images for each
projection: 6

Scan time: Focus mode: 1

120 min

Geometry

Magnification: Nominal resolution: 5 ym

10 times

Acquired images
Number: 2000
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The 2D radiographs in each scan were then reconstructed into 3D absorption contrast
images by a filtered-back projection algorithm. The generation of virtual sections and the
3D object reconstruction were obtained by processing the total acquired X-ray CT data
thanks to GE DatosIx 2 software. Qualitative analyses of the images, including segmenta-
tion, porosity calculation, etc. were carried out on software Avizo 8 Fire Edition of Visuali-
zation Science Group. The X-ray micro-CT datasets were cropped to a prismatic region of
interest (ROI) to exclude voxels associated with outside air (background). Then, a gaussian
filter in AVIZO was applied on the X-ray images to smooth out noise.

To evaluate the reproducibility of the analysis process, five different samples taken from
the same panel were checked, replicating the computing (e.g. porosity, fibre content, etc.)
for three times for each analysed sample [40].

The segmentation/separation of the carbon fibres from the polymer matrix has been
repeated 5 times for each X-ray CT dataset, selecting the threshold boundary values in a
small range of values, in the manner which each value deviated a little from the others.

3 Results and Discussion

A preliminary evaluation of composite structure was achieved by conventional optical
microscopy. In Fig. 1 the optical microscopy images of composite’s top view and section,
each at two different magnifications, are reported.

Fig. 1A shows the plain disposition of the carbon fibres on the first ply on the top.
The carbon fibres are enclosed in a polymeric matrix, which has the function of keeping
them together and, therefore, of compacting the material. Carbon fibres form a "twill"

Fig. 1 Optical microscopy images of A) the surface and B) the section of the composite
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type knitted structure: each fibre passes alternately under and over each warp fibre. The
structure is symmetrical; although the distribution of the carbon fibres is homogeneous,
on the surface, discontinuity and defects of micrometric dimension are evident.

Figure 1B shows the optical microscopy images of the material section at two differ-
ent magnifications. From these images the 12 plies that build-up the monolithic panel
are distinguishable; each ply has a thickness of about 0.23 mm, and the total thickness
is about 2.8 mm. The acquired images reveal that the plies sequence, reported in the
experimental section, is respected although some of them are dislocated; moreover,
entrapped air in the plies sequence is evident: voids (dark areas) are shown mainly in
the interplay regions of the cross section.

To evaluate in 3D non-destructive manner the material composition, identifying and
quantifying the different components (e.g. pores, carbon fibres and polymer matrix),
five different samples of the composite, from the same panel, were analysed by X-ray
CT at a resolution of 5 pm (the used experimental conditions are reported in the experi-
mental section). The choice of the selected resolution has been motivated because of
the preliminary X ray CT set up, necessary to find the best analysis conditions with the
optimum acquisition time-resolution ratio, and on the preliminary material evaluation
by optical microscopy that revealed the presence of detectable sub-millimetre pores in
the section of the composite panel.

The extraction of quantitative information from X-ray CT images requires appropri-
ate image processing (e.g. filtering) and further segmentation.

The post analysis data treatment was based on these following steps: (i) the use of
Gaussian filter to de-noise the acquired grayscale images by reducing noise and arte-
facts without worsening the edge and the details visibility in the images; (ii) the image
segmentation by defining threshold intensity values associated to the different compo-
nents of the composite; (iii) the labelling of all identified components.

The quantification of each identified component in the analysed sample volume was
computed as volume percentage and defined as the ratio between the total volume of the
specific component (pores, fibres, matrix) and the total composite volume multiply by
100, as reported in Eq. (6):

total
component

Component(vol. %) = « 100% (6)

total )
composite

The most important process’ phase for the component calculation is the choice of the
threshold for the image binarization that permits to separate the selected component,
e.g. pores, from the rest of the composite (e.g. polymeric matrix and carbon fibres):
specifically, pixels with a grey-scale intensity in a range of selected threshold values are
indicated as voids/pores and settled as background, therefore equal to zero (black); all
those with higher intensity are considered solid material, therefore equal to one (white)
[38]. Therefore, the same procedure was repeated to individuate each component, the
polymeric matrix and the carbon fibres, in the composite, changing only the threshold
value range specific for the component.

The threshold boundary, where a phase ends and the other begins, has been deter-
mined by taking the average intensity level of each phase similar to the grayscale image
histogram technique. Once each phase has been defined and segmented, each compo-
nent has been individually inspected and separated. Practically, the threshold value
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was selected evaluating the grayscale intensity histogram of the total dataset. Figure 2
depicts the grayscale histogram of the composite.

In general, the segmentation can be easily performed by determining threshold values
based on the contrast (i.e., absorption) of the reconstructed 3D volume data since each
component has a different X-ray mass attenuation coefficient [45]. However, the case of,
segmentation of carbon fibres and polymeric matrix has been much more challenging,
since these two components have a similar density-contrast.

As in other reported histograms related to CFRPs data set [45], also in this case, the
grayscale histogram has a bimodal trend; therefore, the phase separation between the voids
(pores inside the composite and the background) and the carbon fibres reinforced poly-
meric matrix is well defined: the threshold value was selected by a visual analysis in an
area around the abscissa of the relative minimum between the two peaks of the distribu-
tion. The same simple procedure could not be used to separate carbon fibres and polymeric
matrix; indeed, the histogram reveals a unique and widened peak at higher intensity. To
resolve this peak and to permit a phase separation of these two components a visual evalu-
ation of each slice, including the line probe analysis, as reported in Fig. 3, was necessary;
finally, defined the threshold value to distinguish these two phases, the histogram was then
segmented into different phases according to grey level intensities characterising the inter-
nal microstructure.

The “line-probe” command, in the Avizo software, was used to evaluate the point-to-
point variation of grayscale values along a selected dimension in the acquired slice of the
analysed sample, as showed for the two slices in the XZ and XY planes, reported in Fig. 3.

Since the line probe reveals the correspondence between the grayscale intensity and the
material composition, the correspondence between the cursor point position on the sample
slice and the grayscale value in the histogram plot has permitted to associate the threshold
values to each sample component: the minimum intensity values are placed in correspond-
ence to the background (the extreme A and B points in Fig. 3) and the pores (voids) inside
the sample, included within the 29 threshold value (in a scale from 0 to 255). Not a sharp
distinction exists by X-ray CT between the polymeric matrix and the reinforced carbon
fibres since both are carbon-based materials; thus, a visual segmentation of the polymeric
matrix and reinforced carbon fibres has been necessary, evaluating a point-to-point varia-
tion of the grayscale intensity, along the selected line, in each reconstructed sample slices

Fig.2 Grayscale histogram of

the tomographic dataset . Carbon fibres and

; matrix

Pores/Voids

Log(Pixel amount)

0 5 10 15 20 25 30 35 40 45 50 55 60 65
Gray values in 8-bits (a. u.)
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a) XZ plane
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LT
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/

Gray value (a.u.)

Probeline Length (mm)

Line_Probe

Gray value (a.u.)

Probeline Length (mm)

Fig.3 Grayscale value variation in slices in a) XZ and b) XY planes, and thresholding values for segmenta-
tion

Fig.4 Grayscale histogram of
the tomographic dataset and
phase segmentation

S - Pores
B Matrix

Carbon Fibres

Log(Pixel amount)

0 5 10 15 20 25 30 35 40 45 50
Gray values in 8-bits (a.u.)
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A) Before segmentation Pores/voids segmentation

Carbon fibres segmentation

B) Before segmentation Pores/voids segmentation

(mm 150

Matrix segmentation

Carbon iibres segmentation

Fig.5 Tomographic slices of the composite, before and after segmentation process A) in XY, and B) in XZ
plane
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(more than 300 slices for each dimension). Two lines were drawn in Fig. 3 to separate the
material phases: one at 29 and another at 32, so that all voxels with greyscale values less
than 29 were classified as pores, those with values higher than 32 as the fibres, and the rest
as matrix.

To determine the accuracy of the components’ segmentation, which controls the final
data, various tests have been done choosing different threshold value in a selected range,
deviating from each other of a small quantity; it was evaluated that the final calculated data
differ from each other of a not significant entity.

In Fig. 4 the grayscale histogram reports the phase separation on the bases of the thresh-
old values above reported [45]. Despite individual carbon fibres appeared in the uCT slices,
as shown in Fig. 3, the segmentation method had not allowed to separate each individual
fibre, since they were lumped together.

In Figs. 5 the tomographic slices in XY and XZ planes, before and after segmentation
process to label pores, matrix, and carbon fibres, are reported.

The segmentation was followed by the component identification and labelling pro-
cesses; for each component, the volume was calculated. In Fig. 6 all individuated com-
ponents are labelled by different colours: pores are black, carbon fibres are green, and
matrix is blue, respectively.

Fig.6 Identified components Before labelling After labelling

inside the total analysed compos-
ite volume

(150
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In the volume evaluation of each component, to avoid the pixel noise contribu-
tion, volumes lower than 8.0 10° mm® were excluded (volumes underestimation).
The correctness of adopted procedure was confirmed by overestimation (evaluation
of all detected volumes) since the variation of the total component content calculated
affected just the third significant digit (relative variation less than 2%) [40].

To evaluate the measurement accuracy of the uXCT respect to the standard proce-
dure based on the acid digestion, the total content of pores, CFs and matrix was calcu-
lated and compared to the reference data.

In Fig. 7A the volume percentage of the various components obtained by uXCT and
acid digestion are reported; in the figure inset the porosity values obtained by the two
different methods are compared with the theoretical one.

The two compared methods reveal the same pores content, and, therefore, the same
porosity, comparable with the theoretical value (about 5 vol.%); instead, for the other
two labelled components, CFs and polymeric matrix, the contents, expressed in vol. %,
are not comparable.

To have reference data also for the total CFs and matrix content, the weight per-
centages obtained by two methods were compared respect to the tabulated ones in
the material datasheet [34], as reported in Fig. 7B. The weight percentages of the two
components obtained by uXCT, 66 w.% of CFs and 34 w.% of matrix, are comparable
with the tabulated ones, 67 w.% and 33 w.% respectively.

Fig.7 A) Volume percentage of A)

e =
the various components obtained i 100-. % r
by uXCT and acid digestion; in E %01z g
the inset the theoretical porosity S 804 .
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The values obtained by the standard acid digestion method, 57 w.% of CFs and 43
w.% of matrix, differ from the reference ones. The not complete correspondence of
these measured values with the theoretical ones probably depends on the low accu-
racy of this technique that requires an accurate knowledge of the total analysed sample
volume, and of the components densities. Indeed, the acid digestion is a destructive
technique with a high measurement uncertain to uncontrollable random variations in
the measurement processes (e.g. sample volume determination).

4 Conclusions

Considering the required sample preparation and the total analysis processes, the character-
ization information available, the total cost and the overall accuracy and reliability, it can
be concluded that uXCT is more accurate and reliable technique to characterize composite
materials, such as CFRPs, respect to the standard acid digestion procedure. The standard
destructive technique requires an accurate knowledge of the sample volume and of its com-
ponents, this being an inherent disadvantage, limiting its application; indeed, small varia-
tions in the determination of the sample volume can lead to great variations in the results,
compared to the reference data. In this context, uXCT permits not only to quantify the
material components and to evaluate the composite porosity, without any material destroy,
but also, at the same time, gives an interactive 3D exploration and visual analysis of the
material components, by the complete 3D volume rendering of the analysed material.
Therefore, the NDT pXCT seems to have all the qualities to substitute the standard DT and
time-consuming acid digestion procedure, permitting, indeed, a more accurate and faster
screening of GA components.

Finally, the proposed procedure based on pXCT analysis represents a promising NDT
inspection technique, that can provide 3D information across a very wide range of com-
posite materials in a great variety of application fields, not only industrial metrology and
manufacturing, but also, more generally, materials science, biomedical and life sciences,
food science, palaeontology, and earth sciences.
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